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SUMMARY

Conventionally discrete passive components like capacitors, resistors, and
inductors are surface-mounted on top of the printed circuit boards (PCBs). To match the
ever increasing demands of miniaturization, cost reduction, and high performance in
microelectronic industry, a promising approach is to integrate passive components into
the board during PCB manufacture. Because they are embedded inside multilayer PCBs,
such components are called embedded passives.
This work focuses on the materials design, development and processing of
polymer-based dielectric nanocomposites for embedded capacitor applications. The
methodology of this approach is to combine the advantages of the polymer and the filler
to satisfy the electric, dielectric, mechanical, fabrication, and reliability requirements for
embedded capacitors. Restrained by poor adhesion and poor thermal stress reliability at
high filler loadings, currently polymer-ceramic composites can only achieve a dielectric
constant of less than 50. In order to increase the dielectric constant to above 50, effects of
high-κ polymer matrix, bimodal fillers, and dispersing agent are systematically
investigated. Surface functionalization of nanofiller particles and modification of epoxy
matrix with a secondary rubberized epoxy to form sea-island structure are proposed to
enhance the dielectric constant, adhesion and high-temperature thermal stress reliability
of high-κ composites. To obtain photodefinable high-κ composites, fundamental
understanding of the photopolymerization of the novel epoxy-ceramic composite
photoresist is addressed. While the properties of high-κ composites largely depend on the
polymer matrix, the fillers can also drastically affect the material properties. Carbon
black- and carbon nanotubes-filled ultrahigh-κ polymer composites are investigated as
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the candidate materials for embedded capacitors. Dielectric composites based on
percolation typically show a high dielectric constant, and a high dielectric loss which is
not desirable for high frequency applications. To achieve a reproducible low-loss
percolative composite, a novel low-cost core-shell particle filled high-κ percolative
composite is developed. The nanoscale insulating shells allow the electrons in the
metallic core to tunnel through it, and thereby the composites exhibit a high dielectric
constant as a percolation system; on the other hand, the insulating oxide layer restricts the
electron transfer between filler particles, thus leading to a low loss as in a polymerceramic system.
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CHAPTER 1
INTRODUCTION

1.1 Evolution of Electronic Packaging
Electronic packaging, beyond being simply considered as a passive container, has
been viewed as an important factor that determines the ultimate performance limits of an
integrated circuit (IC) in recent years. As a matter of fact, packaging technology, which
makes IC chips suitable for applications in various environments such as in computers,
consumer electronics, light and heavy motor automobiles, aerospace, medical devices,
magnet and optical storage, and etc., is one of the key drivers that has had great economic
and technological impact on the semiconductor industry. Currently the electronic
packaging industry is a $125 billion worldwide market encompassing such technology
industries such as personal computers, cellular phones, digital cameras, and etc. [1].
Electronic packaging technology is an art of interconnection and essentially
involves the design and manufacture of the structure surrounding ICs in order to
miniaturize the electronic system and maximize its performance. The four main functions
of an electronic packaging are power distribution, thermal dissipation, mechanical
protection, and signal distribution. Electronic packaging includes a multi-level hierarchy,
as shown in Figure 1.1 [2]. The first level package involves the process of establishing
interconnection between an IC chip and a module. It must provide the required number of
contacts for power and signal transmission, provide thermal expansion compatibility
between the chip and the second level package, and provide a thermal path for heat
removal, while minimizing transmission delay and electrical noise. Three major
techniques are flip-chip, wire bonding and tape automated bonding (TAB). The secondlevel packaging is the process of joining a module with a card such as a printed circuit
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board (PCB). The card contains the necessary power and signal lines to handle the
communications between the chips and the third level package. The current second-level
packaging technologies include pin through hole (PTH), peripheral surface mount
technology (SMT), and surface-mount-array (SMA) technology. The third-level
packaging is the process of placing the PCB onto a motherboard. However, the emerging
of new technology has blurred the distinction between different levels of packaging. For
example, the chip-on-board (COB) technology, where an IC is directly attached onto a
PCB, may be considered a level 1.5 package.

Figure 1.1 Schematic of electronic package hierarchy.
The packaging concepts and technologies in all packaging level are under quick
evolution because of the dramatic changes in the computer, telecommunications,
automotive, and consumer electronics industries for low-cost, portability, high
performance, diverse functions, and environment- and user-friendliness. Figure 1.2 shows
the evolution of packaging technology in the past four decades. The shift from traditional
through-hole packages began sometime in the 1980s when dual in line package (DIP)
began to be displaced in select applications by surface-mount packages such as quad flat
2

packages (QFP), and area array packages like pin-grid array (PGA) and ball-grid array
(BGA). Chip scale packaging (CSP) is the second generation packaging technologies
emerged in the mid-1990s, which can increase the IC silicon efficiency 30-40%. The
most advanced technology in packaging is called wafer-level packaging (WLP) or waferlevel chip scale package (WLCSP), which involves building power and signal
redistributions and packaging protections onto the wafer, representing the convergence of
front-end and back-end processes in packaging. The next generation packaging
technology will be a system-level integrated package. An example is the system-on-apackage (SOP), proposed by the NSF Packaging Research Center (PRC) at the Georgia
Institute of Technology. SOP, as shown in Figure 1.3, employs a low cost large area
organic substrate to define a multiple level metal-polymer dielectric structure that
provides power, ground, and controlled impedance interconnection functions together
with a full range of integral passives. The convergence of RF, digital, optoelectronic, and
sensing multi-functionalities in a single package is an ideal way of achieving very high
packaging efficiency. In the SOP structure, the passive components (capacitors, inductors,
resistors, and etc.) are embedded in the organic substrate, as illustrated in Figure 1.3.
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Figure 1.2 Evolution of packaging technology in last four decades.
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Figure 1.3 Schematic showing SOP structure (courtesy of PRC).

1.2 Dielectric Films for Electronic Packaging
Because of the advancements in electronic packaging technology, dielectric films
with both low dielectric constant (low-κ) and high dielectric constant (high-κ) are in
great demand.
1.2.1 Low-κ Dielectric Films for Electronic Packaging
A low-κ film can be used as an interlayer dielectric (ILD) or a substrate.
Signal distribution and propagation is one of the most important aspects of
electronic packaging. As the IC pitch size migrates from 90 nm to 65 nm, the dielectric
constant of ILD will play a more crucial role in determining the parasitic capacitance and
thus the ultimate performance of a device. The term τ, defined as τ = RC, is called the RC
time delay of the signals, where R is the line resistance and C is the capacitance of the
structure. Assuming that the minimal pitch equals twice the metal line width and
assuming the dielectric thickness equals the thickness of the metal line, the RC delay can
be estimated as follows [3]:
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τ = RC = 2 ρεε 0 (

4 L2 L2
+
)
P2 T 2

Equation 1.1

where R is total line resistance, C is the total line capacitance, ρ is the metal resistivity, ε
is the dielectric constant, ε0 is the permittivity of free space, L is line length, P is the
interconnect pitch, and T is the metal thickness. Therefore, the signal delay is a direct
function of the dielectric constant of the interlayer dielectrics.
In the case of ceramic packages, the signal propagation delay is governed by the
dielectric constant of the ceramic substrate where metal lines are deposited or embedded,
as shown in the following equation [4]:
td =

l εr
C

Equation 1.2

where td is the signal propagation delay, l is the line length, εr is the relative dielectric
constant of the substrate, and C is the speed of light.
From Equation 1.1 and 1.2, it can be seen that the interlayer dielectrics and
substrates with low dielectric constant are required to minimize the signal propagation
delay.
1.2.2 High-κ Dielectric Films for Electronic Packaging
On the other hand, high dielectric constant films are typically used as capacitors,
e.g. dynamic random access memory (DRAM) capacitors, decoupling capacitors, and etc.,
because of their capability to store electric charge. In the next generation packaging
technology, as shown in Figure 1.3, the passive components such as capacitors (C),
resistors (R), and inductors (L), will be integrated into the SOP substrate as a layer of thin
film instead of being surface mounted on the top of the substrates as discrete components.
The passive components buried inside the substrate are called integral passives or
embedded passives. For embedded capacitors, high-κ dielectric films are required in
order to achieve small form factor devices.
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1.3 Overview of Embedded Passives
1.3.1 Passive Components
Passive components are the majority of electronic components in a typical
microelectronic product today and they typically take up 40% of the printed circuit board
(PCB) surface area, 30% of the solder joints, and up to 90% of the placement time for an
average electronic assembly. In 2003, about a trillion passive components were placed in
electronic systems, leading to worldwide sales of 125 billion US dollars [5]. Figure 1.4
shows the image of a printed circuit board. An IC chip is in the center, but there are
numerous passive components with various sizes surrounding it. Table 1.1 shows the
number of passive components being used in cellular phones, consumer portable, and
other communication systems [6]. The number of passive components is much more than
that of the ICs, and the ratio of passives/ICs can be as much as 47:1. It is evident that the
passive components used to support the ICs are dominant in numbers. Therefore, the
influences that passive components have on microelectronic system size, cost, and
reliability are substantial. In order to provide smaller, lighter, faster, cheaper, and more
reliable devices in the next generation electronic systems, alternatives to discrete passives
are imperative.

Figure 1.4 Image of a printed circuit board.
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Table 1.1 Passives in electronic systems

System

Passives

ICs

Ratio

359
243
283
432
389
373
993
492

25
14
11
21
27
29
45
30

14 : 1
17 : 1
25 : 1
20 : 1
14 : 1
13 : 1
22 : 1
16 : 1

437
489
1226
1329

15
17
14
43

29 : 1
29 : 1
33 : 1
31 : 1

142
585
101

3
24
8

47 : 1
24 : 1
13 : 1

CELLULAR PHONES
Ericsson DH338 Digital
Ericsson E237 Analog
Philips PR93 Analog
Nokia 2110 Digital
Motorola Mrl 1.8 GHz
Casio PH-250
Motorola StarTAC
Matsushita NTT DoCoMo
CONSUMER PORTABLE
Motorola Tango Pager
Casio QV10 Digital Camera
1990 Sony Camcorder
Sony Handy Cam DCR-PC7
OTHER COMMUNICATION
Motorola Pen Pager
Infotac Radio Modem
Data Race Fax-Modem

1.3.2 Advantages of Embedded Passives
Embedded passives have been recognized as the most promising alternative to
replace discrete passives, and this technology may have similar impact on the current
electronic packaging industry as integrated circuits had done to the microelectronics
industry half of a century before. Embedded passives provide many advantages over
discrete components. Currently passive components take up more than 40% of the
substrate surface area in a typical electronic system, and by embedding them into the
board this large amount of area will be saved. Figure 1.5 shows the schematics of discrete
and embedded passives; the size reduction from replacing discrete passives with
embedded passives can be easily observed. Besides size reduction, embedded passives
can enhance electrical performance of an electronic system as well, because the shorter
interconnects from using embedded passives can effectively reduce the electromagnetic
interference, reduce the electrical delay, and suppress electrical parasitic signals. These
advantages are particularly desirable for capacitors, as discrete capacitors always suffer
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from the parasitic inductance from the long conduction lines. For instance, for high-end
products, discrete passives used for functions such as bus-line decoupling, strip-line
termination, and initialization are speed limiting factors because of their size,
configuration and distance from the active circuit they serve.

Embedding passive

components into the board can remove such speed barriers, because they can be placed
much closer to the integrated circuits. Moreover, placement time for discrete components
are one of the major factors that determine the cost of passive components; by using
embedded passives, mass production by monolithic batch fabrication can be used, which
can substantially reduce the assembly time and cost. Due to the elimination of solder
joints, the reliability of electronic systems using embedded passives can be significantly
improved as well, as the solder joint failure is one of the major failure modes for
electronic systems with discrete components.
Discrete Passives

C

IC Chip

R

L

C

IC Chip

Embedded
Passives

Figure 1.5 Schematics of discrete passives and embedded passives.
1.3.3 Capacitors and Decoupling Capacitors
Among all passive components, capacitors call for special attention. Capacitors
are more than any other type of passive component. Figure 1.6 shows the market shares
of capacitors, resistors, and inductors in the United States, according to the 2004
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International Electronic Manufacturing Initiative (iNEMI) Roadmap [7]. Capacitors
account for a 15.26 billion dollars market, which is much more than 1.0 billion dollars for
inductors and 4.0 billion dollars for capacitors. Because of the large amount of capacitors
employed in electronic systems, integration of capacitors is of much importance.

Figure 1.6 Market shares of capacitors, resistors, and inductors (billion dollars).
Capacitors have many applications, as shown in Table 1.2. They can be used for
filtering, timing, A/D conversion, termination, decoupling, and energy storage.
Particularly, the development of microelectronics requires decoupling capacitors with
higher capacitance and shorter distance from its serving devices. Decoupling capacitors
typically have a capacitance of about 1-100 nF. The capacitance range of capacitors in a
typical electronic systems is shown in Figure 1.7 [8].
Decoupling capacitors are used as a rescue charge tank in electronic circuits to
support the instantaneous current needed for simultaneous switching. There are basically
two sources of noise in electronic packages: 1) the noise on the power supply caused by
the inductance of the supplying networks, which increases with cycle frequency and the
number of switching drivers and 2) the noise induced by the crosstalk between adjacent
signal paths. Such noises can cause voltage fluctuations. Remedies for such voltage
fluctuations include reducing the separation distance between power and ground planes
and using high dielectric constant dielectric materials for decoupling capacitors.
9

Figure 1.8 is the schematics showing the function of decoupling capacitors [9].
For a real circuit, the non-zero impedance leads to a non-ideal power distribution; but
with the decoupling capacitor, an ideal power distribution can be achieved as in an ideal
zero-impedance circuit. Figure 1.9 is an example showing the decoupling capacitors
embedded in the PCB substrate. Because embedded decoupling capacitors can be placed
very close to the IC chips in the PCB substrate, the parasitic resistance and inductance
associated with the conduction lines can be further reduced. Dielectric materials with a
relative dielectric constant in the range of 25-170 is required to satisfy various decoupling
capacitance needs [10].
Table 1.2 Applications and properties of capacitors
Application

Value Range

Tolerance Required

Stability Required

Filtering, Timing

1 pF – 100 pF

Moderate

Moderate

A/D Conversion

1 pF – 10nF

Very High

Very High

Termination

50 – 200 pF

Low

Low

Decoupling

1nF – 100 nF

Low

Low

Engergy Storage

1 μF and up

Low

Low

Percent of Capacitors

50
40
30
20
10
0
<100 pF

0.1- 1nF

1 -10nF 10 -100nF 0.1 -1uF

>1uF

Capacitor Value Range

Figure 1.7 Distribution of capacitor values in typical portable consumer systems.
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(a)

(b)

(c)

Figure 1.8 Schematics showing the function of embedded capacitors. (a) An ideal circuit
with zero impedance and ideal power distribution, (b) a real circuit with non-zero
impedance and non-ideal power distribution, and (c) a real circuit with non-zero
impedance but ideal power distribution because of the decoupling capacitor.
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Figure 1.9 Example showing the decoupling capacitors embedded in the PCB substrate.

1.4 Dielectric Polarization Mechanisms
For a capacitor, capacitance (C) is used as the measure of how much electric
charge can be stored in a capacitor. It is defined as the ratio of the electric charge (Q) and
the applied voltage (V):
C=

Q
V

Equation 1.3

The unit of capacitance is farad (F), but most capacitors used in electronic circuits
have a capacitance in the order of 10-6 farad (μF) or even 10-12 farad (pF).
Dielectric constant (κ or εr) represents the capability of storing electric charge by
the dielectric material. The relationship between capacitance C and dielectric constant εr
is given by the following equation:

C =

ε 0ε r A
t

Equation 1.4

where ε0 is dielectric constant of the free space (8.854 x 10-12 F/m), A is the area of the
electrical conductor, t is the thickness of the insulator layer, and εr is the dielectric
constant of the insulator layer.
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From Equation 1.4, it can be seen that with a given geometry, a larger dielectric
constant leads to a larger capacitance. Therefore, dielectric materials with higher
dielectric constant are desirable in order to achieve a small form factor.
When under an alternate electric field, the dielectric constant of materials can be
expressed by complex permitivities:

ε * = ε '− jε " = ε 0 ε r − jε "

Equation 1.5

where ε′ is real permittivity and ε″ is the imaginary permittivity.
The term tan δ, defined as the ratio of imaginary permittivity and real permittivity
(ε″/ε′’), is called the dielectric loss or dissipation factor of a material. The dielectric loss
is a material property and does not depend on the geometry of a capacitor. The energy
loss (W) due to consumption of a dielectric material can be determined by the following
equation:

W ≈ πε ' ξ 2 f tan δ

Equation 1.6

where ξ is the electric field strength and f is the frequency [11]. Therefore, the energy
dissipated is proportional to the dielectric loss. As such, a low dielectric loss is preferred
in order to reduce the energy dissipated by a dielectric material, particularly for high
frequency applications.
The value of dielectric constant depends on the polarizability of a material.
Generally speaking, polarization occurs when the centers of the negative and positive
charge do not coincide spatially. There are four major types of polarization that occur at
specific frequency ranges: electronic polarization, ionic polarization, molecular or dipolar
or orientation polarization, and interfacial polarization.
Electronic polarization is due to an applied electric field that shifts the electron
cloud of the atom from its original center position, as shown in Figure 1.10(a). This type
of polarization is not permanent; once the applied electric field is removed the
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polarization will dissipate. This polarization mechanism is common to all dielectric
materials.
The second mechanism of polarization is ionic polarization, also called atomic
polarization, which is the displacement of anions and cations in the presence of an
electric field, as shown in Figure 1.10(b). The cations are attracted towards the negative
electrode and the anions are directed towards the positive electrode.
The third mechanism of polarization is molecular or dipolar or orientation
polarization, as shown in Figure 1.10(c). Orientation polarization is present in certain
types of polymers and ceramics, and is associated with the presence of permanent electric
dipoles that exists even without an electric field. This particular type of polarization is
similar to electronic polarization except that the polarization is retained after the removal
of the electric field.
The fourth polarization mechanism is interfacial polarization or space charge
polarization, as shown in Figure 1.10(d). Interfacial polarization is due to the movement
of mobile charge carriers like electrons under an applied electric field. The charge
carriers become piled up at a physical barrier such as grain or phase boundaries, defects,
or free surfaces.
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Figure 1.10 Schematic representation of four polarization mechanisms [12].

The total polarizability of a dielectric material is represented as the sum of these
individual polarizations, as shown in Equation 1.7 [13]:

α = αe + αi + α0 + α f

Equation 1.7

where αe, αi, αo, and αf are the electronic, ionic, orientation, and interfacial polarizations,
respectively.
The relationship of dielectric constant to the polarizability is given by the
Claussius-Mosotti equation [14]:

ε=

3
1 − Nα / 3ε 0

−2

(0 < α < 3ε0/N)
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Equation 1.8

where ε is the realative dielectric constant, N is the number of molecules per unit volume,

α is the polarizability of each molecule. According to this equation, the dielectric
constant increases with the increased polarizability.

1.5 Factors that Affect Dielectric Constant
1.5.1 Frequency Responses of Dielectric Constant

Frequency can dramatically affect the dielectric behavior of a material by acting
through the relevant polarization mechanisms, as shown in Figure 1.11 [12]. There is a
relaxation time associated with each of the polarization mechanisms that is caused by the
inertia-to-charge or electron movement. For a material to exhibit a constant polarizability
with frequency, the dipole must reverse direction at the same rate as that of the electric
field for the polarization to remain in phase with the field. However, as the frequency
increases, a particular dipole may not be able to follow the reversal rate of electric field,
which results in a decrease in dielectric constant with frequency. Electronic polarization
is the only process sufficiently rapid to occur in the alternative electric fields up to the
range of visible spectrum (1015 Hz). Ionic polarization can follow an applied electric field
up to the frequency range of infrared spectrum (1012-1013 Hz) and still make contribution
to the dielectric constant. Dipolar polarization occurs in the frequency range up to
subinfrared range (1011-1012 Hz). Dipolar polarization is one of the major polarization
mechanisms in most polymers and some types of ceramics. Compared to electronic, ionic,
and dipolar polarization, space charge polarization has a much lower relaxation frequency,
i.e., usually up to 103 Hz.
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Figure 1.11 Frequency dependency of polarizability.
The change of dielectric constant at very high frequency due only to electronic
polarization can be expressed by the following equation [15]:

ε = 1+

Nze 2 / ε 0 me
ϖ 02 − ω 2

Equation 1.9

where N is the number of atoms per unit volume, z is the number of electrons per atom,
me is the mass of the electron, ω is the frequency, and ω0 is the resonance frequency.
Therefore, dielectric constant can be decreased by the decreased number of electrons per
atom z. A decrease in the size and the effective number density of electrons can also
lower the dielectric constant.
1.5.2 Temperature Responses of Dielectric Constant

Temperature is another important factor that has significant affects on the
dielectric behavior of materials. The temperature coefficient of capacitance (TCC) is
often used to describe the change of dielectric constant or capacitance with temperature.
TCC is expressed in ppm/°C and can be defined by the following equation:
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TCC =

dC
ΔC
=
CdT CΔT

Equation 1.10

where C is the capacitance and T is the temperature.
TCC tends to be positive. As the temperature increases, most materials will
expand, which results in a larger dipole moment when the materials is under an electric
field. Figure 1.12 shows the temperature responses of paraelectric and ferroelectric
materials [9]. For paraelectric Ta2O5, the TCC is monotonically positive. And the
temperature shows a more complicated effect on ferroelectrics because of the temperature
dependence of their crystal structure. For instance, at Curie temperature the dielectric
constant of a barium titanate film could change more than 50%, as shown in Figure 1.12.

Figure 1.12 Temperature responses of paraelectric and ferroelectric materials.

1.6 Overview of High-κ Dielectric Films for Embedded Capacitors

To enable embedded capacitors, high-κ dielectric materials that satisfy the
requirements of fabrication, electrical performance, and mechanical performance need to
be developed. The general requirements for embedded capacitor dielectrics include high
18

dielectric constant, low dissipation factor, low processing temperature, low leakage
current, high breakdown voltage, and etc. Due to the limited area and space in the PCB
board, a dielectric material with much higher dielectric constant is required to reach
similar capacitance as in discrete capacitors. And the dielectric material is preferably to
have a low processing temperature compatible with PCB fabrication, because the PCB
board, where the capacitors will be incorporated into, typically has a low processing
temperature less than 250 °C. To realize the above-mentioned materials requirements for
embedded capacitors, a number of materials and approaches have been investigated and
evaluated.
1.6.1 Ceramics

Ceramics have long time been used as the dielectrics for capacitors. According to
their crystal structure and dielectric constant, ceramic dielectrics can be classified in two
different categories: paraelectrics and ferroelectrics. Paraelectrics have a relatively low
dielectric constant, and their dielectric behavior is more stable and less affected by the
change of temperature or frequency of electric field. Ferroelectrics are characterized by
their asymmetric or polar structures. A ferroelectric is a spontaneously polarized material
with reversible polarization, which is the cause of large dielectric constants. In this
section, we will discuss ceramic materials and corresponding processes for thin film
dielectric deposition that may be suitable for embedded capacitor applications.
1.6.1.1 Sputtered Ceramic High-κ Materials
Sputtering is a plasma assisted process where materials on a target are sputtered
and deposited on a substrate by ion or neutral species bombardment, as a result of the
momentum transfer from the incoming particle to the target atoms. Dielectric films from
tens of nanometers to several microns may be deposited by sputtering. Unlike many other
vapor phase techniques there is no melting of the material. Sputtering is used to deposit
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high-κ materials for embedded capacitor applications, because it can be performed near
room temperature. Ta2O5 can be sputtered to form a 2000 Å dielectric film with a relative
dielectric constant of 23 or a capacitance density of 100 nF/cm2 [16]. Annealing the film
at 550 °C gives orthorhombic polycrystalline Ta2O5 film which has a higher dielectric
constant of 50. Alers et al. [17] studied the sputtering of amorphous Zr-Sn-Ti-O (aZTT)
as the embedded capacitor dielectric film at 200 °C. The best composition was found to
be Zr2Sn2Ti6Ox, which showed a dielectric constant of 62. Tsukada et al. [18] developed
BaZrTiO3 thin films with a dielectric constant of about 145 by sputtering. Takken and
Tckerman [19] and Clearfield et al. [20] investigated the sputtering of Al2O3 films and
obtained a high capacitance density of about 50 nF/cm2. Almost all paraelectrics can be
sputtered to form dielectric thin film without further processing, however, for a
ferroelectric thin film, it must be annealed at high temperature after sputtering in order to
obtain desirable asymmetric crystal structure. The major disadvantages of sputtering are
high cost and the difficulties in fabricating capacitors over a large-area substrate.
1.6.1.2 Chemical Vapor Deposition of High-κ Materials
Chemical vapor deposition (CVD) and metal-organic chemical vapor deposition
(MOCVD) are also used for fabricating high dielectric constant embedded capacitors.
These methods require that the precursors be fed into an evacuated low-pressure chamber
as gases. The precursors can be dissociated at a sufficiently low temperature by the
energy provided by plasma, which is compatible with PCB manufacture. CVD has been
used to produce ferroelectric thin films such as SrTiO3 and Ba(Sr)TiO3 [21, 22]. A
plasma-enhanced MOCVD method has been applied to deposit and pattern PbTiO3 and
PbxLa1-xTiO3 films for high value capacitors, and feasibility of incorporating a low
temperature MOCVD process in large area packaging is being studied [23, 24]. Recently,
thin TiO2 film with a dielectric constant of 34 and a capacitance density larger than 110
nF/cm2 has been deposited on PWB substrates at temperatures below 180 °C [23, 24].
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Misman [24] and Park [25] used MOCVD to deposit Ta2O5 film for embedded capacitor.
Mixed oxides of Bi2O3 and Ta2O5 with dielectric constants of 20 to 40 were produced on
single-crystal smooth silicon substrate [26, 27]. Because of the high cost of precursors,
MOCVD is considered to be the most expensive way to deposit a dielectric thin film.
Moreover, these MOCVD-deposited inorganics often exhibit high loss and the dielectric
constants in these materials decrease rapidly with increasing frequencies.
1.6.1.3 Sol-Gel Ceramic High-κ Materials
Sol-gel method is another deposition process used in depositing ceramic films
with high dielectric constant. At the start of the process, a homogeneous solution (sol) of
precursors is formed. The precursors are commonly organometallic compounds that are
dissolved in alcohol to create a homogeneous solution. The solution is gelated by reaction
with water or exposure to atmosphere, and the gelation forms a polymeric, or colloidal,
network. The sol-gel process allow for the deposition of dielectric thin films with a high
degree of chemical homogeneity at relatively low temperatures. Sol-gel is a low cost
approach for depositing high-κ thin films as compared to CVD and sputtering because no
vacuum and no expensive equipment are required. This method has been employed in
depositing thin film of PLZT type materials with high dielectric constant. Dimos et al.
[28] reported a dielectric constant of 900 in a PLZT system. Heistand [29] developed solgel derived PZT materials with capacitance in the range of 1 to 5 nF on a 1 μm thick film,
with a nominal dielectric constant of 1000 thus providing a good commercialization
opportunity. However, a final cure at 600-700 °C is needed for sol-gel thin film to
produce cubic perovskite crystal structure with high dielectric constant. This calcination
temperature is much too high for applications in the organic board-compatible multi-chip
module-laminate (MCM-L) technology.
1.6.1.4 Hydrothermal Ceramic High-κ Materials
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Hydrothermal route is not a new technique and were largely used for the synthesis
of minerals in the last century. In recent years, hydrothermal method has been used to
produce ferroelectric dielectric thin films because it provides a low temperature and
direct route, avoiding the high temperature calcination step required in sol-gel method.
Hydrothermal process involves dissolution and reaction of precursors in hot, pressurized
water. Hot water is the medium used to transmit pressure and allows the reaction to take
place at a low temperature because the free energy of hydrated ions is similar to that of
crystalline BaTiO3. This unique characteristic enables the reaction to occur at temperature
below 100 °C. Barium titantate hydrothermal syntheses are usually based upon Ba(OH)2
and TiO2 or titanium hydroxide at a high pH value in an aqueous solution of NaOH [3035]. Vivekananadan et al. extended the hydrothermal technique to the preparation of
barium titanate zirconate (BZT) [36]. Substrate with lattice structures closer to the films
can help nucleate and grow defect free dielectric films. Titanium foils, titanium-alkoxide
coated substrates, or titanium sputtered substrates can be used to react with Ba(OH)2
solution and form BaTiO3. Films reacted at 90 °C yielded a capacitance of 1.5
microfarad/cm2 [37, 38]. Hydrothermal process-produced dielectric films are usually
porous and have microcracking, as such the yield is poor.
1.6.1.5 Anodized Oxides
Anodization is a method routinely used to produce discrete capacitors such as
tantalum capacitors [39, 40] and aluminum capacitors [19, 41, 42]. Besides tantalum and
aluminum, other metals such as titanium, zirconium, bismuth, antimony, niobium,
tungsten, and hafnium can also be anodized [39]. In recent years the anodization method
has been used with vacuum deposited aluminum [43] and tantalum [26, 44] films to form
thin dielectric oxide films for embedded capacitors. Sputtered tantalum films are oxidized
thermally or electrolytically to make thin Ta2O5 capacitor films. Kapadia [44] reported
anodized Ta2O5 films with capacitance about 200 nF/cm2. During annodization, the final
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film thickness is directly proportional to the final voltage used in the cell, and an lowerconductivity solutions allow thicker films [40]. The anodization technique is quite simple
and can grow tens of nanometers thin film without defects. However, it is found that most
anodizable materials have low breakdown voltages at temperatures above 100 °C.
1.6.2 Polymers

Polymers such as epoxies, silicones, polystyrenes, parylene, polyolefins,
benzocyclobutenes (BCB), and polyimides (PI) can be used as the embedded capacitor
dielectrics when only a low capacitance value is required. Generally speaking, polymers
have very low dielectric constant, e.g., ~ 2.5 for polystyrene, ~ 2.65 for BCB, ~2.7 for
parylene, ~2.72 for silicone, and ~ 3.5 for epoxy and polyimide. Most polymers used in
microelectronic industry are available for applications by spin-on or various coating
methods, followed by a moderate temperature cure. As such, polymer dielectrics are fully
compatible with the organic PCB manufacture. Depending on the viscosity of polymers
and rotation speed of spin coater, the polymer dielectric film can be as thin as a few
hundreds of nanometers, which can significantly increase their capacitance density. The
dissipation factor of polymers is also very low, much lower than ferroelectric ceramics.
According to Equation 1.6, the energy dissipated is proportional to the dielectric loss. As
such, a low dielectric loss is preferred in order to reduce the energy dissipated by a
dielectric material, particularly for high frequency applications.
Epoxies are of particular interests for embedded passive application due to their
perfect compatibility with manufacturing process of PCB boards, which are mostly based
on epoxies, too. For epoxies, a relatively high dielectric constant can be achieved by
tailoring the epoxy system. Basically, epoxy system contains three components, i.e.,
epoxy resin, hardener, and catalyst. By proper choice of the catalyst such as metal
acetylacetonate, the dielectric constant of epoxy system can be increased significantly
from 3.2 to 5.0 [45].
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Most polymers have dielectric constants in the range of 2-10, however, some
electroactive polymers, called ferroelectric polymers, can have a dielectric constant of
above 10, because of its polar backbone. Pure polyvinylidene fluoride (PVDF) polymer
has a dielectric constant of about 11 at 1 kHz/25 °C, and PVDF exhibits four relaxations
at 1 KHz when temperature changes from -80 °C to 160 °C [46, 47]. Polythioureaformaldehyde (PTUF) polymer, whose ferroelectric properties were first discovered in
1978, has a relatively high dielectric constant of 20-30 at 10 kHz/25 °C [48]. Its dielectric
constant can be as high as 320 at 145 °C/10 kHz. Polyvinylidene fluoride–
trifluoroethylene [P(VDF-TrFE)] copolymer (50/50) exhibits s a high dielectric constant
of about 50 at 1 kHz/25 °C, after 4×105 Gy irradiation at 120 °C [49]. The irradiated
copolymer shows a large strain under the electric field. As the irradiation process requires
expensive and complicated equipment, Petchsuk et al. [50] and Yu et al. [51] synthesized
polyvinylidene fluoride–trifluoroethylene-chlorotrifluoroethylene [P(VDF-TrFE-CTrFE)]
terpolymers, in order to obtain a similar structure as irradiated P(VDF-TrFE) copolymer
by introducing CTrFE block in the polymer. It was found that P(VDF-TrFE-CTrFE)
terpolymer with VDF:Tr-FE:CTrFE molar ratio of 65:35:9 exhibits a high dielectric
constant of about 60 at 1 kHz/33 °C with a dielectric loss of about 0.1. The above
mentioned high-κ polymers have a non-conjugated backbone; for a conductive polymer
with conjugated backbone, the dielectric can be even higher. Polymeric phthalocyanines
have a large planar structure of predominantly aromatic nature, which allows the π
electrons completely delocalized over the entire chain molecule. Polymeric iron
phthalocyanine (FePc) shows higher dielectric constant and dielectric loss as compared to
monomeric FePc[52]. KOH-treated poly-CuPc shows a dielectric constant of 800 and the
dielectric loss is about 6 at 1 kHz/25 °C [53]. In the case of poly-CoPc with carboxylic
end group, a high dielectric constant of about 7,500 was obtained at 100 Hz/30°C.
However, the polymeric phthalocyanines usually have a high frequency dependence, e.g.
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the dielectric constant of poly-CoPc decreases from 7,500 to about 86 when the
frequencies increase from 100 Hz to 1 MHz [54-57].
1.6.3 High-κ Composite Dielectric Films

The approaches (sputtering, CVD, sol-gel, hydrothermal, anodization) used to
deposit ceramic high-κ dielectrics can produce high capacitance density films for
embedded capacitors; however, these processes also have many prominent disadvantages.
They either require expensive tools or cannot be easily implemented over large PCB
substrate area. Moreover, high temperature annealing or sintering (>500 °C) are often
needed to improve the quality of deposited ceramic dielectric films. Such high
temperature annealing process will destroy the organic PCB board, as the organic board
needs to be processed under 250 °C. On the other hand, polymers have low cost and can
be easily and compatibly processed, but the dielectric constant of a polymer typically is
low. However, polymer-ceramic nanocomposites may have the potential to introduce
high dielectric constant with low temperature thick-film fabrication process, because they
can combine the advantages of high dielectric constant from the ceramic part and good
processibility from the polymer part. Figure 1.13 shows the advantages and
disadvantages of using polymer, ceramic filler, and polymer composites for embedded
capacitors, respectively. Because of the combined advantages of polymer-ceramic
composites, they have been subjected to extensive research and been selected as a major
material candidate for the development of embedded capacitors inside organic substrates.
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Filler Properties

Polymer Properties

•
•
•
•

•
•
•
•

Low processing temperatures
Low cost of processing
Excellent adhesion to PCB
Low dielectric constant

High inherent dielectric constant
High processing temperatures
High cost of processing
Poor adhesion to PWB

Polymer Composites

• High dielectric constant value
• Low processing temperature
• Low cost
• Good adhesion
Figure 1.13 Schematic showing the advantages of polymer composites for embedded
capacitors.
Das-Gupta et al. [58] first reported the study of polymer-ceramic composites as
high dielectric constant material. Dielectric constant of about 100 (at 1KHz) was obtained
for composite materials with different volume percentages of lead zirconate titanate (PZT)
ceramic filler in polyvinylidene difluoride (PVDF) polymer matrix. Sinha and Pillai [59,
60] studied the dielectric properties of composites of PZT with polymethylmethacrylate
(PMMA), polystyrene (PS), polyvinylchloride (PC) and PVDF in the weight ratio of
90:10. The dielectric constant of PVDV sample was found to have excellent temperature
and frequency stability.

