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Department of Material Science and Engineering

National Chiao Tung University

Abstract

Underfill materials had been widely employed in the flip-chip packaging to fill the
gap of solder bumps connecting 1Cichip and organic substrate in order to prevent
failure of the solder joints. For:radio-frequency (RF) device applications, underfill
materials shall possess low: dielectric: constant! to alleviate power loss at
high-frequency, in addition to good thermal and mechanical properties. In the thesis, a
novel approach by incorporating porosity through porous silica filler was attempted to
develop low-k wunderfill materials. An inorganic, sacrificial material,
hexamethylcyclotrisiloxane (D3), was employed to temporarily seal the
interconnected pores in the porous silica at low temperature, and was later removed
thermally during the crosslinking reaction. The viscosity and curing behavior of
epoxy resins was first investigated by differential scanning calorimetry (DSC) and
rheometer to design temperature profile for pore-sealing pretreatment and outgassing
of sacrificial material. We found that D3 either completely or partially sealed the
connected pores at 95 ‘C with volume and surface area reduction up to ~50% at the
3:1 weight ratio of D3 to porous silica. D3 outgassed during crosslinking reaction

(125 ~ 165 C), and successfully leaved porosity within the interconnect pores
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without the back-flow of epoxy resins. In addition, the morphology of D3/porous
silica and pore sealing mechanism were studied by scanning electronic microscopy
(SEM) and Brunauer-Emmett-Teller method (BET). We successfully developed a
pore-sealing pretreatment of porous silica filler by a sacrificial material to reduce
dielectric constant from 3.2 to 2.86 or 10.6% with 15% filler. However, resulting from
that (1) porous silica possessed porous structure, and (2) D3 vaporized and diffused
out of pores during curing reaction, which destroyed the adhesion between epoxy
resins and silica fillers, the mechanical strength was also reduced from 3.0 GPa to 1.5

GPa.
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Chapter 1 Introduction

Silicon-based integrated circuit (IC) devices continued scaling toward 45 nm node
[1], while the products became smaller and faster with more functionalities and
complexity [2]. Flip-chip technology, which utilized an area array of solder bumps to
connect IC chip and organic or ceramic substrate, has been widely adopted in the
packaging of microprocessors, graphic chips, and DSP chips due to its advantages
such as high I/O density and short interconnects [3]. In the reliability of flip-chip
packaging, the most challenging problem was the solder joint fatigue which mainly
arose from thermal mechanical stress induced during temperature cycle due to
coefficient of thermal expansion (CTE) mismatch between silicon chip and substrate.
The solder joints reliability could be solved by using underfill materials, which
consisted of epoxy resins, hardner,. catalyst and silica fillers, and offered mechanical
properties ranging from rigid to-compliant,depending on the requirements dictated by

the solder type and the low-k dielectries.in the.copper interconnect [4-6].

In addition to the thermo-mechanical properties, the electric properties, especially
the dielectric constant of underfill materials played an important role in power
dissipation [7] in the flip-chip packaging. Higher operating frequency would cause an
increase of power consumption if dielectric constant is fixed. With the explosive
growth in cell phones and wireless products, radio-frequency (RF) devices (up to 100
GHz) have become the mainstream products in microelectronics industry. Such RF
devices might suffer large loss of RF energy when operated at high-frequency [8, 9].
As a result, underfill materials shall possess low dielectric constants to alleviate
power loss and excellent mechanical properties to support solder joints to ensure

solder joints reliability for high-frequency applications.

1



In this thesis, we focused on developing low dielectric constant (low-k) underfill
materials by incorporating porosity (kyacuum = 1) through zeeospheres and porous
silica fillers. For porous silica-based underfill materials, an inorganic sacrificial
material, hexamethylcyclotrisiloxane (D3), was employed to temporarily seal the
interconnected pores in the porous silica at temperature < 95 ‘C, then removed
thermally around 120 ~ 140°C during the crosslinking reaction of epoxy materials.
The pore-sealing pretreatment and curing profile were first investigated by differential
scanning calorimetry (DSC) and rheometer. Then the morphology of D3/porous silica,
pore-sealing mechanism were studied and proposed based on scanning electronic
microscopy (SEM) and Brunauer-Emmett-Teller method (BET) techniques. Finally,
the dielectric constants and moduli of underfill materials with different types of fillers
were examined and discussed. Besides, these two properties of underfill materials,

with or without pore-sealing pretreatment were also studied.

The organization of thesis includes:

(1) Chapter 1 Introduction

(2) Chapter 2 Literature review and Motivations
(3) Chapter 3 Experimental

(4) Chapter 4 Results and Discussion

(5) Chapter 5 Conclusions



Chapter 2 Literature Review and Motivations

2.1 Electronic Packaging

The process of electronic products typically involves wafer growth, circuit design,
chip manufactures, packaging, and testing. Electronic packaging is one of the key
technologies in the backend interconnects. The main functions of the electronic
packaging [10-11] are:

(1) to support and protect IC devices

(2) to supply the power to IC devices

(3) to transmit the signals

(4) to dissipate the heat

The electronic packaging can be divided into fivedifferent levels in Figure 2.1 [3].

(1) The zero level packaging:
It involves the circuit design-and fabrication.of IC chips.

(2) The first level packaging:
This 1st level packaging sticks these chips into a packaging box. In addition, it
also completes the circuit interconnection and seals the chips. This 1st level
packaging is also called the chip-level packaging.

(3) The second level packaging:
In this packaging, the devices, completed in the first level packaging, connect to
the printed circuit boards.

(4) The third level packaging:
This packaging connects several printed circuit boards to a motherboard.

(5) The forth level packaging:
In this level of packaging, different motherboards are combined to form an

electronic product.



T

kag 3 i First level package
(Single chip Modn]e) % (Multichip Module)
i *

Forth level package

Figure 2.1 Five different levels of electronic packaging [3]

With the development toward lighter and smaller electronic products, the electronic
packaging technologies are also improved steadily. Figure 2.3 shows the directions for
the development of electronic packaging in terms of pin counts and size. Specifically,
there are three phases below [13]:

(1) The first phase [13]:



The main change in this phase is the packaging type, which is developed from pin
through holes (PTH) to surface mount technology (SMT). Many packaging
technologies originate with the occurrence of surface mount technology. All of the
electronic packaging trend toward higher I/O density and smaller pitch.
(2) The second phase [13]:

The main change in this phase is the arrangement of the pins. The arrangement is
transformed from dual line and quadrangle arrangement into area one. Therefore,
ball grid array (BGA) was invented to offer higher I/O numbers as shown in

Figure 2.2.

Au Bond Wire

Epoxy Overmold \

Solder Mask
-
Y

- BTIFRS

[ e Core

Solder Ball

Figure 2.2 cross-sectional view and top view of Ball Grid Array (BGA) [12, 13]
(3) The third phase [13]:
Trending towards more I/O numbers and devices, the size of packaging boxes
becomes larger; however, it results in reliability problem. The solution is to

narrow the plastic part of packaging box; namely, the volume of packaging box is
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equal to the chip. A technology, so-called chip scale package (CSP), was

developed.

Smallersize [
SURFACE MOUNTING TYPE

DIP SOP TSOP

N 7@~ &

\ ‘5\ M TQFPLQFP
y e

{71 Higher Pin Count
a

Figure 2.3 Directions; d_f eleg:tpg-r:li".c pvac'kaging development [13]

Regarding the development of electronic Iﬂackaging, the flip chip (FC) technology
has been developed to skip the first level packaging and combine chips with printed

circuit board directly.



2.2 Flip-Chip Packaging [3]

There are three methods to connect chips and printed circuit boards; i.e. (1) wire
bonding (2) tap automated bonding (TAB) (3) flip chip (FC). With the steady increase
of I/O numbers, the adoption of flip chip rises up gradually in the industry. Table 2.1
lists the comparison among these three methods.

Flip chip packaging technology is also called C4 (controlled-collapse chip
connection) which was invented by IBM in 1960 [3]. The general structure of flip
chip is shown in Figure 2.4. The main advantages of flip chip packaging below
include:

Table 2.1 Comparison among wire bond, TAB, and FC [14, 15]

Wire bond '+,| TAB Flip chip
Area ratio 1 1.33 0.33
Weight ratio 1 0.25 0.2
Thickness ratio 1 0.67 0.52
I/O numbers 300~500 | 500~700 | >1000
Bond pad pitch ~50 pm 40 yum | ~150 um
Ball size ~40 pm NA ~150 pm
Interval of bond pad | 100~180 um | 80 um | ~300 um

(1) Higher efficiency of space:
Chips are attached to the substrate directly; thus the process spares much space so
that the height and area of the package are reduced [3].

