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MODEL MASA PENGISIAN ANALITIK BENDALIR BUKAN NEWTONIAN
DENGAN LONCATAN MENISKUS PENGKAPSULAN ISIAN BAWAH

ABSTRAK

Bilangan model masa pengisian untuk peramalan aliran kapilari bendalir isian
bawah dalam flip-chip adalah terhad; manakala kejituan model-model yang sedia ada
masih menpunyai ruang penambahbaikan ekoran daripada andaian media berpori.
Lebihan lagi, sifat bukan Newtonian bendalir isian bawah tidak kerap dimodelkan.
Lantaran itu, kajian ini menunjukkan sebuah model analitik baharu yang berasaskan
analisi peringkat benjolan khas untuk bendalir isian bawah bukan Newtonian. Dengan
kaedah pembahagian rantau, masa-masa pengisian dihitung secara berasingan di setiap
peringkat pengisian. Model ini juga mengandungi formulasi spatial, yakni evolusi
menikus dan loncatan meniskus yang telah dipertambahbaikan dan sejajar dengan
hasil dapatan ujikaji dan simulasi. Seterusnya, tiga buah ujikaji isi bawah lepas dirujuk
untuk mengesahkan kejituan model analitikal ini, bersama-sama dengan ujikaji
berskala besar semasa dan penandaarasan industri. Secara keseluruhannya, model ini
dapat meramalkan masa pengisian dengan kadar percanggahan yang paling rendah
antara semua model analitik lepas bagi kesemua kes-kes pengesahan. Ini mengesahkan
keupayaan model ini dari segi ketepatan dan fleksibiliti. Dua buah analisis temporal
baru, iaitu komponen masa pengisian individu dan kecekapan pengisian diperkenalkan
untuk menyelidik kesan pitch jajaran benjoran. Kemudian, model analitik ini
digunakan untuk mengaji variasi parameter isi bawah terhadap perkembagan pengisian.
Parameter yang paling mempengaruhi aliran isi bawah ialah ketinggian jurang, sudut
sesentuh dan pitch jajaran. Akhir sekali, sebuah carta masa pengisian umum yang
mengaitkan pekali masa pengisian kepada tiga parameter isi bawah telah dijanakan

dengan model ini, supaya masa pengisian dapat dicari secara lansung.
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NON-NEWTONIAN FLUID ANALYTICAL FILLING TIME MODEL WITH
CONTACT LINE JUMP UNDERFILL ENCAPSULATION

ABSTRACT

The analytical filling time models to predict the capillary underfill flow in flip-
chip are limited in amount; while the accuracy of existing models still has room of
improvement due to the conventional porous media assumption. Moreover, the non-
Newtonian behavior of underfill fluid was scarcely modelled. Therefore, this research
presents a new filling time model based on novel bump-level analysis for the non-
Newtonian power-law underfill fluid. Through the regional segregation approach, the
filling times were separately studied at each filling stages. The formulation of current
model had also incorporated both the spatial considerations of meniscus evolution and
contact line jump, that were improvised in formulation and in-line to the experimental
and numerical observations. Subsequently, three past underfill experiments were
referred to validate with the current developed filling time model on top of the current
scaled-up imitated flip-chip experiment and industrial package-on-package
benchmarking. Overall, the current model predicted the filling times of least
discrepancy among other existing analytical models for all validation cases. This had
affirmed the capability of current model in terms of accuracy and versatility. Moreover,
two new temporal analyses of individual filling time component and filling efficiency
are introduced to further investigate the impact of bump pitch. Later, the well-validated
analytical model is used to study the individual variation of underfill parameters on
the filling progression. The parameters that affect the underfill flow prominently are
gap height, contact angle and bump pitch. Lastly, a generalized filling time chart was

generated using the current model to ease the direct computation of filling time.