This type of dielectric behavior is desirable for capacitor

applications. These materials demonstrated the feasibility of obtaining high dielectric
constant with polymer-ceramic composites, although they were not best suitable for
embedded capacitors in the organic PCB board.
The NSF Microsystems Packaging Research Center at Georgia Tech was among
the first to employ polymer-ceramic composites for embedded capacitors. To ensure good
compatibility with organic PCB boards, which are typically made of epoxy or polyimide,
epoxy and polyimide based composites have been mostly studied. Chahal et al [10] first
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achieved a high dielectric constant of 65 with 58 vol% of lead magnesium niobate – lead
titanate (PMN-PT) in polyimide composite. Later, Ogitani et al [61] increased the
dielectric constant to 70 in an epoxy filled with 71 vol% of PMN-PT, and a dielectric
constant of 74 was obtained by Agarwal et al [62] by adding bimodal barium titanate (BT)
fillers into epoxy. With the combination of high-κ epoxy and bimodal filler PMN-PT/BT,
Rao et al [63] achieved a dielectric of 110 at 70 vol% filler loading. Subsequently,
Windlass et al [64] increased the dielectric constant to 135 by surface treatment of PMNPT prior to the mixing of ceramic filler with epoxy. So far the highest dielectric constant
of polymer-ceramic composites was reported to be 150 by Rao et al [45], with addition of
85 vol% of PMN-PT/BT in high-κ epoxy formula.
For polymer-ceramic composites, the connectivity, i.e., the microstructure
arrangement of the component phases in the composite is an important parameter. Each
component phase in a composite can be self-connected in zero, one, two, or three
dimensions. For a diphasic system, there are ten connectivities, which can be denoted as
0-0, 0-1, 0-2, 0-3, 1-1, 1-2, 1-3, 2-2, 2-3, and 3-3, as shown in Figure 1.14 [65, 66]. A
typical connectivity of polymer-ceramic composite is 0-3 composite, which indicates that
ceramic fillers are dispersed without continuity in a three-dimensionally connected
continuous polymer matrix. For a 0-3 composite, the dielectric constant of the material is
dependent on the relative permitivitty and the volume fraction of both the polymer (ε1, v1)
and the ceramic (ε2, v2). In the simplest case, the dielectric constant of a system that
consists of two different homogeneous dielectrics connected in parallel (n = 1) or in
series (n = -1) can be predicted by the following equation [67]:

ε n = ν 1ε 1n + ν 2 ε 2n
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Equation 1.11

Figure 1.14 Connectivity patterns for a diphasic solid.
A commonly used equation for the prediction of permittivity of randomly
dispersed 0-3 composite is Maxwell equation [68]. Maxwell expressed the effective
dielectric constant (ε) for a composite system consisting of a continuous polymer phase
and ellipsoidal ceramic particles as:

ε = ε 1[1 +

nv2 (ε 2 − ε 1 )
]
nε 1 + (ε 2 − ε 1 )v1

Equation 1.12

where n is the aspect ratio of the ceramic particles.
Besides Maxwell equation, there are many other dielectric mixture models and
formulas developed for dielectric spheres dispersed in continuous medium [69-74].
However, these proposed equations are only suitable for composites with limited ceramic
filler loading level (v2 < 0.5) because of the assumption of isolated spheres. When an
electric field is applied to the composite, the dielectric spheres are polarized by the
applied field and an individual sphere can be represented by a dipole moment. In turn,
this dipole moment can locally modify the applied field in the surrounding medium. In
cases of small volume fractions of spheres, the influence of this dipole field on
neighboring spheres is negligible, and therefore, the prediction of dielectric properties by
using the isolated sphere theory is reasonable. However, as v2 further increases, the
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interaction between the fields of the neighboring spheres must be taken into account
when one estimates the effective dielectric constant of the composite.
Lichteneker [75] used a fitting factor k to represent this interactive effect between
neighboring spheres, in order to estimate the dielectric constant of composites that have
high volume fraction of ceramic loading.
log ε = log ε1 + v2 (1 − k ) log(

ε2
)
ε1

Equation 1.13

where k is typically 0.3 for well dispersed suspensions.
Jayasundere and Smith [76] modified the Kerner model [71] to include field
interactions between neighboring spheres for the case of high volume fraction of the
ceramic phase, which is presented in the following equation.

ε eff =

ε1v1 + ε 2 v2 [3ε1 /(ε 2 + 2ε1 )][1 + 3v2 (ε 2 − ε1 ) /(ε 2 + 2ε1 )]
v1 + v2 [3ε1 /(ε 2 + 2ε1 )][1 + 3v2 (ε 2 − ε1 ) /(ε 2 + 2ε1 )]

Equation 1.14

In order to achieve high-κ in the polymer-ceramic composites, ferroelectric
ceramics are used as the filler. Titanates are well known for their ferroelectricity and
extremely high dielectric constant. For example, lead magnesium niobate – lead titanate
(PMN-PT) has a dielectric constant of 17, 800, and barium titanate (BT) has a dielectric
constant of 2,000 - 4,500. However, there’s always an environmental concern for using
lead containing PMN-PT. And it should be noted that beyond a critical point, the increase
of dielectric constant of ceramic filler may not necessarily increase the dielectric constant
of the composites [77].
The size of ceramic particles is also a critical parameter. Finer particle size is
required to obtain a thin dielectric film and to increase the capacitance density. However,
extremely fine ceramic particles may leads to the change of their crystal structure and
hence the loss of high permittivity [78-81]. Overall, the tetragonality of the nano-sized
particles, which results in the high permittivity of ceramic powder, decreases with the
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decrease of the particle size. Therefore, a trade-off must be made between the dielectric
constant and film thickness by proper choosing of the filler particle size.
Generally speaking, the dielectric constant of polymer-ceramic composites
increases with the filler loading. However, this may not necessarily be true due to the
increase of porosity and the change of connectivity in the film at high filler loading level.
Presence of agglomerates or regions where ceramic particles connect each other can
greatly affect the dielectric constant of the composites. In addition to the intrinsic
dielectric properties of the filler and polymer, processing methods become extremely
important at high filler loading, since it will determine the distribution and packing
efficiency of the composite system. A better dispersion of ceramic filler leads to a more
homogeneous packing and more uniform properties of the dielectric film. And it’s
expected that an efficient packing gives a higher dielectric constant. Agarwal’s work [62]
suggests that a better packing efficiency and thus a higher dielectric constant may be
obtained by using of bimodal filler and proper choice of surfactant. And the latest
development of high-κ polymer-ceramic composite is based on these two methods [45,
64, 82].

1.7 Challenges and Research Objectives
1.7.1 Challenges

Polymer composite has been recognized as a promising candidate dielectric for
embedded capacitors. However, despite all those advantages with polymer composites,
embedded passives have not yet been extensively commercialized because material
design and processing are still critical barriers to realize the embedded passive
components.
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To achieve dielectric constants above 50, high filler loadings above 60 vol% have
to be used, which drastically deteriorates the peel adhesion strength and thermal stress
reliability of the high-κ composites, inhibiting their real application as an embedded
capacitor dielectric. To make the high-κ composites useful, a lower volume filler loading
(≤50 vol%) has to be used, but this in turn will reduce the dielectric constant of the
composites. So far the commercially available polymer-ceramic composites can only
achieve a maximum dielectric constant of about 30, due to the stringent requirements of
adhesion strength and thermal stress reliability. However, a much higher dielectric
constant of 50-200 is required to make layout area small enough for embedded capacitors
in many cases such as for decoupling. Therefore, fundamental understanding of the
adhesion and thermal stress reliability of dielectric films needs to be addressed in order to
obtain high dielectric constant (κ>50) embedded capacitor dielectrics that can
successfully pass the adhesion and thermal stress reliability tests.
Conventional polymer-ceramic composites are not photosensitive, which requires
additional processing steps and thereby increases cost in order to pattern it into desired
geometry. On the other hand, a photodefinable high-k composite can be easily patterned
into desired geometry so that it can save the substrate area and save the time needed for
laser drilling of via holes as in conventional high-κ composites. Because ceramic
nanoparticles can absorb and reflect UV light, the photodefinition capability of polymerceramic composites has a large difference from the pure photodefinable polymer matrix.
Therefore, the photosensitivity of polymer-ceramic composites needs to be investigated
and the processing conditions of photodefinable high-κ composite also need to be
optimized.
While polymer-ceramic composites have shown some successful commercial
applications, the dielectric constant of polymer-ceramic composites is not sufficiently
high (κ<100) for many applications in the next generation electronics. To address this
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issue, disruptive innovation on polymer high-κ composites needs to be explored. An
approach showing good potential is the high-κ polymer-conductive filler composites
based on percolation mechanism. According to scaling theory, high dielectric constant
can be obtained when the actual filler loading is very close to the percolation threshold.
Because the filler loading used in the percolative composites is lower than polymerceramic composites, a better material processibility and adhesion strength can be
expected. However, due to its percolation nature, the electric and dielectric properties of a
percolative composite are very sensitive to the composition. A slight change in the
composition will lead to a significant change of materials properties, which impose
serious challenge of producing materials with reproducible properties. In addition, the
dielectric loss (tan δ) of a percolative composite usually is high, which is not desirable for
high frequency applications. Fundamental understanding of the dielectric loss of the
polymer-conductive filler composites needs to be obtained, and a viable method to obtain
a percolative composite with reproducible high dielectric constant and low dielectric loss
needs to be developed.
1.7.2 Research Objectives

This work focuses on the materials design, development, processing and
optimization of polymer-based dielectric nanocomposites for high performance
embedded capacitor applications. The methodology of this approach is to combine the
advantages of the polymer and the filler to satisfy the fabrication (low-temperature
processability), dielectric (high dielectric constant, low dielectric loss), electrical (low
leakage and high breakdown), and mechanical (good adhesion and thermal stress
reliability) requirements for embedded capacitors. Polymer-based dielectric materials will
be compatible with the sequential buildup processes of organic substrates.
The objectives of this research include the following aspects:
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•

Improve the dielectric constant of polymer-ceramic nanocomposites at
moderate filler loadings by a systematic approach. Effects of the matrix,
fillers and dispersing agent on the nanocomposite dielectric constant will be
studied in depth and these results will be crucial for the capacitor
applications.

•

Obtain fundamental understanding of the adhesion and thermal stress
behavior of polymer-ceramic composite dielectric films and develop high
dielectric constant (κ>50) embedded capacitor dielectrics that can
successfully pass the adhesion and high temperature thermal stress tests.
Modification of filler particle surface chemistry will be performed in order to
enhance the filler-polymer and nanocomposite-substrate interaction. A
secondary rubberized epoxy will be introduced into the primary continuous
epoxy phase to improve the thermal stress reliability behavior of polymerceramic nanocomposites.

•

Study the photosensitivity of polymer-ceramic high-κ composites and
optimize the processing conditions of photodefinable high-κ composites. The
effects of ceramic nanoparticle size, filler loading, and UV irradiation dose
on SU8 epoxy photopolymerization will be systematically investigated.
Embedded capacitor components using the novel high dielectric constant
SU8 composite photoresist will be fabricated on flexible polyimide
substrates by UV lithography method.

•

Explore the dielectric behavior of polymer-carbon black super high-κ
composites based on percolation mechanism and obtain the fundamental
understandings of the dielectric loss of the polymer-conductive filler
composites. Study the effect of processing conditions and carbon nanotubes
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dispersion/orientation state on the electric and dielectric behavior of
polymer-carbon nanotubes composites.
•

Develop a novel low-loss high-κ percolative composite, which is a polymer
hybrid filled with core-shell nanoparticles. The dielectric behavior of this
novel

percolative

composite

will

be

systematically

investigated.

Fundamental understandings will be obtained for the specific composite
system that shows the combined properties of a polymer-ceramic system and
a polymer-metal percolative system.
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CHAPTER 2
EXPERIMENTAL

2.1 Materials

To

ensure

low-temperature,

low-cost

processibility,

high-κ

dielectric

nanocomposites for embedded capacitors were based on polymers. Specifically, epoxybased composites were the focus of this research because of its good compatibility with
the sequential buildup processes of organic substrates. Other polymers used as polymer
matrices in this research were polyimide, benzocyclobutene (BCB), silicone, and
polynorbornene.
2.1.1 Epoxy

An epoxy generally refers to a molecule containing one or more 1,2-epoxide (or
oxirane) groups, which are a three-member ring consisting of a oxygen bonded to two
carbon atoms. In the cured resin, all of epoxide groups may have reacted and it no longer
contains any epoxy group, but the cured resin is still called epoxy. Because of the
strained nature of the three-member ring, epoxies are highly reactive. Epoxies are a
fascinating material that has unique chemical and physical properties, which have made
them the predominate thermosetting resin for electronic packaging. An epoxy is typically
composed of an epoxy resin, a hardener, a catalyst, and some necessary additives.
2.1.1.1 Epoxy resin
The base epoxy resins are very important in that many ultimate material
properties such as viscosity, adhesion, toughness, moisture absorption, and electrical
properties are mainly determined by the base epoxy resins. The commonly used epoxy
resins can be categorized in two groups: diglycidyl ether type and cycloaliphatic type.
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The base epoxy resin can be liquid or solid. Liquid epoxy includes low molecular weight
bisphenol A type epoxy, bisphenol F type epoxy, cycloaliphatic epoxy, and etc. The
chemical structures of liquid epoxy resins used in this research are show in Figure 2.1.
Bisphenol A (Epon 828):
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Figure 2.1 Chemical structures of liquid bisphenol A, bisphenol F, and
cycloaliphatic epoxy resins.
The bisphenol-A epoxy (EPON828) with an equivalent epoxide weight (EEW) of
187 g was from Aldrich. The bisphenol-F epoxy (EPON 862) with an EEW of 171 g was
from Shell Chemicals. The cycloaliphatic epoxy (ERL4221) with an EEW of 134 g was
from Union Carbide.
Solid epoxy resins typically require use of solvents. After solvent evaporation, a
solid film can be formed, which is desirable for some applications such as in sequential
buildup and photoresist. A novolac epoxy (SU8), shown in Figure 2.2, was used in this
research. γ-butyrolactone was used as the solvent. The novolac epoxy resin (SU-8) was
obtained from Hexion Specialty Chemicals.
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Figure 2.2 Chemical structure of SU8.
For printed circuit board applications, more complicated systems called epoxy
varnish have been used. The formulations may have more than one type of epoxy in order
to control their processing, thermal, and mechanical properties. The epoxy resin can have
higher functionality than the linear bisphenol A or bisphenol F epoxy. For example, the
epoxy shown in Figure 2.3 was in the epoxy varnish used in this work. The epoxy varnish
was obtained from Oak Mitsui Technologies.
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Figure 2.3 High functionality epoxy used in the epoxy varnish.
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2.1.1.2 Curing Agent
To form three-dimensional thermoset networks, it is necessary to use curing agent
to cure the epoxy resin. Curing can take place by either a polyaddition/copolymerization
with a multifunctional curing agent or a homopolymerisation initiated by a catalytic
curing agent. The curing agents for epoxy resins can be divided into three categories [83,
84]:
(1) Active hydrogen compounds, which cure an epoxy resin by polyaddition
reactions. Active hydrogen compound curing agents include polyamines, carboxylic acids,
anhydrides, polymercaptans, and polyphenols.
(2) Ionic initiators, which initiate homopolymerization and cure an epoxy resin
through ionic or coordination polymerization. The ionic initiators include anionic
initiators (such as metal hydroxides, secondary amines, and tertiary amines) and cationic
initiators (such as metal halides, boron-trifluoride complexes, and coordination catalysts,
i.e., metal alkoxides, metal chelates, and metal oxides).
(3) Hydroxyl crosslinkers, which cure an epoxy resin through the reaction with
the secondary hydroxyls of the epoxy resin. Crosslinker is represented by a broad range
of melamine-, phenol-, and urea-formaldehyde resins.
Epoxy resin systems used in electronic application are primarily cured with curing
agents of the first and second type.
Depending on the specific applications of the epoxy systems, a carboxylic
anhydride

(4-methylhexahydrophthalic

anhydride,

MHHPA),

a

polyamine

(tetraethylenepentaamine, TEPA), and a cationic initiator (triarylsulfonium, TAS) were
used as the curing agents in this research. MHHPA, TEPA, and TAS were all from
Aldrich Chemicals. Their chemical structures are shown in Figure 2.4.
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Figure 2.4 Chemical structures of curing agents MHHPA, TEPA, and TAS.
Acid anhydrides such as MHHPA are widely used epoxy resin curing agents.
Most of anhydride cured epoxy systems require accelerators. Lewis bases, e.g. tertiary
amines and imidazoles are often used as the anhydride accelerators. The reaction
mechanism of the tertiary amine-catalyzed epoxy/anhydride reaction is given in Figure
2.5 [85]:
(1)

R3N H2C CH O

R3N + H2C CH
O

Zwitterion

Figure 2.5 Reaction mechanism of tertiary amine-catalyzed epoxy/anhydride reaction.
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Figure 2.5 Continued.
Amine curing agents have a reactive =N–H group, which forms a chemically
resistant C-N bond after curing with an epoxy resin. Epoxy resins cured with an amine
have excellent chemical resistance, adhesion, hardness, and abrasion resistance. All
amines, including aromatic amines and aliphatic polyamines, react with the epoxide
group by addition reaction without producing any by-products. Aromatic amines require
elevated temperatures to accelerate reaction, but aliphatic amine curing agent containing
primary or secondary aliphatic amine groups (such as TEPA used in this research) can
react with epoxide group at room temperature. Figure 2.6 shows the reaction mechanism
of a primary amine curing agent with an epoxy.
(1) R NH2 + H2C

R NH H2C

CH
O

CH
OH
OH

(2) R NH

H2 C

CH
OH

+ H 2C

CH
O

H2 C

CH

H 2C

CH

R N
OH

Figure 2.6 Reaction mechanism of a primary amine curing agent with an epoxy.
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Figure 2.6 Continued.
2.1.1.3 Catalyst
The pot-life, curing temperature and time, and processability of an epoxy system
are mainly determined by the curing catalysts. Tertiary amines, imidzaoles, and ureas are
the most often used curing catalysts. Tertiary amines can react with epoxy resins at low
temperature. As such, they are used catalytically as accelerators in elevated temperature
cured system, e.g. anhydride/bisphenol A epoxy system. Imidazoles are efficient
accelerators for anhydride/epoxy resin at moderate to high temperatures. The imidazole
catalyst used in this research was 1-cyanoethyl-2-ethyl-4-methylimidazole (2E4MZ-CN)
from Shikoku Chemicals. The chemical structure is shown in Figure 2.7. The imidazole
2E4MZ-CN reacts with an epoxy ring, forming a highly reactive alkoxide ion, which can
initiate rapid anionic polymerization of epoxy resin, as shown in Figure 2.8.
CH3
HC

C

CH2 CH2 N
C

N
C

N

CH2

CH3

Figure 2.7 Chemical structure of 2E4MZ-CN.
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Figure 2.8 Reaction mechanism with imidazole catalyst.
Another catalyst used in this study was cobalt acetylacetonate (CoAcac). CoAcac
has a β-diketone structure and has been used as latency curing agent in
anhydride/bisphenol A epoxy system [86]. It is also reported that CoAcac can also
enhance the dielectric constant of a cycloaliphatic epoxy resin [63]. Figure 2.9 shows the
structure of cobalt acetylacetonate. The cobalt acetylacetonate was from Strem Chemicals.
CH3

-

O

2+

Co

O

CH3

O
O

CH3

CH3

Figure 2.9 Chemical structure of cobalt acetylacetonate.
In the epoxy varnish used for printed circuit board, a urea compound was used as
the curing catalyst. The urea compound, shown in Figure 2.10, has outstanding latency at
ambient temperatures for more than 1 year and is widely used in one-pack formulations.
O
NH

H3C
CH3

C

CH3
N
CH3

CH3
O
NH

C

CH3
N
CH3

Figure 2.10 Urea curing catalyst.
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2.1.1.4. Other additives
For the filled epoxy systems, adhesion promoters are often used to improve the
adhesion between epoxy resin and filler, and between cured epoxy and substrates.
Organo-silanes, mercaptan compounds, titanate, and aluminum chelates can be used as
adhesion promoters, but the most popular ones are organo-silane compounds [87]. Table
2.1 shows the coupling agents that were used in this work to improve the adhesion of
high-κ nanocomposites with Cu substrates in this research.
Table 2.1 Coupling agent used to improve the adhesion of high-κ nanocomposites
with Cu substrates
Type

Chemical Name/Structure

Mercapto-type silane coupling agent

(3-mercaptopropyl)trimethoxysilane

Mercapto-type silane coupling agent

(3-mercaptopropyl)triethoxysilane

Cyanato-type silane coupling agent

3-isocyanatopropyltriethoxysilane

Amino-type silane coupling agent

3-Aminopropyltrimethoxysilane

Epoxy-type silane coupling agent

γ-glycidoxypropyltrimethoxysilane

Titanate dispersing agent

Tetra-butyl titanate

Titanate dispersing agent

Titanium acetylacetonate

Phosphate dispersing agent

Acidic phosphate ester

Functionalized Copolymer

PVP-epoxidized acrylic copolymer

2.1.2 Other Polymers

Polyimide, benzocyclobutene (BCB), silicone, and polynorbornene (PNB) were
also used as polymer matrices for embedded capacitor high-κ dielectric nanocomposites
in this research.
Polyimide is a high temperature engineering polymer with excellent mechanical,
thermal, and electrical properties. It has been widely used as a stress buffer, passivation
layer, chip bonding, and interlayer dielectric in the microelectronic industry. Polyimide
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has excellent dielectric properties, with a dielectric constant of about 3.5 and a dissipation
factor of about 0.002. Polyimide (PI2729) was from HD Microsystems.
Silicone as a low loss dielectric material has been widely used in the electronic
industry because of its good compatibility with most device surfaces. Cured silicone has a
dielectric constant of about 2.72 and a dissipation factor of about 0.0007, which is much
lower than 0.02 for an epoxy. Silicone (HIPEC® Q1-4939) was from Dow Corning
Incorporation. The mixing ratio of part A (resin) to part B (hardener and curing catalyst)
was 1:1 for silicone in this work.
Photosensitive BCB has been developed as a thin film dielectric for
microelectronics applications.

It has a low dissipation factor of 0.0007 and a low

dielectric constant of about 2.72. The thermal curing of BCB includes two steps. The first
step involves thermally activated ring opening of BCB to form an o-quinodimethane,
which then reacts with residue alkene in the polymer to form tri-substituted
tetrahydronaphthalene. BCB needs to be cured under nitrogen purging in a Lindberg
furnace. BCB (Cyclotene 4024) was from Dow Chemical Company.
Polynorbornene is produced through tightly controlled polymerization of bulky
and cyclic monomers to form the saturated polymers by a transition metal catalyst.
Because of its saturated hydrocarbon non-polar chemical structure, this polymer has a
low moisture absorption (<0.1%), a good thermal stability (Tg ~380ºC), a very low
dissipation factor of about 0.0008, and a low dielectric constant of about 2.6. PNB
(Avatrel 2090P) was obtained from Promerus Electronic Materials.

2.2 Instrumentation and Characterization Procedure
2.2.1. Differential Scanning Calorimeter (DSC)
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A modulated differential scanning calorimeter (DSC, Model 2920, from TA
Instruments) was used to obtain cure information of the polymer formulations. The DSC
can be used to investigate the dynamic curing kinetics and glass transition temperature of
polymers as polymer curing and glass transition process involve heat-related events.
From DSC thermograph, one can obtain the curing onset temperature, peak temperature,
end temperature, heat capacity, curing degree, and glass transition temperature.
In DSC studies, a polymer sample of ~10 mg was placed in a hermetic DSC
sample pan. For curing kinetics studies, the sample and a reference were heated in the
DSC cell at a rate of 5 °C/min from room temperature to 300 °C under standard mode.
Heat was transferred through the disk up into the sample and reference. The difference in
the heat between the sample and reference was measured as differential heat flow. The
differential heat flow as a function of time and temperature was recorded. For the study
of the glass transition temperature of a cured formulation, about 10 mg of cured sample
was placed in a hermetic DSC sample pan. The sample and a reference were then heated
to 250 °C at a rate of 5 °C/min under modulated mode in order to separate the reversible
and non-reversible events. N2 purging was always applied during all experiments. The
purging rate was 40ml/min for DSC cell and 110 ml/min for refrigerated cooling system
(RCS).
2.2.2. Thermomechanical Analyzer (TMA)

A thermomechanical analyzer (TMA, Model 2940, from TA Instruments) was
used to characterize the thermal and mechanical properties of a polymer and its high-κ
composites. For expansion mode measurement, a quartz probe, applied on the top of a
sample, was used to determine the dimension change under the applied load at measured
temperatures. For film mode measurement, a film sample was attached to the probe by
two metal clips. The static force applied on a sample was typically about 0.05 N for both
expansion and film modes. N2 purging was always used for all experiments and the
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purging rate was 110 ml/min. In TMA measurement, the sample dimension change as a
function of time was recorded. From these data, the coefficient of thermal expansion
(CTE) and the glass transition temperature (Tg) of a sample can be obtained. The
coefficient of thermal expansion can be calculated from equation 2.1.
CTE = K

ΔL
L × ΔT

Equation 2.1

where K is the calibrated cell constant, L is the sample length, ΔL is the change of sample
length, and ΔT is the change of temperature (°C).
For TMA measurement, a square sample with parallel top and bottom surfaces
was placed on the sample stage and heated from room temperature to about 300 °C at a
heating rate of 10 °C/min. The coefficient of thermal expansion was obtained according
to Equation 2.1. The inflection point of thermal expansion was defined as the glass
transition temperature (Tg). The CTE below TMA Tg was defined as α1, and CTE above
Tg was defined as α2.
2.2.3 Dynamic Mechanical Analyzer (DMA)

A dynamic mechanical analyzer (DMA, Model 2980, from TA Instruments) was
used to measure the mechanical properties of materials as a function of time, temperature,
and frequency. This DMA can be operated under one of five operation modes to test
different types of physical properties of many different materials. Moreover, each
operation mode can use one of several types of clamps to meet the samples with different
stiffness and geometry.
In this work, multi-frequency mode using single cantilever and film mode were
used to measure the mechanical properties of bulk samples and film samples, respectively.
For single cantilever measurement, the cured samples were cut into rectangular
specimens with uniform dimensions by a diamond saw. The dimension of the prepared
specimens was about 20 mm long, 4 mm wide, and 2 mm thick. For film mode
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measurement, the sample was about 20 mm long, 4 mm wide, and about 20 μm thick. In
a dynamic scan study, the sample was heated from room temperature to 250°C at a rate of
3°C/minute. The sample was under an oscillation mode with a frequency of 1 Hz. Storage
modulus (E′), loss modulus (E″), tan delta (tanδ), and glass transition temperatures (Tg)
at the frequency of 1 Hz can be obtained. In a frequency sweep study, the oscillation
frequencies were varied from 0.1 Hz, 1 Hz, 10 Hz, to 100 Hz at each temperature when
the temperature increased from room temperature to 250 °C.
2.2.4 Thermogravimetric Analyzer (TGA)

A thermogravimetric analyzer (TGA, Model 2050 from TA Instruments) was
used to characterize the material mass change, either as a function of temperature, or
isothermally as a function of time, in a controlled atmosphere. TGA can be used to
characterize any material that exhibits a weight change due to decomposition, oxidation,
or dehydration. In this work, TGA 2050 was used to investigate the oxidation (weight
gain) of filler particles, degradation (weight loss) of materials coated on filler particle
surfaces, and thermal stability (weight loss) of cured high-κ composite formulations. In a
TGA measurement, the weight of sample, temperature, and time were recorded. The
weight change percentage WC% can be calculated by Equation 2.2.
WC% = (W0-Wt)/W0 ×100%

Equation 2.2

where W0 is the initial sample mass, Wt is the measured sample mass at a certain time or
temperature. A platinum sample pan was used for characterization of non-metal fillers
and formulations; and a ceramic sample pan was used for characterization of metal fillers.
About 20 mg sample was placed in the TGA sample pan and then heated from room
temperature to desired temperature (up to 1000°C) at a rate of 20°C/minute in a nitrogen
or air atmosphere. TGA curve showed the sample mass as a function of temperature or
time, from which the weight change at a certain temperature can be obtained and the
onset temperature of weight change can be defined.
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2.2.5 Rheometer

A stress rheometer (Model AR1000, from TA Instruments) was used to
characterize the rheology properties, e.g. viscosities of polymer and its high-κ
nanocomposite formulations. AR1000 can be run under three operating modes, which are
flow, creep and oscillation. Two different geometries were used for testing the rheology
properties. The first one was the cone and plate geometry, as shown in Figure 2.11. This
geometry was used with neat polymer resin systems without filler. The diameter of the
cone geometry was 40 mm and the cone angle is 1.58°. The gap between the cone and
plate was set to be 69μm. A continuous shear rate ramp was used in the flow mode. Ten
measurements were taken in every decade between the shear rates of 0.02 s-1 and 1000.0
s-1.

Experiments were conducted at a constant temperature of 25°C. The second

geometry used for testing the rheology properties of polymer and its high-κ
nanocomposite was the parallel plate, as shown in Figure 2.12. Parallel plates can be used
for filled resin systems. The diameter of the plate geometry was 40 mm. The gap
distance between parallel plates was 200 μm and a shear rate ramp from 0.02 s-1 to
1000.0 s-1 was used. Experiments were conducted at a constant temperature of 25°C.

Figure 2.11 Cone and plate geometry of AR1000 rheometer.
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Figure 2.12 Parallel plate geometry of AR1000 rheometer.
2.2.6 Die Shear Adhesion Test

Die shear test by a die shear machine (System 552, from Royce Co.) was used to
characterize the adhesion of polymer high-κ nanocomposites with substrates. 3 × 3 mm
and 2 × 2 cm passivated silicon dies were cleaned according to the standard procedure
mentioned in the reference. The steps were as follows: 5 min soak in terpene; 5 min soak
in terpene during ultrasonic cleaning; 5 min soak in isopropyl alcohol; 5 min soak in
isopropyl alcohol during ultrasonic cleaning; 3 rinses in deionized water; dry in oven at
120 °C for 30 min under vacuum. Glass beads (0.5% weight of resin) with a diameter of
75 micron were used as spacers to control the gap between the small and large dies. The
small 2 × 2 mm die was uniformly coated with a thin layer of high-κ nanocomposites,
and then placed on the larger 2 × 2 cm die. The die shear samples were then cured at
certain temperatures dependent on the system. Die shear test was performed 12 hours
after the curing of the samples. Figure 2.13 shows the diagram of the die shear test setup.
The width of the shear tool was 4 mm. The shear tool was aligned to be parallel to the
edge of the die, and then moved at a speed of 100 micron/sec until the die was shorn off.
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9 dies were tested for each condition and the average die shear strength was reported in
MPa.

Tool Head

Small Silicon Die
2 x 2 mm

Shear Direction
High-κ Nanocomposite

Large 2 x 2 cm Silicon Die
Figure 2.13 Diagram of die shear test setup.
2.2.7 Peel Adhesion Strength Characterization

A motorized 90° peel strength tester (Model MV-220, from Imada, Inc.) was used
to measure the peel strength of embedded capacitor components, in order to characterize
the adhesion of high-κ nanocomposite with Cu substrate. The peel tester was equipped
with a DPS digital force gauge, which provides quick and accurate reading of the applied
force. The laminated sample was cut into two different sizes, i.e. 0.25″×6″ and 0.50″×6″,
for the peel strength tests. Six samples of each size were tested in order to calculate the
peel strength of the nanocomposite with Cu. Figure 2.14 is a schematic showing 90° peel
strength testing sample.

Force

Figure 2.14 Schematic showing 90° peel strength testing sample.

50

2.2.8 Dielectric Analyzer (DEA)

A dielectric analyzer (DEA, Model 2970, from TA Instruments) was used to
measure the dielectric constant (ε'), loss factor (ε"), and dissipation factor (tan δ = ε"/ε')
of polymer and its high-κ nanocomposite formulations.