(2) Higher I/O numbers:
Flip chip technology utilizes the bottom part of chips to carry out the input and

output which results in more area to set up I/O pins. In addition, the I/O pins

7



become shorter connection path due to the wireless.
(3) Better heat dissipation and performance:
High I/O numbers and short interconnect dissipate heat more easily and enhance
the performance.
(4) Improved reliability:
The connection of flip chip improve the reliability of devices by solder bumps

instead of wires

Al Pad (Metallization)

Cr

Phased } ( Adhesion /Barrier)
50/50 Cr/Cu

Cu (Wetting)

Chip

Passivation Au (Oxidation Barrier)

Ball Limiting

Muotallurgy (BLM)
Glass
Solder Dam

Top Side
Metallurgy
(TSM)

Substrate

Figure 2.4 Structure of a flip chip packaging [3]

Flip chip technology utilizes evaporation, stencil printing, and electroplating
methods to produce solder bumps on the metal pads of chips first. Second, chips are
reversed to connect the substrate by the reflow of solder bumps. There are three main

processes in the flip chip packaging described in details as follows [13, 16]:



(1) Flip Chip Bumping:
Recently, typical bumps are eutectic bump (63Sn/37Pb bump) and high lead bump
(5Sn/95Pb bump). Figure 2.5 illustrates the bumping process. In this flip chip
bumping process, the under bump metallurgy layer (UBM) is grown onto the
bumps first. UBM mainly consists of three metal layers [17]:
a. Adhesion Layer:
The layer is employed to enhance the adhesion of bumps to metal pads and
passivation layers. The materials are Ti and Cr.
b. Diffusion Barrier Layer:
The purpose of this layer is to prevent from the occurrence of intermetallic
compounds arising from the reaction between bumps and metal pads. The
chief materials are Cu and Ni.
c. Wetting Layer:
The function of this layer i§.to-increase the adhesion between bumps and
adhesion layers. The materials are Auand'Ag.
Due to the concerns and regulations on the environmental contamination by lead,
lead-free bump is being adopted gradually.

Photoresist
Seed

metal \‘.
——— e, s

(1) sputtering (2 ) Apply Photoresist, {3 electroplating
Pattern and Develop

— ——— E————

( 5 ) Etch seed metal (0) Re;lol:;.r wBFTIrm
older Ba

( 4 ) Remove Resist

Figure 2.5 Bumping process [3, 18]



(2) Flip Chip Bonding [19]:
In this step, the bumps are coated with flux and aligned first, and then chips
connect with substrate by reflow process as shown in Figure 2.6. During the
reflow process, bumps have excellent self-alignment ability [20] as shown in

Figure 2.7.

Chip

A

—— Flux Heated

Bond pad l
er’i_______.é‘ Solder ball
N l_'EIIL

Fluxing Dispensing Chip Placement Solder Reflow

Figure 2.6 1p ent and reflow

.

_me-—"“ﬂ ‘___q—

Misalignment Reflow Self Alignment

Figure 2.7 Self-alignment of solder bumps
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(3) Underfill Dispensing [13, 19]:
In this process, the residual flux is cleaned first, and then underfill materials are
dispensed to the gap between chip and substrate fully by capillarity. Finally, the
underfill materials cure to protect the solder bumps. Figure 2.8 shows the

under-dispensing process.

Heated

Solvent spray Underfill l
- _oooo

Flux Cleansing Underfill Dispensing Underfill Cure

Figure 2.8 "Underﬁu disp‘ensilll.g process
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2.3 Underfill materials

2.3.1 Introduction of Underfill Materials

There are four types of underfill materials commonly employed in IC packaging as

shown in Table 2.2 [21].

Table 2.2 Four common types of underfill materials [21]

Name Dispense Stage Application Fluxing Material Form
Location ability

Wafer level After IC fabrication On the wafer Yes semi-solid (after
underfill  and before wafer dicing B-stage)
No-flow Before chip assembly On the substrate Yes liquid
underfill and reflow
Molded After chip assembly Between chip and No solid
underfill and reflow substrate,

overmolding the chip

Capillary After chip assembly Between chip and No liquid
underfill and reflow substrate

Typical underfill materials consist of fourparts, which will be described in details
below:
(1) Epoxy resins:

Two carbon atoms and one oxygen atom form an oxirane ring. Epoxy resins are

the molecules which possess the numbers of oxide rings > 2 as shown in Figure

2.9.

Figure 2.9 Structure of epoxy resins

Epoxy resins are liquid or solid at room temperature. With appropriate hardeners,

epoxy resins can cure easily at the temperature ranging from 5 “C to 150 °C [22]. Ring
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open polymerizations of oxirane rings are carried out with anions or cations. Figure

2.10 shows the curing mechanism of epoxy resins and Table 2.3 lists some common

epoxy resins in commercial underfill materials. Cured epoxy resins possess many

excellent properties described below [22]:

a.

As the adhesive, cured epoxy resins possess hydroxyl groups to offer higher
adhesive strength.

The shrinkage of epoxy resins is rare after curing reaction.

Cured epoxy resins are good insulators.

Cured epoxy resins possess excellent ability to resist alkali and acid.

After some modifications, epoxy resins can be utilized in many different

applications
H,C—f—R H.C—C—R JHC-CHR
N/ = @ —> |
(o] | OX
X

HC-CHR  Ho—F—r Hye— b —o—c— &y
N/ > |
OX o OH R R

Figure 2.10 Curing mechanism of epoxy resins [22]

Table 2.3 Common epoxy resins [21]

Molecular structure Synonyvm Name
R EHS EPON 328 diglycidyl ether
N/ L'HZ_O_@ i @_O_CHZ_\ 7 of bisphenol-A
O CHa 8 e o
pOXy resin
VAR O EPONS62 diglycidyl ether
——CHz0—¢ CH O-CHs—~— - glycidy
\O/ \_/_ NS : o of bisphenol-F
epoxXy resin
EPON SU-8 Epoxy phenol
CHy—0 i .
\ o; CH 1, novolac resin
i
"|3 s]
e o—CHg—/—\
ERI 4221 cycloaliphatic

epoxy resin

I
cORae:
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(2) Hardeners:

The curing reaction of epoxy resins needs hardeners to complete. There are
many types of hardeners sorted by viscosity, curing temperature and time etc.
Some common hardeners are shown in Figure 2.11.

(3) Catalysts:
The addition of catalysts can promote the curing reaction of epoxy resins and

alter the curing temperature. Common catalysts are listed in Figure 2.11.

o] H,N g
o) H,N
Methyl tetra hydrophthalic anhydride Diethyl toluene diamine
(HMPA) (DETDA)

(a) Hardeners

l
\ N
y Tho

I-cyanoethyl-2-ethyl-4-methylimidazole 2-ethyl-4-methylimidazole
(2EAMZ-CN) (2E4MI)

(b) Catalysts

Figure 2.11 Common (a) hardeners and (b) catalysts in underfill materials [21]
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(4) Fillers:
Fillers are usually employed to enhance the mechanical strength of underfill
materials and reduce its coefficient of thermal expansion (CTE). The most
commonly used filler in underfill materials is silica whose modulus is 76 GPa and
CTE is 0.5 ppm/C.
In this thesis, porous silica is utilized. It is obtained from the precursor,
alkoxysilane Si(OR)4, by sol-gel method. The method involves two steps [23-25]:
a. Hydrolysis reaction:
The hydrolysis reaction is carried out by Si(OR)4 and H,O molecules as shown
in Figure 2.12.

b. Polymerization reaction:
After the hydrolysis reaction, the product will undergo the polymerization
with an alkali catalyst as-shown in Figure 2.13,

Finally, porous silica is obtained from-the-hydrolysis and polymerization reaction

repeatedly. Porous silica obtained by.sol-gel method possesses random pores.

RO OR
HO\I H g ,;,RO R OR
Si—0—R —= Q ~een- Gj-=---- %/ e \
H——O\ Lo ‘ /J ] \ = HO—sj R-OH
H H RO H H*  OR

Figure 2.12 Hydrolysis reaction: Si(OH)4+ H,O

Cl)H OH RO
RO“—Sli—_O_—H‘) === RO—§i—0: HO—Si—OH ===
OH =2 l 0 |

:OH OH /7y HO
Q H

OH HQ. RO OH OH
% , 5 |

REn i g
RO —Sli—‘O -sra Sli ---0H === P.o—sia‘—,o_—sli——oa
OH HO OH OH ~5y
Figure 2.13 Polymerization reaction
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2.3.2 Underfill materials and Low-K Flip Chip Packaging

Flip chip packaging offers so many merits that it becomes the one of the most
attractive techniques in modern electronic packaging, including multi-chip modules
(MCM) and high-frequency communications. The main function of the underfill
materials is to protect the solder bumps from fatigue failure due to the thermal stress
during the temperature cycling. The thermal-mechanical stress mainly arises from the
coefficient of thermal expansion (CTE) mismatch between the silicon chip (2.5
ppm/°C) and the substrate (4—-10 ppm/°C for ceramics and 16 ppm/°C for organic FR4
board). As a result, underfill materials provides an environmental protection to the
solder joint to reduce the thermal stress on solder bumps and increase the solder joint

fatigue life by orders of magnitude [19, 26].