XVi



CHAPTER 1

INTRODUCTION

1.1  Research backgrounds
1.1.1 Electronic packaging

Electronic packaging is the production of interconnection, enclosure and
protection that bridging the silicon chip to become the final electronic products. Apart
from completing the electronic circuits, the electronics packaging also provides heat
dissipation mechanism, mechanical supports and protective layer against external
environment. The electronic packaging aims to promote the reliability, productivity
and longevity of the electronic device (Tummala et al., 1997; Sun, 2006).

Generally, there are three hierarchy levels of electronic package as shown in
Figure 1.1. The first level being the interconnection between silicon die and module
substrate, for instance wire bonding and flip-chip technology. Next, the second level
represents the interconnection between the previous module substrate to the printed
circuit board. In the third level packaging, the second-level packages were placed into

a motherboard to complete the functionality of electronic device (Lau, 1994).

Electronic Package
Hierarchy

First level package =) "I_;.
(Single chip Module) 7}..:;\_

{#® Second level
@J"’ package
= (PCB or Card)

~Third level package
(Mother board)

Figure 1.1 Three hierarchy levels of electronic packaging (Sun, 2004).



1.1.2 Flip-chip technology

With the increasing demands of electronics device of higher productivity and
reliability but smaller and compact size, the flip-chip technology is introduced by
connecting the active side of the silicon die to the substrate via the conducting bumps.
In flip-chip, the active side of silicon die is flipped such that it faced the substrate;
while in conventional wire bond package, the active side is always facing upward
while the wires were drawn to connect the active side to the substrate, as illustrated
Figure 1.2. In fact, it is justified that the flip-chip package is more advantageous than
the conventional wire bond package in all aspects of input/output (1/0) density,
electrical performance, size, production cost and thermal performance. Issue arises
upon reducing the size of wire bond package while increasing its 1/0 count, where
closer bonding wires will produce electromagnetic interference. Moreover, the
peripheral side of the wires bonded to the substrate are getting shorter, thereby making

the bonding process difficult and incurring additional costs (Wan et al., 2007a).

Mould cap Die Wire bond

l

Epoxy underfill Flip-chip Mould cap

Die attach

I

f

Conductive bump
Solder ball Rigid laminate Solder ball Rigid laminate

(a) Wire bond (b) Flip-chip

Figure 1.2 Comparison of wire bond and flip-chip packages (Wan et al., 2007a).

1.1.3 Underfill process

The major challenge posed by flip-chip packaging process is the thermal-
mechanical stress due to the mismatch in the coefficient of thermal expansion (CTE)
between the solder bump, the silicon chip and the organic substrate. As the usage of

electronic device persists, the interconnectors of chip package are subjected to thermal



cycling and would result in fatigue or electrical failure (Ardebili and Pecht, 2009). The
CTE mismatch issue can be addressed by filling the gap between the chip and substrate
with appropriate material that will redistribute the thermal-mechanical stress away
from the interconnector, for which such process is known as underfill (Tong, 2011).
Usually, the underfill fluid that being dispensed into the gap is epoxy resin with filled
fused silica. Upon cured under elevated temperature or presence of ultraviolet (UV)
light, the underfill fluid that filled the gap between the bump array will chemically
harden to form a protective layer that encapsulates the bumps. Despite the current
described underfill process is conducted at the first level packaging of flip-chip, it is
still being carried out at the second level packaging between the IC package and
printed circuit board (PCB), such as ball grid array (BGA).

Generally, there are three variants of flip-chip underfill process: namely
capillary, no-flow and molded. For the capillary underfill, the underfill fluid is
gradually dispensed along one or more sides of the chip. Through the capillary action,
the underfill fluid gradually flows into the gap between the chip and the substrate. This
capillary underfill is regarded as the conventional underfill process that is able produce
a complete flow with less probability of void formation. However, the capillary
underfill flow is slow and requires substantially long filling time, as compared to the
no-flow and molded underfill (Gordon et al., 1999).