In a dielectric analysis

experiment, a sample is placed in contact with electrodes and subjected to an applied
sinusoidal voltage. This produces polarization within the sample, causing oscillation,
which is at the same frequency as the field, but with a phase angle shift (θ). The phase
angle shift is measured by comparing the applied voltage to the measured current. The
measured current is separated into capacitance and conductance components. Values for
these components are calculated by the equations:
Capacitance in farads (C) =

I measured sin θ
•
Vapplied 2πf

⎛1⎞ I
Conductance in simens ⎜ ⎟ = measured • (cos θ)
⎝ R ⎠ Vapplied

Equation 2.3
Equation 2.4

where f is the applied frequency (Hz) and R is the resistivity (ohms). Dielectric constant
measures the alignment of dipoles, while loss factor represents the energy required to
align dipoles and move ions.
Ceramic single surface sensors, shown in Figure 2.15, were used to obtain
dielectric data for the polymer high-κ formulations. The sensor was based on a co-planar,
interdigitated-comb configuration of electrodes. The assembly consisted of a ceramic
substrate, metal ground plate, high temperature insulating layer, screen-printed gold
electrode arrays, a platinum resistance temperature detector (RTD), and electrical contact
pads. In an experiment, the sensor was placed face up at the bottom of the oven. The
electrode spacing and sample thickness were predetermined by the sensor. Spring-loaded
electrical probes attached to the ram made contact with pads on the sensor, completing
the signal circuits. For this study, samples were heated from room temperature to 250°C
at a rate of 5°C/min then cooled to room temperature (~30°C).
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Figure 2.15 Ceramic single surface sensor.
2.2.9 LCR Meter and RF Impedance Analyzer

2.2.9.1 LCR Meter Measurement
The capacitance and conductance of embedded capacitor components was
measured by a HP 4275 Multi-Frequency LCR Meter. The measurement was conducted
at middle frequency range from 10 KHz to 10 MHz. To make the measurement,
embedded capacitors with parallel plate geometry were fabricated. The dielectric constant
of the dielectric nanocomposites was calculated from capacitance measurements. After
measuring the capacitance and conductance, dielectric constant and dissipation factor
(tanδ) can be calculated by Equation 2.5 and Equation 2.6.
C =

ε 0ε r A

tan δ =

t

G
2 π fC

Equation 2.5
Equation 2.6

where C is the capacitance, G is the conductance, f is the frequency, ε0 is the permitivity
of the vacuum, εr is the dielectric constant, A is the area of the capacitor and t is the
thickness of the capacitor.
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2.2.9.2 RF Impedance Analyzer
The dielectric properties of high-κ nanocomposites at high frequencies were
measured by an Agilent E4991A RF Impedance Analyzer. The impedance analyzer used
the RF I-V approach for highly accurate impedance measurement in the RF frequency
range. The measurement frequencies of the impedance analyzer ranged from 1 MHz up to
3 GHz. This technique directly measured voltage and current at the device under test and
thereby can achieve higher and wider impedance measurement range. A specific test
fixture for dielectric measurement was required. The dielectric measurement employed
the parallel plate method for the dielectric constant and dielectric loss characterization.
The samples for the measurement had a diameter of about 3.0 mm and a thickness of
about 1.0 mm.
2.2.10 Surface Profiler

The thickness of a dielectric material was measured by a KLA-Tencor P-15
profiler. The P-15 profiler is a highly sensitive surface profiler that accurately measures
step height. The vertical feature can be up to 326 μm. Measurements were made
electromechanically by moving the sample beneath a diamond-tipped stylus. The stage
moved the sample beneath the stylus according to the desired scan length, speed, and
stylus force. Surface variations caused the stylus to be translated vertically and the
instrument detected this motion.
2.2.11 X-Ray Diffractometer

The X-ray diffraction (XRD) patterns of filler particles were characterized by an
X-ray powder diffractometer (PW 1800, from Philips Co.). The measurement was
conducted at a scanning rate of 0.02°/s in the 2θ range from 10 to 110 with a Cu-Kα
radiation (λ~0.154178 nm). XRD was used to investigate the crystal structure of filler
particles and to calculate the size of particles.
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2.2.12 Scanning Electron Microscope (SEM)

A thermally-assisted field emission (TFE) scanning electron microscope (SEM,
Model LEO1530) was used to investigate the microstructure of high-κ nanocomposite
materials. LEO 1530 is a state-of-the-art SEM, yielding 1 nm resolution at 20 kV and 3
nm at 1 kV. The SEM was used to study the dispersion uniformity of the filler particles,
the size of the agglomerate, and the connectivity between filler particles. The dispersion
of nanofiller particles had dramatic affect on the electric and dielectric properties of highκ nanocomposite. For SEM characterization, the cross section of samples was polished
before observation. Since dielectric materials were non-conductive, a thin layer of gold
(~20 nm) was sputter coated on the sample surface in order to obtain good images.
However, for the study of the dispersion state of CNTs in the composites, no gold coating
was applied on the top of observation plane. Instead, a relatively low voltage of 1.5 kV
was used in the SEM observations. Because the diameter of the CNTs was very small, a
gold coating can make it very difficult to observe the CNTs.
2.2.13 Transmission Electron Microscope (TEM)

Two transmission electron microscopes were used in this work. JEOL 100CX II
transmission electron microscope, operating at 100 kV, was used to observe the nanofiller
particle size and size distribution. A JOEL 4000EX high-resolution transmission electron
microscope (HRTEM), operating at 400 KV, was used to analyze the particle size of
core-shell particles and the thickness of the shell layer. The JOEL 4000 EX has a pointto-point image resolution of 0.18 nm, and it uses a top-entry specimen stage for high
mechanical stability.
2.2.14 Fourier Transformed Infrared Spectroscopy (FTIR)

The surface chemistry of filler nanoparticles was characterized by an FTIR
(Magna IR 560, from Nicolet). The filler particles were first dried in an oven at 100ºC for
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2 hours, and then KBr pellets were prepared with the dried particles. The spectrum was
collected in the range from 4000 to 400 cm-1.
2.2.15 UV-Vis Spectroscopy Characterization of Nanoparticles

The UV-Vis Spectroscopies of ceramic nanoparticles were characterized by a
UV-Vis spectrophotometer (DU520, Beckman), from the wavelength of 300 to 800 nm.
2.2.16 Reliability Test

2.2.16.1 85°C /85RH Aging
For the 85°C/85RH aging test, the embedded capacitor components were placed
in an environmental chamber at 85 °C and 85% relative humidity (RH) for 1000 hours.
The dielectric properties of embedded capacitor components after 85/85 aging were
measured at room temperature.
2.2.16.2 Thermal Cycling
Air to air thermal cycling (AATC) was used to test the reliability of embedded
capacitor components. The temperature was from -55°C to 125°C with a dwell time of 10
minutes at each extreme and a ramp time of 10 minutes. The embedded capacitors were
subjected to 1000 thermal cycles for the thermal cycling test, and the dielectric properties
of the embedded capacitor components were tested at room temperature.
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CHAPTER 3
LARGE-AREA PROCESSABLE, EPOXY-BARIUM TITANATE
NANOCOMPOSITE-BASED, HIGH-K THIN FILMS FOR HIGH
PERFORMANCE EMBEDDED CAPACITORS

3.1 Introduction

Higher performance, lower cost, and smaller size are the major driving forces of
the next generation electronic systems. One of the most promising avenues to meet these
requirements is the embedded capacitor technology. By combining the low cost, low
temperature processability of polymers with the desirable electrical and dielectric
properties of ceramic fillers, polymer-ceramic nanocomposites have been identified as
the major dielectric materials for embedded capacitors [9, 45, 61-64, 77, 82, 88, 89]. For
polymer-ceramic nanocomposite, a common method to increase its dielectric constant (κ)
is to increase the ceramic filler loading. Chahal et al [10] first achieved a high dielectric
constant of 65 with 58 vol% of lead magnesium niobate – lead titanate (PMN-PT) in
polyimide composite. Later, Ogitani et al [61] increased the dielectric constant to 70 in an
epoxy filled with 71 vol% of PMN-PT, and a dielectric constant of 74 was obtained by
Agarwal et al [62] by adding bimodal barium titanate (BT) fillers into epoxy. With the
combination of high-κ epoxy and bimodal filler PMN-PT/BT, Rao et al [63] achieved a
dielectric of 110 at 70 vol% filler loading. Subsequently, Windlass et al [64] increased
the high dielectric constant to 135 by surface treatment of PMN-PT prior to the mixing of
ceramic filler with epoxy. So far the highest dielectric constant of polymer-ceramic
composites was reported to be 150 by Rao et al [45], with addition of 85 vol% of PMNPT/BT in high-κ epoxy formula.
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In these studies however, to achieve dielectric constants above 50, high filler
loadings about 60 vol% have been used, which deteriorates the processability and leads to
a drastic decrease of the adhesion of high-κ nanocomposite to the Cu electrodes. The
decrease of adhesion strength at high filler loading subsequently leads to the failure of
embedded capacitors during PCB manufacturing and reliability tests, inhibiting their real
application as an embedded capacitor dielectric.
Particularly, embedded capacitor components need pass several reflow processes
during the course of PCB manufacturing, and high temperature reliability is a crucial
parameter of high-κ nanocomposites for embedded capacitors. For a typical multilayer
PCB, the reflow can be as many as six times. Reflow processes are used to form
interconnects in a PCB board. Figure 3.1 shows a typical reflow temperature profile for
Sn/Pb eutectic solder bumps that consists of four temperature zones: preheating zone,
soaking zone, reflow zone, and cooling down zone. The peak temperature is typically up
to 235 °C for Sn/Pb interconnects.
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Figure 3.1 Reflow temperature profile for Sn/Pb eutectic solder bumps.
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As lead is now banned in Europe and in Japan, lead-free solder is being used,
which requires a much higher reflow temperature up to 270 °C. Such a high reflow
temperature results in a high thermal stress in the high dielectric constant nanocomposites,
which causes failure of embedded capacitor components. To qualify an embedded
capacitor component, a high temperature (>280 °C) thermal stress reliability test is often
used in the PCB industry to characterize the thermal stress reliability of polymer-ceramic
high κ nanocomposites. Such demanding requirements of high temperature reliability of
embedded capacitor components restrict the maximum applicable filler loading of
nanocomposites and thereby limit their highest dielectric constants. Typically, the
ceramic filler loading should be much lower than 50 vol% in order to successfully pass
the high temperature thermal stress reliability test. Such a low filler loading consequently
leads to a low dielectric constant of polymer-ceramic nanocomposites in the commercial
products. Currently, polymer-ceramic high-κ nanocomposites are commercially available
from 3M, Dupont, and Oak-Mitsui. The specifications of these materials are summarized
in Table 3.1. The highest dielectric constant of these commercial products is only up to
30, even though the reported dielectric constant of polymer-ceramic nanocomposites can
be as high as 150 at extremely high filler loadings (~ 85 vol%) [45].
Table 3.1 Specifications of commercially available polymer-ceramic high-κ
nanocomposites

Capacitance
Density
Thickness
Dielectric constant

3M (C-PlyTM)

DuPont (HKTM)

0.9 – 1.75 nF/cm2
(@ 1 kHz)

0.12-1.75 nF/cm2
(@ 1MHz)

Oak-Mitsui
(FaradflexTM)
0.15-1.7 nF/cm2
(@ 1 MHz)

8μm-16μm

8 – 25 μm

8-24 μm

16

3.4 - 15

4.4-30
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Restrained by poor adhesion and poor thermal stress reliability at high filler
loadings, so far the commercially available polymer-ceramic composites only have a
maximum dielectric constant of about 30. However, a high dielectric constant of about
50-200 will be needed to make layout area small enough for embedding applications in
the next generation electronic systems.
Our objective in this study is to design and develop high dielectric constant (κ>50)
embedded capacitor composite formulations with a moderate volume fraction of ceramic
filler that give good adhesion, good thermal stress reliability and good large area
processibility at low processing temperature (<200°C). The material formulations were
systematically studied, in order to increase the dielectric constant to above 50 at the
lowest ceramic filler loading. Effects of high-κ polymer matrix, bimodal fillers, and
dispersing agent on the dielectric properties of BT nancomposites were investigated. To
improve the adhesion of epoxy-BT nanocomposites whist keeping the high dielectric
constant of BT nanocomposites provided by the dispersing agent, the BT nanoparticles
were refluxed and functionalized with acidic phosphate ester before being formulated in
the epoxy matrix. Thermogravimetric Analyzer (TGA) and Fourier Transformed Infrared
Spectroscopy (FTIR) were used to characterize the functionalized particle surfaces. The
high dielectric constant nanocomposite with 50 vol% functionalized BT filler was
formulated and the adhesion, thermal stress reliability, dielectric properties, and
mechanical properties of the nanocomposites were characterized. To further improve the
thermal stress reliability of nanocomposites at the filler loading of 50 vol% and pass the
high temperature reliability test, the epoxy matrix was modified with a secondary
rubberized epoxy, which formed isolated flexible domains (island) in the continuous
primary epoxy phase (sea). The effects of sea-island structure on the thermal mechanical
properties, adhesion, and thermal stress reliability of embedded capacitors were
systematically evaluated. The optimized, rubberized nanocomposite formulations had a
high dielectric constant above 50 and successfully passed the stringent thermal stress
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reliability test. The leakage current, breakdown voltage, and frequency response of the
developed high dielectric polymer-ceramic nanocomposites were characterized.

3.2 Experimental
3.2.1 Materials

A proprietary epoxy varnish for printed circuit boards (PCBs) was used as the
polymer matrix for high-κ polymer nanocomposites. The varnish contained two
epoxidized copolymers of phenol and aromatic hydrocarbon, a phenolic resin, a
polyamide, and a dimethyl urea compound in a solvent mixture of ethanol, acetone, and
methyl ethyl ketone. No additional curing agent or catalyst was needed for the varnish
and this varnish is room temperature stable for at least 12 months. Use of the epoxy
varnish can ensure good compatibility of a high-κ nanocomposite with PCB boards as the
embedded capacitors will be buried inside the PCBs. Figure 3.2 DSC shows the curing
profile of epoxy varnish. The peak curing temperature was about 169.18 °C. Figure 3.3
shows the DSC heat flow and reversible heat flow of cured epoxy varnish. From the
reversible heat flow curve, it was found the cured epoxy varnish had a glass transition
temperature of about 161.15 °C. Figure 3.4 shows the DMA characterization of cured
epoxy varnish. The DMA characterization was conducted under film mode. The storage
modulus of cured epoxy varnish was about 2.7 GPa, and the glass transition temperature
from DMA was about 156.62 °C, which was slightly lower than that from DSC
characterization.
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Figure 3.2 DSC curing profile of epoxy varnish.
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Figure 3.3 DSC heat flow and reversible heat flow of cured epoxy varnish.
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The fillers used in the dielectric composites were two spherical barium titanate
(BT) powders. One had a nominal particle size of 590 nm, and another 65 nm. The 65 nm
BT nanoparticles had a polydispersity of particle size, ranging from 40 nm to 120 nm, as
shown in Figure 3.5. The polydispersity of BT particles can increase the packing
efficiency of filler in a composite. XRD pattern of the 65 nm BT nanoparticles is shown
in Figure 3.6. An acidic phosphate ester was used as the dispersing agent to enhance the
dispersion of BT nanoparticles in the epoxy varnish.

Figure 3.5 SEM images of 65 nm BT nanoparticles.
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Figure 3.6 XRD pattern of 65 nm BT nanoparticles.
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3.2.2 Sample Preparation and Characterization

3.2.2.1 Lamination of Composite-Coated Cu
The epoxy varnish-BT nanocomposites were first ultrasonicated for 1 hour, and
then ball milled with zirconia beads at the rate of 220 rpm for 48 hours. Lamination
process was used to prepare embedded capacitor components. This process is capable of
fabricating capacitor components over a large area (e.g. 12″×12″). First, the ball milled
high-κ composites were deposited on 12″×12″ Cu foils by bar coating method. After
baking and solvent evaporation, two pieces (cut in 6″×6″ squares for easy handling) of
the high-κ nanocomposite coated Cu foils were laminated together at an optimized
temperature and pressure for 50 minutes. Figure 3.7 shows the lamination temperature
profile for embedded capacitors. The dielectric thickness was mainly determined by the
viscosity of high-κ nanocomposite and the size of coating bar. Typically, the laminated
dielectric nanocomposite thickness was about 15 μm.
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Figure 3.7 Lamination temperature profile.
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3.2.2.2 UV Lithography Definition of Embedded Capacitors
To measure the electrical and dielectric properties of capacitor components, the
6″×6″ laminates were patterned by photolithography method. Because the Cu foil was of
1 oz (35 μm) thickness, spin-on resist films, which usually is only a few micron thick, do
not have sufficient thickness to well protect the electrode area during the etching of Cu
foil. Therefore, we used a 30 μm thick, negative dry resist films instead in the UV
lithography. The dry resist films were applied on both sides of the capacitor laminates,
and then laminated at 160 °C, 5 atm for 60 s, and 170 °C, 3.5 atm for 30 s. One side of
the sample was exposed to 365 nm UV light through a quartz mask for 50 s, by a Karl
Suss MA-6 Mask Aligner. The exposed sample was baked at 110 °C for 5 minutes, and
then developed in 1 wt% Na2CO3 aqueous solution. The unprotected Cu was removed by
a saturated FeCl3 etching solution. The sample was rinsed with deionized water for a
couple of times, and then the residue photoresist was stripped with 3 wt% NaOH aqueous
solution. Figure 3.8 is a schematic showing the process flow for fabricating embedded
capacitor components by UV photolithography method. Figure 3.9 shows the image of
embedded capacitors patterned by UV lithography method. The top electrodes have a
diameter of 0.5″.
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Figure 3.8 Schematic showing the process flow for fabricating embedded capacitor
components by UV photolithography method.

Figure 3.9 Image of an embedded capacitor test vehicle patterned by UV lithography
method.
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3.2.2.3 Dielectric Properties Measurement
The capacitance and dissipation factor of the capacitor were then measured with
an HP 4263A LCR meter, at the frequency from 10 KHz to 10 MHz. However, all data
reported were for 10 KHz unless specified.
3.2.2.4 Peel Strength Characterization
The peel strength of embedded capacitor components was measured by a 90° peel
strength testing equipment, in order to characterize the adhesion of high-κ nanocomposite
with Cu foil. The laminated sample was cut into two different sizes, i.e. 0.25″×6″ and
0.50″×6″, for the peel strength tests. Six samples of each size were tested in order to
calculate the peel strength of the nanocomposite with Cu.
3.2.2.5 Thermal Stress Reliability Test
To characterize the thermal stress reliability of embedded capacitor components,
the 6″×6″ laminate was cut into 2″×2″ squares, which were than dipped in 288 °C solder
bath for 6 times, 20 seconds each time. If the first sample successfully passed the six-time
thermal stress test, another sample would be tested with the same procedure. The
laminate successfully passed the thermal stress reliability test only when both samples
passed the test.
3.2.2.6 Microscope Observation
The morphologies of high-κ composites were observed by a field emission
scanning electron microscopy (FESEM, LEO 1530). Cross section of samples was
polished before observation.
3.2.2.7 X-Ray Diffractometer
The X-ray diffraction (XRD) patterns of filler particles were characterized by an
X-ray powder diffractometer (PW 1800, from Philips Co.). The measurement was
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conducted at a scanning rate of 0.02°/s in the 2θ range from 10 to 110 with a Cu-Kα
radiation (λ~0.154178 nm).
3.2.2.8 Thermogravimetric Analysis (TGA)
Thermogravimetric analysis was conducted with a TGA 2050 (from TA
Instruments) under air atmosphere. The heating rate was 10 ºC/min.
3.2.2.9 DSC Measurement
The curing profiles of selected polymers were studied by a modulated differential
scanning calorimeter (DSC, Model 2920, from TA Instruments) at a heating rate of 5
ºC/min under nitrogen atmosphere.
3.2.2.10 Thermomechanical Analysis
The coefficient of thermal expansion (CTE) and the glass transition temperature
(Tg) of the laminated dielectric nanocomposites were characterized in film mode using a
Thermomechanical Analyzer (TMA, Model 290, from TA Instruments). Thin film
sample was prepared by removing Cu from both sides of a laminate with a saturated
FeCl3 etching solution. The sample was heated from room temperature to 250 ºC at a rate
of 5 ºC/min under a nitrogen atmosphere.
3.2.2.11 Dynamic Mechanical Analysis
A Dynamic Mechanical Aanalyzer (DMA, Model 2980, TA Instruments) was
used to study the dynamic moduli and glass transition temperature of laminated dielectric
nanocomposites. Thin film sample was prepared with the method as for TMA
characterization. The measurement was conducted in a single cantilever mode at 1 Hz
sinusoidal strain loading. The sample was heated from room temperature to 250 ºC at a
rate of 3 ºC/min in the DMA furnace.
3.2.2.12 Fourier Transformed Infrared Spectroscopy (FTIR)
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The surface chemistry of the BT nanoparticles was characterized by an FTIR
(Magna IR 560, from Nicolet). The BT particles were first dried in an oven at 100ºC for 2
hours, and then KBr pellets were prepared with the dried BT particles. The spectrum was
collected in the range from 4000 to 400 cm-1.

3.3 Results and Discussion
3.3.1 A Systematic Approach to Improve the Dielectric Constant of PolymerCeramic Nanocomposites at Moderate Filler Loadings

A high dielectric constant of about 50-200 will be needed to make layout area
small enough for embedding applications in the next generation electronic systems.
However, restrained by poor adhesion and poor thermal stress reliability at high filler
loadings, so far the commercially available polymer-ceramic composites only have a
dielectric constant of up to 30. In order to increase the dielectric constant to 50 at
moderate filler loadings, we first systematically studied the factors that may affect the
dielectric properties of polymer-ceramic nanocomposites.
3.3.1.1 Effect of High-κ Polymer Matrix
The dielectric properties of polymer-ceramic composite are affected by the
dielectric constant [63, 88] and the volume fraction [10, 45, 61-64, 77, 88] of the polymer
matrix. The polymer used in this study was a proprietary epoxy varnish for printed circuit
boards, which has a dielectric constant of about 3.9. To improve the dielectric constant of
polymer-ceramic nanocomposites, a β-diketone chelating agent was used to modify the
epoxy varnish in order to increase the dielectric constant of the polymer matrix. Figure
3.10 shows the chemical structure of β-diketone chelating agent. β-diketone can be used
as a latency catalyst for a bisphenol-A type epoxy system [86], and it can also enhance
the dielectric constant of a cycloaliphatic epoxy resin [63]. The addition of β-diketone
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can change the curing profile of our epoxy varnish system as well. Figure 3.11 shows that
5 wt% chelating agent reduces the curing peak temperature of epoxy varnish from 176 °C
to 169 °C. The exothermic heat also increases slightly from 112 J/g to 128 J/g due to the
addition of chelating agent.
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Figure 3.10 Chemical Structure of β-diketone chelating agent.
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Figure 3.11 Effect of β-diketone chelating agent on the curing behavior of epoxy varnish.
The dielectric properties of β-diketone modified epoxy varnish were studied.
Figure 3.12 shows the effect of β-diketone chelating agent on the dielectric constant and
dissipation factor of the epoxy varnish. The dielectric constant of modified epoxy varnish
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increases with the concentration of the β-diketone chelating agent. Addition of 5 wt%
chelating agent can enhance the dielectric constant of the epoxy varnish from 3.9 to 5.0.
Because of its highly conjugated structure, the addition of β-diketone in an epoxy can
enhance the polarizability and thereby the dielectric constant of the epoxy. The
dissipation factor of the modified epoxy varnish slightly increases, but is still at a low
level.
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Figure 3.12 Effect of β-diketone chelating agent on the dielectric properties of epoxy
varnish.
BT nanocomposites were formulated with modified epoxy varnish, and embedded
capacitors based on these formulations were fabricated and characterized. Figure 3.13
shows the effect of β-diketone chelating agent on the dielectric properties of epoxy
varnish-BT nanocomposites, which had a loading of 45 vol% 590 nm BT particles as the
filler and 1 wt% (to BT) acidic phosphate ester as the dispersing agent. The dielectric
constant of epoxy varnish-BT nanocomposites increases with the concentration of
chelating agent. 5 wt% chelating agent can enhance the dielectric constant of the BT
nanocomposites from 28.5 to about 34.2. Therefore, a higher dielectric constant epoxy
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matrix leads to a higher dielectric constant in its BT nanocomposites. The dissipation
factor of epoxy varnish-BT nanocomposites is slightly higher than the epoxy varnish.
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Figure 3.13 Effect of β-diketone chelating agent on the dielectric properties of epoxy
varnish-BT nanocomposites.

For 0-3 polymer-ceramic composites, the effective dielectric constant (εeff) can be
correlated to the dielectric constant and the volume fraction of both the polymer (ε1, v1)
and the ceramic (ε2, v2) by the effective medium theory. The Maxwell equation (Equation
3.1) [68], the Lichteneker equation (Equation 3.2) [75], and the Jayasundere and Smith
equation (Equation 3.3) [76] are commonly used equations for the prediction of the
dielectric constant of 0-3 composites consisting of a continuous polymer phase and
spherical ceramic particles.

ε eff = ε 1 [1 +

v 2 (ε 2 − ε 1 )
]
ε 1 + (ε 2 − ε 1 )v1

Equation 3.1

logε eff = v1 logε 1 + v2 logε 2

ε eff =

Equation 3.2

ε 1v1 + ε 2 v2 [3ε 1 /(ε 2 + 2ε 1 )][1 + 3v2 (ε 2 − ε 1 ) /(ε 2 + 2ε 1 )]
v1 + v2 [3ε 1 /(ε 2 + 2ε 1 )][1 + 3v2 (ε 2 − ε 1 ) /(ε 2 + 2ε 1 )]
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Equation 3.3

The effective dielectric constant of polymer ceramic composites can be calculated
based on the above equations. A comparison of the dielectric constant experimental data
for 5wt% chelating agent modified epoxy varnish-BT nanocomposites with theoretical
predictions is given in Figure 3.14. In the theoretical predictions, the dielectric constant is
5.0 for the polymer matrix (according to the value of 5 wt% β-diketone modified epoxy
varnish), and 3000 for the 590 nm BT nanoparticles. The dielectric constant of 3000 for
the 590 nm BT nanoparticles is an estimated value according to literature [80], where the
authors found that the dielectric constant was 2400 for 0.28 μm BT and 4600 for 0.70 μm
BT. In our system, the BT had a particle size of 0.59 μm and should have a dielectric
constant between 2400 and 4600. From the experimental data, it can be seen that the
dielectric constant of modified epoxy varnish-BT nanocomposites increases with the
filler loading. The predicted dielectric constant from Maxwell model is much lower than
the experimental data, because this model is too simple and does not consider the
interaction between particles. The Lichteneker model is valid for composites in which the
dielectric constant of the polymer phase and the filler phase is in close range. Because in
high-κ nanocomposites, the dielectric constant of polymer and BT filler has a huge
difference, the predicted value is much higher than the experimental data. However,
because the Jayasundere and Smith equation includes field interactions between
neighboring spheres, the equation can be applied to the case where a high volume
fraction of the filler phase is used. Therefore, the experimental data fit this equation
rather well.
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Figure 3.14 Comparison of the dielectric constant data for 5wt% chelating agent modified
epoxy varnish-BT nanocomposites with theoretical predictions. In the theoretical
predictions, the dielectric constant is 5.0 for the polymer matrix (according to the value of
5 wt% β-diketone modified epoxy varnish), and 3000 for the 590 nm BT nanoparticles.

3.3.1.2 Effect of Bimodal Fillers
The dielectric constant of polymer-ceramic nanocomposites can be affected by the
packing efficiency of filler particles. It’s well known that polydispersity of filler size can
increase the packing efficiency of a filled composite system, because with the increased
particle size modality, smaller particles can fill in the gap between large particles [90-92].
Gupta and Seshadriz [92] developed an equation to calculate the maximum packing
fraction (MPF, φm) of polydisperse systems of spheres by taking into consideration of
particle size (Di), size distribution (fi) and modality. The equation is given as follows:

φm =

∑D f
1
+ ∑ {(D − D )
n
3
i i

∑ (D

i

− D)

3

i

3

73

− (Di ~ D ) }fi
3

Equation 3.4

where n = 1 +

4
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}
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Theoretical maximum packing fraction can be obtained from calculations of the
above equation. For bimodal filler system with particle sizes of 590 nm and 65 nm,
respectively, the maximum packing fraction is 84.9% and the corresponding optimal
590nm/65 nm particle ratio is 80%/20%, as shown in Figure 3.15. The optimal particle
ratio corresponding to the best packing efficiency was then selected for experimental
studies.
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Figure 3.15 Maximum packing fraction (MPF) of bimodal fillers.
Figure 3.16 shows a comparison of the dielectric constant and dissipation factor
of epoxy-based uni- and bi-modal BT nanocomposites. Regular epoxy varnish and 1 wt%
(to BT) acidic phosphate ester dispersing agent were used in the nanocomposites. In the
unimodal BT nanocomposites, 590 nm BT particles were used. With 45 vol% 590 nm BT
particles and regular epoxy varnish, the dielectric constant of the unimodal
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nanocomposite is about 28.4, and it increases to 35.3 at the loading of 50 vol% 590 nm
BT particles. As shown in Figure 3.16, the change of dielectric constant is negligible at
45 vol% filler loading by replacing unimodal filler with bimodal fillers. However, the
enhancement of dielectric constant with bimodal fillers is significant at 50 vol% filler
loading. The improvement of dielectric constant with the bimodal fillers can be attributed
to the better packing efficiency of the filler particles. Voids are inevitable in highly filled
nanocomposites, which lead to the decrease of the dielectric constant of the high-κ
composites [64]. The amount of voids is expected to be less in the well-packed bimodal
filler composites than the unimodal composites, because in bimodal composites small
particles can fill in the gaps between large particles. Therefore, bimodal fillers may
improve the dielectric constant of BT nanocomposites. However, overall the
improvement of the dielectric constant with bimodal fillers is not dramatic, because the
actual filler loading (up to 50 vol%) is far below the theoretical maximum packing
fraction of 84.9%. The dissipation factor in the bimodal BT nanocomposites is similar as
in the unimodal BT composites.
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Figure 3.16 Comparison of the (a) dielectric constant and (b) dissipation factor of epoxybased uni- and bi-modal BT nanocomposites.
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Figure 3.16 Continued.

3.3.1.3 Effect of Dispersing Agent
The dispersion of particles in a polymer matrix has been reported by many
researchers to be a critical factor in determining the dielectric behavior of the polymer–
ceramic nanocomposites [64]. Many formulation factors and processing methods may
affect the particle dispersion, however, the application of dispersing agents in the
composites has been found to be one of the most effective approaches. In this study, an
acidic phosphate ester was used to improve the dispersion of BT nanoparticles in the
epoxy binder. Because β-diketone chelating agent modified epoxy varnish and bimodal
fillers can improve the dielectric constant of epoxy varnish-BT nanocomposites, all the
formulations for dispersing agent studies contained 5wt% chelating agent and bimodal
fillers.
Figure 3.17 shows the effect of acidic phosphate ester dispersing agent on the
dielectric properties of 45 vol% BT nanocomposites. Generally, the dielectric constant of
BT nanocomposites increases with the concentration of dispersing agent. Particularly,
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there is significant improvement of dielectric constant when the dispersing agent
concentration increases from nil to 1.0 wt%, indicating the dispersion of BT nanoparticles
has been greatly enhanced with 1.0 wt% phosphate ester dispersing agent. The dissipation
factor does not change much with the addition of dispersing agent. The acidic phosphate
ester dispersing agent contains particle-affinic group (acid group) and polymer resin-like
chains (-OR). Therefore, it can assist the wetting, stabilization and thereby the dispersion
of BT nanoparticles in the epoxy varnish. Because organic solvent was used in the
varnish, the major stabilization mechanism was steric hindrance provided by polymer
resin-like chains, instead of electrostatic repulsion for water-based system. The phosphate
ester dispersing agent can help BT nanoparticle dispersion and thereby increase the
dielectric constant of BT nanocomposites. However, at 45 vol% BT filler loading, the
dielectric constant was always less than 50, even if we used 5 wt% β-diketone chelating
agent, bimodal fillers, and a large amount (up to 5 wt%) of phosphate ester dispersing
agent.
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Figure 3.17 Effect of phosphate ester dispersing agent on the dielectric properties of 45
vol% BT nanocomposites.
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The effect of phosphate ester dispersing agent on the dielectric properties of 50
vol% BT nanocomposites is given in Figure 3.18. Similar to 45 vol% BT nanocomposites,
the dielectric constant increases with the dispersing agent concentration in the 50 vol%
BT composites. However, at a higher filler loading of 50 vol%, the effect of dispersing
agent is more pronounced, because the fillers are more packed at a higher filler loading
and using more dispersing agent leads to better dispersion of the nanoparticles in the
epoxy varnish. Dielectric constant of 50 can be achieved when the dispersing agent
concentration is above 3 wt%. And with 5 wt% phosphate dispersing agent, a high
dielectric constant of about 58 was obtained in the 50 vol% BT nanocomposite, which
increases as much as 64% when compared to 35.3 for 50 vol% unimodal 590 nm BT
particles in regular epoxy varnish.
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Figure 3.18 Effect of phosphate ester dispersing agent on the dielectric properties of 50
vol% BT nanocomposites.
Figure 3.19 shows the SEM image of 50 vol% bimodal BT nanocomposite
dispersed with 1 wt% phosphate ester dispersing agent. It can clearly be observed that in
the composite, the smaller particles are filled in between the gap of larger particles, which
can improve the packing efficiency of the nanocomposites. The size of larger particles is
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about 590 nm and the smaller particle size is mostly in the range of 60-70 nm. The BT
nanoparticles were pretty uniformly dispersed in the β-diketone chelating agent modified
epoxy.

Figure 3.19 SEM image of 50 vol% BT nanocomposite. Magnification: 6.0KX.
3.3.2 Improving the Peel Strength of Polymer-Ceramic Dielectric Nanocomposites to
Cu Substrates

3.3.2.1 Effect of Filler Loading on the Peel Strength of High-κ Nanocomposites
From previous discussion, it can be seen that at 45 vol% BT filler loading, the
dielectric constant was always less than 50, even if we used 5 wt% β-diketone chelating
agent, bimodal fillers, and a large amount (up to 5 wt%) of phosphate ester dispersing
agent. However, the dielectric constant can be as high as 58 at 50 vol% BT loading when
modified epoxy varnish, bimodal fillers and proper amounts of phosphate ester dispersing
agent were used in the BT nanocomposites. Because our objective of this study was to
develop high κ (κ>50) nanocomposites with good peel strength and good thermal stress
reliability, BT nanocomposites with a filler loading of 50 vol%, which can achieve high
dielectric constant of above 50, were used for peel strength studies. All of the 50 vol%
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BT nanocomposites for peel strength studies contained 5 wt% β-diketone chelating agent
and bimodal fillers.
The adhesion of BT nanocomposites to Cu substrate is strongly dependent on the
BT filler loading. At the BT volume fraction of 45%, the peel strength of BT
nanocomposite with 1 wt% dispersing agent was about 0.8 KN/m. The peel strength of
BT nanocomposite with same amount of dispersing agent drastically decreases to about
0.36 KN/m when the filler loading increases to 50 vol%. The largely decreased peel
adhesion strength leads to the failure of capacitor components during high temperature
thermal stress reliability test. Figure 3.20 is the image of a 50 vol% BT nanocomposite
laminate sample after peel strength test. According to the location where the sample
breaks, the failure modes for peeled laminates can be divided in two types: cohesive
failure and adhesive failure. It clearly can be seen that the laminate sample failed at the
interface between the nanocomposite and the Cu substrate. Therefore, adhesive failure is
the failure mode for high dielectric constant 50 vol% BT nanocomposites. The large
reduction of peel strength from 0.80 to 0.36 KN/m, when the BT loading increases from
45 vol% to 50 vol%, is related to the weaker interfacial bonding between the BT
nanocomposite and the Cu substrate. In the laminate sample, epoxy-Cu bonding provides
the adhesion strength at the interface. As the filler loading increases, more filler replaces
the epoxy to be in contact with Cu substrate at the interface, and thereby results in the
reduction of peel strength. Figure 3.21 shows the SEM image of 50 vol% BT
nanocomposites with 1 wt% dispersing agent. At 50 vol%, the filler particles are highly
packed. The large amount of filler at the nanocomposite-Cu interface leads to the
reduction of peel adhesion strength.
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Figure 3.20 50 vol% BT nanocomposite laminate sample after peel strength test.