Currently, low-k materials already become-a hot topic as most 90 nm and 65 nm
devices all utilize such materials. Somé-modern low-k materials such as SiLK™,
Coral™ and etc. by incorporation 0f “€Hj; or-hydrocarbon to reduce polarizability, all
possess lower strength and poor adhesion when compared with those of SiO, and
fluorinated silicate glass (FSG) due to the hydrophobic Si-CH; terminal groups
leading to loose structure. Table 2.4 lists the comparison of key materials properties
among the typical dielectric materials [27]. In order to further reduce the dielectric
constants significantly below 2.5, porosity is introduced into low-k materials for 45

nm technology node and beyond [28].

Due to the worse mechanical strength high CTE, low-k materials are prone to
cracking and delamination [29]. Thereby, the reliability is of great concern for the flip
chip packaging involving Cu/low-k die. Figure 2.14 illustrates the general structure of

flip chip packaging involving low-k such as Coral™ in the backend interconnect.
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Table 2.4 Properties of dielectric materials

Material property of dielectric matenals

Items Dielectric materials

S0, FSG SILK Coral
Process CVD CvD Spin-on CVD
Dielectric constant  39-4.1 35337 2628 2729
Young's modulus® 1 .85 .04 019
Hardness® 1 0,95 0.03 0.27
CTE* 1 0.95 207 2.64

& Relative value.

<« S10»
Coral
Metal

FSG
Solder Bumps

Underfill Materials

Figure 2.14 General structure of low-k flip chip package

The underfill materials must protect the solder bumps and the low-k layers from
cracking and delamination. However, the properties of underfill materials capable of
protecting both solder bumps and low-k layers simultaneously are conflicting. The
reasons are articulated as follows [27, 29].

(1) Underfill materials with high modulus will transfer too much thermal mechanical
stress, resulting from the CTE mismatch between the substrate and chip, to low-k

layers. The stress will cause the crack and delamination of low-k layers as shown
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in Figure 2.15 [27].
(2) Underfill materials with low modulus cannot sustain the thermal mechanical stress,
resulting in the bump cracking as shown in Figure 2.16 [29].

Adequate underfill materials for flip chip packaging involving low-k should
balance between the low-k chip shear stress and the solder bumps shear stress. As a
result, underfill materials with immediate Tg (70-80°C ) and moderate modulus (8-10
GPa), are optimum for flip chip packaging involving low-k interconnect. Finally,
Figure 2.17 shows the directions of underfill materials development for different

combination of ILD stress and solder fatigue [30].

Figure 2.15 Crack and delamination of low-k layer [27]
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Figure 2.17 Directions of underfill materials development [30]
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2.3.3 Underfill Materials and RF Electronic Packaging
2.3.3.1 RF Devices and Flip Chip Packaging

In the current microelectronic industry, high frequency device (RF device),
operated at the frequency ranging from 0.1 to 100 GHz, has been widely used due to
[8]:
(1) The development of microelectronic devices towards faster speed to transmit and

handle signals.

(2) The growth of wireless communication applications.

Compared to the wire bonding and TAB technologies, flip chip packaging
technology offers many advantages such as smaller size, higher I/O numbers, and
better heat dissipation. Therefore, most RF devices are likely to employ flip chip

packaging [31].

2.3.3.2 Underfill Materials for RFE Devices

In RF devices, general underfill materials can offer excellent thermal-mechanical
properties to protect the flip chip packaging. But, general underfill materials possess
high dielectric constants above 3.5 which will result in a critical problem such as

power consumption in RF applications, which is described in details below.

In RF flip chip packaging, how to decrease the power consumption, at high
operating frequency is an important issue. Based on Equation (2.1) below, it is found
that the power consumption of RF devices will rise due to increasing

operating-frequency if the dielectric constant of underfill material is fixed.
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Pow2rz-fV’e-tand @.1)

where

P: power consumption
f: operated frequency
V: operated voltage

¢: dielectric constant

tan o: dielectric loss
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2.4 Motivation of Thesis

According to the previous sections, we realized that the underfill materials, utilized
in the flip chip of RF devices, must possess not only good thermal-mechanical
strength but also low dielectric constant. Underfill materials with low dielectric
constants can improve the power consumption

The key components of underfill materials are epoxy resins and silica whose
dielectric constants are 3.5 and 4.0, respectively. Consequently, the dielectric
constants can be reduced by two methods listed as follows:
(1) To incorporate atoms and bonds which have lower polarizability

High electronic polarizability indicates that the materials have less tightly
bound electrons, while low polarizability materials have tight binding of electrons.
Lower polarizability can reduce dielectric’ constants [27]. Table 2.5 lists the

electronic polarizability of several typical bondings.

Table 2.5 Electronic polarizability [27]

Bond Polarizability (A®)
C-C 0.531
C-F 0.555
C-0 0.584
C-H 0.652
O-H 0.706
C=0 1.02
C=C 1.643
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According to the data above, it is indicated that C-C and C-F bonds have the
lowest electronic polarizability which can be utilized for reducing dielectric
constants of materials. For example, by replacing conventional bisphenol-A type
epoxy resins with fluorinated epoxy resins as shown in Figure 2.18, the dielectric
constants will decrease about 10 % due to CF; groups [34, 35]. Noticeably,
although C-F bond can lower the dielectric constant, it may also degrade the
adhesion strength of materials. In order to retain the desired and good properties
of typical epoxy resins described in Section 2.3.1, the component of organic

epoxy resins will not changed in this study.

AN e /\
CHZ—CHZ—CHz—o—QT—OO—CHZ—CH—CHZ
CH3

(a) Bisphenol-A-type epoxy resins

o F

/N i /N
CHZ—CHZ—CHZ—o—QT—Oo—CHZ—CH—CH2
C

F3

(b) Fluorinated epoxy resins

Figure 2.18 Two epoxy resins: (a) bisphenol-A type epoxy resins

(b)fluorinated epoxy resins

(2) To incorporate porosity into materials:
In order to further reduce RC propagation delay, it is necessary to use ultra
low-k material (k < 2.5) as ILD (Interlayer dielectrics) for 65 nm or 45 nm node

[36]. Many studies and researches on ultra-low-k materials have introduced pores
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into the matrix because of the lowest dielectric constant of air (kyaeyum = 1). For
porous low-k materials, the approach to generate porosity is to incorporate a
templating agent or porogen (usually an organic compound) into materials and is
later removed by thermal decomposition, leaving behind a void [37, 38] as shown

in Figure 2.19.

Organic Polymers

y 4
Organic Polymers Removal O ©
O

> O

O

O

O
O O
O O O

Low-k Film Pores in Low-k Film

Figure 2.19 Incorporation-of-porosity into low-k layer

Based on the above-mentioned approaches for lower dielectric constants, the same
concept of pore incorporation is adopted to achieve low-k underfill materials. Since
the content of silica filler is up to 70 wt%, the dielectric constant of commercial
underfill materials has a maximum value of 3.6 according to Equation (2.2) based on
ksioo = 4.0 and kepoxy = 3.1. If the organic part is introduced into 50% porosity, the
dielectric constant will be decreased to 2.8. Similarly, if silica filler is introduced into
50% porosity, the dielectric constant will be decreased to 2.7. The method which
introduces pores into silica filler can reduce the dielectric constant more due to higher
volume fraction of silica filler in commercial underfill materials. In addition, common
epoxy resins, such as bisphenol-A type epoxy resins, Bisphenol-F type epoxy resins,
and cycloaliphatic epoxy resins, possess excellent adhesion and low viscosity [22].
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Thus these epoxy resins as the organic component of underfill materials was utilized
without alternation. Instead, pores and porosity was introduced into silica filler.
Therefore, in this thesis, porous silica was employed, replacing solid silica, to offer
porosity for reducing dielectric constants. However, the pores would be back-filled
with epoxy resins during the mixing and cure steps. How to protect the pores from the
backfilling of epoxy resins was a critical issue. Therefore, an inorganic or organic,
sacrificial material was employed to temporarily seal the interconnected pores in the
porous silica at room temperature, and was later removed thermally during the
crosslinking reaction of epoxy. Two types of porous silica were examined in this study;
namely: (a) hollow zeeosphere with closed pores and (b) porous silica with open and
interconnected pores.
The objectives of this thesis study were:
(1) To establish and characterize.a pore-sealing. technology to achieve the low-k
underfill materials,
(2) To understand the mechanism of pore sealing, and
(3) To study the impact of pore-sealing pretreatments on the dielectric constants, and

mechanical properties, and interfacial properties of low-k underfill materials.
LogK = E Vi - LogKi 22)

where
K: the dielectric constant of composite materials
Vi: the volume fraction of i-th component

Ki: the dielectric constant of i-th component
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Chapter 3 Experimental

3.1 Sample Preparation

3.1.1 Chemicals
(1) Epikote™ 862 (Shell Co.) and Epikote™ 828 (Shell Co.):
The bisphenol-F and bisphenol-A epoxy resins were thermosetting polymer and
employed as the matrix
(2) Methyl hexahydrophthalic anhydride (MEHHPA, CAS No. 19438-60-9,
Sigma-Aldrich Co.):
MEHHPA was the hardener (crosslinking agents) to make the underfill materials
harden fast.
(3) 2-Ethyl-4-Methylimidazole (2E4MI, CAS N0 931-36-2, Sigma-Aldrich Co.) :
2E4MI was the catalyst to promote the crosslinking rate of underfill materials.
(4) Filler:
(a) Solid silica particles (Sumitomo-Co.):
Solid silica was typically added to enhance the mechanical strength and lower
the CTE of underfill materials. The average particle size of solid silica in this
study was 5 pm.
2. Porous silica particles (CAS No. 112926, Sigma-Aldrich Co.):
The porous silica had porous structure whose particle size was 3 pm and the
average pore size was 6 nm.
3. Zeeospheres (Peacco Enterprise Co.):
The zeeospheres were hollow silica-alumina spheres whose particle size was
about 5 um and the pore size was about 1.1 pm.