Figure 1.3 summarized the process flow on the assembly, capillary underfill
and curing of a flip-chip, during the first level packaging. After the flux is dispensed
on the substrate board, the chip is aligned such that the attached bumps are vertically
above the bond pad and being placed onto. Both the chip and substrate were heated in
solder reflow to bond the solder bumps on the pads. Later, the flux dispensed earlier is

cleaned using solver spray. Subsequently, the reliability of flip-chip is enhanced



through the implementation of capillary underfill process, where the underfill fluid is
gradually dispensed along the peripheral side of chip. When the underfill fluid fully

filled up the gap beneath, the flip-chip is sent to reflow for curing of underfill fluid.

Chip

Flux Heated

Board Solder ball
F DAV P . .

Fluxing Dispensing Chip Placement Solder Reflow

Heated

Solvent spray Underfill

| l- — Iﬁl

Flux Cleansing Underfill Dispensing Underfill Cure

Figure 1.3 Flip-chip assembly with capillary underfill (Zhang and Wong, 2004).

In contrast, the no-flow underfill process is conducted by pre-dispensing
certain amount of underfill fluid on the unmounted substrate. Then, the chip with
solder bumps attached onto is aligned above the solder pad and being put on the
substrate with underfill fluid. The placement of flip-chip on the substrate will result in
the redistribution of underfill fluid such that it spreads horizontally to fill up the gap.
Finally, the flip-chip assembly with underfill fluid are sent for reflow, to attach the
bump on the solder pad as well as to cure the underfill fluid. The overall process flow
of no-flow underfill is outlined in Figure 1.4. However, the air void is prone to formed

in the no-flow underfill package due to the compression flow is difficult to control.

Heat

No-flow underfill l

= pE——

[ = ey | | @‘

Underfill dispensing Chip placement Flux, solder reflow
and underfill curing

Figure 1.4 Flip-chip assembly with no-flow underfill (Zhang and Wong, 2004).



Molded underfill is an encapsulation process that utilizes injection or
pressurize setup to attain a fast flow of underfill fluid. It is regarded as a solution to
the slow underfill flow in conventional capillary underfill process, by applying
external driving force. In Figure 1.5, the flip-chip is surrounded by a housing. Later, a
stream of underfill fluid is injected through the mold inlet to fill up all the cavity in the
flip-chip’s housing. The molded underfill has some downsides where the defects of
incomplete filling (Chai et al., 2002) and void formation due to air entrapment (Wan

et al., 2007a; Ishak et al., 2016) are observed, thus affecting the package reliability.

Mold inlet
Mold vent

Vent hole

Figure 1.5 Molded underfill setup for flip-chip (Zhang and Wong, 2004).

In the industry, the underfill process is widely used in, but not limited to the
microelectronics products for telecommunications, consumer electronics, life sciences
and military. The selectively application of underfill process is largely due to the high
materials and process costs, as well as its longer lead time. Accordingly, various
researches have been conducted to optimize the process and to eliminate the defects,

as a joint improvement to improve the process productivity and package reliability.



1.2 Problem statements

In the electronic packaging process, the filling time of the underfill flow is of
utmost concern. Technically, long filling time will cause the occurrence of filler
settling and incomplete filling, which later leads to void formation. Moreover, long
lead time is generally not favored as it incurs additional manufacturing cost to the
electronic assembly and later increases the selling price of the end-product. It can be
seen that the original intention of underfill process to enhance the package reliability
can be backfired. Therefore, various studies were conducted to improve the filling time
by altering the flip-chip design and material composition of the underfill fluid.

The researches on underfill flow and filling time were mainly conducted by
means of experiment and numerical simulation. However, the costly industrial
standard underfill fluid and flip-chips as used in experiment are lack of controllable
variations since these were readily manufactured by the supplier. While the downsides
of experiment were able be addressed by the numerical simulations, there rise other
issues revolving around the long computational time and simplification made on the
numerical model. Furthermore, another flaw exists in conventional experiment is that
the flip-chips are opaque, so the flow front during underfill cannot be visualized. To
address this particular flaw, another variant of experiment is conducted by using
similar imitated chip which is made of inexpensive transparent materials, for instance
glass (Lee et al., 2010; Kim et al., 2011) and scaled-up Perspex (Khor et al., 2012;
Abas et al., 2016). While the latter scaled-up approach is adopted to further enhance
the flow visualization, additional justification on its scaling validity is required.