Figure 3.21 SEM image of BT nanocomposites. Magnification: 10.0 KX.
3.3.2.2 Effect of Dispersant on the Peel Strength of High-κ Nanocomposites
Besides filler loadings, the properties of epoxy-BT nanocomposites are also
significantly affected by the phosphate ester dispersing agent. Acidic phosphate ester
dispersing agent is often used in the polymer-ceramic nanocomposite formulations to
improve the dispersion and dielectric constant of nanocomposites. At 50 vol% BT filler
loading, the dielectric constant of our nanocomposite is about 37 when no dispersing
agent is used. However, the dielectric constant increases to 43.5 when 1 wt% dispersing
agent is used, because it can reduce the porosity in the nanocomposite. Dielectric
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constant of 50 can be achieved when the dispersing agent concentration is above 3 wt%.
The phosphate ester dispersing agent can improve the dielectric constant of epoxy-BT
nanocomposites, and it can affect the adhesion as well. Figure 3.22 shows the effect of
phosphate ester dispersing agent on the peel strength of 50 vol% BT nanocomposites.
When the dispersing agent concentration increases in the 50 vol% BT nanocomposites,
the peel strength dramatically decreases. In contrast to the increasing trend of dielectric
constant, the addition of dispersing agent overall has adverse effect on the peel strength.
This effect is attributable to the interfacial bonding between the nanocomposite and the
Cu substrate as well. Because organic solvents were used in the epoxy varnish-BT
nanocomposites, the acid groups of phosphate ester cannot feely dissociate and be
ionized as in water-based system. Therefore, the acid groups of phosphate ester were
physically adsorbed instead of chemically bonded on the particle surfaces, and the
interaction between the acid groups of dispersing agent and the hydroxyl groups of BT
nanoparticles was not very strong. As the nanocomposites were deposited on the Cu
substrate, some dispersing agent may move from the particle surfaces to the Cu substrate
surface. The epoxy-Cu bonding at the interface was interfered because of the extra
amount of dispersing agent. Therefore, the peel strength in the 50 vol% BT
nanocomposite laminate samples decreases with the increase of dispersing agent
concentration. Because of the low peel strength at the filler loading of 50 vol%, none of
the formulations survived in the harsh thermal stress reliability tests at 288 °C.
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Figure 3.22 Effect of phosphate ester dispersing agent on the peel strength of 50 vol% BT
nanocomposites.
3.3.2.3 Effect of Coupling Agent on the Peel Strength of High-κ Nanocomposites
In order to improve the peel adhesion strength of high-κ nanocomposites to Cu
substrates, coupling agents were incorporated into the high-κ formulations. Organosilane
coupling agent and titanate coupling agent were used in this work. Coupling agent
typically has two different types of functional groups on a molecule. One of them can be
chemically anchored on the filler particle surfaces, and another can be chemically bonded
with the polymer matrix. One of the most studied coupling agents is γglycidoxypropyltrimethoxysilane, as shown in Figure 3.23.
O
CH 2

O CH 3
CH

CH 2

O

(CH 2 )3 Si

O CH 3

O CH 3

Figure 3.23 Chemical structure of γ-glycidoxypropyltrimethoxysilane.

83

Because at 50 vol% BT filler loading, the formulation with 1.0 wt% of acidic
phosphate ester dispersing agent had a reasonably high dielectric constant (~43.5) and
peel adhesion strength (~0.36 KN/m). We then added coupling agent to this formulation
in order to increase the peel adhesion strength. Table 3.2 shows the effect of coupling
agent (1.0 wt%) on the peel adhesion strength of high-κ nanocomposites to Cu substrates.
Table 3.2 Effect of coupling agent on the peel strength of high-κ nanocomposites
Coupling Agent

Peel (KN/m) Dielectric Constant

No Coupling Agent

0.36

43.5

(3-mercaptopropyl)trimethoxysilane

0.24

41.2

(3-mercaptopropyl)triethoxysilane

0.21

38.8

(3-isocyanatopropyl)triethoxysilane

0.35

41.3

(3-aminopropyl)trimethoxysilane

0.37

43.4

γ-glycidoxypropyltrimethoxysilane

0.39

46.2

Tetra-butyl Titanate

0.31

41.5

Titanium Acetylacetonate

0.29

42.4

By adding in γ-glycidoxypropyltrimethoxysilane coupling agent, the peel strength
and the dielectric constant of high-κ formulations increase from 0.36 KN/m to 0.39
KN/m and from 43.5 to 46.2, respectively. However, because the improvement was not
very significant, all the samples failed in the high temperature thermal stress reliability
tests.
3.3.2.4 Filler Particle Surface Functionalization and Its Effect on the Peel Strength of
High-κ Nanocomposites
The phosphate ester dispersing agent can significantly affect the adhesion of BT
nanocomposites. In order to improve the peel strength while keeping the high dielectric
constant of BT nanocomposites provided by the dispersing agent, the BT nanoparticles
were reflux pretreated with the acidic phosphate ester dispersant, instead of being directly
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mixed into the formulations. The particle pretreatment was conducted in the dilute
solution of phosphate ester/solvent mixture under reflux condition for 24 hours.
Figure 3.24 shows the TGA analyses of 65 nm and 590 nm BT nanoparticles
before and after phosphate ester reflux treatment. The original 65 nm BT particles have
about 0.36 wt% weight loss from room temperature to 800 °C, and after reflux treatment,
the weight loss increases to 2.13 wt%, indicating the phosphate ester was successfully
grafted on the 65 nm BT particle surfaces. For 590 nm BT nanoparticles, the weight loss
is about 0.24 wt% for original particles and 0.74 wt% for reflux treated particles. The 65
nm BT particles have larger specific surface area (inversely proportional to the particle
size) than 590 nm particles, which provides more reaction sites on the 65 nm particle
surfaces, therefore, there are larger amounts of phosphate ester reacted on the 65 nm BT
nanoparticles, as suggested by the much larger weight loss in TGA studies.
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Figure 3.24 TGA analyses of BT nanoparticles.

Figure 3.25 shows the FTIR spectra of (a) 65 nm and (b) 590 nm BT
nanoparticles before and after phosphate ester reflux treatment. A subtraction of the FTIR
spectrum of reflux treated particles from the spectrum of original particles clearly shows
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the effect of phosphate ester treatment. Comparing Figure 3.25 (a) with Figure 3.25 (b),
one can find in the subtracted spectra the absorbance of 65 nm particles is stronger than
590 nm particles because of the larger specific surface area, but these following peak
positions are the same for both pretreated 65 nm and 590 nm BT nanoparticles: 3452 cm-1
(negative peak), 2947 cm-1, 2869 cm-1, 1739 cm-1, and 760 cm-1. The original particles
have hydrogen-bonded hydroxyl groups (3452 cm-1) on the particle surface, and after
reflux reaction, these hydroxyl groups reacted with the acid groups of the acidic
phosphate ester dispersing agent. Therefore, the pretreated BT particles show a negative
peak at 3452 cm-1, because of the disappearance of hydroxyl groups. The peaks at 2947
cm-1 and 2869 cm-1 correspond to the –CH bonds from the polymer resin-like segment (OR) of the phosphate ester. The strong absorption at 1739 cm-1 is attributable to
phosphate group (HPO42-), and the peak at 760 cm-1 corresponds to the P-O bond of the
phosphate group. According to the above discussion, it can be seen that the phosphate
ester dispersing agent was successfully reacted and chemically bonded on the particle
surfaces.
(a)

Figure 3.25 FTIR spectra of (a) 65 nm and (b) 590 nm BT nanoparticles.

86

(b)

Figure 3.25 Continued.

We formulated epoxy varnish-BT nanocomposite filled with 50 vol% reflux
pretreated bimodal BT fillers, and embedded capacitor components based on this
formulation were fabricated and characterized. TGA characterization shows that about
0.74 wt% and 2.13 wt% dispersing agent were chemically bonded on the 590 nm and 65
nm BT particles, respectively, and the bimodal filler ratio of 590 nm/65nm particles was
80%/20%. Based on these values, the average amount of phosphate ester dispersing agent
reacted on the pretreated bimodal BT particles is calculated to be around 1.0 wt%.
Therefore, for nanocomposites directly mixed with dispersing agent, we used 1.0 wt%
phosphate ester dispersing agent in the formulations for comparison. Table 3.3 shows a
comparison of the peel strength and dielectric properties of epoxy varnish-BT
nanocomposites. It is found at the filler loading of 50 vol%, the pretreatment of BT
particles lead to a high peel strength of 0.68 KN/m, which increases almost 89% when
compared to 0.36 KN/m for the 50 vol% nanocomposite directly mixed with 1 wt%
dispersing agent. The embedded capacitor components with pretreated particles
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successfully passed the thermal stress reliability test. The dielectric constant of BT
nanocomposite with 50 vol% reflux pretreated particles is about 45.6, which is more than
50% higher the best commercially available materials. Therefore, particle pretreatment
with the acidic phosphate ester dispersant agent is a critical factor for high dielectric
constant nanocomposite in order to obtain high adhesion strength and thereby pass the
thermal stress reliability test. The breakdown field (BDV) of nanocomposite with reflux
treated particles is also very high, i.e. 111.2 MV/m, which is much higher than the
required value for commercial applications. The improvement of peel strength and
dielectric properties with pretreated BT particles is due to the chemical bonding of
phosphate ester dispersing agent with the BT nanoparticles. Such chemical bonding
ensures good dispersion of BT nanoparticles in the epoxy varnish-ceramic
nanocomposites and thereby leads to the high dielectric constant. Meanwhile, because of
the chemical bonding, the phosphate ester cannot freely move to the interface between
the nanocomposites and the Cu substrate to adversely affect the peel strength. Therefore,
a high peel strength can be obtained in the composites filled with reflux treated BT
nanoparticles.
Table 3.3 Comparison of the peel strength and dielectric properties of epoxy
varnish-BT nanocomposites.

Formulations
Bimodal BT Fillers 45 vol% 50 vol% 50 vol%
Dispersing Agent

1wt%

1wt% Pretreated

Peel (KN/m)

0.80

0.36

0.68

Themal Stress (6X)

Pass

Failed

Pass

Dielectric Constant

34.2

43.5

45.6

Dissipation Factor

0.021

0.023

0.018

BDV (MV/m)

99.0

69.9

111.2
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BT nanoparticle reflux pretreatment can affect the bulk mechanical properties of
BT nanocomposites as well. Figure 3.26 shows the DMA characterization of 50vol% BT
nanocomposites. With reflux pretreated BT nanoparticles, the modulus is about 10.41
GPa, which is higher than 9.57 GPa for composite directly mixed with 1 wt% dispersing
agent. The glass transition temperature, defined as the peak temperature corresponding to
the maximum loss modulus, is about 146.5 °C for 50 vol% nanocomposite with reflux
pretreated BT particles. This temperature is about 3.1 °C higher than that of the 50 vol%
BT nanocomposite directly mixed with 1 wt% dispersing agent. The higher modulus
suggests stronger interaction between the fillers and the epoxy matrix in the
nanocomposites with pretreated BT particles, which results in a smaller free volume and
thereby a higher glass transition temperature.
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Figure 3.26 DMA characterization of 50vol% BT nanocomposites.

Figure 3.27 shows the frequency responses of the dielectric properties of 50 vol%
pretreated BT nanocomposite. The dielectric constant decreases and the dissipation factor
increases gradually with the increase of frequency, which is a typical behavior for
polymer-ceramic nanocomposites [45].
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Figure 3.27 Frequency responses of the dielectric properties of 50 vol% pretreated BT
nanocomposite.
3.3.3

Enhancing

the

Thermal

Stress

Reliability

of

Polymer-Ceramic

Nanocomposites by Introducing Flexible Island Domains in Polymer Matrices

3.3.3.1 Thermal Stress in Embedded Capacitor Components
The high thermal stress in the BT nanocomposites often causes the failure of
components during PCB manufacturing and reliability test when the ceramic filler
loading reaches 50 vol%. Figure 3.28 shows the image of a failed sample with 50 vol%
filler loading after thermal stress test. The bumps on the top part of the image suggest the
failure caused by high thermal stress during the test.
During the high temperature thermal stress reliability test, the stress in the
capacitor component can be express as follows:
T2

Stress = ∫ (CTE Diel − CTECu ) • E • d T

Equation 3.5

T1

where CTEDiel and CTECu are the coefficient of thermal expansion (CTE) of the dielectric
material and Cu, respectively; E is the modulus of the dielectric material.
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Figure 3.28 Picture of a failed sample after thermal stress test.

From DMA characterization, it was found that the modulus of 50 vol% BT
nanocomposite is very high, i.e. 10.41 GPa. The nanocomposte filled with 50 vol%
pretreated BT nanoparticles has a CTE of about 44.9 μm/m⋅°C, which is significantly
lower than 82.78 μm/m⋅°C for the neat epoxy. However, the Cu substrate has a much
lower CTE of 17 μm/m⋅°C. The CTE mismatch between Cu substrate and the BT
nanocomposite is about 27.9 μm/m⋅°C. This large CTE mismatch, together with the large
modulus of the nanocomposite, results in a high thermal stress in the embedded capacitor
components at high temperature. Such a high thermal stress often causes failure during
thermal stress reliability test as shown in Figure 3.28.
3.3.3.2 Effect of Secondary Rubberized Epoxy on the Thermal Stress Reliability of
Embedded Capacitor Components
In order to further improve the thermal stress reliability of BT nanocomposites,
the large modulus of the high κ nanocomposite was addressed by modifying the epoxy
matrix with a rubberized polymer in this study. A carboxyl terminated butadieneacrylonitrile (CTBN) copolymer modified epoxy functional adduct was used to modify
the epoxy varnish. The CTBN rubber segment in the CTBN-epoxy modifier is flexible.
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The effects of CTBN-epoxy modifier on the moduli, CTEs, peel strength, and thermal
stress reliability of BT nanocomposites were systematically investigated.
Figure 3.29 shows the storage modulus of CTBN-epoxy modified 50 vol% BT
nanocomposites. The moduli of 50 vol% pretreated BT nanocomposites decrease
drastically from 10.4 GPa to 7.4 GPa by adding 10 phr (per hundred resin) CTBN-epoxy
modifier. The reduction of modulus is as much as 29%. Therefore, the rubberized
polymer segment CTBN can effectively reduce the modulus of the BT nanocomposite.
Further increase of the amount of CTBN-epoxy modifier leads to an even lower modulus.
With 20 phr CTBN-epoxy modifier, the modulus of 50 vol% BT nanocomposite is about
6.7 GPa, and the reduction of modulus is about 35%. It’s noted the reduction of modulus
is not proportional to the amount of rubberized modifier. The portion of rubberized
modifier above 10 phr when large amounts (20, 30, 40 phr) were used cannot give as
large reduction in modulus as the first 10 phr CTBN-epoxy modifier.
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Figure 3.29 Storage modulus of CTBN-epoxy modified 50 vol% BT nanocomposites.

Because the thermal stress in embedded capacitor components is also a function
of CTE mismatch between the high-κ nanocomposite and the Cu substrate, the CTEs of
the BT nanocomposites were characterized by TMA. Figure 3.30 shows the CTE and Tg
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of CTBN-epoxy modified 50 vol% BT nanocomposites. The CTE of 50 vol% BT
nanocomposite without rubberized modifier is about 44.9 μm/m⋅°C, and the CTE
mismatch between Cu substrate and the BT nanocomposite is about 27.9 μm/m⋅°C.
Incorporation of CTBN-epoxy modifier in the BT nanocomposites leads to the increase
of CTE as well as CTE mismatch. With 10 phr rubberized modifier, the CTE of
nanocomposite is 47.9 μm/m⋅°C, and the CTE mismatch between the nanocomposite and
the Cu substrate is about 30.9 μm/m⋅°C. Therefore, addition of 10 phr rubberized
modifier results in the increase of CTE mismatch from 27.9 to 30.9 μm/m⋅°C, which is
about 10% increment. Further increasing the amount of CTBN-epoxy modifier to 20 phr
leads to a higher CTE of 49.2 μm/m⋅°C and a higher CTE mismatch of 32.2 μm/m⋅°C.
Compared to the nanocomposite without rubberized modifier, the increase of CTE
mismatch is about 15% with 20 phr CTBN-epoxy modifier in the 50 vol% BT
nanocomposite. Figure 4 also shows that the glass transition temperature decreases with
the incorporation of rubberized modifier.
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Figure 3.30 CTE and Tg of CTBN-epoxy modified 50 vol% BT nanocomposites.

According to Equation 3.5, the thermal stress in embedded capacitor components
is proportional to the product of the modulus of high κ nanocomposite and the CTE
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mismatch between the nanocomposite and the Cu substrate. An estimation based on the
moduli at room temperature from Figure 3.29 and the CTEs from Figure 3.30 suggests
this product is about 78% and 75% of the original value by adding 10 phr and 20 phr
CTBN-epoxy modifier in the BT nanocomposites, respectively. Therefore, the thermal
stress in embedded capacitor components can be reduced about 22% and 25% with 10
phr and 20 phr rubberized polymer, respectively.
The CTBN-epoxy modifier can effectively reduce the thermal stress in the
embedded capacitor components, and the thermal stress reliability of 50 vol% BT
nanocomposites modified by 10 phr, 20 phr, 30 phr, and 40 phr CTBN-epoxy was tested.
However, contrary to our expectation, only the BT nanocomposite with 10 phr CTBNepoxy modifier successfully passed the harsh high-temperature reliability test. To
understand the thermal stress reliability behavior of the CTBN-epoxy modified BT
nanocomposites, the peel strength of the nanocomposites was characterized. As shown in
Figure 3.31, the CTBN-epoxy modifier has adverse effect on the peel strength of 50 vol%
BT nanocomposites. With 10 phr rubberized polymer modifier, the peel strength
decreases from 0.68 KN/m to 0.48 KN/m. The peel strength continuously decreases with
further increase of the amount of modifier. With 20 phr rubberized polymer modifier, the
peel strength is only about 0.29 KN/m. The decrease of peel strength with 20 phr
modifier has already exceeded the benefit of reduced thermal stress from rubberized
polymer, which results in the sample failure during the high-temperature thermal stress
reliability test.

94

Peel Strength (KN/m)

0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00
0

10

20

30

40

CTBN Modifer Concentration (phr)

Figure 3.31 Peel strength of CTBN-epoxy modified BT nanocomposites.

Figure 3.32 shows the SEM images of the morphologies of CTBN-epoxy
modified epoxy matrix. Figure 3.32a is the image of a control sample, which does not
have the rubberized polymer modifier. There is no sea-island structure observed from this
control sample. Figure 3.32b is the image for the epoxy matrix with 10 phr CTBN-epoxy
modifier. Clearly there is a phase separation in the CTBN-epoxy modified epoxy matrix.
The CTBN-epoxy modifier forms island domains in the sea of epoxy matrix. The island
domain size of the rubber phase is small, in the range of 200 nm to 500 nm. Such a seaisland structure in the CTBN-epoxy modified epoxy matrix can effectively reduce the
modulus of the BT nanocomposites and thereby reduce the thermal stress in the
embedded capacitor components. However, such rubber domains cannot provide as good
adhesion with the Cu substrate as the original epoxy, which results in the reduction of
peel strength. Because the peel strength of BT nanocomposite with 10 phr modifier is still
high, the decrease of thermal stress with rubberized polymer can help pass the high
temperature thermal stress reliability test. Figure 3.32b, 3.32c, and 3.32d show the
morphologies of epoxy matrices with 20 phr, 30 phr, and 40 phr CTBN-epoxy modifier,
respectively. At 20 phr, the island domain size of the rubber phase is about 1-2 μm. The
island domain sizes continuously increase with the increasing amount of CTBN-epoxy
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modifier. The large island domain sizes of rubber phase can significantly reduce the peel
strength of the BT nanocomposites. Because the reduction of thermal stress is not
significant any more for the portion of modifier above 10 phr, the drastic decrease of the
peel strength with large amounts (20, 30, 40 phr) of rubberized polymer leads to the
failure of the BT nanocomposites during thermal stress reliability test.
(a)

(b)

(c)

(d)

(e)

Figure 3.32 SEM characterization of the morphologies of CTBN-epoxy modified
epoxy matrix. The CTBN-epoxy modifier concentrations are: (a) 0 phr, (b) 10 phr, (c) 20
phr, (d) 30 phr, and (e) 40 phr.
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The dielectric constant of 10 phr CTBN-epoxy modified 50 vol% BT
nanocomposite is 50.5, as listed in Table 3.4. The dielectric constant is slightly higher
than 46.5 for 50 vol% BT nanocomposite without rubberized modifier. The dissipation
factor is low, i.e. about 0.019, and the breakdown voltage is very high, i.e. about 89
MV/m, which is much higher than the required value for embedding applications. The
leakage current is very low, about 1.9×10-11 A/cm2 at the applied voltage of 50 V for an
18.4 μm thick dielectric nanocomposite film.
Table 3.4 Characteristics of 10 phr CTBN-epoxy modified BT nanocomposite

BT Fillers
CTBN-Epoxy Modifier
Peel (KN/m)
Themal Stress (6X)
Dielectric Constant
Dissipation Factor
BDV (MV/m)
Leakage Current (A/cm2 )

50 vol%
10 phr
0.48
Pass
50.5
0.019
89.0
1.9×10-11

Figure 3.33 shows the frequency responses of the dielectric properties of 10 phr
CTBN-epoxy modified BT nanocomposite. The dielectric constant slightly decreases
with the increase of frequency, and the dissipation factor increases with the frequencies
but is at a low level in the whole frequency range.
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Figure 3.33 Frequency responses of the dielectric properties of 10 phr CTBNepoxy modified BT nanocomposite.

3.3.3.3 Enhance the Thermal Stress Reliability of Embedded Capacitor Components by a
Triazole Compound
To further enhance the peel strength of the CTBN-epoxy modified 50 vol% BT
nanocomposite, a triazole compound was introduced into the formulations. This triazole
compound contains a thiol group and an amino group. Such triazole compound can be
used as the adhesion promoter to improve the adhesion between a nanocomposite and a
metal surface such as the Cu substrate. The thiol group of the triazole compound has very
strong affinity with the Cu substrate, and the amino group of triazole, on the other hand,
can react with the epoxy matrix. Table 3.5 shows the effect of triazole on the peel
strength and dielectric properties of BT nanocomposites. With 1.0 wt% triazole, the peel
strength of BT nanocomposite increases from 0.48 KN/m to 0.53 KN/m, which is about
10.4% improvement. The dielectric constant also increases, from 50.5 to 53.8. The
dissipation factor is 0.024 and the breakdown voltage is still very high, i.e. about 90.6
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MV/m. This formulation successfully passed the high-temperature thermal stress
reliability test.
Table 3.5 Effect of triazole on the peel strength and dielectric properties of BT
nanocomposites

Pretreated BT Fillers
CTBN-Epoxy Modifier
Triazole
Peel (KN/m)
Themal Stress (6X)
Dielectric Constant
Dissipation Factor
BDV (MV/m)

Formulations
50 vol%
50 vol%
10 phr
10 phr
1 wt%
0.48
0.53
Pass
Pass
50.5
53.8
0.019
0.024
89.0
90.6

The 50 vol% bimodal BT nanocomposite with 10 phr CTBN-epoxy modifier and
1 wt% triazole is the best formulation we obtained so far. We systematically
characterized its dielectric properties and electrical properties as embedded capacitor
components. Figure 3.34 shows the frequency responses of the dielectric properties of
CTBN-epoxy modified 50 vol% BT nanocomposite containing 1 wt% triazole. The
dielectric constant decreases with the increase of frequency. In the measurement
frequency range, the dielectric constant overall decreases about 10%. The dissipation
factor increases with the frequencies, but it is at a low level in the whole frequency range.
Figure 3.35 shows the leakage current of CTBN-epoxy modified nanocomposite
containing 1 wt% triazole. As the applied field increases, the leakage current increases.
But overall, the leakage current is very low, in the order of 10-5 μA/cm2. Because the
maximum applied filed in the leakage current measurement was 10 MV/m, which was
much lower than the breakdown field of the dielectric material (90.6 MV/m), drastic
increase of leakage current as in the breakdown region was not observed in the whole
measurement range.
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Figure 3.34 Frequency responses of the dielectric properties of CTBN-epoxy
modified 50 vol% BT nanocomposite containing 1 wt% triazole.
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Figure 3.35 Leakage current of CTBN-epoxy modified 50 vol% BT
nanocomposite containing 1 wt% triazole.
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Figure 3.36 shows the temperature coefficient of dielectric constant and
dissipation factor of CTBN-epoxy modified 50 vol% BT nanocomposite containing 1
wt% triazole. A positive temperature coefficient was observed in the nanocomposite for
both the dielectric constant and dissipation factor. From room temperature to 150 °C, the
dielectric constant increases 11.7%. The dielectric constant first increases linearly with
temperature up to about 130 °C, and then levels off at higher temperature. This transition
takes place around the glass transition temperature of the nanocomposite. In the initial
linear region, the temperature coefficient of dielectric constant (or capacitance) is about
0.16 °C-1. In contrast, the dissipation factor first increases gradually, and then increases
drastically at temperature around 130 °C, i.e. in the glass transition region.
Figure 3.37 shows the 85°C/85% relative humidity aging reliability of CTBNepoxy modified 50 vol% BT nanocomposite containing 1 wt% triazole. 85°C/85%
relative humidity test for 1000 hours is a standard test for printed circuit board. Because
an embedded capacitor component will be buried inside the print circuit board, it must be
able to pass this aging test. The embedded capacitor components survived in this test, and
the dielectric constant increases with aging time. The dielectric constant increases very
fast at the first 24 hours, and then levels off with time. Overall the increase of the
dielectric constant during the 1000 hour aging time is about 26% at 10 KHz and about
22% at 1 MHz. The increase of the dielectric constant during aging test is due to the
absorption of moisture, because water has a high dielectric constant of about 78.
Air to air thermal cycling was also used to test the reliability of embedded
capacitor components. The temperature was from -55°C to 125°C with a dwell time of 10
minutes at each extreme and a ramp time of 10 minutes. The embedded capacitors were
subjected to 1000 thermal cycles for the thermal cycling test. No delamination or crack
was found in the embedded capacitor components after 1000 temperature cycles. The
capacitance of the embedded capacitor components decreased about 8% after thermal
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cycling test, which may be attributable to the relaxation of stress in the dielectric film and
the corresponding rearrangement of polymer segments in the composites.
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Figure 3.36 Temperature coefficient of dielectric constant and dissipation factor
of CTBN-epoxy modified 50 vol% BT nanocomposite containing 1 wt% triazole.
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Figure 3.37 85°C/85% relative humidity aging reliability of CTBN-epoxy
modified 50 vol% BT nanocomposite containing 1 wt% triazole.
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3.4 Conclusions

Polymer-ceramic high-κ nanocomposite formulations were systematically
investigated in order to obtain high dielectric constant (κ>50) nanocomposites at the
lowest filler loading for embedded capacitor applications. It was found that material
design and processing were critical. The addition of chelating agent can effectively
improve the dielectric constant of the epoxy varnish, which resulted in the enhancement
of the dielectric constant of its BT nanocomposites. Bimodal fillers can increase the
dielectric constant of BT nanocomposites by enhancing the packing efficiency of BT
nanoparticles. A proper amount of dispersing agent was essential in order to obtain high
dielectric constant nanocomposites. With 5 wt% phosphate dispersing agent, a high
dielectric constant of about 58 was obtained in the 50 vol% bimodal BT nanocomposite.
Acidic phosphate ester dispersing agent can effectively improve the dispersion and
dielectric constant of epoxy-barium titanate nanocomposites, however, the incorporation
of phosphate ester led to the reduction of adhesion of nanocomposites to Cu substrate. To
improve the adhesion of epoxy-BT nanocomposites whist keeping the high dielectric
constant of BT nanocomposites provided by the dispersing agent, the BT nanoparticles
were refluxed and functionalized with acidic phosphate ester before being formulated in
the epoxy matrix. Thermogravimetric Analyzer (TGA) and Fourier Transformed Infrared
Spectroscopy (FTIR) showed that the phosphate ester was chemically bonded on the
particle surface. It was found the filler surface functionalization can significantly improve
the adhesion of nanocomposites to Cu substrate. The nanocomposites with functionalized
filler showed a high dielectric constant of 45.6, and successfully passed the high
temperature thermal stress reliability test. To further improve the reliability of polymerceramic nanocomposites at high filler loadings, the epoxy matrix was modified with a
secondary rubberized epoxy, which formed isolated flexible domains (island) in the
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continuous primary epoxy phase (sea). The effects of sea-island structure on the thermal
mechanical properties, adhesion, and thermal stress reliability of embedded capacitors
were systematically evaluated. The optimized, rubberized nanocomposite formulations
had a high dielectric constant above 50 and successfully passed the stringent thermal
stress reliability test. A high breakdown voltage of 89 MV/m and a low leakage current
of 1.9×10-11A/cm2 were measured in the large area thin film capacitors.
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CHAPTER 4
HIGH DIELECTRIC CONSTANT COMPOSITE PHOTORESIST
FOR EMBEDDED CAPACITORS

4.1 Introduction

Embedded capacitors require the use of high dielectric constant materials, because
of the limited space inside the PCB substrate. Many dielectric materials have been
investigated, and particularly polymer-ceramic composites have been extensively studied
as the candidate for embedded capacitors because the combination of polymer and filler
may give the composites advantages from both components [45, 63, 82, 88, 89]. However,
the conventional polymer-ceramic composites are not photosensitive and cannot be
directly patterned into desired geometry by the photolithography method, which is a
standard process used in PCB board manufacturing. Moreover, via openings in the
embedded capacitor layer are often required in order to make interconnects in the PCB
board, as shown in Figure 4.1. An expensive and time-consuming laser drilling process
has to be used to create via in conventional polymer-ceramic high-κ composites. On the
other hand, a photodefinable high-κ composite can be easily patterned into desired
geometry so that it can save the substrate area and save the time needed for laser drilling
of via openings as in conventional high-κ composites. Therefore, successful development
of such photodefinable high-κ polymer composite will lead to embedded capacitors with
low cost, great design flexibility as well as great versatility in applications.
A photodefinable high-κ composite requires the use of a UV-radiation curable
polymer as the matrix. UV radiation-initiated polymerization can be either free-radical
polymerization or cationic polymerization. Free-radical photopolymerization is mostly
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based on acrylate and methacrylate monomers. These monomers can be modified at the
ester functionality, thus allowing the tailor of final materials properties [93]. Free-radical
photopolymerization is typically inhibited by the presence of oxygen and often needs to
be conducted in inert atmosphere. In contrast, cationic photopolymerization is not
affected by oxygen and does not require extra setup for inert environment. In addition,
cationic polymerization continues long after UV irradiation has stopped and therefore can
penetrate into the area where the UV light cannot directly irradiate on [94]. Therefore,
cationic photopolymerization is more advantageous for filled composite photoresist
systems. Cycloaliphatic epoxies and SU8 epoxy are two most often used monomers that
can be polymerized by cationic photopolymerization.

Integrated Circuits

Embedded

Capacitor

Figure 4.1 Embedded capacitors in the PCB board. Interconnects are required through the
embedded capacitor dielectric layers.

In this work, we present a study on the novel, photodefinable, high dielectric
constant composite material for embedded capacitor applications. It consists of SU8
epoxy as the polymer matrix and barium titanate (BT) nanoparticles as the filler. UV
lithography was used to pattern the SU8 composite photoresist on a variety of substrates,
i.e. rigid glass substrate, Cu-coated rigid glass substrate, and polyimide flexible substrate.
The UV absorption characteristics of BT nanoparticles were studied with a UV-Vis
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spectrophotometer. The effects of BT nanoparticle size, filler loading, and UV irradiation
dose on the SU8 photopolymerization were systematically investigated. The dielectric
properties of the photodefined SU8 nanocomposites were characterized by a LCR meter.

4.2 Experimental
4.2.1 Materials and Composite Photoresist Formulation

The SU8 (Epon Resin SU-8) was obtained from Hexion Specialty Chemicals. Su8
is an epoxy-type, negative, near UV (365 nm) photoresist that has high optical
transparency and is well suited for applications where it is imaged and permanently left in
place. The chemical structure of SU8 is shown in Figure 4.2. Because the resist has a
high functionality, a high degree of crosslinking can be achieved, resulting in a high
aspect ratio and straight sidewall structure in lithographic applications. SU8 has been
extensively used to fabricate high-aspect ratio structure such as micro-electro-mechanical
systems (MEMS), micro fluidic devices, and etc. [95-99]. Triarylsulfonium (TAS) salt
(from Aldrich), with a fixed concentration of 10 wt%, was used as the photosensitive
compound to initiate the cationic polymerization of SU8 epoxide ring. γ-butyrolactone
(GBL) and propylene glycol monomethylether acetate (PGMEA) were used as the
solvent and developer, respectively. Two BT nanopowders, with average particle sizes of
65 nm (denoted as small nanoparticles) and 590 nm (denoted as large nanoparticles),
respectively, were used in the SU8 composite photoresist in order to increase its dielectric
constant.
The high dielectric constant composite photoresists were obtained by a two-step
mixing procedure. The formulations were first ultrasonicated for 1 hour, and then ball
milled with yttrium-stabilized zirconia beads at the rate of 220 rpm for 24 hours.
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Figure 4.2 Chemical structures of SU8, triarylsulfonium salt, γ-butyrolactone, and
propylene glycol monomethylether acetate (PGMEA).
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4.2.2 UV-Vis Spectroscopy Characterization of BT Nanoparticles

The UV-Vis Spectroscopies of small and large BT nanoparticles were
characterized by a UV-Vis spectrophotometer (DU520, Beckman), from the wavelength
of 300 nm to 800 nm. The particles were dispersed in γ-butyrolactone, which almost has
no UV absorption in this range.
4.2.3 Microfabrication Process and Characterization

To study the effects of BT nanoparticle size, filler concentration, and UV
irradiation dose on the photopolymerization of the composite photoresist, glass substrates
were used to fabricate the testing structure. First, the glass substrates were cleaned by
oxygen plasma in a reactive ion etcher (RIE, from Plasma Therm). The conditions were
as follows: power 300 W, flow rate 30 sccm, pressure 150 mTorr, and time 10 minutes.
Oxygen plasma cleaning can effectively improve the adhesion of composite photoresist
on glass substrates. Because spin coating cannot produce very thick composite films
uniformly, we used bar coating method instead to deposit composite photoresist of about
50 μm thickness. The composite photoresist was then prebaked at 95 °C for 1 hour to
evaporate solvent γ-butyrolactone. To study the photopolymerized thicknesses, back-side
UV exposure was utilized to initiate the crosslinking of SU8 photoresist, as this can
guarantee good adhesion of polymerized structure on the substrate. The back side of
composite-coated glass substrate was exposed to UV source through quartz masks by a
UV Mask Aligner (MA-6, from Karl Suss).