Figure 3.1 illustrated the chemical structures of the epoxides, catalyst and hardner.
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(a) Epikote™ 828

/0\ THa /0\
CHz—CHz—CHZ—O®COO—CHZ—CH—CHZ
CH3

(b) Epikote™ 862
O 0O,
e e
CHp—CHy—CH,—0 CH, O——CH,——CH—CH,
(c) MEHHPA (d) 2E4MI

H3C
o)
H3C. / h{
o )\ /CH3
N C
H Ha

Figure 3.1 Chemical structures of (a) Epikote'™ 828 (b) Epikote™ 862

(c) MEHHPA (d) 2E4M1

3.1.1.1 Pore-Sealing Pretreatment

A pore-sealing pretreatment for porous silica was developed because the epoxy
resins possessed fluidity at room temperature and easily fill the pores of porous silica
fillers by capillary force. The pore volume of porous silica must be retained until the
completion of curing reaction to achieve low-k underfill materials. Therefore, organic
or inorganic sacrificial materials were employed to temporarily seal the
interconnected pores in porous silica and removed thermally during the crosslinking
reaction. In the thesis, two materials were used as the pore-sealing materials for
porous silica fillers.
(1) N-butanol (CAS No. 71-36-3, Sigma-Aldrich Co.)

(2) Hexamethylcyclotrisiloxane (D3) (Shin-Etsu Silicone Taiwan Co.)
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During the pore-sealing pretreatment, porous silica mixed with N-butanol at room
temperature or D3 in liquid phase at 95°C. Then, by concentration gradient and
capillary force, N-butanol and D3 were absorbed by porous silica and sealed the pores.
After the mixture was cooled down, the rest of formulation such as epoxides, hardner,

and catalyst was then mixed.
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3.1.2 Preparation of underfill materials

There were two kinds of underfill materials studied in this thesis. One was
conventional capillary underfill materials and the other was low dielectric constant

(low-k) underfill materials. The formulation of the capillary underfill material was

listed in Table 3.1.

In order to obtain underfill materials with low dielectric constants, we introduced
porosity (Kyacuum = 1) into underfill materials. The low-k underfill materials had the
same organic parts as the capillary underfill; however, the solid silica was replaced
with zeeospheres or porous silica. Table 3.2 listed low-k underfill materials in this

thesis without pore-sealing pretreatment, while Table 3.3 listed low-k underfill

materials with pore-sealing pretreatment by N-butanol or D3.

Table 3.1 Formulation of the conventional capillary underfill material

Conventional capillary underfill

Epikote™ 828
Organic part Epikote™ 862
(85 wt%) MEHHPA
2E4MI
Filler (15 wt%) Solid silica particles
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Table 3.2 Formulations of low-k underfill materials A and B, without

pore-sealing pretreatment

Low-k underfill material A

Low-K underfill material B

Epikote™ 828 Epikote™ 828
Organic part Epikote™ 862 Epikote™ 862
(85wt%) MEHHPA MEHHPA
2E4MI 2E4MI
Porous silica
Filler (15wt%) Zeeospheres without pore-sealing

pretreatment

Table 3.3 Formulations of the low-k underfill materials C, D, and E, with

pore-sealing prétreatment

Low-K underfill

material C

Eow-K/underfill

material D

Low-K underfill

material E

Organic part (85 wt

%)

Epikote™ 828
Epikote™ 862
MEHHPA

2E4MI

Epikote™ 828
Epikote™ 862
MEHHPA

2E4MI

Epikote™ 828
Epikote™ 862
MEHHPA

2E4MI

Filler (15 wt %)

Porous silica

Porous silica

Porous silica

Pore-sealing

D3 D3 N-butanol
material
Porous silica: pore
sealing material 1:1 1:3 n/a

ratio (weight)




3.1.2.1 Curing Profiles of Underfill materials

Differential scanning calorimetry (DSC, PerkinElmer Diamond) was employed to
determine the curing profiles of underfill materials in this thesis. From the DSC curve
of conventional capillary underfill material as shown in Figure 3.2, it was found that
the conventional capillary underfill began to cure at 120 ‘C and reached the full
acutest degree of curing reaction at 145 °C. Based on the thermal reactivity, we
defined the curing profile involving two steps: (1) heating from room temperature to

150 ‘C with a 5 °C/min heating rate, and then (2) isothermal heating at 150 C for 2

hours.
54
04 conventional Capillary Underfill
s 5
é; 5
3
2 -104
w
(]
I -154
-20 4
-25 4

T I T I T I T I T I T I T I T I T I T I T I
40 60 80 100 120 140 160 180 200 220 240
Temperature (°C)

Figure 3.2 DSC curve of conventional capillary underfill

Figures 3.3 (a) and 3.3 (b) were the DSC curves of low-k underfill material A and
low-k underfill material B, respectively. From the thermal reactivity, it indicated that

low-k underfill material A began curing reaction at 120 ‘C and then reached the
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highest degree of curing reaction at 150°C, while low-k underfill material B started
curing reaction at 125 °C and then reached the highest degree of curing reaction at
165 C. Even though the organic parts of these underfill materials were all the same,
the curing temperature of low-k underfill materials was obviously higher than that of
conventional capillary underfill or low-k underfill material A. Compared to solid
silica and zeeospheres, porous silica easily trapped the epoxy resins due to its open
pores. As a result, for low-k underfill material B, these interconnected, open pores
hindered the curing reaction such that the temperature range was increased. Based on
the DSC curves, the curing profile of low-k underfill material A involved the
following two steps: (1) heating from room temperature to 155 ‘C with a 5 C/min
heating rate, and (2) isothermal heating at 155 °C for 2 hours. In contrast, the other
curing profile of low-k underfill material B “involved: (1) heating from room
temperature to 170 “C with a 5°C /min heating rate, and (2) isothermal heating at 170

‘C for 2 hours.

Low-K Underfill A

Heat Flow (mW)

150 °C

-16 T I T I T I T I T I T I T I T I T I T I T I
40 60 80 100 120 140 160 180 200 220 240

Temperature (°C)
(a) DSC curve of low-k underfill material A
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-10 - Low-K Underfill B

-11 4

-12 4

-13 4

Heat Flow Endo Up (mW)

] 125 °C
-14 4

-15 165°C

T T T T T T T 1T 7T T 7T "~ T T " 17

0O 20 40 60 80 100 120 140 160 180 200 220 240 260
Temperature(°C)

(b) DSC curve of low-k underfill material B

Figure 3.3 DSC curves of (a) low-k underfill material A and (2) low-k underfill

material B

For low-k underfill materials C; D, and E, the euring profile was similar to low-k
underfill material B; besides, a specific step was used in the curing profile to remove
the pore-sealing materials, N-butanol or D3. The curing profile involved: (1) heating
from room temperature to 120°C with a 5 “C/min heating rate, (2) isothermal heating
at 120°C for 10 ~ 20 mins while the chamber was pumped to low pressure, (3)
heating from 120°C to 170°C at a 5°C/min heating rate, and then (4) isothermal

heating at 170 ‘C for 2 hours.
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3.2 Experimental Approaches

In this thesis, both capillary underfill and low-k underfill materials used the same
organic components: epoxy resins, hardener and catalyst. The differences were the
filler types which included solid silica, zeeospheres, and porous silica. There were
three types of underfill materials involving (1) conventional capillary underfill with
solid silica as fillers (15 wt%) (2) low-k underfill with zeeosphere as fillers (15 wt%),

and (3) low-k underfill with porous silica as fillers (15 wt%).

The filler type which involved solid silica, zeeospheres and porous silica.
Noticeably, the surface area of porous silica was up to 300 m*/g. Because of such high
surface area, the porous silica fillers without pore-sealing pretreatment would cause
the viscosity of underfill materials increased drastically. As the amount of porous
silica was up to 50 ~ 70 wt% like commercial underfill materials, excess pure porous
silica would result in high-viscosity; non-fluidity of underfill materials. In order to
prevent such problem, the amount of fillers'for all the underfill formulations in this
study was limited at 15 wt%. The entire experimental procedures could be
summarized in the flow chart as illustrated in Figure 3.4, which involved the
following key experiments:

1. DSC and rheometer were employed to select the appropriate pore-sealing
materials.

2. Pore-sealing pretreatment was carried out on porous silica.

3. SEM and BET methods were utilized to study the pore size distribution,
morphology, and the effect and mechanism of pore-sealing pretreatment.