Alternatively, the underfill flow can be studied analytically based on the
physics of capillary flow by deriving the filling time model. Unfortunately, such

analytical works are scarce, mainly due to difficulty in the formulation and



mathematical framework. The formulation can be eased by making reasonable
assumptions but at the cost of omitting certain flow details and ultimately the accuracy
is at stake. Some of the assumptions made in the past analytical models are unnecessary
while few being not aligned to the experimental and numerical observations.

Most of the previous analytical models rely on Darcy’s law using porous media
assumption, such that the filling time prediction is based on chip-level. Consequently,
the exact mechanism of underfill flow in bump array were not detailed. For instance,
the contact line jump (CLJ) phenomenon as discovered by Young (2003) was not well
established in the analytical work nor being thoroughly investigated. This will affect
the accuracy of predicted filling time.

With the escalating demands on miniature electronics devices and high-
performance multi-layers stacking packages, the underfill process possess an even
greater challenge. Eventually various studies on underfill parameters variation is
conducted to optimize the underfill process. Versatility is the main criteria sought-after
in both the variation and optimization studies of underfill process. Experimental
variable studies are not viable due to the high incur costs and lack of customizable flip-
chip and underfill fluid. Henceforth, numerical simulation will serve as a substitute,
but suffers from long computational time. Meanwhile, the available filling time models
are not qualitatively sufficient for the optimization study due to oversimplification.

Moreover, there is no comprehensive study that gives the filing time for any
pairs of underfill fluids and flip-chips. This is also known as the generalized study and
equivalent to the Moody diagram and psychrometric chart. In this generalized study,
all the findings of parameters variation study will be integrated into a single chart to
be applied for all underfill system. Through this generalized chart, the filling time for

underfill system for wide ranges of underfill parameters can be determined directly.



1.3

()

(b)

(©)

(d)

14

(@)

(b)

(©)

(d)

Research objectives

To develop a new bump-level analysis based analytical filling time model that
generalized the non-Newtonian capillary flow in cylindrical bump array, for
the prediction of underfill flow in flip-chip.

To study the meniscus evolution of underfill flow analytically and thus improve
the equilibrium criterions for both entrance and exit contact line jumps (CLJ).
To validate the current developed analytical filling time model using findings
from the current FVM numerical simulation and scaled-up experiment, as well
as the experimental data and analytical filling time models from past literatures;
To generalize the individual contribution of each underfill parameters on the

filling progression, through non-dimensionalization.

Research contributions

The development of a new bump-level analysis based analytical filling time
model for the prediction of non-Newtonian capillary flow in bump array for the
application of flip-chip underfill process, which was proven by its veracity and
versatility upon been compared to the current and past experimental data, as
well as the past analytical models.

A thorough analytical study on the meniscus evolution, including the
improvement of both entrance and exit contact line jumps of underfill flow.
The introduction of two new temporal analyses for the underfill flow process,
for instance the individual filling time component and the filling efficiency.
The construction of a generalized dimensionless filling time chart at various
underfill parameters together with the introduction of critical bump pitch and

critical contact angle for the future optimization works.



1.5  Research Scope

This research primarily focuses on the development of new analytical filling
time model to predict non-Newtonian capillary underfill flow in flip-chip and its
meniscus evolution. As the current model is designed for capillary underfill flow, there
exists a lower pitch threshold of investigated flip-chip for allowable underfill flow.
Subsequently, finite volume method (FVM) based numerical simulations and underfill
experiment using scaled-up imitated flip-chips are conducted to validate the new
established analytical filling time model. The experimental data and analytical models
from the past literatures together with the industrial benchmark time are used to
additionally affirm the veracity of current analytical model. Subsequently, the well-
validated analytical model is used to investigate the effect of parameters variation on
the filling progression by means of non-dimensionalization. Finally, a generalized
filling time chart is generated analytically to ease the determination of filling time in

the underfill system of wide range of parameters.