The exposure was at I line, with a

wavelength of 365 nm. The exposed composite photoresist was then postbaked at 95 °C
for 30 minutes in order to complete the acid-catalyzed cationic polymerization. Then the
patterned structure was developed in PGMEA to remove unexposed composite
photoresist. Ultrasonication for a few minutes was required to obtain good and clear
structure. Isopropyl alcohol (IPA) was used to rinse the developed high dielectric
constant composite photoresist. The thicknesses of photopolymerized structure were then
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measured by a profilometer (KLA-Tencor P15). The flow chart of microfabrication
process is shown in Figure 4.3.
Formulate and ball mill
dielectric nanocomposites
Oxygen plasma clean substrate
Deposit composites photoresist
Prebake at 95 °C for 1 hour
Back-side UV exposure to initiate the
crosslinking of photoresist by MA-6 Aligner
Postbaked at 95 °C for 30 minutes
Developed in PGMEA
IPA rinse and dry
Measure thickness of photopolymerized
structure by a KLA-Tencor profilometer

Figure 4.3 Flow chart of microfabrication process.
Figure 4.4 shows the photodefined pattern of SU8 composite photoresist
containing 40 vol% small BT nanoparticles. The exposure dose was 1200 mJ/cm-2, and
the polymerized thickness was about 1.52 μm.
To measure the dielectric properties of composite photoresist, parallel plate
capacitors were fabricated on Cu-coated glass substrates. First, a thin layer of titanium
(200 Å) and copper (3000 Å) was deposited on the glass substrate as the bottom electrode
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of capacitors by a DC sputterer (from CVC Products). Then, the SU8 composite
photoresist was spin coated onto the Cu-coated glass substrate. The next processing steps
were similar to the previously described method for processing SU8. The only difference
is that the sample was exposed to 365 nm UV light in the front-side mode. Finally, the
DC sputterer was used to deposit another layer of copper (3000 Å) as top electrode onto
the material through a shadow mask. The capacitance and dissipation factor of the
capacitor were then measured with an HP 4263A LCR meter, at the frequency from 10
KHz to 10 MHz. Figure 4.5 shows an example of parallel plate capacitors fabricated with
SU8 composite photoresist containing 40 vol% small BT nanoparticles.
Embedded capacitors were demonstrated on a flexible polyimide substrate.
Interdigitated electrodes were pre-fabricated on the flexible polyimide film. Then the
high dielectric constant composite photoresist was spin coated on the substrate and
patterned with the same processing method as described above for SU8.

Figure 4.4 Photodefined pattern of SU8 composite photoresist containing 40 vol%
small BT nanoparticles. The exposure dose was 1200 mJ/cm-2, and the polymerized
thickness about 1.52 μm.
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Figure 4.5 Parallel plate capacitor fabricated with SU8 composite photoresist
containing 40 vol% small BT nanoparticles.

4.3 Results and Discussions

In polymer-ceramic high-κ composites, polymer matrices are used to provide the
low temperature processing compatibility in line with the organic PCB (mostly epoxybased) manufacturing processes. Epoxy has often been used as the polymer matrix in
conventional high-κ polymer-ceramic composites. Because SU8 is a high functionality
epoxy, using SU8 as the matrix for high-κ composite photoresist can ensure the good
compatibility with the PCB manufacturing.
SU8 photoepoxy can be polymerized by cationic photopolymerization, which is
typically induced by Lewis acid. In our system, the Lewis acid was generated by
exposing triarylsulfonium salt to UV source, as shown in Figure 4.6. The photogenerated
acid can catalyze epoxy ring opening reaction, and thereby initiate the cationic
crosslinking of SU8.
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Figure 4.6 Photogeneration of Lewis acid.

4.3.1 UV Characteristics of BT Nanoparticles

BT nanoparticles are used to provide high dielectric constant in the
nanocomposites. However, BT nanoparticles can absorb UV light, which have strong
effect on the photopolymerization behavior of the SU8 composite photoresist. Figure 4.7
shows the UV-Vis spectroscopy of 0.01 wt% small (65nm) and large (590nm) BT
nanoparticles in solvent γ-butyrolactone. γ-butyrolactone has very little UV absorption in
the measurement wavelength range and was used as the reference. As shown in Figure
4.7, small and large BT nanoparticles show different UV-Vis absorption behavior. The
large BT nanoparticles show a high and almost constant UV absorbance in the whole
measurement wavelength range from 300 to 800 nm. On the other hand, the UV
absorption intensity of small nanoparticles decreases dramatically as the UV wavelength
increases. When the wavelength is above 441 nm, the large BT nanoparticles have
stronger absorption than the small BT nanoparticles. In this wavelength range, the size of
large BT particles is comparable to the UV wavelength. However, when the wavelength
is below 441 nm, the small BT particles show stronger UV absorption. SU8 photoresist is
typically exposed at 365 nm. At this wavelength, the UV absorbance of small BT
particles is much stronger than the large BT particles. Overall the BT nanoparticles have
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quite strong UV absorption, which can significantly hinder the generation of Lewis acid
during UV exposure and thereby affect photopolymerization reaction of SU8 composite
photoresist.
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Figure 4.7 UV-Vis spectroscopy of small and large BT nanoparticles in solvent.
4.3.2 Photopolymerization of High-κ SU8 Composite Photoresist

In order to study the effect of BT nanoparticle inclusion on SU8
photopolymerization thicknesses, SU8 composite photoresist was deposited on glass
substrates and then exposed in the back side mode. For neat SU8, an exposure dose of
300 mJ/cm-2 can polymerize SU8 of about 100 μm thick. However, even after 400
mJ/cm-2 irradiation the composite photoresist cannot be adequately polymerized to form
dielectric film. Figure 4.8 shows the photopolymerized thickness after 1200mJ/cm-2
irradiation versus BT filler loading in the SU8 composite photoresist. The polymerized
thicknesses decrease with the inclusion of more BT nanoparticles. The inclusion of small
BT nanoparticles leads to a much smaller polymerized thickness when compared to the
inclusion of large BT nanoparticles at the same filler loading. This change is associated
with the UV absorbance of the BT nanoparticles. Small BT particles have stronger
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absorbance at the 365 nm exposure wavelength, which reduces the depth that the UV
light can penetrate through in the SU8 composite photoresist. Therefore, the polymerized
thickness is smaller with the inclusion of small BT nanoparticles.

Polymerized Thickness ( μm)

8

Large BT 1200mJ/cm2

7

Small BT 1200mJ/cm2

6
5
4
3
2
1
0
20

25

30

35

40

45

50

Filler Volume Fraction (vol%)

Figure 4.8 Photopolymerized thickness versus BT filler loading in the SU8
composite photoresist.
The photopolymerized thickness of composite photoresist also depends on the
irradiation dose. A higher polymerized thickness can be obtained by increasing the
exposure dose. As illustrated in Figure 4.9, for a composite containing 40 vol% large BT
nanoparticles, the polymerized layer thickness increased from 3.35 μm to 5.08 μm when
the exposure dose increases from 1200 to 1800 mJ/cm-2. The dotted trend lines in Figure
4.9 indicate that the photopolymerization in composite photoresist follows logarithmic
rule. Based on Beer-Lambert law, photopolymerization model predicts that the
photopolymerized thickness (Tp) is proportional to the penetration depth (Pd) and
logarithm of exposure dosage (D) [100, 101]:

T p = Pd ln( D / Dc )
where Dc is the threshold dosage required to start the photopolymerization.
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Equation 4.1

Table 4.1 shows a comparison of the penetration depth and threshold dosage
calculated based on Equation 4.1. The penetration depth Pd is determined by the BT
nanoparticle size as well as the filler loading. Large BT nanoparticles, which have less
UV irradiation absorbance at 365 nm, result in a larger penetration depth. For the same
size BT nanoparticles, a higher filer loading leads to a smaller penetration depth.
Similarly, the threshold dosage Dc is also related to the BT nanoparticle size as well as
the filler loading. However, the dependency is not as strong as for Pd, and all of the
threshold dosage values are close to 400 mJ/cm-2. The threshold dosage is slightly larger
for composite photoresist filled with small BT nanoparticles because of the stronger UV
absorbance of small BT nanoparticles at 365 nm. Table 4.1 also shows a higher threshold
dosage is required at a higher BT loading.
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Figure 4.9 Photopolymerized thickness as a function of irradiation dose. The
dotted trend lines are calculated according to logarithmic rule.
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Table 4.1 Comparison of the penetration depth and threshold dosage of SU8
composite photoresist

BT Size
Large

Vol. Fraciton
Pd (μm) Dc (mJ/cm-2)
(vol%)
20
6.06
348

Large

40

3.81

416

Small

20

2.72

430

Small

40

1.64

432

4.3.3 Dielectric Properties of of High-κ SU8 Composite Photoresist

The dielectric constant of SU8 composite photoresist can be improved by the
inclusion of BT nanoparticles. For neat SU8, the dielectric constant is about 3.5. With the
addition of 50 vol% BT nanoparticles, the dielectric constant (@10 KHz) can be
enhanced to 44 and 46 for small and large BT, respectively, as shown in Figure 4.10. The
dielectric constant and dissipation factor of SU8 composite photoresist are almost same
for large and small BT at the same filler loading. A modified Lichteneker equation is
often used to predict the dielectric constant of composites that have high volume fraction
of ceramic and also a larger difference in the value of relative permitivitty of ceramic and
polymer [89].

log ε = log ε 1 + v2 (1 − k ) log(

ε2
)
ε1

Equation 4.2

where k is a fitting factor, which is typically 0.3 for well dispersed suspensions; ε1 is the
dielectric constant of the polymer matrix; ε2 is the dielectric constant of the filler.
According to the above equation, the dielectric constant of composite is dependent on the
dielectric constant of ceramic phase as well as on the polymer phase. It is reported that
the dielectric properties of BT nanoparticles have very strong size dependency. The
dielectric constant of 590 nm BT nanoparticles is above 3000, however, it is less than
1000 for 65 nm particles [78]. From our results, such a difference in the dielectric
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constant of BT nanoparticles does not yield significant differences in the dielectric
properties of the SU8-BT nanocomposites. This suggests that as long as the dielectric
constant of the filler is high enough, there will not be dramatic differences in the
dielectric constant of its composites even if the dielectric constant of filler is quite
different. Because by using smaller particles one can obtain thinner layer of dielectric
coating and thereby higher capacitance density, smaller particles are recommended for
embedded capacitors when applicable.
The frequency responses of the dielectric constant of SU8 composites photoresist
are shown in Figure 4.11. The dielectric constant of SU8 composite photoresist decreases
slightly when the frequency increases.
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Figure 4.10 Dielectric constant and dissipation factor of SU8 composite
photoresist versus the BT nanoparticles volume fraction.
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Figure 4.11 Frequency responses of the dielectric constant of SU8 composites
photoresist.
4.3.4 Embedded Capacitors Fabricated on a Flexible Polyimide Substrate with
High-κ SU8 Composite Photoresist

The SU8 composite photoresist shows a high dielectric constant at high filler
loadings, and it can be processed by the straightforward photolithography method.
Therefore, SU8 composite photoresist is suitable for embedded capacitors on organic
substrates. Figure 4.12 shows the image of a test coupon with interdigitated capacitor
electrodes fabricated on a flexible polyimide substrate. The inset shows the detailed
structure of electrodes. The thickness of Cu electrodes is 12 μm. Figure 4.13 shows the
embedded capacitors fabricated on the flexible polyimide substrate by the
photolithography method. The dielectric is SU8 composite photoresist filled with 40
vol% large BT nanoparticles. Because the electrode thickness is large (12 μm), a dose of
4500 mJ/cm-2 was used to ensure complete polymerization of the composite photoresist
that covered the whole depth of the electrodes. The dielectric constant was measured to
be about 31, which is similar to the value from parallel plate capacitor measurement.
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Figure 4.12 Image of a test coupon with interdigitated capacitor electrodes on a
flexible polyimide substrate and the inset shows the detailed structure of interdigitated
electrodes.

Figure 4.13 Image of embedded capacitors fabricated on the flexible polyimide
substrate.

4.4. Conclusions

A novel, photodefinable, high dielectric constant composite material was
developed. It consisted of SU8 as the polymer matrix and barium titanate (BT)
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nanoparticles as the filler. It was found that the smaller BT nanoparticles had stronger
UV

absorbance

at

the

exposure

wavelength,

and

thereby

led

to

smaller

photopolymerization thicknesses in the composite photoresist. As the BT filler loading
increased, the photopolymerization thickness decreased as well because of the absorption
of BT nanoparticles. The SU8 composite photoresist showed a high dielectric constant at
high BT filler loadings. The BT nanoparticle size does not have significant effect on the
dielectric properties of composite photoresist. Embedded capacitors using the novel high
dielectric constant SU8 composite photoresist were demonstrated on a flexible polyimide
substrate by the conventional UV lithography method.
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CHAPTER 5
ULTRAHIGH DIELECTRIC CONSTANT POLYMER-CARBON
BLACK NANOCOMPOSITES FOR EMBEDDED CAPACITORS

5.1 Introduction

Integration of passives components requires the development of new high
dielectric constant materials, due to the limited space in the PCB structure. In order to
realize embedded capacitors, many approaches have been investigated, such as thin film
CVD deposition, anodization, sputtering, and sol-gel process [16-30]. Each of these
techniques has its advantages, nevertheless has its own disadvantages as well, e.g.
requiring a high processing temperature, requiring expensive equipment, difficult to
implement into large-area MCM-L substrates, and etc [77]. As an alternative approach,
polymer-ceramic composites have been systematically evaluated as a candidate for
embedded capacitors, because the combination of polymer and filler may give the
composites advantages from both sides by a careful design and choice of components.
The polymer-ceramic composites, however, have only had limited success. Commercially
available polymer-ceramic composites only have a dielectric constant of up to 30, which
is not sufficient for many applications for the next generation electronics. Therefore, a
dielectric material that satisfies all of the requirements needed for embedded capacitors,
especially in the cases that require high capacitance density, e.g. decoupling capacitors,
has not been developed yet. This poses challenges as well as opportunities for the
development of novel embedded capacitor dielectrics.
Another type of high-κ dielectric nanocomposite that can be used for embedded
capacitors is the dielectric composite based on percolation mechanism. Percolation
transition is a critical phenomenon. The dielectric properties of high-κ polymer-metal
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composites near percolation threshold can be predicted by scaling theory [102-108].
According to scaling theory, the properties of physical quantities such as the dc electrical
conductivity and dc dielectric constant of a percolation system should exhibit a powerlaw behavior. The effective dielectric constant can thus be described by the following
equation [102-104]:

σ = σ D ( fc − f )−s

f < fc

Equation 5.1

σ = σ M ( f − f c )t

f > fc

Equation 5.2

ε = ε D f − fc

−q

Equation 5.3

where σM and σD are the dc electrical conductivity of metal and dielectric material,
respectively;

fc is the percolation threshold concentration of

metal at which the

conductivity of conductor-insulator composite increases dramatically when f approaches
fc from below the percolation threshold; εD is the dielectric constant of the dielectric

material; q , s and t are scaling constants, which are related to the material properties,
microstructure, and connectivity of the metal-insulator composite.
Physically, this phenomenon can be explained as: when the concentration of the
metal is close to the percolation threshold, large amount of metal clusters but no
percolated cluster will be formed. These metal clusters will act as the electrodes of
capacitors when they are loaded in an external electrical potential. Now, the composite
can be regarded as a “super capacitor network” with very large area and small thickness.
Therefore, the effective dielectric constant of the metal-insulator composite could be
three or four orders higher than the dielectric constant of the insulating material.
Pecharroman etc. [104] first experimentally observed ultrahigh dielectric constant
of 500,000 in molybdenum-filled mullite composites (cermets). Due to the narrow
processing window of the composite near percolation threshold window, a functionally
graded material (FGM) was prepared instead of homogeneous monolithic insulator-
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conductor composites. The FGM was then cut through and polished down to 1 μm. With
this method, the composition could be accurately controlled in the specimen, and thus the
ultrahigh dielectric constant near the percolation threshold can be obtained.
Rao et al. [109] demonstrated that silver-epoxy composite materials have high
dielectric constant (>1,000) and high reliability performance suitable for embedded
passive application. It was found that the percolation threshold of the epoxy silver
composite is around 11.5vol%. At silver flake concentration of 11.23 vol%, dielectric
constant of 1000 was achieved. The die shear strength of epoxy silver composite (with
11.23 vol% silver flake) on polyimide substrate is around 28 Mpa, which suggests that
the composite has superior dielectric properties and good processibility. However, the
dielectric properties of epoxy-silver composite materials are very difficult to reproduce,
because a small change of filler loading at the percolation region will dramatically
change the electric and dielectric properties of the composites.
To obtain a reproducible high dielectric constant material compatible with the low
temperature manufacturing process of printed circuit board (PCB), in this work, we
present a study on epoxy-carbon black composites as the embedded capacitor dielectrics.
Six different types of carbon blacks were evaluated. With a proper filler loading level and
good dispersion, high dielectric constants over 1000 were observed for four out of the six
carbon blacks. The dispersion of carbon black is critical to obtain high dielectric constant
carbon black composites. Transmission electron microscope (TEM) and scanning
electron microscope (SEM) were used to characterize the structure of carbon and their
composites, respectively, in order to correlate the structure of carbon black and
morphology of their composites with the corresponding material dielectric properties.

5.2 Experimental
5.2.1 Materials and Formulation
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A bisphenol-A type epoxy resin (from Aldrich Chemical Company), an anhydride
hardener (MHHPA, from Lindau Chemical Company), and an imidazole catalyst
(2E4MZ-CN, from Shikoku Ltd.) were used as the polymer matrix in this study. For
comparison, silicone (HIPEC® Q1-4939, from Dow Corning Incorporation) was also
used as the polymer matrix for the dielectric composites because of its extremely low
dissipation factor. The carbon blacks studied were CBC1, CBC2, CBD3, CBD4, CBM5,
and CBM6.
The bisphenol-A resin was mixed with the hardener first, and then carbon black
was added into the formulation. The mixture was premixed in an ultrasonicator for 1 hour,
and then processed in a three-roll mill for 1 hour. The actual filler loading of composites
after processing was determined by a thermogravimetric analysis (TGA), which was
conducted with a TGA 2050 (from Thermal Advantages Inc.) under a nitrogen
atmosphere at a heating rate of 10 ºC/min. Next, the catalyst was added into the
formulation, and the mixture was dispersed in the ultrsonicator for 30 minutes.
5.2.2 Sample Preparation and Characterization

5.2.2.1 DSC Characterization
The curing conditions for bisphenol-A epoxy and silicone were determined by a
modulated differential scanning calorimeter (DSC, Model 2920, from TA Instruments), at
a heating rate of 5 ºC/min under a nitrogen atmosphere. Figure 5.1 shows the DSC
thermograph of bisphenol-A epoxy and silicone. According to the curing peak
temperature, the curing condition for both polymers and their composites was set to be
150 ºC for 1 hour.
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Figure 5.1 DSC curing profile of bisphenol-A epoxy and silicone.

5.2.2.2 Dielectric Properties Characterization
For dielectric properties measurements, parallel plate capacitors were fabricated
on a silicon wafer with the formulated high dielectric constant composites. First, a thin
layer of titanium (200 Å) and copper (3000 Å) were deposited on the wafer as the bottom
electrode of capacitors by a DC sputterer (from CVC Products Incorporation). Then, the
dielectric composite was spin coated onto the wafer. Next, the sample was cured with an
optimized curing procedure in a Lindberg furnace under a nitrogen atmosphere. Finally,
the DC sputterer was used to deposit another layer of copper (3000 Å) as the top
electrode onto the material through a shadow mask. The capacitance and dissipation
factor of the capacitor were then measured with an HP 4263A LCR meter, at frequencies
from 10 KHz to 10 MHz.
5.2.2.3 Microscopy Observation
A JOEL 100C Transmission Electron Microscope (TEM), operating at 100 KV,
was used to analyze the particle sizes and morphologies of carbon black powders. For
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carbon black composites, the morphology studies were conducted by a field emission
scanning electron microscopy (FESEM) (Model S-800, from Hitachi Company). Cross
sections of the samples were polished before observation.
5.2.2.4 Thermomechanical Analysis
The coefficients of thermal expansion (CTE) of the cured dielectric composites
were characterized using a thermomechanical analyzer (TMA, Model 290, from TA
Instruments). The dimension of the sample was about 4×4×3 mm. The sample was heated
from room temperature to 200 ºC at a rate of 5 ºC/min under a nitrogen atmosphere.
5.2.2.5 Dynamic Mechanical Analysis
A dynamic mechanical analyzer (DMA) by TA Instruments, Model 2980 was
used to study the dynamic moduli of the cured dielectric composites. The measurement
was conducted in a single cantilever mode at 1 Hz sinusoidal strain loading. The sample
was heated from room temperature to 250 ºC at a rate of 3 ºC/min in the DMA furnace.

5.3 Results and Discussions
5.3.1 Characteristics of Carbon Blacks

Carbon black was selected as the filler for high dielectric constant composites due
to its large surface area and its wide range of electrical properties based on it surface
chemistry, particle size and aggregate structure. Table 5.1 shows the characteristics of
carbon black used in this study. Since carbon blacks have a large surface area, chemical
species are readily adsorbed or chemically bonded to the carbon surfaces, and the surface
chemistry of carbon blacks appreciably affects the physicochemical properties of their
composites. The information about carbon surfaces can be obtained by thermal
degradation studies on carbon blacks. The dominant gases produced during thermal
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degradation are CO and CO2, which are from the desorption of surface oxide groups such
as carboxyl, aldehyde, lactone, ether, and quinine, etc [110, 111]. Figure 5.2 shows TGA
studies of carbon blacks under a nitrogen atmosphere. Carbon black CBD4, CBD3 and
CBC1 have more weight loss than other carbon blacks, which indicates more oxide
groups present in these carbon blacks.

Table 5.1 Characteristics of carbon black used in this study
Average Particle BET Surface Area DBP Absorption
Diameter (nm)
(cc/100gram)
(m2/gram)
12
635
330
50
35
90
30
950
380
18
410
120
45
50
165
30
65
190
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Figure 5.2 TGA studies of carbon blacks.
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However, carbon blacks generally have much smaller weight loss than polymer
matrices when heated. Figure 5.3 shows the TGA studies of bisphenol-A epoxy. At a
temperature above 500 ºC, the epoxy was almost completely degraded, whereas the
carbon blacks only lost a small percentage of their weight. Such a difference was utilized
to accurately calculate the actual carbon black loading after three-roll mill processing,
because the actual filler loading level may change during the processing, especially in our
case in which a three-roll mill was used to disperse carbon blacks in the composites.
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Figure 5.3 TGA studies of bisphenol-A epoxy.
5.3.2 Dielectric Properties of Carbon Black Composites

Figure 5.4 shows the dielectric constant of carbon black composites as a function
of filler loading. Six different types of carbon blacks were evaluated; four of them show
dielectric constants higher than 1000 (@ 10 kHz), and they were CBC1, CBC2, CBD3,
and CBD4. An extremely high dielectric constant of 13,305 (@10 kHz) was achieved for
an extra conductive carbon black CBD3. The highest dielectric constant obtained for
CBC1, CBC2, and CBD4 composites were 1656, 2304, and 1315, respectively. The
dielectric properties of carbon black composites are strongly dependent on the particle
size and aggregate structure of the carbon blacks.
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Figure 5.4 Dielectric constants of carbon black composites as a function of filler
loading (@ 10 KHz).

Figure 5.5 shows the TEM micrographs of carbon black powders. The figure
illustrates that the extra conductive carbon black CBD3 has a very small particle size, and
an extremely high structure and surface area; thereby, the filler loading needed to obtain
high dielectric constant composites is very small, only about 1 to 2 vol%. Carbon black
CBC1 has a very high structure and a high conductivity, too, and the filler loading needed
to reach high dielectric constants is low as well. However, for a relatively low
conductivity carbon black CBC2, it has a large primary particle size of about 70 nm, and
the particles are not highly aggregated. Therefore, the CBC2 filler loading corresponding
to high dielectric constants is much higher than that of the CBD3 composites. A higher
conductivity carbon black usually results in a higher dielectric constant in its composites;
however, the composites are more difficult to process since the composites have a
narrower composition window near the percolation threshold due to its high structure and
large surface area.
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(f) CBM5

Figure 5.5 TEM micrographs of carbon blacks.
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The extremely high dielectric constant of carbon black composites can be
interpreted by the percolation theory, and the most commonly used model is the
Kirkpatrick and Zallen [102, 103] statistical percolation model, which is used to predict
the electrical properties of a percolation system with non-interacting randomly dispersed
fillers. Close to the transition region, this statistical model predicts power-law behavior
for the measurable quantities with the volume fraction of fillers. The dielectric constant
exhibits a power-law dependence below percolation threshold as shown in the Equation
5.3. The characterizing exponent s is assumed to be universal for a fixed system
dimensionality, i.e., s = 0.7 for a three-dimensional system.
According to percolation theory, high dielectric constant can only be obtained at
filler loadings very close to the threshold. However, the high dielectric constants of
carbon black composites were found over a relatively wide filler loading range, in
particular for the CBC2 composites, which cannot be explained by the classical
percolation theory. The reason for this occurrence is that the percolation theory is not
adequate when the filler loading is outside of the percolation transition region, as the
assumption of non-interacting fillers may no longer be valid at high filler loadings.
Figure 5.6 shows the dissipation factors of carbon black composites as a function
of filler loading. The dissipation factors of high dielectric constant carbon black
composites are high, i.e. always above 0.1. Dissipation factors of carbon black
composites usually increases with carbon black filler loading, which is at least partly due
to the increase of DC conductivity with the increase of filler loading, and higher DC
conductivity can lead to higher rates of decay of stored charges. Because of its low
structure, carbon black CBC2 leads to a relatively stable dissipation factor versus filler
loading in its polymer composites.
Figure 5.7 illustrates the frequency dependence of the dielectric constant of
carbon black composites. Carbon black composites, generally speaking, show high
frequency dependence. The frequency dependence of the dielectric constant of carbon
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black composites comes from three effects, i.e. the dispersion of carbon blacks, the
polarization effects between isolated carbon black aggregates, and the anomalous
diffusion within aggregates [108]. When in the presence of an electrical field, the charges
move inside the carbon black aggregates according to the direction of the electrical field
in each half cycle. Charges accumulate in the interfacial boundaries between carbon
black aggregates and epoxy, and a dipole moment is imparted to a whole cluster for an
isolated aggregate. The interfacial polarization in composites usually has a high
frequency dependence, which accounts for the high frequency dependence of the
dielectric properties of carbon black composites.
However, it was found that the dielectric constants of CBC2 composites were
stable as a function of frequency, as shown in Figure 5.7. A more detailed study of the
frequency response of CBC2 composites in Figure 5.8 shows that the frequency
dependence is also dependent on the filler loading level. That is, at 6.0 vol% CBC2, the
frequency dependence is low, whereas, at 2.3 vol%, there is strong frequency dependence.
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Figure 5.6 Dissipation factors of carbon black composites as a function of filler
loading (@ 10 KHz).
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Figure 5.9 shows the SEM micrographs of 6 vol% CBC2 composites, and from
top to bottom are 3K and 10K magnifications, respectively. The CBC2 aggregates are
uniformly dispersed in the composites, with an average aggregate size about 1 µm.
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Figure 5.9 SEM micrographs of 6.0 vol% CBC2 composites. From top to bottom
are 3K and 10K magnifications, respectively.
5.3.3 Mechanical Properties of Carbon Black Composites

The coefficient of thermal expansion (CTE) of carbon black composites was also
studied. Figure 5.10 shows the TMA data for epoxy, 2.3 vol% CBC2-epoxy composite,
and 6.0 vol% CBC2-epoxy composite. The CTE of CBC2 composites decreases with the
increase of filler loading. However, the reduction in CTE of CBC2 composite is not very
significant since the volume loading level of carbon black is low. Figure 5.11 illustrates
the DMA data for epoxy, 2.3 vol% CBC2-epoxy composite, and 6.0 vol% CBC2-epoxy
composite. The storage moduli are 3109 MPa and 6553 MPa for 2.3 vol% CBC2-epoxy
composite and 6.0 vol% CBC2-epoxy composite, respectively, which are higher than
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2475 MPa for neat epoxy. Carbon black composites show very good mechanical
properties when compared to ceramic composites.
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5.3.4 Effect of Polymer Matrices on the Dielectric Properties

Figure 5.12 shows the effects of low loss polymer matrices on the dielectric
properties of CBC2-filled composites. Interestingly, the change of polymer matrix from
bisphenol-A epoxy to silicone does not result in significant changes in the dielectric
constants and dissipation factors.

In carbon black composites, the charge transfer

between aggregates causes high loss, and the carbon black dominates the dielectric
properties of composites, therefore, changing the polymer matrices does not have a very
significant influence on the dielectric properties of their composites.
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Figure 5.12 Effects of low loss polymer matrices on the dielectric properties of
carbon black CBC2-filled composites (@ 10 KHz).

5.4 Conclusions

Carbon black-filled high dielectric constant composites were evaluated as the
candidate materials for embedded capacitors. Six different types of carbon blacks were
investigated. With proper filler loading level and good dispersion, high dielectric
constants over 1000 were observed for four out of the six types of carbon black. For a
137

highly conductive carbon black CBD3, a high dielectric constant over 13,300 (@10 kHz)
was achieved, and for a relatively low conductivity carbon black CBC2, a dielectric
constant of about 2,300 (@10 kHz) was obtained. The filler loading level required to
reach high dielectric constant in carbon black composites is much lower than that of
ceramic composites, which enables the carbon black composites to possess good
mechanical properties. Carbon black composites show a high frequency dependence, and
the interfacial polarization in carbon black composites, which usually has a high
frequency dependence, contributes significantly to the high dielectric constant of the
composites.
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CHAPTER 6
SHEAR MODULATED PERCOLATION IN CARBON NANOTUBE
DIELECTRIC COMPOSITES

6.1 Introduction

Since their discovery by Iijima in 1991 [112], carbon nanotubes (CNTs) have
been of great interest in scientific and engineering communities because of their superior
physical properties. Viewed as one-dimensional cylindrical nanostructure rolled from a
certain size of grapheme sheets, CNTs exhibit a high Young’s modulus of 1TPa [113],
and a high thermal conductivities of more than 3000 W/K·m for a multi-walled carbon
nanotube (MWNT) [114] and of 6000 W/K·m for a single-walled carbon nanotube
(SWNT) [115]. CNTs can be either semi-conducting or metallic, depending on their
chirality and resulting band structure. Metallic SWNTs are ballistic conductors that
exhibit two units of quantum conductance 4e2/h [116-118], and the mobility in
semiconducting SWNTs could be ballistic [119] or as high as 100,000 cm2/V·s [120]. The
ON/OFF current ratios in SWNTs are as large as 1,000,000 [119] and current carrying
capacities can be up to 109 A/cm2 [121].
The combination of excellent mechanical, thermal and electrical properties makes
CNTs a promising building block for manufacturing low-cost high-performance
nanostructured composite materials. Polyacrylonitrile (PAN) composite containing 10
wt% SWNTs exhibits a 100% improvement in tensile modulus and a 40 °C increase in
glass transition temperature as compared to the control PAN fiber [122]. A similar
observation was found in poly(p-phenylene benzobisoxazole) (PBO)/SWNT composites
[123] and polystyrene/MWNT composites [124]. Thermal conductivity can be enhanced
125% by including 1.0 wt% SWNTs in an epoxy matrix [125] and 160% by including 1.0
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vol% CNT in liquid α-olefin oil [126]. Aligned CNT composites are more advantageous
for thermal management, e.g., 0.4 vol% loading of aligned MWNTs in silicone elastomer
leads to a dramatic increase in thermal conductivities from 0.23 W/K·m to 1.21 W/K·m,
which is a large increase of about 280% [127]. Of particular interest are the electrical and
dielectric properties of CNT composites. Because of their high aspect ratio onedimension structure and extraordinary carrier mobilities, a small loading of CNTs can
make an insulating matrix conductive, and the resulting composites can be used for
antistatic, electromagnetic interference shielding (EMI) applications [128], electrically
conductive composites [129], and dielectric applications [130, 131]. As dielectric
nanocomposites, it is reported [130] that towards low frequencies, the dielectric constant
of a composite with about 2.0 vol % of MWNT increases rapidly and the value of the
dielectric constant is as high as 300. The percolation threshold of the MWNT/PVDF
composites is only 1.61 vol % of MWNT, and for the percolation composite, the
dielectric loss value is always less than 0.4, irrespective of the frequency. Another study
[131] shows that the MWNT composites exhibit high real and imaginary relative
permittivities over broad bandwidth, showing strong dependence on the MWNT loading.
It is observed that distinct resonance takes place at about 1.5 GHz, with the
corresponding resonant frequency shifts downward as the MWNT concentration
increases. Carbon nanotube (CNT)-epoxy composites with mass concentration of 25.9%
can have a higher resonant frequency, and a dielectric constant above 50 was observed at
the frequency up to about 1.5 GHz.
Despite of many promising properties, CNT composites are far from being well
understood. The microstructure and corresponding properties of a CNT composite are
affected by many factors, e.g. CNT aspect ratio, concentration, dispersion, surface
chemistry, CNT-CNT interaction, CNT-polymer interaction, and etc. Particularly, the
electrical and dielectric properties of a CNT composite, which are related to percolation
behavior, are very sensitive to the above factors, hindering its applications in the cases
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where electrical conductivity and chare storage are sought. Percolation is driven by
thermodynamics and is a statistical concept that describes the formation of an infinite
network of connected particles [132], where the electrical conductivities can increase 6-8
orders of magnitude by a small increase of filler loading [133]. The percolation threshold
can be as low as 0.06 vol% in SWNT/water system stabilized by 2.8 wt% sodium
dodecyl sulfate surfactant [128]. In MWNT composites, the percolation threshold could
be below 0.15 wt% [133], less than 1.5 wt% [134], or about 1.61 wt% [130], depending
on the dispersion status and characterisitics of the composites. CNT composites are
usually processed in suspensions or melts, therefore the major factor that determines the
dispersion state of CNTs is the shear force that CNTs have encountered during the
processing. In light of this consideration, we have focused our studies on the effect of
shear flow processing on the microstructure and properties of CNT composites. In this
work, we report for the first time the evolution of anisotropic electrical conductivities and
dielectric properties and the observation of anisotropic percolation in shear flow aligned
CNT nanocomposites. Our results suggest the great importance of understanding the
response of CNT dispersion states to the processing conditions.

6.2 Experimental Section
6.2.1 Sample Preparation

The MWNTs grown via chemical vapor deposition (CVD) method were obtained
commercially. According to scanning electron microscope (SEM) characterization, the
diameter of as-received MWNTs was about 50 nm and the length was in the range from 1
to 10 μm, with the mean length about 5 μm. A liquid diglycidyl ether of bishpenol A-type
(DGEBA) epoxy resin and a tetraethylenepentaamine (TEPA) hardener were used as the
polymer matrix for CNT composites. These formulations can be cured at room
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temperature because of the exothermic curing reaction of DGEBA with TEPA. Amines,
such as TEPA, are well known to have strong interaction with CNTs via π-π stacking and
physisorption on the CNT sidewalls [135-139]. To utilize this high affinity of TEPA with
CNTs and enhance the dispersion uniformity of CNT composites, MWNTs were first
dispersed in the liquid TEPA hardener by ultrasonication for 2 hours, and then DGEBA
epoxy resin was mixed with the dispersed MWNT/TEPA mixture. Subsequently, the
whole formulation of MWNT/epoxy was transferred into the shear flow setup, which
follows the structure of a coaxial cylinder viscometer consisting of two coaxial cylinders
with different diameters, as shown in Figure 6.1. The liquid CNT/epoxy composites were
sheared in the gap by rotating the inner cylinder at a constant angular velocity of about 34
rad/s. The shear rate can be calculated from Equation 6.1.