4. Measurement of dielectric constants and moduli of various underfill materials.
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Porous silica fillers

\ 4

Zeeosphere Solid silica

N-Butanol

D3

Selection of pore-sealing materials
DSC: Curing profile

Rheometer: Viscosity

A y

Low-k underfill Conventional

capillary underfill
material

A

Pore-sealing pretreatment on

porous silica fillers

A

A 4

Curing reaction

y

Result of pore-sealing treatment
BET: Pore volume, Surface area,
Pore size distribution

SEM : Morphology

Measurement and Discussion:
RF impedance-material analyzer: Dk

DMA: Modulus

y

Mechanism of pore-sealing

Figure 3.4 Flow-chart of experimental procedures
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3.3 Instrumentation

3.3.1 Differential Scanning Calorimetry (DSC) [39]

The principle of differential scanning calorimetry (DSC) is to measure the energy
variation of the sample affected by temperature. However, there are two types of
differential scanning calorimetry (DSC) according to different designed modes:

(1) Heat Flux DSC [39]
The designed mode of heat flux DSC is shown in Figure 3.5. The sample and
reference are put in two sample holders which are heated by the same heat source.
The two sample holders have individual thermocouples to measure the
temperature of the sample and reference. There is a temperature difference (AT)
between the sample and reference,during heating or cooling due to the
endothermic or exothermic reactionstof the. sample. Heat flux DSC measures the
AT continuously and transforms AT into the energy variation (AQ) to show. The

AQ inaccuracy of heat flux DSC is within5%.

Sample Reference

W \/

/N \

—>
AT

EEVAVAVAVAVAVAVAVAVAN

Figure 3.5 Heat Flux DSC [39]
(2) Power Compensation DSC [39]:
Figure 3.6 is the designed mode of power compensation DSC. The sample and
reference are put in two individual Pt-Lr heating furnaces. The furnaces have
individual Pt heating wires and Pt resistance temperature detector (PRTD). Pt

heating wires offers energy precisely and fast. PRTD has linear relationship
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between resistance (Q) and temperature (-250°C~900°C). PRTD can measure the
temperature of the sample and reference by measured . There is a resistance
difference (AQ) between the sample and reference during heating or cooling due
to the endothermic or exothermic reactions of the sample. Subsequently, Pt
heating wires offer additional energy (AQ) fast to compensate the energy
difference and make the sample and reference have the same Q. The AQ

inaccuracy of power compensation DSC was about + 1%.

PRTD

| |
| Sample /\l Reference

Individual Heater

Figure 3.6 - Power Compensation DSC [39]

In this thesis, DSC was employed to investigate the curing reaction of underfill
materials. The uncured underfill materials samples (5~10 mg) was placed in a Pt
holder for DSC measurement using a PerkinElmer Diamond DSC in power
compensation mode. Finally, Figure 3.7 illustrates the typical DSC curves of some

typical polymer transitions.
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Figure 3.7 Typical DSC curves of some general polymer transitions
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3.3.2 Rheometer [40]

A TA Rheometer 1000 was employed to measure the viscosity as a function of
temperature. Typically, the uncured underfill material sample of about 10 ~ 20 g was
placed in an aluminum holder for rheometer measurement. Figure 3.8 showed the
structure of the rheometer. The principal advantages of this rheometer include that
loading and cleaning are simple and the shear rate is uniform. During the
measurement, the plate is fixed while the cone is rotated by torque. From the rotating

rate and torque, the viscosity can be obtained.

ECE | Torque transducer

i

‘ Gear mechanism

.' dp

Rigid cone shaft

Plate

Figure 3.8 Structure of rheometer [40]

To derive an expression relating the shear rate in the space between the cone and

the plate to the rotational speed and cone angel, the following assumptions are made.
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(1) At sufficiently low rotational speeds, the acceleration terms of the motion can be
neglected

(2) The cone angle is very small so that certain trigonometric relationships can be
used to simplify equations.

(3) The free surface of liquid at the edge of the gap between the cone and the plate is
spherical shape with a radius of curvature equal to the cone radius, and the flow is
uniform right up to the surface. Therefore, edge effects are neglected.

(4) The surface tension operating at the free surface doesn’t affect the fluid motion.
When these assumptions are valid, the viscosity () can be calculated from

Equations (3.1) ~ (3.3) below [40].

V= 9 3.1)

(3.2)

_t _ 3M¢6
77—;— PR (3.3)

where

n: viscosity

M: torque amplitude
0: cone angle

R: cone radius

Q: rotation speed
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3.3.3 Brunauer-Emmett-Teller gas adsorption method (BET) [41]

A Quantachrome NOVA-1000A based on Brunauer-Emmett-Teller method (BET)
absorption method was employed to measure the surface area, pore volume, and pore
size distribution using a nitrogen gas. The sample typically contained about 30 ~ 50

mg in powder form. The principle of BET method is based on Langmuir Equation

(3.4) [41].

BC (3.4)

where
P: partial pressure of adsorptive phase
C,: concentration of adsorptive phase at any.-moment
Csm: concentration of monolayet adsorption
B: constant
Finally the Brunauer-Emmett-Teller Equation (3.5) is obtained by extending

Langmuir equation [41] from monolayer adsorption to multilayer adsorption.

P 1 (C-1P
= + (3.5)
V(F,-P) V,.C V,.P,

where

P: partial pressure of adsorptive gas

V: volume of adsorptive gas at P partial pressure
Vi: volume of adsorptive gas for monolayer

Py: saturation pressure of adsorptive gas

C: constant
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From Equation (3.5), we can get Vy,. Finally, the surface area (S) of the sample is

obtained from Equation (3.6) by V, [41].

S V. Na
W (3.6)
where
S: surface area of sample
N: Avogadro's number
a: covered area of adsorptive gas (16.2*10° m*/molecule of nitrogen molecule)
W: weight of sample

In addition, pore size and distribution of the sample can be obtained by Equation (3.7)

[41].

S (3.7)

where
d: average pore size
V: volume of adsorptive gas

S: surface area of sample

Pores can be classified by pore size as follows:
(1) Micropores with dimensions <2 nm
(2) Mesopores with dimension 2-50 nm
(3) Macropores with dimension >50 nm

Figure 3.9 showed the typical BET curves of these pores [41].
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Figure 3.9 Typical BET curves : (a) non-pores (b) macropores (c) mesopores (d)

micropores
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3.3.4 RF Impedance-Material Analyzer

A HP 4291B RF impedance material analyzer with broad frequency range (1 MHz
~ 1.8 GHz) was employed to measure the relative permittivity (or dielectric constant)
of a plate shaped, solid dielectric material. The relative permittivity can be calculated

by the Equation (3.8) [42].

Yd

E = ——
oS (3.8)

where
¢ - relative permittivity
Y: measured admittance
€ o: permittivity of free space
d: height of the sample
S: area of the lower electrode
A fully cured, underfill material sample with a thickness of about 2 mm was used

for the dielectric constant measurement at 1GHz.
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Upper Electrode

Lower Electrode

Figure 3.10 RF Impedance/Material Analyzer [42]
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3.3.5 Dynamic Mechanical Analyzer (DMA)
3.3.5.1 Fundamental Theory
The operating principle of dynamic mechanical analyzer (DMA) as shown in
Figure 3.11 can be simply described as applying an oscillating force to a sample and
analyzing the response to that force. Materials’ response includs phase-lag (3) and
amplitude [43]:
(1) Phase-Lag (3):
When DMA applies a stress (6) on a material, the delayed strain (¢) of material’s
response is the phase-lag (8). Typical materials are between full elasticity and full
viscosity. The viscosity property of a material results in the phase-lag (5).
(2) Amplitude:
In addition to the phase-lag (3); the amplitude.also changes. The amplitude arises
from the elasticity property-of.materials and fits: Hook’s Law. We can calculate
the modulus by the amplitude.

applied stress
i phase lag -&

2 ‘_’.__11
A e

\ \

\wra

A

4

/
Material
response

amplitude

Figure 3.11 The response of materials in DMA

In the dynamic mechanical analyzer (DMA), the stress (o) is known and the strain

(¢) 1s measured. According to phase-lag (6) and amplitude, we can get the storage
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modulus (E’) and loss modulus (E’”) respectively by Equations (3.9) and (3.10).
E'=(c/¢&)-coso (3.9)

E"Z(G/E)'Sin5 (3.10)

where
o: applied stress
€: strain

d: phase-Lag

By the storage modulus (E’) and doss modulus (E’’), we can obtain the damping

(tand) from Equation (3.11).

Tano =E''/E' 3.11)

where
E’: storage modulus

E’’: loss modulus

The value of tand is the degree of absorbed energy in materials. The larger tand

represents the more energy absorbed in the sample.