1.6 Thesis outline

This thesis consists of five chapters. The first chapter introduces the research
background of flip-chip underfill, problem statements, research objectives, research
contributions and research scopes. Next, Chapter 2 presents the literatures reviews on
flip-chip underfill and analytical filling time model. Chapter 3 details the methodology
of analytical filling time model, numerical simulation and physical experiment. The
studies of meniscus evolution and contact line jump, validation of current analytical
filling time, dimensionless parameters variation and generalized filling time chart are
then presented and discussed in Chapter 4. Lastly, this thesis is concluded in Chapter

5 together with the recommendation for future works.



CHAPTER 2

LITERATURE REVIEW

2.1  Experimental studies on flip-chip underfill

Physical experiment is the main approach to directly study the flip-chip
underfill process. As both actual flip-chip and underfill fluid of industrial standard
were used, it is regarded as the most accurate and realistic research methodology
without much assumptions made. There are few underfill experimental works that
highly acknowledged by the subsequent researchers in related fields, particularly Han
and Wang (1997a), Nyugen et al. (1999) and Wan et al. (2008).

Han and Wang (1997a) performed experiment on the dispensing underfill
process of IBM flip-chip. They additionally analyzed the material properties of the
underfill fluid used, by obtaining the correlations of viscosity with curing kinetics,
shear rate and temperatures. To verify the experimental results, the underfill flow
fronts were simulated numerically based on Hele-Shaw approximation and modified
analytical model by Washburn (1921). It is shown that the consideration of dynamic
contact angle is able to give close prediction of numerical and analytical filling times
with respect to the experimental time. Later, they also conducted another experiment
on pressurized underfill of flip-chip (Han and Wang, 1997b), where the filling time is
drastically reduced up to a factor of 1000 compared to the capillary underfill.

Nyugen et al. (1999) also conducted a series of flip-up underfill experiments
using three distinct non-Newtonian underfill fluids. The variation of underfill fluid
viscosity with shear rate were experimentally measured and later being fitted into the
power-law constitutive equation by Wan et al. (2005a). The most prominent finding
reported is the racing effect, where the edge flow being faster than the center flow, and

may results in void formation. The experimental findings were validated using PLICE-
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CAD flow simulation, but both the simulated and experimental flow front are not
comparable due to the absence of racing effect in the former flow front.

The underfill experiments on two parallel plates with variables gap height and
6 mm x 6 mm flip-chip using non-Newtonian underfill fluid is carried out by Wan et
al. (2008). The viscosity of the underfill fluid is based on power-law in which its
coefficients were determined experimentally. For validation works, the analytical
models by Washburn (1921) and Wan et al. (2005a) were used. It is reported that the
latter gives much closer prediction of filling time upon compared to experimental
findings, because of Washburn model did not incorporated the bump effect.

Peng and Young (2010) experimentally investigated the underfill flow in flip-
chips of different bump pitches ranging from 225 — 325 um and were numerically
validated, using the finite element code by Young and Yang (2002b). Both the
experimental and numerical filling times found to be comparable. It is reported that
larger bump pitch gives higher filling rate, thus a faster completion of underfill process.

Another capillary underfill process of flip-chip package study is conducted by
Lee et al. (2011). Two different non-Newtonian underfill encapsulants are dispensed
on each of the two distinct flip-chips. The underfill process is later numerically
simulated using ANSYS Fluent software for validation. The filling progressions
achieved great consensus for all experiment, simulation and analytical Wan model.