γ x = 2ωR12 R2 2 / Rx 2 ( R2 2 − R12 )

Equation 6.1

where R1, R2 is the radius of inner and outer cylinder, respectively, and Rx is the arbitrary
radius between R1 and R2. Nearly constant shear rate throughout the entire volume of
fluid can be obtained if the space between cylinders is small [140]. In our setup, the shear
rate was estimated to be about 50 s-1. At this high shear rate, the viscosities of CNT
composites with various CNT loadings were already leveled off and very close according
to our rheology measurement (shown in Figure 6.2). As such, at this shear rate one may
expect the dispersion state of CNTs is similar for composites with different CNT loadings.
Because of the high reactivity of aliphatic amine and the exothermic curing reaction of
DGEBA with TEPA, the CNT composite formulations can be cured at room temperature.
Figure 6.3 shows the DSC thermograph of pure epoxy (DGEBA/TEPA) and 2.78 vol%
MWNT/epoxy composite. Room temperature curing can prevent the perturbation of the
microstructure of the shear processed CNT composites, because when elevated curing
temperatures are used the reduction of viscosity can change the orientation state of CNTs.
After being sheared for a specific period of time and cured at room temperature for 12
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hours, the CNT/epoxy composites, together with the whole setup were cut accordingly in
three directions. The sheared composites were cut into rectangular shape, about 1 mm
thick, 10 mm long and wide with the thickness directions along the X, Y, and Z axes,
respectively. X axis is the shear flow direction, Y axis is the velocity gradient direction,
and Z axis is the vorticity direction, as shown in Figure 6.1. We measured the electrical
conductivities along X, Y, and Z axes, respectively, and found the electrical conductivities
along Y and Z axes were almost same but different from along X axis. Therefore, we
denote the conductivities along X axis as σX and the average of conductivities along Y (σY)
and Z (σZ) axes σYZ.

Z
σZ

R1

Y

σY

R2

σX
X
Figure 6.1 Schematic showing a disposable shear flow setup consisting of two
coaxial cylinders. In the coordinate, X axis is the shear flow direction, Y axis is the
velocity gradient direction, and Z axis is the vorticity direction. The sheared composites
were cut into rectangular shape, about 10 mm long, 10 mm wide and 1 mm thick, with
the thickness directions along the X, Y, and Z axes, respectively. R1 and R2 are the radii of
inner and outer cylinder, respectively.
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Figure 6.3 DSC thermograph of pure epoxy (DGEBA/TEPA) and 2.78 vol%
MWNT/epoxy composite.
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6.2.2 Characterization

The viscosity of epoxy and its CNT composites were investigated by an AR
Rheometer (Model AR1000-N, from TA Instruments), under steady state flow procedure
with parallel plate geometry at room temperature of 25 °C. The curing profile of pure
epoxy (DGEBA/TEPA) and 2.78 vol% MWNT/epoxy composite was characterized by a
modulated Differential Scanning Calorimeter (DSC, Model 2920, from TA Instruments),
with a heating rate of 5 °C/min under nitrogen atmosphere. A LEO thermally-assisted
field emission (TFE) scanning electron microscope (SEM) was used to study the
dispersion state of CNTs in the composites. A relatively low voltage of 1.5 kV was used
in the observations and no gold coating was applied on the top of observation plane. The
volume condcutivities of unsheared and sheared MWNT/epoxy composites were
characterized by a Keithley High Resistance Electrometer (Model 6517), which is
capable of measuring high resistance up to 1017Ω. Both sides of the samples were coated
with a 300 nm thick gold layer, acting as the electrodes. For samples with resistance
above 200 GΩ, a high voltage of 400 V was used in the resistivity measurement,
otherwise, a low voltage of 40 V was used to prevent electric short of the low resistivity
samples. The capacitance and dissipation factor of the sampels were then measured with
an HP 4263A LCR meter, at the frequency from 10 KHz to 10 MHz.

6.3 Results and Discussion
6.3.1 Time Dependent Anisotropic Properties of Sheared CNT/epoxy Composites

The 1.38 vol% CNT/epoxy composites were sheared in the coaxial cylinder setup
for various durations of time, in order to study the effect of processing time on the
dispersion state of CNTs. Figure 6.4 shows the shear time dependent transition and
anisotropic electrical conductivities of shear processed CNT/epoxy composites.
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We observed very interesting behaviors in the sheared CNT composites. First, we
found that 3 minutes of shear flow processing at the shear rate of 50 s-1 leads to the
increase of electrical conductivities, as shown in Figure 6.4. This increase is not in line
with the overall decreasing trend of the sheared composites, but this discrepancy is
attributable to the hydrodynamic tube-tube interactions. Due to the high specific surface
area of CNTs, hydrodynamic tube-tube interactions are significant [141]. Application of
suitable shear force could lower the repulsive barrier between conductive particles and
lead to agglomeration and formation of a conductive network at lower filler loadings
[141]. Moreover, the CNTs are flexible enough to deform in modest flows and they can
readily form interlocked coherent structures under suitable shear forces [142]. Therefore,
a proper shear flow for short time resulted in the agglomeration of CNTs and thereby the
increase of conductivities in the CNT/epoxy composites. Second, we found a distinctive
transition behavior in the sheared composites with a filler loading of 1.38 vol%. Longer
than 3 minutes of shear flow time results in the decrease of electrical conductivities，and
specifically from 9 to 12 minutes, the electrical conductivities drops dramatically. Overall
in the whole period of shear time up to 18 minutes, the electrical conductivities change as
many as 8 orders of magnitude. This transition behavior is similar to the typical
percolation transition, although here the transition is a function of shear time instead of a
function of CNT filler loading as in a typical percolation transition. The third interesting
finding is the anisotropic properties of the shear processed composites. After 18 minutes
of shear flow, the electrical conductivity along X axis (σX) is almost 5 times higher than
along Y or Z axis (σYZ). Both the time dependent transition and the anisotropic properties
of the shear processed CNT composites suggest that the shear flow processing has
significantly changed the dispersion state of the CNTs.
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Figure 6.4 Shear time dependent transition and anisotropic electrical
conductivities of shear processed CNT/epoxy composites.
6.3.2 Dispersion State of Unsheared and Sheared CNT/epoxy Composites

To study the dispersion state of the CNTs in the shear processed composites, the
shear processed samples were examined by a scanning electron microscope (SEM).
Because low filler loading samples are easier to observe in term of the CNT orientation
state, 0.17 wt% MWNT/epoxy composites were studied. At this filler loading, nL3 = 15
and nL2d = 0.15, correspond to semidilute regime which is defined by nL3>1 and nL2d<1
(where n is the number of CNTs per unit volume, L is the CNT length, and d is the CNT
diameter). Semidilute region is the region of the most scientific interests. Both the
unsheared and sheared composites (at the rate of 50 s-1 for 18 minutes) were studied. As
can be seen in Figure 6.5, in the unsheared sample the CNTs were coiled and randomly
dispersed.
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(a)

Figure 6.5 SEM images of unsheared 0.17 vol% CNT/epoxy composites. Scale
bar, 1 μm.

Figure 6.6 SEM images of sheared 0.17 vol% CNT/epoxy composites. The SEM
observation on the YZ plane (see the coordinate in Figure 6.1) of sheared CNT/epoxy
composite sample reveals that the CNTs were much shorter than the full length of CNTs,
indicating the CNTs on this plane were heads/tails of shear aligned CNTs, as shown in
Figure 6.6a. On contrast, the SEM images on the XZ or XY planes of sheared CNT/epoxy
composite samples show that CNTs were extended and aligned along a specific direction,
as shown in Figure 6.6b. And a schematic showing the alignment of CNTs along the X
axis (shear flow direction) is given in Figure 6.7. A comparison of the schematic and its
projections on YZ, XZ, and XY planes (not shown) with the SEM images in Figure 6.6a
and 6.6b suggests that CNTs in the sheared composites were aligned along the shear flow
direction.
Now the novel and interesting behavior found in Figure 6.4 can be explained by
the microstructures in Figure 6.6. Due to the alignment of the CNTs with shear flow, after
a specific period of shear processing time the conductive CNT network was broken down
and thus aligned CNTs were formed in the CNT/epoxy composites. The electrical
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conductivities of CNT/epoxy composites thus dramatically decrease, showing the abrupt
time dependent transition. Also because of the alignment of the CNTs along the shear
flow direction, the electrical conductivities along the X axis are always higher than along
the Y or Z axis, as conductive paths can be more easily formed along the CNT length
direction. Because the shear flow can affect the formation and breakdown of percolative
network, the percolation transition (as a function of filler loading) should be affected by
the processing conditions such as the shear flow time.
(a)

(c)

(b)

Figure 6.6 SEM images of sheared 0.17 vol% CNT/epoxy composites. (a) SEM
image on the YZ plane of sheared CNT/epoxy composite. (b) SEM image on the XZ or XY
plane of sheared CNT/epoxy composite. CNTs on these planes were aligned along a
specific direction. The white arrow shows shear flow direction. Scale bar, 1 μm.
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Z

X

Y
Figure 6.7 Schematic showing the alignment of CNTs along X direction (shear
flow direction). A comparison of the schematic and its projection on YZ, XZ, and XY
planes (not shown) with the SEM observations in Figure 6.6 suggests that MWNTs in the
sheared composites were aligned along the shear direction.
6.3.3 Percolation of Unsheared CNT/epoxy Composites

The unsheared CNT/epoxy composites show a sharp transition in the percolation
region, as illustrated in Figure 6.8a. The electrical conductivities dramatically increase
about 10 orders of magnitude when the CNT concentration increases in the percolation
region. According to scaling theory, the effective conductivities ( σ ) of insulatorconductor composites near the percolation threshold fc can be predicted by power laws
[102-104]:

σ = σ m ( f c − f ) − s for f < fc

Equation 6.2

σ = σ f ( f − f c ) t for f > fc

Equation 6.3

where σm and σf are the electrical conductivities of insulating matrix and conductive filler,
respectively; f is the concentration of the conductive filler within the insulating matrix;
and s and t are scaling constants. The electrical conductivity data of unsheared
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CNT/epoxy composites were fitted to Equation 6.2 for f < fc, as shown in Figure 6.8b.
The best fit gives a percolation threshold of 1.05 vol%. The scaling component of
unsheared CNT composites is 0.89 ± 0.04, which is slightly larger than the theoretic
value of s ≈ 0.7 for three-dimensional percolation network formed by complex resistors
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Figure 6.8 (a) Electrical conductivities vs. CNT volume fraction of unsheared
CNT/epoxy composites. (b) The best fit of the electrical conductivities to the percolation
theory when f < fc, which gives fc = 1.05% and s = 0.89 ± 0.04.
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The dielectric properties of unsheared CNT/epoxy composites are shown in
Figure 6.9. The dielectric constant first increases slightly with the CNT volume fraction.
Then around the percolation threshold, the dielectric constant increases quickly to about
29. The dielectric loss shows a similar trend as the dielectric constant, increasing
dramatically around percolation threshold region.
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Figure 6.9 Dielectric properties vs. CNT volume fraction of unsheared
CNT/epoxy composites.

6.3.4 Anisotropic Percolation of Sheared CNT/epoxy Composites

To study the effect of shear flow processing on the percolation transition, we used
a fixed shear time of 18 minutes for preparing shear-aligned CNT/epoxy composites at all
filler loadings. Figure 6.10 and Figure 6.11 show the electrical conductivities vs. CNT
volume fraction of shear flow processed CNT/epoxy composites with thickness directions
along X axis and Y/Z axes, respectively. For the same sheared composites, the electrical
conductivities along the shear direction (σX) are higher than along the other two
directions (σYZ) (Figure 6.10a and Figure 6.11a). By fitting the experimental conductivity
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data into Equation 6.2, we obtained an isotropic percolation threshold fc = 2.08 vol% for
shear flow aligned CNT composites along all three (X, Y, and Z) directions (Figure 6.10b
and 6.11b). Due to the alignment of CNTs along the shear flow direction, the percolation
transitions of sheared composites take place at a much higher filler loading than
unsheared composites, and the percolation threshold increases as much as 98%, from
1.05 vol% to 2.08 vol%. The dramatic increase of percolation threshold makes the
originally conductive composites insulating, which explains the dramatic change of
electrical conductivities of sheared composites in Figure 6.4.
We obtained the scaling components s = 1.51 ± 0.06 and s = 1.26 ± 0.04 along
the X axis and Y/Z axes, respectively (Figure 6.10b and 6.11b). The scaling components
of shear processed CNT composites are higher than the unsheared composites and close
to the theoretic value of s ≈ 1.43 for two-dimensional percolation network formed by
resistors [144, 145]. The scaling component along the Y/Z axes is lower than that along
the X axis. Therefore, in the sheared CNT/epoxy composites, the anisotropic electrical
conductivities along different directions come from the anisotropy of the scaling
component rather than the anisotropy of the percolation threshold, because the
percolation threshold is isotropic.
It is worthwhile to mention that the anisotropic electrical properties of sheared
CNT composites depend on the filler loading. Table 6.1 shows that in sheared composites
σX are always higher than σYZ, because of the alignment of CNTs along the shear flow
direction. The ratio of σX/σYZ is related to the percolation threshold. When the filler
loading is below the percolation threshold, σX/σYZ is small, however, the ratio can be
more than 2 orders of magnitude at high filler loadings above percolation threshold, as
shown in Table 6.1.
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Figure 6.10 (a) Electrical conductivities vs. CNT volume fraction of shear flow
processed CNT/epoxy composites with thickness directions along X axis. (b) The best fit
of the electrical conductivities to the percolation theory when f < fc, which gives fc =
2.08% and s = 1.51 ± 0.06.
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Figure 6.11 (a) Electrical conductivities vs. CNT volume fraction of shear flow
processed CNT/epoxy composites with thickness directions along Y/Z axes. (b) The best
fit of the electrical conductivities to the percolation theory when f < fc, which give fc =
2.08% and s = 1.26 ± 0.04.

Figure 6.12 shows the dielectric constant vs. CNT volume fraction of shear flow
processed CNT/epoxy composites with thickness directions along X axis and along Y/Z
axes. Below percolation threshold, the dielectric constant for samples along different
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directions is small and similar. At the region around the percolation threshold, the
dielectric constant along X axis is higher than along Y/Z axes. The maximum dielectric
constant obtained is 67.5 and 37.8 for CNT composites along X axis and along Y/Z axes,
respectively. Because of the shift of percolation threshold in the sheared CNT composites,
the dielectric constant changes significantly for sheared CNT composites with CNT
volume fraction between 1.0 vol% and 2.0 vol%, as compared to the unsheared CNT
composites. For example, at 1.03 vol% CNT volume fraction, the dielectric constant is
28.8 for the unsheared CNT composite, whereas it is only 4.5 for shear processed CNT
composite.

Table 6.1 Anisotropic electrical properties of sheared CNT composites
Filler loading (vol%)
0.17
1.38
2.43
3.48

σX (S/cm)
-16

5.75×10

-15

5.17×10

-8

3.23×10
6.1×10

-7

σYZ (S/cm)

σX /σYZ

-16

1.6

-15

4.5

-10

124

-9

200

3.53×10
1.13×10
2.59×10

3.05×10

Figure 6.13 shows the dissipation factor vs. CNT volume fraction of shear flow
processed CNT/epoxy composites with thickness directions along X axis and along Y/Z
axes. When CNT volume fraction is above percolation threshold, the dissipation factor of
sheared CNT composites along all directions increases dramatically, because of the
formation of conductive network. Because of the shift of percolation threshold in the
sheared CNT composites, the dissipation factor also changes significantly for sheared
CNT composites with CNT volume fraction between 1.0 vol% and 2.0 vol%, as
compared to the unsheared CNT composites.
Figure 6.14 shows the frequency responses of shear flow processed 2.07 vol%
CNT/epoxy composites with thickness directions along X axis and along Y/Z axes. The
dielectric constant decreases with the increase of frequency.
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Figure 6.12 Dielectric constant vs. CNT volume fraction of shear flow processed
CNT/epoxy composites with thickness directions along X axis and along Y/Z axes.
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Figure 6.13 Dissipation factor vs. CNT volume fraction of shear flow processed
CNT/epoxy composites with thickness directions along X axis and along Y/Z axes.
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Figure 6.14 Frequency responses of shear flow processed 2.07 vol% CNT/epoxy
composites with thickness directions along X axis and along Y/Z axes.

6.3.5 CNT Orientation Degree in Sheared CNT/epoxy Composites

Compared to unsheared MWNT/epoxy composites, the percolation threshold fc of
shear aligned composites is almost doubled. These higher percolation thresholds in shear
flow aligned MWNT composites can be explained by the excluded volume theory with
high aspect ratio filler [146-149]. The excluded volume is defined as the volume around
an object in which the center of another similarly shaped object cannot penetrate. In
continuum, the total excluded volume <Vex> is defined by the following equation [149]:

< Vex >= Nc < Ve >

Equation 6.4

where Nc is the critical number density of objects in the system and <Ve> is the excluded
volume of an object averaged over the orientational distribution in the system.
Figure 6.15 shows the configuration showing two sticks/nanotubes (i and j) of
length L, diameter W, and the angle between is γ. For sticks with diameter W and length L
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capped with a half sphere of radius W/2, the averaged excluded volume <Ve> of the
oriented system is as follows [149]:

< Ve >= ( 4π / 3)W 3 + 2πW 2 L + 2WL2 < sin γ > μ Equation 6.5
where γ is the angle between any two sticks in contact and <sin γ>µ is the average of sin γ
when sticks are confined to an angle of 2θµ (maximum disorientation angle) around the
alignment direction of the system. It is apparent that the smaller the value of θµ, the better
orientation the sample will have.

i
W

j

γ
L

O

W

Figure 6.15 Configuration showing two sticks/nanotubes (i and j) of length L, diameter W,
and the angle between is γ.

In three dimensions, the percolation threshold is linked to <Ve> and <Vex> through
the following equation [148]:

fc = 1 − exp(− NcV ) = 1 − exp(− < Vex > V / < Ve >)
where V is the true volume of each particle and equals:
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Equation 6.6

V = (π / 4)W 2 L + (π / 6)W 3

Equation 6.7

For each type of system, <Vex> is not invariant and falls within a range of values,
with one extreme value 1.4 corresponding to randomly oriented thin rods [148], and the
other 2.8 corresponding to parallel objects [147]. Substitution of the above values into
Equation 6.6 leads to the double inequality [146]:

1 − exp(−1.4V / < Ve >) ≤ f c ≤ 1 − exp(−2.8V / < Ve >) Equation 6.8
By substituting Equation 6.5 and 6.7 into Equation 6.8 and using <sin γ>µ given
in literature [149], we calculated the percolation threshold at each orientation angle for
our particular system with MWNTs of 50 nm in diameter and about 5 µm in length, as
listed in Table 6.2. When θµ = 90°, the system is completely random in orientation, and
the percolation threshold is between 0.68 and 1.35. For our unsheared MWNT/epoxy
composites, the percolation threshold was found to be 1.05 vol%, which falls inside this
range. When θµ = 0°, the system is perfectly parallel in orientation, and the percolation
threshold is between 16.05 and 29.53. Our shear flow aligned MWNT/epoxy composites
show an isotropic percolation threshold of 2.08 vol%, which is lower than the calculated
value in the perfectly oriented case. However, our experimental threshold value fits into
the case with maximum disorientation angle of 30°, indicating the CNTs in our sheared
composites have less than perfect - but still good alignment.

Table 6.2 Calculated percolation threshold of MWNT/epoxy composites as a
function of the maximum disorientation angle θµ.
θμ

<sin γ>µ

<Ve>

Calc. fc (vol%)

90°

0.78

2.03

0.68 ≤f c ≤ 1.35

45°

0.60

1.58

0.87 ≤f c ≤ 1.74

30°

0.44

1.18

1.16 ≤f c ≤ 2.32

0°

0.00

0.08

16.05 ≤f c ≤ 29.53
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6.4 Conclusions

Shear flow processing has been shown to have significant effect on the dispersion
state of CNTs in epoxy composites. SEM observations show that the CNTs were aligned
along the shear flow direction. Evolution of electrical conductivities with shear time
suggests that the alignment of CNTs in epoxy composites was time dependent. The shear
flow processed CNTs/epoxy composites showed a higher percolation threshold, and the
scaling components were non-universal along different directions, which results in the
anisotropic conductivities and dielectric properties in shear processed CNT/epoxy
composites. The understanding of the effect of shear flow processing on the CNT
dispersion state and the correlation of CNT orientation with anisotropic percolation
behavior may help the development of CNT composites for applications where electrical
and dielectric properties are desired.
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CHAPTER 7
HIGH-K LOW-LOSS PERCOLATIVE COMPOSITES FOR HIGH
PERFORMANCE EMBEDDED CAPACITORS

7.1 Introduction

High dielectric constant (high-κ) composites have attracted great attention in
recent years because they can be widely used as the high-κ gate dielectrics [150-152],
embedded capacitor dielectrics [45, 63, 64], electroactive materials [153-156], and etc. A
high-κ composite of great scientific and engineering importance is the percolative
dielectric composite, i.e., an insulator/conductor system. All polymer percolative
composites [153-157] and ceramic/metal composites (cermets) [104-106] are two
extensively studied percolative systems with high dielectric constant. The studies in
Chapter 5 and Chapter 6 also show that polymer-carbon black composites and polymercarbon nanotube composites have very high dielectric constant up to 13,000. In the
percolative composite, a low filler loading close to but not exceeding the percolation
threshold is used to obtain a high dielectric constant, whereas, for polymer-ceramic
composites a high filler loading is used because a higher filler loading will generally lead
to a higher dielectric constant. Because the material processibility and adhesion strength
deteriorate when the filler loading increases, the lower filler loading used in the
percolative composites leads to a better material processibility and adhesion strength
when compared to the epoxy-ceramic composites.
The electric and dielectric properties of a percolative composite can be predicted
by the scaling (or percolation) theory. According to the scaling theory [102-105], the
effective conductivity ( σ ) and effective dielectric constant ( ε ) of a percolative system
should exhibit a power-law behavior, which can be expressed as follows:
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σ = σ M ( f − f c )t

for f > fc

Equation 7.1

σ = σ D ( f c − f ) −s

for f < fc

Equation 7.2

ε = ε D f − fc
where σ

M

and σ

D

−q

Equation 7.3

are the electrical conductivity of conductive filler and insulating

dielectric matrix, respectively; f and f

c

are the concentration and the percolation

threshold concentration of the conductive filler within the dielectric matrix, respectively;

ε

D

is the dielectric constant of the dielectric matrix; and q, s and t are scaling constants

related to the material property, microstructure and connectivity of the insulatorconductive filler interface. According to Equation 7.3, the effective dielectric constant of
a percolative composite is inversely related to the difference between actual volume
fraction filler loading f and the critical filler loading fc. As such, a high dielectric constant
can only be obtained when the volume fraction of the conductive filler is very close to but
does not exceed the percolation threshold. At the proper filler loading, percolative
composites can exhibit very high dielectric constants. In an all-polymer percolative
composite

consisting

of

poly(vinylidene

fluoride-trifluoroethylene-

chlorotrifluoroethylene) terpolymer matrix and polyaniline conductive particles, high
dielectric constants of 1925 and 151were observed at 100 Hz and 1 MHz, respectively,
for a 23% polyaniline composite [157]. Mullite/Mo cermets prepared by functionally
graded material method can even reach a dielectric constant of 500000 without
significant frequency dependence of their dielectric behavior [104]. However, due to its
percolation nature, the electric and dielectric properties of a percolative composite are
very sensitive to the composition. A slight change in the composition will lead to a
significant change of materials properties, which impose serious challenge of producing
materials with reproducible properties. Practically, it’s impossible to fulfill demanding
uniform distribution over a large substrate area at all. Moreover, the dielectric loss (tan δ)
of a percolative composite usually is high, e.g. the dielectric loss is about 1.0 at 1 MHz
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for a 23% polyaniline composite [157]. The energy loss due to consumption of a
dielectric material can be determined by the following equation:

W ≈ πεξ 2 f tan δ

Equation 7.4

where ξ is the electric field strength and f is the frequency. Therefore, the energy loss is
positively related to the dielectric loss. As such, a low dielectric loss is preferred in order
to reduce the energy loss from a dielectric material, particularly for high frequency
applications.
The composition window of a typical high dielectric constant percolative
composite is too narrow for industry manufacturing; moreover, the dielectric loss of a
percolative composite is too high for high frequency applications. In this work, to achieve
a reproducible low-loss percolative composite we have discovered and developed a novel
low-cost core-shell particle (self-passivated aluminum) filled high dielectric constant
percolative composite. The polymer-aluminum percolative polymer composite shows a
low dielectric loss, a high dielectric constant and a low frequency dependence. Influences
of aluminum particle size and filler loading on the dielectric properties of composites
were studied. Dielectric property measurements demonstrated that, for composites
containing 80 wt% 3.0 μm aluminum, a dielectric constant of 109 and a low dissipation
factor of about 0.02 (@10 KHz) can be achieved. At such loading level, materials showed
good processability and good adhesion to the substrate. Bulk resistivity measurement,
high resolution transmission electron microscope (HRTEM) observation, and
thermogravimetric analysis (TGA) were conducted to characterize the aluminum powders,
in order to understand the dielectric behavior of aluminum-filled composites. To further
increase the dielectric constant, bimodal aluminum-filled composites were also
systematically studied. A high dielectric constant of 160 (@10 KHz) with a low
dissipation factor of less than 0.025 was achieved with the optimized bimodal aluminum
composites. Because the filer-polymer interaction is important for a composite, an
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aluminum particle surface treatment was performed with an epoxide-functionalized silane
coupling agent to further enhance the dielectric properties and processibility of
polymer/aluminum composites. To further understand the dielectric behavior of
aluminum composites, low loss polymers such as silicone, polyimide (PI),
polynorbornene (PNB), and benzocyclobutene (BCB), were explored as matrices for the
aluminum composites. It is found that the polymer matrices can significantly change the
dielectric properties of the aluminum composites, and the polymer-aluminum composites
also show a characteristic of polymer-ceramic composites.

7.2 Experimental
7.2.1 Materials and Sample Preparation

7.2.1.1 Materials
Epoxy resin was chosen as the polymer matrix because of its ease of processing
and its good compatibility with printed cuicuit board (PCB) manufacturing. The
bisphenol-A type resin Epon828 was from Shell Chemicals Company. MHHPA
(methylhexahydrophthalic anhydride), from Lindau Chemicals, Inc., and 2E4MZ-CN (1cyanoethyle-2-ethyl-4-methylimidazole), from Shikoku Ltd., were used as the hardener
and curing catalyst, respectively. The equivalent ratio of epoxide to anhydride was set to
be 1:0.85. A cured bisphenol-A epoxy has a dielectric constant of about 3.5 and a
dielectric loss of about 0.015. Silicone, polyimide, polynorbornene (PNB), and
benzocyclobutene (BCB) were selected as the polymer matrices for the dielectric
composites due to their low dissipation factors. Silicone (HIPEC® Q1-4939) was from
Dow Corning Incorporation, polyimide (PI2729) was from HD Microsystems, PNB
(Avatrel 2090P) was from Promerus Electronic Materials, and BCB (Cyclotene 4024)
was from Dow Chemical Company. The mixing ratio of part A (resin) to part B (hardener
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and curing catalyst) was 1:1 for silicone, and all other polymers (polyimide, PNB, and
BCB) were one part and used as received. Self-passivated aluminum (Al) particles with
particle sizes of 100 nm, 3 μm, and 10 μm, respectively, and 40 nm Al2O3 coated 3 μm
Al particles were used in this high-κ polymer hybrid. The aluminum oxide powder, with
average particle size of about 42 nm, was supplied from Nanophase Technologies
Incorporation. The silane coupling agent (CA) γ-glycidoxypropyl-trimethoxysilane was
used to improve the filler-polymer interaction. The CA had an epoxide as one of its end
groups.
7.2.1.2 Formulations
The 2E4MZ-CN was first dissolved in the MHHPA and then the Epon828 was
added into the solution. The epoxy system was carefully mixed in a centrifugal machine
(from Glas-Col Company) for 2 hours. To achieve uniform distribution of metal powders
inside the epoxy system, a 3-step mixing procedure were taken. First, the composites
were hand-stirred for 15 minutes as a premixing step. Second, the paste from the first step
is further dispersed in an ultrasonic chamber (Sonicator 3000, from Misonix Inc.) for 30
minutes. Finally, a high shear blender (from Eberbach Corporation) was used in order to
break down the agglomeration of fine filler powders.
7.2.1.3 Aluminum Particle Surface Treatment
0.5 g silane coupling agent was mixed with 5.0 g distilled water and 95.0 g absolute
ethanol, and then 10.0 g aluminum powder (3 µm and 100 nm, respectively) was added
into the solvent mixture. The suspension was dispersed in an ultrasonicator (Sonicator
3000, from Misonix Inc.) for 1 hour. Formic acid was used to adjust the pH value to
about 4, where the aluminum oxide (the ceramic shell) had the highest zeta potential and
agglomeration of particles could be more easily broken down. The suspension was
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refluxed at 120ºC for 24 hours. After surface treatment, the aluminum particles were
rinsed with ethanol three times in order to remove any unreacted silane coupling agent.
7.2.2 Characterization

7.2.2.1 Dielectric Measurement
Silicon wafer served as the bottom electrode of capacitors after being deposited
with a thin layer of titanium and copper by a DC sputterer (from CVC Products
Incorporation). The composite material was coated onto the wafer with a bar coating
method. Next, the whole sample was cured with an optimized step-curing procedure in an
oven. Finally, the DC sputterer was used to deposit another layer of copper onto the
material through a mask, to serve as top electrodes. Figure 7.1 shows the embedded
capacitor test vehicle fabricated on a silicon substrate.

Figure 7.1 Embedded capacitors fabricated on a silicon substrate.

Dielectric measurement was conducted with an HP 4263A LCR meter, at the
frequencies of 10 KHz to 10 MHz. And an RF Impedance and Dielectric Analyzer
(Agilent, model E4991A) was used for the characterization of the frequency responses of
dielectric properties up to the Giga Hertz range (≤ 1.5 GHz). For RF Impedance and
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Dielectric Analyzer measurement, the sample preparation method was different from the
above mentioned method; there was no need of DC sputtering for electrodes and the
samples used were thicker than those measured by the LCR meter.
Dielectric constant was calculated from the measured capacitance data, according
to the following equation:
C =

ε 0ε r A
t

Equation 7.5

where ε0 is the permittivity of the free space (8.854×10-12 F/m), A is the area of capacitor
electrode, and t is the thickness of dielectric layer. εr is the dielectric constant of
measured composite material.
7.2.2.2 DSC Measurement
The curing profile of bisphenol-A epoxy system was studied by a modulated
differential scanning calorimeter (DSC, Model 2920, from TA Instruments). Based on the
curing profile of bisphenol-A epoxy system, as shown in Figure 7.2, three different stepcuring profiles were investigated in order to determine the best curing procedure for
aluminum filled composites. Three curing profiles were as follows: (1) 120 °C for 15
minutes, then 140 °C for 1 hour; (2) 120 °C for 15 minutes, then 145 °C for 1 hour; (3)
120 °C for 15 minutes, then 150 °C for 1 hour. All dynamic scans were performed at
heating rate of 5 °C/min under N2 purge.
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Figure 7.2 Curing profile of a bisphenol-A epoxy system.

The curing procedure was optimized based on three criteria. First, it should have a
soft baking step to evaporate the solvent, because at high aluminum loading level, solvent
must be used in order to achieve good dispersion of aluminum particle into the matrix.
According to the curing profile of epoxy system, shown in Figure 7.2, the onset
temperature of curing was around 122 °C. Therefore, 120 °C was selected to be the soft
baking temperature, in that the curing process of epoxy is very slow at this temperature
thus the solvent has enough time to vaporize without voiding. Second, the final curing
temperature should be high enough to guarantee complete curing of epoxy, otherwise, the
uncured part will cause the properties of the ultimate composite to change gradually in
the long run of service. Third, the curing temperature should not be too high, since high
curing temperature not only leads to evaporation of hardener HMPA, but also causes the
precipitation of filler particle as the viscosity decrease with the increase of curing
temperature. High curing temperature also induces thermo-mechanical stresses on the
PCB substrate. The peak curing temperature of epoxy system is 147 °C; based on this,
three final curing temperatures, 140 °C, 145 °C, and 150 °C were investigated.
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Figure 7.3 showed the heat flow as a function of temperature of 60 wt%
aluminum-filled

composites

cured

under

three

different

step-curing

profiles.

Nonreversible heat flow as a function of temperature is given in Figure 7.4. Under curing
temperature 140 °C and 145 °C, the aluminum filled composites were not completely
cured. Their curing degrees were 98.4% at 140 °C, and 99.5% at 145 °C, respectively.
However, the curing of aluminum composites was complete under a curing temperature
of 150 °C, which was then chosen as the curing temperature of aluminum composites.
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Figure 7.3 Heat flow as a function of temperature of 60 wt% aluminum filled
composites cured under three different step-curing profiles. (1) 120 °C for 15 minutes,
then 140 °C for 1 hour; (2) 120 °C for 15 minutes, then 145 °C for 1 hour; (3) 120 °C for
15 minutes, then 150 °C for 1 hour.
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Figure 7.4 Nonreversible heat flow as a function of temperature of 60 wt%
aluminum filled composites cured under three different step-curing profiles. (1) 120 °C
for 15 minutes, then 140 °C for 1 hour; (2) 120 °C for 15 minutes, then 145 °C for 1 hour;
(3) 120 °C for 15 minutes, then 150 °C for 1 hour.

7.2.2.3 Microscopy Observation
A JOEL 4000EX high-resolution Transmission Electron Microscope (HRTEM),
operating at 400 KV, was used to analyze the particle size of aluminum powder and the
thickness of its oxide layer. Morphologies of aluminum-filled composites were observed
by an optical microscopy (Type 020-520-007 DMLP, Leico Microsystems, Germany).
Crossection of samples was polished with grinding papers before observation. The
microstructure of aluminum composites was also observed by a thermally-assisted field
emission scanning electron microscopy (FESEM) (Model JOEL 1530).
7.2.2.4 Rheology Studies
Viscosity of aluminum-filled composites was investigated by a stress rheometer
(Model AR1000-N, from TA Instruments). The experiments were performed under
steady state flow procedure with parallel plate geometry at 25 °C.
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7.2.2.5 Bulk Resistivity Measurement
Bulk resistivity of aluminum powder was measured by an in-house made device,
using a polymethyl methacrylate (PMMA) pipe with metal electrodes placed on each end
after it had been filled with sample powder. Load was applied on the electrodes by a
hydraulic unit (from Carver Inc.). Resistance of the powder under selected load was then
measured by a multimeter (from Keithley Inc.).
7.2.2.6 Thermogravimetric Analysis (TGA)
Thermogravimetric analysis was conducted with a TGA from TA Instruments
(Model 2050). The heating rate was 10 °C/min. Air was used as the purge environment.
7.2.2.7 Adhesion Measurement
Adhesion strength of the aluminum composites toward Cu surface was
characterized by the die shear measurement. Copper laminated FR-4 board was cut into
both small (4 × 4 mm) and large (20 ×20 mm) dies. The dies were cleaned in isopropyl
alcohol in ultrasonic chamber for 5 minutes, and then rinsed with water. Glass beads (0.5
wt%, diameter 75 μm) were used as spacers to control the distance between upper and
lower dies. The small die was placed onto a thin film of composite material to form a
layer of tested material, and then put onto the large die. Die shear tests were performed
on a bond tester (Model 550-100K, Rouce Instruments), with a blade speed of 100
μm/sec.
The adhesion strength of epoxy resin and its aluminum composites to the copper
surface was also determined by lap shear tests using an Instron 5548 Micro Tester. The
copper-clad FR-4 substrate was cut into 6×30 mm strips, and then a 6×6 mm joint was
formed by applying the resin or its composites between the overlapping areas of two FR4 strips. Spacers, i.e., 0.5 wt% glass beads of 75 μm diameter were added into the
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formulations to control the joint thickness. The lap shear assemblies were then cured in
an oven.
7.2.2.8 Fourier Transformed Infrared (FTIR) Spectroscopy
The surface chemistry of the aluminum particles was characterized by an FTIR
(Magna IR 560, from Nicolet Inc.). The aluminum particles were first dried in an oven at
120ºC for 12 hours, and then KBr pellets were prepared with the dried aluminum
particles. The spectrum was collected in the range from 4000 to 400 cm-1.
7.2.2.9 Dielectric Analyzer (DEA)
The frequency responses and temperature coefficient of capacitance (TCC) of the
aluminum composites from 0.001 Hz to 100 KHz were studied by a dielectric analyzer
(DEA 2970, from Thermal Advantages Inc.), using an interdigitated test coupon.
7.2.2.10 Thermomechanical Analyzer
The coefficient of thermal expansion (CTE) and the glass transition temperature
(Tg) of the cured dielectric composites were characterized using a Thermomechanical
Analyzer (TMA, Model 290, from TA Instruments). The sample was heated from room
temperature to 200 ºC at a rate of 5 ºC/min under a nitrogen atmosphere.