3.3.5.2 Characterization of Adhesion
It has been found the energy was dissipated at the interface between fillers and
matrix if the adhesion was poor. The relationship between the energy loss and

adhesion is characterized by tand as shown in Equation (3.12) and (3.13) [44].
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where
Tand,qn: internal energy dissipation
Tand..p: measured loss tangent of composite materials

Tands: effective loss tangent for perfect adhesion of composite materials

Tano E V, +Tano E V.
Tano, = (3.13)
E.V, +E{V,

where

E¢: modulus of fillers

V¢ volume fraction of fillers
Tandy: loss tangent of fillers
E..: modulus of matrix

Vin: volume fraction of matrix

Tand,,: loss tangent of matrix

In a two-component composite system, the energy dissipation Tand,qg, arises from
the poor adhesion. Since Tand; is fixed in the same composite system, higher Tande
results in larger Tand,qn, indicating that more energy is dissipated due to poor

adhesion.

In this study, a PerkinElmer DMA 7 was employed to measure the elastic modulus
of cured underfill materials and the loss factor, tand of the composite system in the
underfill materials at 40 °C. The strip sample of cured underfill materials had the

dimension of 25 mm X 6 mm X 2 mm.
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Chapter 4 Results and Discussion

4.1 Selection of pre-sealing materials by thermal reactivity

and viscosity

Since epoxy resin possessed fluidity prior to curing reaction, it can easily fill the
pores in porous silica fillers by capillary force when underfill formulation was
prepared. In order to reduce the dielectric constant of underfill material, the pore
volume of porous silica must be occupied by a pore-sealing material temporarily,
which would be removed at the enod of curing step. DSC and rheometer were first

employed to examine the curing profile and the viscosity of low-k underfill material

B.

Figure 4.1 showed the thermal reactivity of low=k underfill material B by DSC
from 30°C to 250°C at a heating tate of 5°C/min. It indicated that the low-k underfill
material B started crosslinking at 125°C and reached the full acutest degree of curing
reaction at 165°C. Then, Figure 4.2 showed the viscosity variation of low-k underfill
material B. By combining the viscosity variation with DSC curve above, from 115 C
to 165 “C, it indicated that viscosity of low-k underfill material B dropped steadily
even the epoxy resins started to cure at 125 “C, which resulted from the heat energy to
make epoxy resins still possess higher mobility and fluidity. As curing reaction
continued, epoxy resins formed more and more network structures which would
inhibit their movement. Therefore the degree of curing reaction reached the acutest
degree at 165 ‘C and simultaneously the viscosity began to increase drastically and

fast.
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Figure 4.1 DSC curve of low=k underfill. material B without pretreatment
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Figure 4.2 Viscosity as a function of temperature for low-k underfill material B

49



Based on the relationship between thermal reactivity and viscosity variation of
low-k underfill material B, materials with boiling temperature at 120-140 ‘C could
serve as sacrificial materials to seal the pores of porous silica fillers and hinder the
reflow of epoxy resins back to the pores by its vapor outgassed from the sealed pores

until the completion of curing reaction.

Besides the proper boiling point ranging from 120 to 140°C, the other requirements
of pore-sealing materials were:
(1) Poor compatibility:
The materials shall possess poor compatibility with epoxy resins such that
hindered the backflow of epoxy resins into the pores
(2) Molecular size:
The size of pore-sealing material must be smaller than the average pore size of
porous silica (6 nm) in order-to easily.enter-the pores for sealing them.
Based on these requirements, N-butanol.-and Hexamethylcyclotrisiloxane (D3),
shown in Figure 4.3, were chosen to carry out pore-sealing pretreatments of porous

silica in low-k underfill materials.

N S
- I ~
4H_(i:_(i:_(i:_(i:_01;l H3C (5 CHy
HH H H . :Sl\ Max. size: 8.73 A
Max. size: 6.24 A H3C CH3
M.P=-90 T .
BP=120 T MP=60 C
BP=130CT
(a) N-butanol (b) Hexamethylcyclotrisiloxane (D3)

Figure 4.3 Structures of (a) N-butanol and (b) D3
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4.2 Characterization of Pore-Sealing Treatment

4.2.1 Pore-Sealing Treatment by N-Butanol

First, N-butanol was utilized to seal the pores of porous silica before the mixture of
low-k underfill material E. Unfortunately, the low-k underfill material E, after curing
reaction, exhibited three serious problems; namely: (1) bad mechanical strength, (2)
bubbles on the surface, and (3) phase separation, as shown in Figures 4.4 (a) through

(c), which were discussed briefly below.

A £

(a) Bad mechanical strength

-

<

Epoxy resins

(b) Bubbles on the surface (¢) Phase separation

Figure 4.4 Three issues of cured low-k underfill material E: (a) bad mechanical

strength, (b) bubbles on the surface and (c) phase separation
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(1) Bad mechanical strength:

Figure 4.5 showed the DSC curve of low-k underfill material E. By the
comparison of DSC curves between low-k underfill material B and low-k underfill
material E, it was found that the onset temperature of curing reaction was
advanced from 125 C (low-k underfill material B) to 110 C (low-k underfill
material E). In order to check if the curing reaction originated from epoxy resins
and N-butanol further, we prepared another formulation marked “A” as shown in
Table 4.1. Figure 4.6 was the DSC curve of formulation underfill material A which
displayed that the curing temperature was from 110 °C to 135 °C. Based on the
DSC curves, we confirmed that epoxy resins reacted with N-butanol at the
temperature from 110 ‘C to 135 °C. Unfortunately, N-butanol had only one
functional group. Therefore,.the curing teaction between epoxy resins and
N-butanol resulted in lower-crosslink density than pure epoxy resin. The terrible
mechanical strength was attributed to-the-lower crosslink density.

(2) Bubbles on the surface

From the DSC curve of formulation underfill material A, we discovered a peak
at 175 °C. It meant the residual N-butanol was trapped by the cured epoxy resins.
Until 175 °C, N-butanol evaporated at the moment and formed the bubbles on the
surface.

(3) Phase separation of the porous silica and epoxy resins

With the addition of N-butanol, low-k underfill material E possessed very low

viscosity. In this state, phase separation was easy to occur due to the different

densities of epoxy resins and porous silica fillers.
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Figure 4.5 DSC curve of low-k underfill material E

Table 4.1 Formulation-underfill material A

Formulation underfill material A

Organic part (85 wt %)

Epikote828
Epikote862

2E4MI

Porous silica

Material

Filler (15 wt %) with
pretreatment
Pore-sealing
N-butanol
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Formulation A

Heat Flow (mW)

N1 J E—

175°C

130°C

i 110°C
e Wr

I I

—— T
40 60 80 100 120

I I I I I

T T T T T A
140 160 180 200 220 240

Temperature(°C)

Figure 4.6 DSC curve of Formulation underfill material A

N-butanol possessed proper boiling point to| serve as pore-sealing materials.
However, it reacted with epoxy- resins resulting in terribly poor mechanical strength

due to these problems, N-butanol was.not an appropriate material to carry out the

pore-sealing pretreatments.

According to the pore-sealing pretreatment by N-butanol, besides the boiling point,

compatibility, and molecular size, the other consideration for choosing pore-sealing

materials was its reactivity. Pore-sealing

materials cannot react with epoxy resins

which may degrade the mechanical strength.
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4.2.2 Pore-Sealing Treatment by Hexamethylcyclotrisiloxane (D3)

Figure 4.7 illustrated the DSC curve of low-k underfill materials with pore-sealing
treatment by D3. In Figure 4.7, it showed two observations:

(1) There was an endothermic reaction occurring at about 60°C, which could be
attributed to the melting of D3.

(2) The curing reaction started at 125°C and completed at 190°C.

Compared to Figure 4.1 (DSC curve of low-k underfill material B), the curing

reactions of these two curves were nearly the same at 125 ~ 190°C which proved that

D3 did not react with epoxy resins unlike N-butanol.

D3, with the boiling point at 130°C, could serve as a sacrificial material to carry out
the pore-sealing treatment for porous silica fillers. D3 was mixed with porous silica
fillers at desired weight ratio (potous silica/D3).of 1:1 and 1:3 in low-k underfill
material C and low-k underfill material D, respectively. In the later sections, the
morphology of D3/porous silica and:pore sealing mechanism were studied by SEM

and Brunauer-Emmett-Teller (BET)-gas.absorption method.
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Low-k underfill materials with pore-sealing pretreatment by D3
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Figure 4.7 DSC curve of Low-k underfill materials with pore-sealing

pretreatment by D3

4.2.2.1 Morphology of D3 materials-and-porous silica fillers

Scanning electron microscopy (SEM). was utilized to investigate the morphology of
porous silica fillers with and without pore-sealing pretreatments. Figures 4.8(a) and
4.8(b) showed the morphology of D3 and pure porous silica, respectively. D3 had
smooth surface while the porous silica was very rough. It was very easy to distinguish
D3 from porous silica. From Figure 4.8(b), pure porous silica had a sponge-like
structure which was presumably composed of large number of pores randomly
dispersed and interconnected in silica matrix. The porous structure enabled the porous
silica to have high absorbability. Figure 4.8(b) also indicated that the pores were in the
nanometer scale while the size of D3 was in the angstrom scale which D3 could be

absorbed by porous silica to seal the pores.
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NCTU SEI 150kV X45000 100nm WD 7.4mm

(a) hexamethylcyclotrisiloxane (D3)

~= 4. 14nm

«—= 5.99nm

NCTU S 5.0kV  XB60! 10nm WD 7.5mm

(b) Porous silica
Figure 4.8 Morphology of (a) hexamethylcyclotrisiloxane (D3) and

(b) porous silica by SEM
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Next, Figures 4.9(a) and 4.9(b) illustrated the SEM morphology of porous silica
after pore-sealing treatments at 1:1 and 1:3 weight ratio (porous silica/D3) for low-k

underfill material C and low-k underfill material D, respectively.