Gwon et al. (2014) studied the effect of injection types (I, L and U) on the
underfill flow in flip-chip packaging. The I, L and U injections respectively correspond
to single, double and triple peripheral dispensing inlets. The underfill process was then
numerically simulated using ANSYS Fluent software to affirm the experimental
findings. They demonstrated that U-type gives faster completion rate, followed by L-

type and finally I-type; but U-type injection can potentially leading to void formation.
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Guo and Young (2015) also performed experiment on molded underfill process
to investigate the vacuum effect on the void formation. They concluded that the lower
the packaging pressure, the smaller air packet (void) is observed.

Experiments were conducted to study the material aspects of underfill fluid,
for instance viscosity and contact angle. Typically, the underfill fluid consists of epoxy
resin monomer, fused silica (SiOz) filler and curing agent. The viscosity of the
underfill fluid is largely dependent on the amount of SiO2 added, such that the more
filler content, the higher the viscosity (Sun, 2006; Tong, 2011).

The rheological properties of underfill fluid, for instance contact angle, surface
tension and viscosity were experimentally measured by Wang (2002). The viscosity
of underfill fluid is dependent on both the temperature and time (i.e. shear rate);
whereas for the contact angle and viscosity are only dependent on the temperature.

In the experimental study by Sun et al. (2005), the viscosity of nanosilica
composite underfill fluid is reduced through the silica surface modification using
epoxy silane. This would greatly enhance its flowability during the underfill process
and thus the filling time.

Wang (2007) experimentally determined the underfill fluid’s viscosity. Also,
by using the scanning electron microscope, the cross-sectional cut of a cured flip-chip
underfill was inspected for void and filler settling. It is found that at low filler loading,
the underfill fluid exhibits Newtonian fluid property. At short filling time, the filler
settling is reduced. Moreover, underfill fluid of low viscosity favors the void formation.

Shan and Chen (2018) developed a new viscosity model for the encapsulant
that incorporated the factors of shear rate, temperature and curing. The encapsulant’s
viscosity is experimentally measured at various temperatures and shear rates, which

later were fitted into the Bird-Carreau model with Arrhenius equation.
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2.2 Underfill experiments based on imitated flip-chip

While all the previously discussed experimental works relied on actual flip-
chip, there are also literatures that perform underfill experiments using imitated flip-
chip of actual scale or even scaled-up. Usually, the chip is replaced with a clear
transparent material of similar wettability. The purposes of adopting imitated flip-chip
is to enhance the visualization aspect as well as the versatility of parameters variation.

Wang (2005) used a pair of microscope glass slides to determine the filling
time of various underfill fluids. The experimental time is in good agreement with the
analytical prediction by Washburn (1921). It was reported that the fluid’s viscosity
played a major role in determining the filling time.

Silicon on glass flip-chips of variables pitches of 80 um, 100 um, 120 pum and
160 um were fabricated by Lee et al. (2010) and Kim et al. (2011) for their works. The
underfill fluid used in the experiment is replaced with glycerin that possess similar
material properties as conventional industrial underfill fluid. Through micro particle
image velocimetry (UPIV), the underfill fluid flow across the bump array were
visualized and the fluid velocity contours were obtained. In the validation work, the
analytical filling times predicted by Wan model are the closest to experimental times,
but unable to compute the time for 80 um pitch case. A handful of impactful findings
were reported, for instance the occurrence of contact line jJump in both bump entrance
and exit were observed experimentally for the first time. Moreover, the variation of
flow front velocity along the wetting distance is first-ever reported. Furthermore, the
filling time at a given distance decrease with the increase in bump pitch, similar to the
finding reported by Peng and Young (2010). The glass flip-chip system was also used
by Shih and Young (2010) where both the chip and substrate were made from glass

for observing the underfill flow front. Six underfill cases of flip-chip with varying
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pitches from 200 um to 325 um were studied. It was found that the variation of bump
pitches does not change the filling time much. Besides, the edge channel flow can be
eliminated with full array flip-chip.