7.3 Results and Discussion
7.3.1 Novel Dielectric Behavior of Polymer Composites Filled with Core-Shell
Structured Particles

7.3.1.1 Core-Shell Structure of Self-Passivated Al Particles
Aluminum is a self-passivation metal. The self-passivated amorphous oxide layer
forms an insulating boundary layer outside of the metallic core. Figure 7.5 shows the
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micrograph of 100 nm aluminum powder from the high resolution TEM observation.
Figure 7.6 shows the high resolution TEM micrograph of a single 100 nm Al particle.
The dark area in the center is the metallic Al core, and the light grey layer surrounding
the core is an insulating Al2O3 shell. The self-passivated oxide layer on the Al particle is
dense and very uniform. The oxide thickness of a 100 nm particle is about 2.8 nm, as can
be measured from the high resolution TEM micrograph.

Figure 7.5 High resolution TEM micrograph of 100 nm aluminum powder.

Figure 7.6 High resolution TEM micrograph of a single 100 nm aluminum
particle. The particle shows an oxide thickness of about 2.8 nm.
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7.3.1.2 Characteristics of Core-Shell Structured Al Particles
The thin passivation oxide layer forms a nanoscale insulating boundary layer
outside of the metallic Al spheres, which has dramatic effects on the electrical,
mechanical, and chemical behaviors of the resulting composites. As shown in Figure 7.7,
bulk resistivities of all three aluminum powders are in the magnitude of 107 ohm.cm,
which corresponds to semiconducting materials, completely different from electrically
conductive aluminum metal. The resistivities of Al powders are related to the size of

Resistivity (107 Ohm.cm)

aluminum particles. They decrease monotonically with the decrease of Al particle sizes.
4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00
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200 MPa

Load (MPa)
10.0 um Aluminum

3.0 um Aluminum

100 nm Aluminum

Figure 7.7 Bulk resistivity of aluminum powders.

After surface passivation when exposed in the ambient condition, aluminum
particles become very stable, as can be seen from thermogravimetric analysis in Figure
7.8. The weight gain of aluminum from 25 °C to 400 °C is only about 0.07% for 3.0 μm
and 10.0 μm aluminum powders, and about 0.30% for nanoaluminum powder. As
temperature further increases to around the melting point of aluminum powder, the
weight gain of aluminum powders increases dramatically due to the damage of protective
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aluminum oxide layer. The smaller Al particles generally have larger weight gain,
indicating that they are more reactive at elevated temperatures.
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Figure 7.8 TGA analysis of aluminum powder.

7.3.1.3 Dielectric Properties of Self-Passivated Al Composites
Figure 7.9 shows the dielectric constant of Al filled composites as a function of
filler loading. The 3.0 μm Al particles and 10.0 μm Al particles can be easily loaded up
to 85 wt% in a bisphenol-A epoxy. However, for 100 nm Al filler, it’s difficult to
uniformly disperse Al particles when filler loading is higher than 50 wt%. Generally
speaking, the dielectric constant of Al filled composites increases with the filler loading
level, however, at high filler loading, the dielectric constant of composites may decrease
due to voiding from imperfect filler packing and solvent evaporation, because solvent is
required to disperse filler at loading level higher than 70 wt%. Due to the self-passivation
nature of Al particles, the Al composites continued to be insulating even at high filler
loading of 85 wt%. The presence of passivated insulating Al2O3 layer on the Al particles
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makes the polymer/Al composites no longer a typical percolative composite. The 3.0 μm
Al composites show higher dielectric constant than that of the 10.0 μm Al composites,
and the maximum dielectric constant achieved is 109 for the former and 70 for the latter.
At the same filler loading, 100 nm Al composites have higher dielectric constant than the
other two sized Al composites. The highest dielectric constant is 60 at 50 wt% loading for
100 nm Al composites.
Figure 7.10 shows the dissipation factor of Al filled composites as a function of
filler loading. A low dissipation factor of about 0.02 was observed for all Al composites,
which is in the same magnitude as a neat bisphenol-A epoxy system (0.01-0.02).
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Figure 7.9 Dielectric constant of aluminum filled composites as a function of
filler loading (@ 10 KHz).
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Figure 7.10 Dissipation factor of aluminum-filled composites as a function of
filler loading (@ 10 KHz).

The filler size dependence of the dielectric properties of Al composites may be
explained by the filler oxide shell thickness. The insulating oxide layer is very dense and
uniform, as indicated by the very small weight gain in the TGA analysis. As shown in
Figure 7.6, an oxide thickness of 2.8 nm was observed for the 100 nm aluminum powder
used in this work. And the self-passivated oxide thickness is about 1 nm for a 10 nm
aluminum particle. For bulk aluminum, the thickness of self-passivated insulating oxide
is 4~5 nm at room temperature [158]. Table 7.1 lists the self-passivated oxide thickness
as a function of Al filler particle size. It can be seen that the thickness of oxide layer is
dependent on the aluminum particle size and it becomes thinner as the aluminum particle
size decreases. The thinner insulating oxide thickness makes the smaller aluminum
particle more conductive, which agrees well with the experimental data in bulk resistivity
measurement, as shown in Figure 7.7. The thickness of the aluminum particles also plays
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an important role in determining the dielectric behavior of epoxy-aluminum composites.
At the same filler loading, the epoxy-aluminum composites filled with smaller particles
show a higher effective dielectric constant than with the bigger particles, because the
thinner oxide layer of a smaller aluminum particle may make its composites closer to a
typical insulator-metal percolative composite without self-passivated insulating oxide on
the metal core.

Table 7.1 Self-passivated oxide thickness vs. filler particle size

Filler Particle Size (nm)

10

100

Bulk

Oxide Thickness (nm)

1.0

2.8

4~5

Frequency dependence of 70 wt% 3 μm aluminum filled composites is shown in
Figure 7.11. The dielectric constant of aluminum filled composites is stable in terms of
frequencies, and there is only a slight decrease of the dielectric constant when the test
frequency increases from 10 KHz to 1.5 GHz, which is in sharp contrast with the
dielectric behavior of all polymer percolative composite [156]. However, Such a
frequency independence behavior is consistent with the dielectric behavior of polymerceramic composites [45] as well as ceramic/metal (cermets) percolative composites [104].
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Figure 7.11 Frequency dependence of aluminum-filled composites.

7.3.1.4 Comparison of the Dielectric Properties of Al Composites, Al2O3 Composites and
Al2O3-Coated Al Composites
To better understand the effect of the Al core and Al oxide thickness on the
dielectric properties of Al composites , the properties of composites filled with 42 nm
bulk Al2O3 particles and 40 nm Al2O3 coated 3 µm spherical Al particles were
investigated. Figure 7.12 shows the micrograph of the cross section of a 40 nm Al2O3
coated 3 µm spherical Al particle by a field emission SEM. The coated oxide layer is not
as uniform as self-passivated oxide layer, with a distribution of thickness from 27 to 52 Å.
There are no clear distinction between self-passivated oxide and coated oxide from the
FESEM image.
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Figure 7.12 Micrograph of the cross section of a 40 nm Al2O3 coated 3 µm
spherical aluminum particle by a FESEM.

Figure 7.13 illustrates the dielectric constant versus filler loading of composites
filled with 42 nm bulk Al2O3 particles and 40 nm Al2O3 coated 3 µm Al particles. The
maximum dielectric constants of 40 nm Al2O3 coated Al composites is about 45, which is
much lower than 109 of their self-passivated counterpart. Therefore, the thickness of
Al2O3 layer has significant influence on the dielectric behavior of the Al composites. In
contrast, the 42 nm bulk Al2O3 composites show a very low dielectric constant, as shown
in Figure 7.13, which indicates the importance of the metallic core for Al composites.
Figure 7.14 shows the dissipation factor versus filler loading of composites filled with 42
nm bulk Al2O3, 40 nm Al2O3 coated 3 µm Al, and self-passivated 3 µm Al. The
dissipation factor is low for all composites, which is desirable for embedded passive
applications. The dissipation factors of Al2O3 coated Al composites, i.e. about 0.015, are
slightly lower than self-passivated Al composites.
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Figure 7.13 Dielectric constant versus filler loading of composites filled with 42
nm bulk Al2O3, 40 nm Al2O3 coated 3 µm Al, and self-passivated 3 µm Al.
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Figure 7.14 Dissipation factor versus filler loading of composites filled with 42
nm bulk Al2O3, 40 nm Al2O3 coated 3 µm Al, and self-passivated 3 µm Al.
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7.3.1.5 Dielectric Mechanism of Composites Filled with Core-Shell Structured Fillers
Polymer-Al composites show a high dielectric constant and a low dielectric loss.
The high dielectric constant of aluminum composites can be explained by the percolation
behavior of insulator-conductor composites, even though the aluminum particles were
measured to be semiconducting because of an insulating self-passivated oxide layer
coated on the aluminum metallic core. For a typical insulator-metal composite system,
the electric and dielectric properties near percolation threshold can be predicted by the
percolation theory, as shown in Equation 7.1 to 7.3. In the above equations, the effective
dielectric constant of a percolative composite is proportional to the dielectric constant of
the insulator, which indicates the insulator is the “true” dielectric material, whereas the
metal particles in the percolative composites can greatly reduce the effective dielectric
thickness. The insulator-conductive filler composite could be considered as a super
capacitor network, with a very large electrode area and small dielectric thickness, because
each metal particle can act as an electrode of each tiny capacitor in the composite.
Therefore, the effective dielectric constant of the insulator-conductive filler composite
could be three or four orders of magnitude higher than the dielectric constant of the
insulating matrix when the filler loading is close to the percolation threshold [104].
Because of the self-passivated insulating oxide layer on the aluminum particle
surface, the epoxy-aluminum composites continued to be insulating even at high filler
loading levels. However, the existence of aluminum metallic core can still dramatically
reduce the effective dielectric thickness. But different from a typical percolation system,
the dielectric layers, i.e. the thin layers of insulator between the metal cores, include two
materials, i.e. the epoxy matrix and the unique nanoscale self-passivated insulating
aluminum oxide. Because the dielectric layers are very thin and become thinner as a
greater fraction of metallic spheres have been added in, a large capacitance can be
observed in the aluminum composites. The oxide layer thicknesses of Al particles
decrease with the decrease of particle sizes. A thinner Al2O3 layer on an Al particle leads
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to a higher dielectric constant because the composite systems are closer to typical
percolation system. Since the pure nanoaluminum oxide filler has no such metallic core
as in an aluminum particle, the nanoaluminum oxide-filled composites do not show any
percolation-related behavior and a much lower dielectric constant was observed, as can
be seen in Figure 7.13. A unique characteristic of epoxy-aluminum composites is that the
self-passivated insulating oxide layer of an aluminum particle is very uniform and dense
and thereby can effectively control the dielectric loss of the epoxy-aluminum composites.
As such, a low dissipation factor comparable to that of a neat epoxy is observed in the
composites, because the epoxy matrix is the “true” dielectric material in the composites.
7.3.1.6 Reliability of Embedded Capacitors with Polymer-Al Composites
Figure 7.15 shows the leakage current versus electric field of 70 wt% 3.0 μm
aluminum-filled composite. Leakage current is low and increases slightly when the
electric field is below 4.7 MV/m, but increases quickly when voltage further increases.
The breakdown field of aluminum composites is much lower than that of polymerceramic composites, which is usually above 10 MV/m.
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Figure 7.15 Leakage current of aluminum filled composites as a function of
electric field.
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Figure 7.16 shows the dielectric constant of aluminum-filled composites as a
function of 85 °C/85% relative humidity aging time. Samples used were 80 wt% 3.0 μm
aluminum-filled composite, 80 wt% 10.0 μm aluminum-filled composite, and 50 wt%
nanoaluminum-filled composite. For all samples, the dielectric constant decreases with
the aging time in the first 20 hours. After that, the dielectric constant exhibits almost no
change with time. Smaller particle filler leads to a greater change in dielectric constant of
composite materials than larger particle filler does. The change of dielectric constant is
related to moisture absorption. Figure 7.17 shows the weight gain of aluminum
composites during 85/85 aging. Moisture absorption is evident in the first 20 hours, as the
weight gain is around 1.7 wt% during this period, however, there is almost no difference
in weight gain between different-sized aluminum-filled composites. Further oxidation of
aluminum filler may account for the difference in dielectric constant change of differentsized aluminum-filled composites. Smaller particles are more active, as found in TGA
analysis, therefore, they are more readily further oxidized in 85/85 thermal humidity
conditions. Larger particles have less further-oxidation during aging, therefore less
change of dielectric constant was found.
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Figure 7.16 Influence of 85 °C/85% relative humidity aging on the dielectric
constant of aluminum-filled composites.
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Figure 7.17 Weight gain of aluminum composites during 85 °C/85% relative
humidity aging.

7.3.1.7 Mechanical Properties of Embedded Capacitors with Polymer-Al Composites
Mechanical properties such as the adhesion strength of a dielectric material to the
substrate are important parameters for embedded capacitor applications. In this work,
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adhesion strength of the aluminum composites toward Cu surface was characterized by
the die shear measurement. Figure 7.18 shows die shear strength of 3.0 μm aluminumfilled composites, 10.0 μm aluminum-filled composites, and nanoaluminum-filled
composites. The die shear strength decreases with the increase of filler loading as the
amount of epoxy resin is reduced. Particularly, there is a dramatic decrease when the
loading increases from 80 wt% to 85 wt% for 3.0 μm aluminum-filled composites and
10.0 μm aluminum-filled composites, and from 50 wt% to 60 wt% for nanoaluminumfilled composites. In aluminum-filled composites, epoxy resin serves as the adhesive
binding the filler together. At high filler loading level, there is not enough epoxy to bind
the filler, which results in the dramatic decrease of adhesion strength. However, at 80
wt% aluminum filler loading, the die shear strength is still 17.13 MPa and 17.58 MPa for
3.0 μm aluminum and 10.0 μm aluminum, respectively, which indicates the aluminum
filled composites will have good adhesion to the copper layer when incorporated into the
substrate structure.
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Figure 7.18 Die shear strength of aluminum filled composites.
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7.3.2 High Dielectric Constant Bimodal Polymer-Aluminum Composites

7.3.2.1 Theoretical Maximum Packing Fractions of Bimodal Systems
From Figure 7.9, it was found that the dielectric constant of an aluminum-filled
composite increases with the filler loading level, except at high filler loading levels where
voiding (porosity) may occur due to the imperfect packing of filler particles or the solvent
evaporation. To achieve the highest dielectric constant for aluminum-filled composites,
the packing efficiency in the composites should be maximized in order to reduce the
porosity. The filler packing efficiency of a given system is related to the viscosity of
entire system. The viscosity of composites controls the dispersibility of filler in the
system. It’s well known that polydispersity of filler size can reduce the viscosity of a
filled system, in particular, at high filler loading level the viscosity can be dramatically
reduced by the increased particle size modality. Poslinski [159] found that a minimum
viscosity of the composites could be achieved when the bimodal filler ratio is near the
theoretical maximum packing fraction (MPF), which in turn indicates higher filler
loading can be used with such bimodal combination for the composites.
Gupta and Seshadriz [92] developed an equation, based on Ouchiyama and
Tanaka’s model [90, 91, 160], to calculate the theoretical maximum packing fraction of a
polydisperse system of spheres by taking into consideration particle size, size distribution
and modality. The equation is given as follows:
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Here Di is the diameter of the i-th component, fi is the number fraction of i-th
component, and φm0 is the maximum packing of spheres of uniform size. And the
abbreviation

(Di − D )

is defined as:
(Di − D ) =0 for Di ≤ D

Equation 7.9

(Di − D ) = Di − D for Di ≥ D

Equation 7.10

In addition, the number fraction fi can be calculated from:

fi =

ν i / Di3
∑ νi / Di3

Equation 7.11

where νi is the volume fraction of i-th component.
Theoretical maximum packing fractions can be obtained from calculations of the
above equations. Table 7.2 lists the theoretical maximum packing fractions and the
corresponding bimodal filler ratios for each specific system.

Table 7.2 Theoretical maximum packing fractions of bimodal systems
Filler Combination
MPF

Volume fraction
of Large
Particle

Volume
fraction of
Small Particle

Large
Particle

Small
Particle

10.0 μm

3.0 μm

0.735

0.75-0.82

0.25-0.18

10.0 μm

100 nm

0.891

0.76

0.24

3.0 μm

100 nm

0.876

0.77

0.23

7.3.2.2 Rheology Properties of Bimodal Systems
According to Table 7.2, 10.0 μm plus 100 nm filler combination has the largest
theoretical maximum packing fraction of 0.891, and for all bimodal systems, the
maximum packing fractions occur when the volume fraction of large particle to small
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particle is in the range of 4:1 to 3:1. A set of bimodal filler volume fraction ratios (large
particle/small particle), i.e., 70/30, 75/25, 76/24, 77/23, 78/22, 79/21, 80/20, and 85/15
were then chosen to perform rheology studies, in order to find the bimodal filler volume
fraction ratio that gives the minimum viscosity in the bimodal composites when they are
filled with the same filler loading level. All composite materials were prepared with the
same filler loading of 60 wt%. The experiments were performed under steady state flow
procedure with parallel plate geometry. Figure 7.19 shows plots of shear viscosity as a
function of shear rate of bimodal aluminum filled systems: (a) 10 μm plus 3.0 μm
aluminum, (b) 10 μm plus 100 nm aluminum, and (c) 3.0 μm plus 100 nm aluminum. All
materials show shear thinning behavior. At a low shear rate, the viscosity of different
systems is quite different, however, at high shear rates, the viscosity becomes leveled.
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Figure 7.19 Shear viscosity as a function of shear rate of bimodal aluminum-filled
composites. (a) 10 μm plus 3.0 μm aluminum, (b) 10 μm plus 100 nm aluminum, and (c)
3.0 μm plus 100 nm aluminum. In the legend, Al3, Al10, and Al0.1 denote 3.0 μm, 10.0
μm, and 100 nm aluminum, respectively.
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Figure 7.19 Continued.

The comparison of shear viscosity of three bimodal aluminum-filled systems
(10.0 μm + 3.0 μm aluminum, 10.0 μm + 100 nm aluminum, and 3.0 μm + 100 nm
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aluminum) at fixed bimodal filler volume fraction ratios (large particle/small particle) is
given in Figure 7.20. For all bimodal filler ratios, 3.0 μm plus 100 nm aluminum-filled
system has the highest viscosity, and 10.0 μm + 3.0 μm aluminum-filled system has the
lowest viscosity. Viscosity of filled composites is determined by the volume filler loading
level and the interfacial area between filler particles and the epoxy matrix of the
composites. Higher filler loading leads to higher viscosity, which makes it more difficult
to uniformly disperse the filler in the composites. At fixed filler loading, the viscosity of
composites depends on the interfacial area between the filler particles and the epoxy.
Because smaller particles overall have larger surface area, which induces more friction
during shearing measurement, the combination of smallest bimodal fillers, i.e. 3.0 μm
plus 100 nm aluminum, has the highest viscosity.
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Figure 7.20 Comparison of shear viscosity of three bimodal aluminum-filled
systems (10.0 μm + 3.0 μm aluminum, 10.0 μm + 100 nm aluminum, and 3.0 μm + 100
nm aluminum) at fixed bimodal filler ratio (a) 70/30, (b) 75/25, and (c) 85/15. In the
legend, Al3, Al10, and Al0.1 denote 3.0 μm, 10.0 μm, and 100 nm aluminum,
respectively.
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Figure 7.20 Continued

Figure 7.21 shows the viscosity of bimodal aluminum composites at shear rate 10
s-1 as a function of bimodal filler volume fraction ratio (large particle/small particle). At
the fixed shear rate of 10 s-1, for all three systems, the bimodal filler volume fraction ratio
of 70/30 or 85/15 has a higher shear viscosity than other combinations. Minimum shear
viscosity is found at bimodal filler volume fraction ratio 76/24 for system with 10.0 μm
plus 3.0 μm aluminum, at bimodal ratio 80/20 for system with 10.0 μm plus 100 nm
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aluminum, and at bimodal ratio 79/21 for system with 3.0 μm plus 100 nm aluminum.
The bimodal ratio showing the lowest viscosity at the same filler loading level indicates
that such filler combination has the best packing efficiency, and thus the highest filler
loading can be obtained at such ratio for the system. These combinations of bimodal filler
volume fraction ratio, as listed in Table 7.3, were then selected for further dielectric
studies.
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Figure 7.21 Viscosity of bimodal aluminum composites as a function of bimodal
filler volume fraction ratio at shear rate 10 s-1.

Table 7.3 Filler volume fraction ratios (large particle/small particle)
corresponding to minimum viscosity of bimodal aluminum-filled systems
Filler Combination

Bimodal Filler Volume Fraction
Ratio at Minimum Viscosity

10 μm + 3.0 μm

76/24

10 μm + 100 nm

80/20

3.0 μm + 100 nm

79/21
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7.3.2.3 Dielectric Properties of Bimodal Systems
Figure 7.22 shows the dielectric constant and dissipation factor of bimodal
aluminum-filled composites at 10 KHz, respectively. The dielectric constant of
aluminum-filled composites increases with the filler loading level. With the optimized
bimodal filler volume fraction ratio, the highest dielectric constant obtained is 88 for 10.0
μm plus 3.0 μm aluminum-filled system, 136 for 10.0 μm plus 100 nm aluminum-filled
system, and 160 for 3.0 μm plus 100 nm aluminum-filled system. Dissipation factors of
all composites are around or below 0.025, which is desirable for embedded passive
application.
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Figure 7.22 (a) Dielectric constant and (b) dissipation factor of bimodal aluminum
filled composites as a function of aluminum loading level (@ 10 KHz).
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Figure 7.22 Continued.

7.3.2.4 Microstructures of Bimodal Systems
Figure 7.23 shows the optical microscope pictures of aluminum-filled composites.
Pictures (d), (f), and (h) are morphologies of 60 wt% 10.0 µm plus 3.0 µm aluminumfilled composite, 60 wt% 10.0 µm plus 100 nm aluminum-filled composite, and 60 wt%
3.0 µm plus 100 nm aluminum-filled composite, respectively. The fillers at the loading of
60 wt% are not as tightly packed as those in pictures (e), (g), and (i), which are
morphologies of 85 wt% 10.0 µm plus 3.0 µm aluminum-filled composite, 85 wt% 10.0
µm plus 100 nm aluminum-filled composite, and 90 wt% 3.0 µm plus 100 nm aluminumfilled composite, respectively. The tightly packed filler particles at high filler loading in
(e), (g), and (i) lead to the maximum dielectric constant of each system. The bimodal
composites in (e), (g), and (i) show much higher maximum dielectric constants than
unimodal composites in (a) and (b), which is simply due to the higher packing efficiency
in the bimodal system. In unimodal composites, only epoxy matrix surrounds the filler
particles, however, in bimodal systems, some smaller second filler particles are filled in
the gap of bigger primary particles.
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10 μm
Figure 7.23 Optical microscope pictures of aluminum-filled composites. (a) 10.0
µm aluminum at 85 wt%, (b) 3.0 µm aluminum at 80 wt%, (c) 100 nm aluminum at 60
wt%, (d) 10.0 µm + 3.0 µm aluminum at 60 wt%, (e) 10.0 µm + 3.0 µm aluminum at 85
wt%, (f) 10.0 µm + 100 nm aluminum at 60 wt%, (g) 10.0 µm + 100 nm aluminum at 85
wt%, (h) 3.0 µm + 100 nm aluminum at 60 wt%, and (i) 3.0 µm + 100 nm aluminum at
90 wt%. (a), (b), (c), (e), (g), and (i) are loaded at the filler loading corresponding to the
maximum dielectric constant for the filler combination.
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7.3.3 Surface Functionalization of Aluminum Particles for Enhanced Dielectric
Properties and Processibility of Polymer-Aluminum Composites

Because of the core-shell structure of aluminum particles, polymer-aluminum
nanocomposite has the combined advantages of a percolative composite and a polymerceramic system, showing a high dielectric constant and a low dielectric loss. Therefore,
polymer-aluminum nanocomposite was promising for embedded decoupling applications.
Because filler surface treatment is a vital factor to obtain high dielectric constant in
polymer nanocomposites [63, 64], in this work, an aluminum particle surface
functionalization was performed with an epoxide-functionalized silane coupling agent to
further enhance the dielectric properties and processibility of polymer/aluminum
composites.
7.3.3.1 Surface Chemistry of Untreated and Treated Aluminum Particles
Figure 7.24 shows the FTIR spectra of both untreated and silane coupling agent
treated nanoaluminum particles. For untreated nanoaluminum particle, there is an
absorption band at 3422 cm-1, which corresponds to the hydrogen-bonded –OH group.
The FTIR spectrum of untreated particles indicates that as with the bulk aluminum oxide
particles, there are hydroxyl groups (Al-OH) on the surface of the insulating oxide shell
of the untreated aluminum particles. The –OH functional groups on the aluminum oxide
shell of an aluminum particle are reactive and can be utilized to functionalize the particle.
To further enhance the dielectric properties and processibility of polymer/aluminum
composites, in this study the aluminum particle surface was chemically modified with an
epoxide-functionalized silane coupling agent, by taking advantage of these –OH groups.
Such filler surface treatment is known to be a vital factor to obtain a high dielectric
constant in polymer/ceramic nanocomposites, e.g., the surface treatment of lead
magnesium niobate-lead titanate (PMN-PT) prior to the mixing of ceramic filler with
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epoxy could dramatically increase the dielectric constant of polymer ceramic composites
[63, 64]. Figure 7.25 is a schematic showing the reaction mechanisms of silane coupling
agent with the –OH groups on the oxide shell of an aluminum particle surface. The
alkoxy (-OR) groups of silane coupling agent were first hydrolyzed with water to form
silanol (Si-OH) groups. And then the silanol groups were condensed with the hydroxyl
groups on the aluminum oxide shell of aluminum particles, via acid-catalyzed reactions.
The condensation reaction has a relatively high activation energy, therefore an elevated
temperature (120 ºC) was used during refluxing to facilitate the reaction. After surface
treatment, the peak corresponding to –OH group at the region of 3300-3500 cm-1
disappears, as shown in Figure 7.24. This indicates a rather complete reaction of silane
coupling agent with the –OH functional groups on an aluminum particle surface. Two
new absorption bands can be observed in Figure 7.24 in the frequency above 3500 cm-1,
one at 3676 cm-1 and another at 3748 cm-1. These absorption peaks are due to the Si-OH
vibration. After hydrolyzation, the trimethoxysilane formed three Si-OH groups on each
coupling agent (shown in Figure 7.25). Because the reaction temperature was moderate,
not all three Si-OH groups were condensed to form Si-O-Al or Si-O-Si. As such, the
unreated Si-OH on the coupling agent results in the absorption bands at the frequency
3500 cm-1. The absorption bands of treated particles at 2969 cm-1 and 2867 cm-1 is caused
by the stretching of the C-H bond of coupling agent; another new band at 1246 cm-1 can
be assigned to the C-O bond of three-membered epoxy ring. Therefore, the FTIR
characterization suggests that the silane coupling agent be successfully grafted on the
aluminum particle surfaces.
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Figure 7.24 FTIR spectra of untreated and silane coupling agent treated
nanoaluminum particles.
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Figure 7.25 Schematic showing the reactions of silane coupling agent with
aluminum particle surface.
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The thermal degradation behaviors of untreated and silane coupling agent treated
aluminum particles were studied by TGA. Figure 7.26 (a) shows the effect of coupling
agent treatment on the degradation behavior of aluminum particles. The insulating
aluminum oxide shell of aluminum particles is very dense and stable. As can be seen in
Figure 7.26(a), there is almost no weight change from room temperature up to 450 ºC for
untreated aluminum particles. However, at temperature close to the melting point of
aluminum (about 660 °C), aluminum particles get enough energy to react with O2 in the
air and form thicker aluminum oxide. Figure 7.26(a) shows at temperature around 600 °C,
the weight of aluminum particles dramatically increases. Compared to untreated
aluminum particles, the coupling agent treated aluminum particles shows a different
degradation behavior. For both 3 µm and 100 nm sizes, the coupling agent treated
aluminum particles shows significant weight loss at temperatures below 450 ºC, in
contrast to the nearly zero weigh change for untreated particles. The silane coupling agent
grafted on the particle surface has an organic chain, which could degrade at elevated
temperatures, and thereby weight loss was observed with treated aluminum particles. The
degraded silane coupling agent forms silica on the aluminum particles surface and could
significantly reduce the oxidation rate of aluminum at the temperature above 600 ºC,
therefore the weight gain at high temperature is lower for particles after surface
modification. Compared to coupling agent treated 3 µm particles, the treated
nanoaluminum particles initially have more weight loss, as illustrated in Figure 7.26(b),
which indicates more silane coupling agent was absorbed and reacted on the
nanoaluminum oxide shell, because of the relatively larger specific surface area of
smaller particles. Therefore, both TGA results and FTIR analysis confirmed that the
silane coupling agent was successfully grafted on the aluminum particle surface.

201

180

(a)

160

Weight (%)

–––––– 3 um Al _untreated z
– – – 3 um Al _CA treated
z
z
–––––– Nano Al _untreated
}– – – Nano Al _CA ztreated
z

140

z

z

120

100

80

}

}
z
z}

z}

z}

z}

z}

z}

z}

z
}
























0

200

}


z
}




}




400









600

800

Temperature (°C)
102

z–––––– Nano Al_CA treated
– – – 3 um Al _CA treated

(b)
Weight (%)

101



100

z

z








z

z

z


z






z


z


z


z
z

99

98

0

50

100

150

200

250

300

z

350

Temperature (°C)

Figure 7.26 TGA studies of aluminum powders. (a) Effect of coupling agent
treatment on the degradation behavior of aluminum particles. (b) Effect of particle sizes
on the degradation behavior of coupling agent treated particles.

7.3.3.2 Effect of Particle Surface Functionalization on the Rheology Properties of
Aluminum Composites
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To investigate the viscosity and dispersability of coupling agent treated aluminum
particles, 70 wt% 3.0 µm aluminum/epoxy composites and 40 wt% nanoaluminum/epoxy
composites were formulated. Up to these filler loadings, no solvent is required for
dispersing the aluminum particles in the composites, which makes it easier to compare
the properties between untreated and treated composite systems. Rheology properties of
these aluminum composites were studied with a stress rheometer under steady state flow
procedure with parallel plate geometry. Figure 7.27(a) shows the rheology properties of a
neat epoxy resin and its 3.0 µm aluminum composites. The neat epoxy resin shows a low
viscosity and a Newtonian behavior, whereas the untreated 3.0 µm aluminum/epoxy
composites has a much higher viscosity and a significant shear rate dependence. In the
case of untreated aluminum composites, many aluminum particles were in agglomerated
status, with some epoxy liquid trapped inside the agglomerates, which could significantly
increase the effective solid content of particles and thereby increasing the viscosity. The
shear thinning behavior of untreated 3.0 µm aluminum composites is due to the
breakdown of agglomerates as the shear rate increases. After the coupling agent surface
modification, the viscosity of 3.0 µm epoxy/aluminum composite was dramatically
reduced, because the aluminum agglomerates were broken down into primary particles
during treatment and then better dispersed, which explains the reduced shear thinning
behavior of the coupling agent treated aluminum composites as well. Figure 7.27(b)
illustrates the rheology properties of neat epoxy resin and its nanoaluminum composites.
The same effect of coupling agent treatment on viscosity was found in the 100 nm
nanoaluminum composites.
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Figure 7.27 Rheology properties of untreated and coupling agent treated
aluminum composites. (a) 3 µm aluminum composites. (b) Nanoaluminum composites.

7.3.3.3 Effect of Particle Surface Functionalization on the Dielectric Properties of
Aluminum Composites
The dielectric properties of both untreated and treated 70 wt% 3.0 µm
aluminum/epoxy composites and 40 wt% nanoaluminum/epoxy composites were studied.
As shown in Figure 7.28, the dielectric constant (@10 KHz) of untreated 3.0 µm
aluminum/epoxy composite and nanoaluminum/epoxy composite were 82.1 and 52.3,
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respectively, which are tens of times higher than that of the polymer matrix (about 3.5).
The dissipation factor was low, about 0.02, for both untreated aluminum composites, due
to the insulating ceramic shell. After the coupling agent treatment, the dielectric constant
of 3.0 µm aluminum/epoxy composites was increased about 17%, up to 96, and the
dielectric constant of nanoaluminum/epoxy composites was increased about 26%, up to
66.1. After coupling agent treatment, the dissipation factor was still low and no clear
changing trend was found between the untreated and coupling agent treated
nanocomposites. The improvement of dielectric constant comes from the better
dispersion of coupling agent treated aluminum particles in the polymer matrix. Figure
7.29 shows the SEM micrographs of (a) 40 wt% untreated nanoaluminum composites and
(b) silane coupling agent treated nanoaluminum composites. The untreated aluminum
particles have a much larger agglomerate size than the coupling agent treated aluminum
particles in their epoxy composites. The breakdown of big filler agglomerates may help
reduce the voids in the nanocomposites, which could significantly increase the effective
dielectric constant of the composites, as found with polymer/ceramic nanocomposites [63,
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Figure 7.28 Comparison of the (a) dielectric constant and (b) dissipation factor
(@10 KHz) of aluminum composites.
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Figure 7.28 Continued.

(a)

Figure 7.29 SEM micrographs of (a) untreated nanoaluminum composites and (b)
silane coupling agent treated 100 nm nanoaluminum composites.

206

(b)

Figure 7.29 Continued.