NCTU SE 5.0k 0 100nm WD 7.5mm

NCTU SEI 150KV X30,000 100nm WD 8.0mm

(b) Porous silica in low-k underfill material D (1:3)

Figure 4.9 Morphology of porous silica after pore-sealing treatment in (a) low-k

underfill material C and (b) Low-k underfill material D by SEM
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For porous silica with the 1:1 weight ratio (porous silica/D3) pore-sealing
pretreatment, it was hard to find D3 on the silica surface, indicating that D3 was well
absorbed by pores into the inner of porous silica fillers. As more D3 was added to its
mixture with porous silica (low-k underfill material D), D3 overflowed onto outer
surface and left a uniform coating outside the porous silica fillers as illustrated in
Figure 4.9(b). It appeared that during pore-sealing treatment at 95°C, D3 in liquid
phase was absorbed into the inner pores of porous silica particles. With more and

more amount added, the sacrificial materials, D3, overflowed onto outer surface.

4.2.2.2 Brunauer-Emmett-Teller Method (BET)

Subsequently, Brunauer-Emmett-Teller (BET) gas absorption method was used to
measure pore volume, specific sutface area, poresity and pore size distribution of
underfill systems with and without.pore-sealing pretreatment. Since the conventional
solid silica filler exhibited extremely low-level of porosity, BET measurement and
analysis were primarily applied to the porousssilica in low-k underfill materials B, C,
and D as shown in Figures 4.10, 4.11, and 4.12, respectively. The shape of the BET
curves indicated the pore size of porous silica was typically mesoporous type which
meant that the pores ranging from 2 nm to 50 nm. In addition, in different underfill
systems, the absorption volumes of porous silica in decreasing order was pure porous
silica > low-k underfill material C > low-k underfill material D. It showed the

infusion of D3 increased with the increasing D3/porous silica weight ratios.
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Figure 4.12 BET curve of low-k underfill material D

Table 4.2 summarized the pore volume, specific surface area, and porosity of
porous silica in low-k underfill-materials B,.C, and-D. Pure porous silica possessed
306 m*/g surface area and 0.64em’/g pore-volume with 60% porosity, which were
relatively high to provide high abserbability: However, the surface area and pore
volume of porous silica in low-k underfill material C were reduced to 53% and 52%
of original value in pure porous silica after infusion of D3 at 1:1 ratio. When D3
concentration was increased to 3:1 D3/porous silica weight ratio, the surface area and
pore volume of porous silica were further reduced to 72% and 64% of pure porous
silica, respectively. In addition, it was found that the decreasing rate of surface area

was larger than pore volume from Table 4.2. It implied that D3 could seal small-size

pores more easily than big ones. Therefore, even infusion and adsorption of D3 was

readily easy by its low viscosity, slight and preferential outgassing in the larger pores
may result in completely sealed pores in smaller pore size, and left a D3 coating layer
on the sidewall of larger pores due to surface tension. . When porous silica was treated

with oversaturated D3, more retained pore volume was achieved under enhanced
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concentration gradient. A decrease of mixing temperature may further enhance the

retention of the amount of D3 within the interconnected structure

Table 4.2 BET data of porous silica in low-k underfill materials B, C, and D

Low-k Underfill

material B

Pure

Porous silica

Low-k Underfill material C
Porous silica

with pretreatment

(1:1 weight ratio of silica/D3)

Low-k Underfill material D
Porous silica
with pretreatment

(1:3 weight ratio silica/D3)

Surface area (m’/g) 306 143 85
Pore volume (cm’/g) 0.64 0.31 0.23
Porosity (%) 60 40 33

Next, Figures 4.13-4.15 showed ithe: pore size distribution of porous silica with

three different pretreatments in: low=k underfill materials B, C, and D, respectively.

Figure 4.16 summarized the pore size'distribution.curves of these three systems for

comparison. For the pure porous silica ‘without pore-sealing pretreatment in low-k

underfill material B, pore size ranged up to ~150 nm with an average size of 6.6 nm.

For porous silica with different pore-sealing pretreatment, 1:1 weight ratio of porous

silica to D3 in low-k underfill material C and low-k 1:3 weight ratio of porous silica

to D3 in low-k underfill material D, the average pore size was reduced from 6.6 nm to

5.3 nm due to pore filling, while pore size distribution curves of porous silica in low-k

underfill materials C and D were shifted down, showing that the volume fraction of

larger pores are also significantly reduced.
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C, with pore-sealing pretreatment at 1 : 1 weight ratio
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Equation (4.1) [19] was employed to predict the time required to fill a gap by
capillary force. During the pore-sealing pretreatment by D3, the viscosity and surface
tension of D3 were 0.001Pa - Sec and 0.024N/m; the average pore size of pores in
porous silica was 6nm. The contact angle of D3 onto porous silica was assumed to be
about 0° because inorganic D3 material was compatible with silica. From Equation
(4.1), the time required to fill the pores was 0.0004sec which liquid D3 could fill the

pores easily during pore-sealing pretreatment at 95°C.

N/
"' 6hCosd @D

where:

tan: reguired time
7 @ viscosity

L: length

o : surface tension

6 : contact angle

Based on the predicted time from Equation (4.1), BET data, and SEM images, we
considered the pore-sealing pretreatmenmt involved the following two steps:
1** step: During the pore-sealing pretreatment at 95°C, liquid D3 easily and quickly
filled the pores.
2" step: Upon completion of pretreatment and mixing at 95°C, D3 would outgas to
the ambient while the porous silica/D3 mixture was cooled down to room. There were
two scenarios in this step: (1) For pore sizes below a threshold dimension, the small

pores trapped the D3 without loss and (2) For pore sizes above the critical dimension,
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partial D3 would loss from the large pores, leaving a D3 coating layer on the sidewall.

A simple two-step model of pore-sealing pretreatment by D3 was proposed and
schematically illustrated in Figure 4.17 by ignoring the interconnectivity among pores

through channels for simplicity.

58
o O‘

During pore-sealing pretreatment at 95°C After pore-sealing pretreatment at R.T.

Figure 4.17 2-D pore-sealing model
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4.3 Dielectric constants of low-k underfill materials

The dielectric constants of various cured underfill materials, measured by RF

impedance-material analyzer at 1 GHz frequency, were summarized in Table 4.3.

Table 4.3 Dielectric constants of various underfill materials

Dielectric constant (1 GHz)
Conventional capillary underfill 3.20
Low-K underfill material A 3.07
Low-K underfill material B 3.20
Low-K underfill material C 2.96
Low-K underfill material D 2.86

The low-k underfill material-B had the same dielectric constant with conventional
capillary underfill. This indicated that the'pores in'the porous silica of low-k underfill
material B were all back-filled with” epoxy" resins without retained pores and thus
showed no reduction in the dielectric constant. In contrast, underfill materials such as
low-k underfill materials C and D with pretreatments for porous silica showed the
reductions of the dielectric constants, 7.5% and 10.6%, respectively, which could be
attributed to the retained pores from pore-sealing pretreatment. Next, we utilized
Equation (4.2) [45] to predict the dielectric constants of composite materials and

compare with the experimental data.

LogK = > Vi - LogKi )

where

K: the dielectric constant of composite materials
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Vi: the volume fraction of i-th component

Ki: the dielectric constant of i-th component

The retained pore volume after curing reaction was assumed to be equal to the pore
volume sealed by D3 pore-sealing pretreatment. By using Equation (4.1), the
predicted dielectric constants of low-k underfill materials C and D were 2.9 and 2.8,
respectively. Compared to the measured dielectric constants, 2.96 and 2.86, the
discrepancy was within 3%. The result indicated that the validity of our assumption.
Also, the pore-sealing pretreatment for low-k underfill materials C and D indeed
delivered the expected effect in retaining the porosity and thus reduced the dielectric
constants. The pore-sealing pretreatment by D3 successfully retained pore volume to
reduce dielectric constants in two steps:

(1) Before curing reaction:
Pore sizes below a threshold dimension-(=-15-20'nm) were sealed by D3 material,
and therefore raw epoxy resins could not enter the pores at room temperature

(3) During curing reaction:
D3 boiled at 120 ~ 140°C during curing reaction, which outgassed out of the
pores and hindered the backfill of epoxy resins into the pores with a positive,

outward pressure until the completion of curing reaction.