Another variant of underfill experiment that is based on homogenously scaled-
up imitated chip to study the molded underfill encapsulation process. In the
experimental setup described by Khor et al. (2012a), two sets of imitated chips were
constructed using imitated bumps of different heights 0.40 cm and 0.65 cm. During
the experiment, the underfill fluid stored inside a steel container was injected into the
imitated chip via an injection plunger which controlled by a computer. It was found
that air void formation be reduced by increasing the packaging pressure. Similar
scaled-up chip setup was used again by Khor et al. (2012b) to study the effect of
stacking chips and inlet positions on void formation, which concluded that the unstable
flow front caused the void formation. The stacked imitated chips that consists of two
layers was constructed by Ong et al. (2012). This setup of imitated chip and mold
injection was also used by Khor et al. (2012c) to visualize the chip deformation during
the molded encapsulation process and later compared to the numerical findings. Again,
the scaled-up imitated chip was used by Khor and Abdullah (2013) to study the
fluid/structure interaction of molded underfill process upon varying the thickness of
imitated chip. Lastly, the study of effect of bump arrangement on molded
encapsulation by Khor et al. (2014) also utilized the scaled-up imitated chip as the
validation tool to their numerical models. Overall, despite all experiment findings were
numerically validated, the vital scaling validity in terms of dynamic similarity and
homogeneity were not discussed.

The idea of scaled-up imitated chip is extended for the studies of underfill

process of ball grid array (BGA) device. BGA is the second level packaging, which
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serves as the housing of flip-chip, that is attached to the PCB or motherboard. As a
result, the overall dimensions of BGA is slightly larger than that of flip-chip. The first
BGA underfill research with such setup was conducted by Abas et al. (2016a), to study
how BGA bump arrangements (perimeter, middle empty and full array) affects the
filling time. The underfill flow in perimeter registered the shortest filling time; while
the full array has longest filling time. Abas et al. (2016b) used scaled-up BGA to
comprehensively investigate the variation effects of the dispensing conditions (I-type,
L-type and U-type) together with bump arrangements on the underfill process.
Furthermore, the underfill flow fronts attained from BGA of different scale sizes were
compared to justify the qualitative invariance of underfill flow front to scaling. The
void formation is also investigated based on the factors of scale size, dispensing
condition and bump arrangement (Abas et al., 2018). Apart from the observation of
void in U-type dispensing, the larger scale-size of BGA also gave air void of larger

size.
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2.3 Numerical studies on flip-chip underfill

Generally, the flip-chip underfill process is numerically simulated to validate
the experimental findings. Otherwise, new numerical scheme was proposed to simulate
the underfill process, and being validated based on existing underfill experiments.

Hang and Wang (1997a) simulated the flow front through the Hele-Shaw
approximation while considering the curing kinetics in underfill fluid. Nyugen et al.
(1999) also numerically investigated the flip-chip underfill process using PLICE-CAD
software. Nonetheless, the racing effect was not successfully being simulated. For the
molded encapsulation of TQFP package, Nyugen et al. (2000) used the previous
simulation software to visualize the underfill flow profiles. Kulkarmi et al. (2004) on
other hand used characteristic based split Finite Element Method (FEM) to study the
two-dimensional flow simulation for underfill process. Additionally, Lai et al. (2004)
and Shen et al. (2006) simulated the underfill flow using the control volume FEM.
Subsequently, Hashimotoa et al. (2008) presented the artificial compressibility method
to numerically simulate the three-dimensional capillary and no-flow underfill flows.