7.3.3.4 Frequency and Temperature Responses of Aluminum Composites
The frequency responses of aluminum composites were studied by a dielectric
analyzer (DEA).

Frequency responses of the 40 wt% coupling agent treated

nanoaluminum composites is shown in Figure 7.30. The dielectric constant data from
0.001 Hz to 100 KHz were taken from the DEA test, and the 1 MHz and 10 MHz data
were from LCR meter measurement. The dielectric constant at 10 kHz is about 66, and it
increases to about 81 as the frequency decreases 7-order of magnitude to 0.001 Hz. In
general, the dielectric constant only slightly decreases with the increase of frequency.
Such a frequency independence behavior is consistent with the dielectric properties of
cermets [104]. The frequency response of a dielectric material is determined by its
polarizabilities. There are four major types of polarization with their polarization
relaxations occurring at specific frequencies: electronic polarization (1015 Hz), ionic
polarization (1012 Hz to 1013 Hz), molecular or dipolar polarization (1011 Hz to 1012 Hz),
and interfacial polarization (around 103 Hz). When the frequency of applied electric field
is above the relaxation frequency of a polarization mechanism, the contribution from this
polarization mechanism will be dramatically reduced because this polarization is too slow
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to completely follow the oscillation of the applied electric field. The frequency
independence behavior of aluminum composites indicates the major polarization
mechanism contributing to the high dielectric constant doesn’t change over the
measurement frequency range. However, the dissipation factor of nanolauminum
composite increases dramatically as the frequency decreases below 1 Hz. In this low
frequency range, electrode polarization may be the major reason, which may affect the
dissipation factor much more than the dielectric constant.
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Figure 7.30 Frequency responses of aluminum composites.

The temperature coefficient of capacitance (TCC) of aluminum composites from
room temperature up to 200 ºC were studied by the DEA as well. Figure 7.31 shows the
effect of temperature on the dielectric properties of 40 wt% coupling agent treated 100
nm nanoaluminum composites. The dielectric constant of aluminum composites generally
increases with the temperature. This trend is consistent with the frequency responses,
according to the time-temperature superposition rule of polymeric materials. The
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temperature shows a more complicated effect on the dissipation factor of aluminum
composites, but in general, the dissipation factor in all temperature ranges is low,
comparable with that of a neat epoxy resin.
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Figure 7.31 Effect of temperature on the dielectric properties (@10 KHz) of
aluminum composites.

7.3.3.5 Mechanical Properties of Untreated and Treated Aluminum Composites
Mechanical properties such as the adhesion strength to the substrate are important
materials parameters for embedded capacitor applications. In this work, lap shear tests
were used to characterize the adhesion strength of aluminum/epoxy nanocomposites to
the copper surface. Figure 7.32 shows the lap shear adhesion strength of a neat epoxy
and its aluminum composites. The lap shear strength of the neat epoxy resin is about 3.9
MPa. The inclusion of aluminum particles will significantly reduce the lap shear adhesion
strength; in particular for 40 wt% untreated nanoaluminum composites, the lap shear
adhesion strength is only about 1.4 MPa, less than 35% of that of neat epoxy resin. For
both 3.0 µm aluminum and nanoaluminum particles, the coupling agent treated aluminum
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composites showed higher lap shear strength. The epoxide functional group of grafted
silane coupling agent on the aluminum oxide shell may react with the copper surface of a
lap shear test coupon and thereby increasing the lap shear strength of aluminum
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Figure 7.32 Lap shear adhesion strength of a neat epoxy resin and its aluminum
composites.

7.3.4 Effect of Low-Loss Polymer Matrices on the Dielectric Properties of
Aluminum Composites

The dielectric properties of a composite are not only determined by the filler, but
also by the polymer matrix. It is interesting to know the effects of the polymer matrix on
the dielectric behavior of polymer-aluminum composites. Besides bisphenol-A epoxy,
another four polymer materials were selected for this study on the basis of their good
electrical characteristics and mechanical properties. These four polymers are silicone,
polyimide, polynorbornene, and BCB. When compared to bisphenol-A epoxy, these
polymers have very low dissipation factors. Figure 7.33 shows the DSC thermograph of
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silicone, polyimide, polynorbornene, BCB, and epoxy. The curing conditions for these
polymers will be selected based on this thermograph.
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Figure 7.33 DSC thermograph of silicone, polyimide, polynorbornene, BCB, and epoxy.

7.3.4.1 Silicone/Aluminum Composites
Silicone as a low loss dielectric material has been widely used in the electronic
industry because of its good compatibility with most device surfaces. Cured silicone has a
dielectric constant of about 2.72 and a dissipation factor of about 0.0007, which is much
lower than 0.02 for an epoxy. As shown in Figure 7.33, this two-part silicone material has
a curing peak at 112 ºC. The onset curing temperature is about 100 ºC, and curing
finishes at about 150 ºC. Based on this, 150 ºC for 1 hour was selected as the curing
condition for silicone and its composites.
Figure 7.34 shows the dielectric properties of aluminum-silicone composites as a
function of filler loading. The dissipation factor of silicone-based composites is less than
0.01, which is lower than that of epoxy-based composites, i.e. about 0.02. Therefore, the
lower loss polymer matrix plays an important role in reducing the dissipation factor of
aluminum composites. A lower dielectric loss is important for many applications, in
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particular for high frequency such as radio frequency (RF) applications, because the
energy consumed by a dielectric is proportional to both the dielectric loss and the
frequency. On the other hand, the dielectric constant of silicone composite is also lower
than that of epoxy-based composites. As can be seen in Figure 7.34, the maximum
dielectric constants obtained are 42 and 23 for 3 μm and 10 μm aluminum-filled silicone
composites, respectively, which are much lower than their epoxy-based counterparts. The
dielectric constant of 3 μm aluminum filled silicone composites is higher than that of 10
μm Al composites, which is the same as in epoxy-based composites shown in Section
7.3.1. The lower dielectric constant of silicone-based composites is due to the lower
dielectric constant of silicone matrix. The dielectric constant of silicone is about 2.71,
whereas it is 3.5 for an epoxy. The dependence of the dielectric constant of an aluminum
composite on the polymer matrix is consistent with the dielectric behavior of polymerceramic composites. It was found that a higher κ polymer matrix generally leads to a
higher κ of its ceramic composites [63, 77, 88].
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Figure 7.34 Dielectric properties of silicone-aluminum composites as a function
of filler loading.
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7.3.4.2 Polyimide (PI)/Aluminum Composites
Polyimide is a high temperature engineering polymer with excellent mechanical,
thermal, and electrical properties. It has been widely used as a stress buffer, passivation
layer, chip bonding, and interlayer dielectric in the microelectronic industry. Polyimide
has excellent dielectric properties, with a dielectric constant of about 3.5 and a dissipation
factor of about 0.002. The curing profile in Figure 7.33 shows two peaks, one exothermic
peak at 182 ºC, and one endothermic peak at 264 ºC. The exothermic reaction ends at
about 220 ºC. As such, to ensure complete curing of the samples, a multi-step curing
procedure, including 300 ºC for 1 hour as the last step was selected as the curing
condition for polyimide-aluminum composites.
The dielectric properties of polyimide-aluminum composites as a function of filler
loading are shown in Figure 7.35. The dielectric constants of polyimide-aluminum
composites are much higher than that of silicone composites due to the higher dielectric
constant of the polyimide matrix. The maximum dielectric constants obtained are 84 and
58 for 3 μm and 10 μm aluminum-filled polyimide composites, respectively. Even though
the dielectric constant of polyimide and bisphenol-A is the same, i.e. 3.5, the dielectric
constant of their composites is quite different. At the same filler loading, the polyimidealuminum composites show a lower dielectric constant as well as a lower dissipation
factor (~0.01) when compared to the epoxy-aluminum composites. The difference in the
dielectric constant of polyimide composites and epoxy composites may be explained by
the presence of an interphase layer between the polymer matrix and the aluminum
particles. For a polymer-ceramic system, Vo et al. [161] found that its dielectric
properties can not simply be predicted by the dielectric mixture laws, instead, should be
determined by the polymer phase, filler phase, and an interphase region. This interphase
region, where polymer chains surround and bond to each filler particle, shows unique
electric and dielectric properties other than that of the polymer matrix and filler particles.
For aluminum composites, the interaction of a polymer matrix with the aluminum
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particles is dependent on the chemistry of the polymer backbone. Epoxy usually has
strong interaction and adhesion with inorganic particles because of its epoxide functional
groups, and polyimide has reasonably strong interaction with the inorganic particles as
well, however its rigid backbone due to the existence of aromatic rings makes its
adhesion to filler worse than epoxy. And the difference in the polymer-aluminum
interaction may result in the change of the characteristics and thickness of the interphase
layer in the polymer composites. Therefore, the dielectric behavior of composites based
on two different polymer matrices can be different even though the dielectric constant of
these two polymer matrices is the same.
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Figure 7.35 Dielectric properties of polyimide-aluminum composites as a function
of filler loading.

7.3.4.3 Polynorbornene (PNB)/Aluminum Composites
Polynorbornene is produced through tightly controlled polymerization of bulky
and cyclic monomers to form the saturated polymers by a transition metal catalyst. The
chemical structure of polynorborne is shown in Figure 7.36 Because of its saturated
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hydrocarbon non-polar chemical structure, this polymer has a low moisture absorption
(<0.1%), a good thermal stability (Tg ~380ºC), a very low dissipation factor of about
0.0008, and a low dielectric constant of about 2.6. The DSC thermograph of
polynorbornene in Fig.4 shows an exothermic peak at 218 ºC and an endothermic peak at
283 ºC, and the curing finishes at about 250 ºC. A multi-step curing procedure, including
250 ºC for 1 hour as the last step was then selected as the curing condition to ensure
complete curing of the polynorbornene-aluminum composites.
Figure 7.37 illustrates the dielectric properties of polynorbornene-aluminum
composites as a function of filler loading. The maximum dielectric constants obtained are
32 and 21 for 3 μm and 10 μm aluminum-filled polynorbornene composites, respectively.
The dissipation factor of polynorbornene-aluminum is very low too, i.e. less than 0.01.

R
R
R
R

R

Figure 7.36 Chemical structure of polynorbornene.
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Figure 7.37 Dielectric properties of polynorbornene-aluminum composites as a
function of filler loading.

7.3.4.4 Benzocyclobutene (BCB)/Aluminum Composites
Photosensitive BCB has been developed as a thin film dielectric for
microelectronics applications.

It has a low dissipation factor of 0.0007 and a low

dielectric constant of about 2.72. The DSC thermograph of BCB in Figure 7.33 shows a
curing peak at 262 ºC. The thermal curing of BCB includes two steps. The first step
involves thermally activated ring opening of BCB to form an o-quinodimethane, which
then

reacts

with

residue

alkene

in

the

polymer

to

form

tri-substituted

tetrahydronaphthalene. Since both o-quinodimethane and tetrahydronaphthalene can
easily be oxidized by oxygen, a relatively low curing temperature of 260 ºC (less than the
curing peak temperature in DSC thermograph) for 1 hour was selected as the curing
condition for BCB-aluminum composites. The composites were cured under nitrogen
purging in a Lindberg furnace. However, the aluminum filler particles seemed
incompatible with BCB, because the coated composite thin films were often found to
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flake-off during processing, even if an adhesion promoter (AP3000) was used as the
primer for the films.
Figure 7.38 shows the dielectric properties of BCB-aluminum composites as a
function of filler loading. The maximum dielectric constants obtained are 42 and 29 for 3
μm and 10 μm aluminum-filled BCB composites, respectively, which is higher than that
of silicone-aluminum composites. However, the dissipation factor of BCB composites
(~0.02) is also much higher than that of silicone composites, although these two polymers
themselves have similar dissipation factors. This is probably due to the oxidation of the
BCB reactant group by a small amount of oxygen present in the curing tube, and the
increased polarity from oxidized groups may lead to the relatively higher dissipation
factor of BCB composites.
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Figure 7.38 Dielectric properties of BCB-aluminum composites as a function of
filler loading.

7.3.4.5 Frequency Dependence of the Dielectric Behavior
Study of the frequency response of a dielectric material can facilitate the
understanding and application of this material. In this work, the frequency responses of
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aluminum composites based on silicone, polyimide, polynorbornene, and BCB were
characterized and compared with that of the epoxy-based composites, as epoxy-based
composites such as epoxy-ceramic composites are the most commonly used dielectric
materials for embedded capacitors in the printed circuit board industry. Figure 7.39
shows the frequency dependence of the dielectric constant of 3.0 µm aluminum
composites based on epoxy, silicone, polyimide, polynorbornene, and BCB. All of the
composites have the same filler loading of 80 wt%. At the same filler loading of 80%, a
higher dielectric constant can be obtained with epoxy as the matrix than with other
polymer matrices. And the decrease of the dielectric constant as frequency increases is
more significant in epoxy-based composite than in other polymer-based composites, too.
However, in general the dielectric constant of all aluminum composites only slightly
decreases with the increase of frequency. Such a frequency independence behavior is
consistent with the dielectric properties of percolative ceramic-metal composites [104].
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Figure 7.39 Frequency dependence of the dielectric constant of aluminum
composites based on epoxy, silicone, polyimide, polynorbornene, and BCB.
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7.3.4.6 Thermo-Mechanical Properties of Aluminum Composites
Reliability of a component is always a big concern when one applies it to an
electronic system. For embedded passives, the coefficient of thermal expansion (CTE) of
the materials is particularly important, because the passives are usually laminated as a
thin/thick film inside of a board. The CTE mismatch between neighboring layers can
easily cause delamination and thus lead to the system failure. Because the printed circuit
boards are often processed at temperature up to around 200 ºC, in this work the thermomechanical properties of aluminum composites were characterized by a TMA at
temperature up to 200 ºC. From the studies in previous sections, it was found that the
epoxy-based and polyimide-based composites can have much higher dielectric constant
than the composites based on other polymer matrices. Moreover, the majority of printed
circuit board is based on epoxy or polyimide (e.g. high power RF application due to its
lower dissipation factor). As such, in this work the TMA studies were focused on
materials with epoxy and polyimide as the matrices. Figure 7.40 illustrates the TMA
characterization of the thermomechanical properties of bis-phenol A epoxy, polyimide,
80 wt% 3 μm aluminum-epoxy composite, and 80 wt% 3 μm aluminum-polyimide
composite. Table 7.4 lists the coefficients of thermal expansion and glass transition
temperatures of all four formulations according to Figure 7.40. In the table, α1 is
commonly called CTE of a material, which is the coefficient of thermal expansion below
the glass transition temperature; α2 is the coefficient of thermal expansion above the glass
transition temperature. The aluminum-filled composites have much lower CTEs than
their corresponding polymer matrices. At 80 wt% filler loading, the CTEs of the epoxybased composite and polyimide-based composite are about 29.94 μm/mºC and 28.95
μm/mºC, respectively, which are desirable for embedded passive applications, because
these numbers are very close to the CTE of a PCB board, i.e. 16-24 μm/mºC. The α2 and
Tg of polyimide and its composites are not available because the measurement
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temperatures (up to 200ºC) are much lower than the glass transition temperature of
polymide, which is typically around 350 ºC.
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Figure 7.40 TMA characterization of the thermomechanical properties of
bisphenol-A epoxy, polyimide, 80 wt% 3 μm aluminum-epoxy composite, and 80 wt% 3
μm aluminum-polyimide composite.

Table 7.4 Coefficients of thermal expansion and glass transition temperatures of
Bisphenol-A epoxy, polyimide, and their aluminum composites.

Epoxy
80wt%Al-Epoxy
PI
80wt%Al-PI

α1 (μm/m °C)

α2 (μm/m °C)

Tg (°C)

74.15
29.94
69.66
28.95

192.5
28.27
N/A
N/A

139.75
132.74
N/A
N/A

220

7.4 Conclusions

A novel high dielectric constant composite material was developed by using selfpassivation aluminum as the filler. The self-passivated insulating aluminum oxide layer
on the aluminum metallic core showed significant effects on the electric and dielectric
properties of the corresponding aluminum composites. With the insulating aluminum
oxide layer, a high loading level of aluminum can be used while the composite materials
continued to be insulating. For composites containing 80 wt% 3.0 μm aluminum, a
dielectric constant of 109 and a low dissipation factor of about 0.02 (@10 KHz) were
achieved. Aluminum composites had good reliability as shown in the 85/85 aging test,
and good adhesion towards copper laminated substrate as shown in the die shear
measurement. Ouchiyama and Tanaka’s model was used to calculate the theoretical
maximum packing fraction of bimodal system of spheres. Based on this calculation,
rheology studies were performed to find the optimum bimodal filler volume fraction ratio
that leads to the best packing efficiency of bimodal fillers. It was found that the viscosity
of polymer composites showed a minimum at optimum bimodal filler ratio. The
minimum shear viscosity occurred at a bimodal filler volume fraction ratio 76/24 for
system with 10.0 μm plus 3.0 μm aluminum, at a bimodal filler ratio 80/20 for system
with 10.0 μm plus 100nm aluminum, and at a bimodal filler ratio 79/21 for system with
3.0 μm plus 100nm aluminum. Such bimodal filler volume fraction ratios can provide the
highest filler loading for the specific systems. Using the optimized bimodal filler volume
fraction ratio from rheology study, the highest dielectric constant obtained at 10 KHz was
88 for the system filled with 10.0 μm plus 3.0 μm aluminum, 136 for system filled with
10.0 μm plus 100 nm aluminum, and 160 for system filled with 3.0 μm plus100 nm
aluminum. To enhance the dielectric properties and processibility of polymer/aluminum
composites, the aluminum particle surface was modified with an epoxide-functionalized
silane coupling agent. FTIR and TGA characterization showed that the silane coupling
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agent was successfully grafted on the aluminum particle surface. Rheology properties of
polymer/aluminum composites were studied with a stress rheometer. It was found that the
coupling agent treatment can significantly reduce the viscosity of the aluminum
composites, which indicates coupling agent treatment can improve the processibility of
aluminum composites at high filler loading levels. At the same filler loading level,
composites with the coupling agent-treated aluminum particles showed a higher dielectric
constant. The microstructures of aluminum composites showed that a coupling agent
treatment can improve the aluminum particle distribution and thereby enhancing the
dielectric constant of aluminum composites. Study of frequency responses showed that
the dielectric constant of aluminum composites is almost independent of the
measurement frequencies, whereas the dissipation factor can increase dramatically as the
frequency decreases below 1 Hz, due to the effect of electrode polarization. The dielectric
constant of aluminum composites increases with the temperature. Low loss polymers
such as silicone, polyimide, polynorbornene, and benzocyclobutene (BCB), were
explored as the matrices for the aluminum composites. It is found that the polymer
matrices can significantly change the dielectric properties of the aluminum composites. A
polymer matrix with a lower dielectric constant generally results in a lower dielectric
constant of its aluminum composites. In this regard, polymer-aluminum composites have
a similar dielectric characteristic as polymer-ceramic composites. The dielectric loss of
aluminum composites can also be slightly reduced with these lower loss polymers.
Because of the core-shell structure of the self-passivated aluminum filler, the electrical
behavior of its composites is highly dependent on the polymer matrices, which accounts
for the reduced dissipation factor with lower loss polymers. Aluminum-filled composites
also have a low coefficient of thermal expansion, which is desirable for embedded
capacitor applications.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK RECOMMENDATION

8.1 Conclusions

This work focuses on the materials design, development and processing of
polymer-based dielectric nanocomposites for high performance embedded capacitor
applications. The methodology of this approach is to combine the advantages of the
polymer and the filler to satisfy the fabrication (low-temperature processability),
dielectric (high dielectric constant), electrical (low leakage and high breakdown), and
mechanical (good adhesion and thermal stress reliability) requirements for embedded
capacitors.
Polymer-ceramic high-κ nanocomposite formulations were systematically
investigated in order to obtain high dielectric constant (κ>50) nanocomposites at the
lowest filler loading for embedded capacitor applications. It was found that material
design and processing were critical. The addition of chelating agent can effectively
improve the dielectric constant of the epoxy varnish, which resulted in the enhancement
of the dielectric constant of its BT nanocomposites. Bimodal fillers can increase the
dielectric constant of BT nanocomposites by enhancing the packing efficiency of BT
nanoparticles. A proper amount of dispersing agent was essential in order to obtain high
dielectric constant nanocomposites. With 5 wt% phosphate dispersing agent, a high
dielectric constant of about 58 was obtained in the 50 vol% bimodal BT nanocomposite.
Acidic phosphate ester dispersing agent can effectively improve the dispersion and
dielectric constant of epoxy-barium titanate nanocomposites, however, the incorporation
of phosphate ester led to the reduction of adhesion of nanocomposites to Cu substrate.
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To improve the adhesion of epoxy-BT nanocomposites whist keeping the high
dielectric constant of BT nanocomposites provided by the dispersing agent, the BT
nanoparticles were refluxed and functionalized with acidic phosphate ester before being
formulated in the epoxy matrix. Thermogravimetric Analyzer (TGA) and Fourier
Transformed Infrared Spectroscopy (FTIR) showed that the phosphate ester was
chemically bonded on the particle surface. It was found the filler surface
functionalization can significantly improve the adhesion of nanocomposites to Cu
substrate. The nanocomposites with functionalized filler showed a high dielectric
constant of 45.6, and successfully passed the high temperature thermal stress reliability
test.
To further improve the reliability of polymer-ceramic nanocomposites at high
filler loadings, the epoxy matrix was modified with a secondary rubberized epoxy, which
formed isolated flexible domains (island) in the continuous primary epoxy phase (sea).
The effects of sea-island structure on the thermal mechanical properties, adhesion, and
thermal stress reliability of embedded capacitors were systematically evaluated. The
optimized, rubberized nanocomposite formulations had a high dielectric constant above
50 and successfully passed the stringent thermal stress reliability test. A high breakdown
voltage of 89 MV/m and a low leakage current of 1.9×10-11A/cm2 were measured in the
large area thin film capacitors.
A novel, photodefinable, high dielectric constant composite material was
developed. It consisted of SU8 as the polymer matrix and barium titanate (BT)
nanoparticles as the filler. It was found that the smaller BT nanoparticles had stronger
UV

absorbance

at

the

exposure

wavelength,

and

thereby

led

to

smaller

photopolymerization thicknesses in the composite photoresist. As the BT filler loading
increased, the photopolymerization thickness decreased as well because of the absorption
of BT nanoparticles. The SU8 composite photoresist showed a high dielectric constant at
high BT filler loadings. The BT nanoparticle size does not have significant effect on the
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dielectric properties of composite photoresist. Embedded capacitors using the novel high
dielectric constant SU8 composite photoresist were demonstrated on a flexible polyimide
substrate by UV lithography method.
Carbon black-filled high dielectric constant composites were investigated as the
candidate materials for embedded capacitors. Six different types of carbon blacks were
investigated. With proper filler loading level and good dispersion, high dielectric
constants over 1000 were observed for four out of the six types of carbon black. For a
highly conductive carbon black CBD3, a high dielectric constant over 13,300 (@10 kHz)
was achieved, and for a relatively low conductivity carbon black CBC2, a dielectric
constant of about 2,300 (@10 kHz) was obtained. The filler loading level required to
reach high dielectric constant in carbon black composites is much lower than that of
ceramic composites, which enables the carbon black composites to posses good
mechanical properties. Carbon black composites show a high frequency dependence, and
the interfacial polarization in carbon black composites, which usually has a high
frequency dependence, contributes significantly to the high dielectric constant of the
composites.
Shear flow processing has been shown to have significant effect on the dispersion
state of CNTs in epoxy composites. SEM observations show that the CNTs were aligned
along the shear flow direction. Evolution of electrical conductivities with shear time
suggests that the alignment of CNTs in epoxy composites was time dependent. The shear
flow processed CNTs/epoxy composites showed a higher percolation threshold, and the
scaling components were non-universal along different directions, which results in the
anisotropic conductivities and dielectric properties in shear processed CNT/epoxy
composites. The understanding of the effect of shear flow processing on the CNT
dispersion state and the correlation of CNT orientation with anisotropic percolation
behavior may help the development of CNT composites for applications where electrical
and dielectric properties are desired.
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An innovative low-cost high dielectric constant polymer-based composite that
combines the advantages of polymer-ceramic and polymer-metal systems was developed
for embedded capacitor application. This novel material uses low-cost self-passivated
aluminum particles as the filler for the polymer composites. The thin self-passivated
oxide layer forms a nanoscale insulating boundary outside of the metallic spheres, which
has a dramatic influence on the electrical behavior of the resulting composites. The
nanoscale insulating oxide layer allows the aluminum composites to have a high
dielectric constant as a percolation system; on the other hand, the insulating oxide layer
confines the electrons within an aluminum particle, thus keeping a very low loss of the
composites. For composites containing 80 wt% 3.0 μm aluminum, a dielectric constant of
109 and a low dissipation factor of about 0.02 (@10 KHz) were achieved. Aluminum
composites had good reliability as shown in the 85/85 aging test, and good adhesion
towards copper laminated substrate as shown in the die shear measurement.
Ouchiyama and Tanaka’s model was used to calculate the theoretical maximum
packing fraction of bimodal system of spheres. Based on this calculation, rheology
studies were performed to find the optimum bimodal filler volume fraction ratio that
leads to the best packing efficiency of bimodal fillers. It was found that the viscosity of
polymer composites showed a minimum at optimum bimodal filler ratio. The minimum
shear viscosity occurred at a bimodal filler volume fraction ratio 76/24 for system with
10.0 μm plus 3.0 μm aluminum, at a bimodal filler ratio 80/20 for system with 10.0 μm
plus 100nm aluminum, and at a bimodal filler ratio 79/21 for system with 3.0 μm plus
100nm aluminum. Such bimodal filler volume fraction ratios can provide the highest
filler loading for the specific systems. Using the optimized bimodal filler volume fraction
ratio from rheology study, the highest dielectric constant obtained at 10 KHz was 88 for
the system filled with 10.0 μm plus 3.0 μm aluminum, 136 for system filled with 10.0
μm plus 100 nm aluminum, and 160 for system filled with 3.0 μm plus100 nm aluminum.
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To enhance the dielectric properties and processibility of polymer/aluminum
composites, the aluminum particle surface was modified with an epoxide-functionalized
silane coupling agent. FTIR and TGA characterization showed that the silane coupling
agent was successfully grafted on the aluminum particle surface. Rheology properties of
polymer/aluminum composites were studied with a stress rheometer. It was found that the
coupling agent treatment can significantly reduce the viscosity of the aluminum
composites, which indicates coupling agent treatment can improve the processibility of
aluminum composites at high filler loading levels. At the same filler loading level,
composites with the coupling agent-treated aluminum particles showed a higher dielectric
constant. The microstructures of aluminum composites showed that a coupling agent
treatment can improve the aluminum particle distribution and thereby enhancing the
dielectric constant of aluminum composites. Study of frequency responses showed that
the dielectric constant of aluminum composites is almost independent of the
measurement frequencies, whereas the dissipation factor can increase dramatically as the
frequency decreases below 1 Hz, due to the effect of electrode polarization. The dielectric
constant of aluminum composites increases with the temperature.
Low loss polymers such as silicone, polyimide, polynorbornene, and
benzocyclobutene (BCB), were explored as the matrices for the aluminum composites. It
is found that the polymer matrices can significantly change the dielectric properties of the
aluminum composites. A polymer matrix with a lower dielectric constant generally
results in a lower dielectric constant of its aluminum composites. In this regard, polymeraluminum composites have a similar dielectric characteristic as polymer-ceramic
composites. The dielectric loss of aluminum composites can also be slightly reduced with
these lower loss polymers. Because of the core-shell structure of the self-passivated
aluminum filler, the electrical behavior of its composites is highly dependent on the
polymer matrices, which accounts for the reduced dissipation factor with lower loss
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polymers. Aluminum-filled composites also have a low coefficient of thermal expansion,
which is desirable for embedded capacitor applications.

8.2 Future Work Recommendation
8.2.1

Synthesis

of

Core-Shell

Structured

Nanoparticles

for

Ultrahigh-κ

Nanocomposites

The dielectric composite filled with self-passivated aluminum particles is a
remarkable high-κ material for embedded capacitor application, which has a high
dielectric constant about 50 times higher than that of the polymer binder. To mimic the
self-passivation nature of an aluminum particle for high-κ application, one may
artificially passivate the nano metal particles to form a core-shell structure with a sol-gel
or a hydrothermal coating method. The core and shell materials can be varied. With
tailored nature and thicknesses of the insulating shell layer, one may adjust the dielectric
constant, dissipation factor, and other electrical properties of the nano metal particlesfilled composites. Increased dielectric constant could thus be achieved when compared to
self-passivating aluminum composites, because the nature and thickness of the oxide
layer may have dominant influence on the dielectric properties.
Core-shell structured nano particles can be synthesized via one-step or two-step
synthetic route. Two-step synthetic route, where nano metal particles are synthesized first
and subsequently transferred into another pot for growth of insulating shell layer, is a
relatively easier approach to prepare core-shell nanoparticles. However, this multistep
method is rather complicated and scale-up for mass production is difficult. As such, a
one-step method, i.e. reducing noble metals in the presence of oxide-forming precursors,
can be utilized to synthesize core-shell nanoparticles in a one-step process.
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To minimize the equivalent series resistance (ESR) of embedded capacitors made
of core-shell particle-filled nanocomposites, highly electrically conductive metal, such as
silver, gold, and copper, can be chosen as core materials, which can be coated with
various metal oxide shell materials. Insulating shell materials could be silicon dioxide,
zirconium dioxide, and titanium dioxide, because of their easiness of shell formation via
hydrolysis of the metal oxide precursors. Compared with aluminum nanoparticles whose
native oxide has a dielectric constants of about 9, SiO2 shell has a lower dielectric
constant about 3.7-3.9 (κ of PECVD SiO2 could be larger than 5.0), whereas ZrO2 shell
and TiO2 shell have much higher dielectric constant about 12.5 and 110, respectively. It
is interesting to know whether the dielectric constant of the oxide shell will significantly
influence the dielectric constant of the nanocomposites, provided that all the other
conditions are the same. Apart from oxide shell, ferroelectric ceramics such as barium
titanate, strontium titanate, barium strontium titanate, etc. could be synthesized and
deposited on nano metal particle surfaces to prepare core-shell nanoparticles. Depending
on its crystallite size and crystal structure, BaTiO3 has a high dielectric constant up to
5,000. To prepare BaTiO3 shell for core-shell structure nanoparticles, sol-gel and
hydrothermal method are preferred due to their low equipment cost and ease of producing
uniform coverage on the nano metal particle surfaces. The dielectric behavior of barium
titanate is strongly dependent on its grain size, because the grain size has a significant
effect on the tetragonality of ceramic crystal structure. Therefore, various BaTiO3 shell
thicknesses can be deposited on the nano metal particles to study such effects.
Besides metal core, other core materials such as carbon black can be investigated
as well. Carbon black composites have high dielectric constant but also high dielectric
loss. By forming insulating oxide shell layer out of carbon black core, it is expected that
the dielectric loss of its composite will be reduced.
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8.2.2 Passivating Conductive Core with Self Assembled Monolayers (SAMs) and
High-κ Ceramic Nano Clusters

Another approach to mimic self-passivation nature of an aluminum particle is to
form a core-shell structure with a self assembled monolayer (SAM) coating. Organic
mono-functional SAM compounds coating on metal particles and ceramic layer
formation on the SAM-coated metal particles are recommended.
Mono-functional SAM compounds can be used to form a passivated layer. Thiol,
carboxylate, cyanide and cyanate groups are candidates for the functional end group; and
the other end could be a non-functional hydrophobic group such as methyl or benzene.
Table 8.1 gives some examples of mono-functional SAM compounds that can be studied.

Table 8.1 Mono-functional SAM compound candidates

1.

Type
Perfluorothiols with
various molecular
chain lengths

2.

Fluorinated
carboxylic acids

3.

Thiolphenol

Chemical Name and Structure
Perfluorohexanethiol C6H5F9S
Perfluorooctanethiol C8H5F13S
Perfluorodecanethiol C10H5F17S
Trifluoropropioni acid CF3CH2COOH
Trifluorobutyric acid CF3CH2CH2COOH
Fluorothiophenol C6H4FSH

Di-functional SAM compounds wcan be used as well. One functional end group
can be a silane functional group that forms a strong covalent bond to a hydroxyl group on
a ceramic nano cluster surface and on the other end can be thiol, carboxylate, cyanide or
cyanate that possesses high affinity to the metals such as Ag, Cu, Pt, Pd or Au. Therefore,
di-functional SAM compounds not only can be as a passivation layer but also can be used
as a coupling agent to bridge metal particles to ceramic particles. The ceramic particles
can be in situ synthesized, with a smaller size than the nano metal particles so that they
can assemble on SAM-coated nano metal particle surfaces, or these nano ceramic
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particles can be separately synthesized and then transferred to react with the SAM-coated
nano metal particles. Table 8.2 shows a list of some di-functional SAM compounds that
can be used for high K nano ceramic cluster coating.

Table 8.2 Bi-functional SAM compound candidates
Name

Chemical Structure

(3-mercaptopropyl)trimethoxysilane

HSCH2CH2CH2Si(OCH3)3

3-mercaptopropylmethyldimethoxysilane

HSCH2CH2CH2Si(OCH3)2CH3

(3-mercaptopropyl)trimethoxysilane

HSCH2CH2CH2Si(OCH2CH3)3

(mercaptomethyl)methyldiethoxysilane
(mercaptomethyl)dimethylethoxysilane
3-isocyanatopropyltriethoxysilane
2-(diphenylphosphino)ethyltriethoxysilane

HSCH2Si CH3(OCH2CH3) 2
HSCH2Si(CH3)2(OCH2CH3)
OCNCH2CH2CH2-Si(O CH2CH3)3
[Ph]2-PCH2CH2Si(OCH2CH3)3

2-cyanoethyltriethoxysilane

N≡C-CH2CH2Si(OC2H5)3

3-cyanopropyltrichlorosilane

N≡C-CH2CH2CH2SiCl3

8.2.3 Ternary High-κ Dielectric Composites for Embedded Capacitors

Polymer-ceramic composite has a low dielectric loss, but its dielectric constant is
not as high as percolative composite and its adhesion to the substrate is not very good,
either. On the other hand, a percolative composite has a high dielectric constant and a
good adhesion to the substrates, but its dielectric loss is too high for high frequency
applications.
To obtain high dielectric constant, low dielectric loss, and good adhesion in a
dielectric composite, ternary high-κ dielectric composite filled with a non-conductive and
a conductive filler is recommended. For example, ceramic filler can be used as the
primary filler particles in the polymer dielectric composite; to enhance the dielectric
constant and adhesion of the composite, a second-type of filler can be added to the
formulation. The second-type filler is conductive and can be carbon black, conductive
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polymer (e.g. polyaniline), nano metal particles (Ag, Au, Cu, and etc.). Only a small
amount of the second-type filler will be used in the formulation in order to obtain low
dielectric loss. By a careful design of the ternary dielectric systems, two types of fillers
may provide a synergetic effect, leading to high-κ composites with a high dielectric
constant, a low dielectric loss, and a good adhesion to the substrates.
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