As previously mentioned, low-k underfill material A was taken as the control group
compared to low-k underfill materials B, C, and D. Zeeospheres, as the fillers in
low-k underfill material A, had the different type of pores from the porous silica in
low-k underfill materials B, C, and D . Zeeospheres were silica-alumina balls whose
structure was illustrated schematically in Figure 4.18 [46]. From Table 4.3, low-k

underfill material B had higher dielectric constant (3.2), which was even higher than
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low-k underfill material A (3.07) due to non-retained pores after curing reaction.
Zeeospheres offered another type of pores to reduce dielectric constants. This will be

a separate study in the future.

Core-shell

Pore

Figure 4.18 .‘Structure of Zeeospheres
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4.4 Moduli of low-k underfill materials

In this section, DMA was employed to characterize the mechanical strength of

different underfill materials as summarized in Table 4.4.

Table 4.4 Moduli of various underfill materials

Modulus (at 40 C) Filler
Conventional capillary underfill 3.0 solid silica
Low-k underfill material A 2.4 Zeeospheres
Low-k underfill material B 2.6 porous silica
Low-k underfill material C 1.5 porous silica
Low-k underfill material D 1.8 porous silica

These underfill materials could.be classified into three groups by the different types of
fillers.

(1) Solid silica

(2) Zeeopheres

(3) Porous silica

It was found that the moduli of various underfill materials in decreasing order were:
underfill with solid silica (conventional capillary underfill) > underfill with porous
silica (low-K underfill material B) > underfill with zeeospheres (low-k underfill
material A). Undoubtedly, conventional capillary underfill at the same silica content
had the highest modulus because of its dense structure without any pores in the matrix.
Noticeably, although low-k underfill material B had no retained pore volume like
conventional capillary underfill due to the backfill of epoxy resins into pores, the

modulus of low-k underfill material B was lower. Such low mechanical strength could
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be attributed to weaker strength of porous silica and possibly poor adhesion at epoxy

resin/porous silica interface.

Furthermore, the moduli of low-k underfill materials B, C, and D were
characterized to examine any effect of pore-sealing pretreatment on the mechanical
strength. From Table 4.4, the modulus of low-k underfill material B without
pretreatment dropped 13.3% to 2.6 GPa. The moduli of low-k underfill materials C
and D dropped 50% and 36.7%, respectively because of the open pores retained by
the pore-sealing pretreatment. Further analysis was carried out by using Equation (4.3)

to estimate the modulus of composite materials [47].

l = ﬂ 4.3
E &Ei (43)
where

E: ideal modulus of composite materials
Ei: modulus of i-th component

Vi: volume fraction of i-th component

Figure 4.19 showed the predicted moduls values according to Equation (4.3) and

experimental data of low-k underfill materials B, C, and D.
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Figure 4.19 Moduli of calculated values and experimental data of low-k

underfill materials B, C; and D

In Figure 4.19, the modulus of low-k underfill material B was nearly equal to the
calculated value; however, the moduli of low-k underfill materials C and D were
obviously lower than E. According to Equations (3.12) and (3.13) in Section 3.3.5.2, it
indicated that, in the same two-component system, higher tand resulted from more
energy dissipation due to poor adhesion between these components [44]. Therefore,
the moduli of low-k underfill materials C and D, lower than E obviously, may be
attributed to the poor interface between epoxy resins and porous silica. This
hypothesis was further confirmed by the loss factor obtained from DMA measurement,
tand, of various low-k underfill materials as summarized in Table 4.5. A high Tand
indicated that high internal energy dissipation due to poor adhesion. Therefore, as the

ratio of D3/porous silica increased, Tand(s) values of low-k underfill materials B, C,
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and D increased from 0.02 to 0.06, representing that the adhesion of epoxy and porous

silica became weaker resulting in degradation of moduli in the underfill composite.

Table 4.5 Loss factor, tan 6 of low-k underfill materials B, C, and D

Tand (at 40 C)
Low-k underfill material B 0.02
Low-k underfill material C 0.04
Low-k underfill material D 0.06

To search for physical evidence of poor.adhesion between epoxy resins and porous
silica, SEM was employed to invéstigate'the morphology of the cross-section of cured
underfill materials. Figure 4.20" showedthe cured underfill materials without
pore-sealing pretreatment (low-k underfill-material- B) while Figure 4.21 illustrated
the cured underfill materials (low-k underfill materials C and D) which went through
the pore-sealing pretreatment. By comparison of the morphology in Figures 4.20 and
4.7 (b), the cured low-k underfill material B had rough surface which was similar with
the surface of porous silica. It was believed that the pores in the silica of low-k
underfill material B, without pore-sealing pretreatment, were all back-filled with
epoxy resins so that epoxy resins overflowed onto outer surface and left a coating
outside the porous silica particles. In contrast, delamination was found at the interface
between the epoxy resins and porous silica. Combining Tand in Table 4.5 and SEM
images in Figure 4.21, we proved that, during the crosslinking reaction of low-k
underfill materials C and D, D3 vaporized out of pores and destroyed the adhesion of

epoxy resins and fillers. As a result, the pore-sealing pretreatment indeed degraded the
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mechanical strength.

It is imperative to enhance the adhesion at epoxy/porous silica interfaces when
pretreatment by mixing sacrificial materials and porous silica is considered. The
options included: (1) addition of adhesion promoter(s) in the formulation, or (2) a
sacrificial material possessed a lower vapor pressure at crosslinking temperature, or (3)

xxx, which are the topics for future work.

50kV  X8500 Tum WD 11.3mm

Figure 4.20 Morphology of cured underfill materials without pore-sealing

pretreatment (low-k underfill material B) by SEM
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50KV X4,000 1um . WD 11.1mm

Figure 4.21 Morphology of cured underfill materials with the pore-sealing

pretreatment (low-k underfill materials C'and, D) by SEM
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Chapter S Conclusions

For RF devices applications, underfill materials shall possess low dielectric
constants to improve RC delay, power consumption, and crosstalk noise, besides
excellent mechanical strength. By the utilization of zeeospheres and porous silica as
the fillers, porosity was successfully introduced into the underfill materials by pore

sealing pretreatment to reduce their dielectric constants.

For the pore-sealing treatment of low-k underfill materials, the selection of an
appropriate material to seal the pores was the most critical. The
temperature-dependent viscosity and the curing reaction were found to be important
in the selection of sacrificial material, while ,the curing profile for pore-sealing
pretreatment could be determined by DSC and rheometer measurements. The material,
employed for pore-sealing treatment, shall possess the properties described below:

(1) The material must have proper melting point such that it could sealed the
interconnected pores, and appropriate boiling point to ensure that it could be
removed thermally during the curing reaction of underfill materials.

(2) The materials should possess poor compatibility with epoxy resins which can
hinder the epoxy resins to flow into the pores.

(3) The molecular size of the material must be smaller than the pore size of porous
silica so that it can enter the pores easily to seal the pores.

(4) The material cannot react with epoxy resins degrading the mechanical strength of

underfill materials.

In this thesis, a pore-sealing pretreatment for porous silica was developed by

employing D3, with melting point, 60 ~ 70 “C, and boiling point, 130 ~ 140 ‘C. The
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molecular size of D3 was below Inm, which was far smaller than the pore size of

porous silica (6.6nm), indicating that D3 could easily get into the pores to seal them.

Moreover, it was good that D3 didn’t react with the epoxy resins unlike N-butanol.

These properties made D3 to protect and retain the porosity successfully. The

mechanisms for retaining porosity in the underfill system could be illustrated in two

stages; namely.

(1) The sacrificial material, D3, heated at 95 °C, easily flowed into the pores and
sealed over the pores such that the flowing epoxy resins could not enter the pores
at room temperature. Upon the cooling step after pre-treatment, D3 trapped in the
larger pores would slightly outgas leaving a layer of D3 onto the sidewall of pores.
Some degree of epoxy backflow into larger pore was likely.

(2) D3 outgassed at boiling point, 1120 ~ 140 “C;.at which large gas pressure out of
pores hindered the reflow of the epoxy resins.during the curing reaction until the

high viscosity of epoxy resins resulting from, crosslinking.

The pore-sealing pretreatment by D3 had successfully retained pores to reduce the
dielectric constants of underfill materials such as low-k underfill materials C and D.
However, D3 also led to 30-40% degradation of mechanical strength due to the poor
adhesion at epoxy/porous silica interface caused by D3 outgassing. The hypothesis
was further confirmed by loss factor, tand using DMA, which was an indicator to
estimate the interface condition of composite materials. The higher tand meant more
energy dissipated and poor adhesion between the components. For low-k underfill
materials B, C, and D, tand data of low-k underfill material C and D (0.04 and 0.06)
were larger than that of low-k underfill material B (0.02) which indicated that D3
vaporized and diffused out of pores during curing reaction, and therefore, destroyed

the adhesion between epoxy and fillers.
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In summary, we have successfully developed a pore-sealing pretreatment for
porous silica fillers by D3 to reduce dielectric constant from 3.2 to 2.86 (~10.6%)
with 15 wt% porous fillers in this thesis. However, the mechanical strength was
reduced from 3.0 GPa to 1.5 GPa. because of poor adhesion at porous silica/epoxy

interfaces caused by D3 ougassing during the curing reaction step.
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