Apart from FEM, the finite volume method (FVM) numerical scheme was used
in underfill simulation. Wan et al. (2009) used FVM based numerical simulation,
ANSYS Fluent to simulate their underfill experiment as reported in Wan et al. (2008),
where both the experimental and numerical flow front and filling time are comparable.
Besides, the pressurized flip-chip underfill process (Khor et al., 2010a) and capillary
flip-chip underfill process (Khor et al., 2012d) were numerically simulated using FVM
software, Fluent. Moreover, by using similar FVM software, the effect of bump
arrangement on underfill fluid was numerically studied in Khor et al. (2010b), Ong et
al. (2012) and Abas et al. (2016b). Meanwhile, Ong et al. (2013) numerically

demonstrated the effect of microbump pitch of molded underfill process.
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Another numerical method that was substantially used in researching the
underfill process was the fluid/structure interaction (FSI), that is based on FVM
discretization (Khor et al., 2011a). It is particularly useful to study the molded or
injection underfill encapsulation, where the pressure exerted on the underfill fluid
during injection will be imparted to the solder bumps and chip. On the contrary, the
driving capillary force in conventional underfill process is relatively small in
magnitude, thus the structural deformation of bump and chip due to the capillary flow
is negligible. The simulation software involved in FSI were FLUENT and ABAQUS
which is coupled by the mesh-based parallel code coupling interface (MpCCI).
Various parameter variation studies for molded underfill process were conducted, for
instance, inlet gates and gap height (Khor et al., 2011a), inlet pressure (Khor et al.,
2011b), inlet position (Khor et al., 2012b) and bump shape (Khor et al., 2012¢). Using
the response surface methodology, optimization work on FSI aspect of molded
underfill was performed by Khor et al. (2012¢). Continuing the legacy of Khor’s works
on FSI, few additional follow-up studies on moulded underfill process were conducted
based on the parameter variation of the aspect ratio (Ishak et al., 2015; Ishak et al.,
2017a) and the stacking layout (Ishak et al., 2017b).

Wang et al. (2011) introduced new numerical scheme for the simulation of
underfill flow in flip-chip. The governed equations were solved by the Petrov-Galerkin
(PG) methods, while the PLIC-FAN method was used to track the flow front.

Abas et al. (2015) used the lattice Boltzmann method (LBM) numerical scheme
to simulate the underfill process in BGA. The LBM simulated underfill flow front is
compared to that attained from FVM simulation, while bubbles formation can be
observed in the case of LBM. Later, Abas et al. (2016a) numerically studied the effect

of bump arrangement on underfill flow in BGA, using LBM. Ishak et al. (2016) used
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LBM for the simulation of molded underfill process, for which the micro-void
formation was successfully observed.

Wang et al. (2016) also adopted the LBM to simulate the underfill flow fronts
based on the past underfill experiment (Han and Wang, 1997a). The experimental and
simulated flow fronts were found to be qualitatively comparable. However, the
quantitative validation (i.e. filling time, velocity, pressure) was not presented.

Zhu et al. (2018) proposed a new dynamic pressure boundary condition for
flip-chip underfill simulation and successfully predicted the racing effect as reported
in the previous experimental work by Nyugen et al (1999).

The level-set method used in the numerical work by Wang et al. (2018) instead
of conventional volume of fluid (VOF) method to capture the flow front of underfill
fluid, for which it was well-validated with the experimental filling times for the

underfill flow reported in Nyugen et al. (1999) and Lee et al. (2010).
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2.4 Analytical studies on underfill flip-chip

Generally, the analytical underfill works aim to obtain the filling time elapsed
of the underfill flow at different filling distance, in terms of length dimensions of the
bump array and material properties of the underfill fluid. This is known as the filling
time model. Nonetheless, the literatures on analytical study of flip-chip underfill were
scarce in amount. This is caused by the complexity in derivation, so the more
straightforward experiment and simulation methodologies were opted instead. Due to
the lack of modelling and innovation approaches together with accuracy concern, there
are only six distinct filling time models that were developed to date.

Dated back to about a century ago, Washburn (1921) derived the first equation
that gives the relationship between the flow time, t; and flow distance, x; for the
capillary flow in horizontal gap between two parallel plates, written as:

3ux?

te = , 2.1
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where u is the dynamic viscosity, o is the surface tension, h is the gap height and 9 is
the contact angle at the plate surface. This corresponds to the capillary flow in viscous
regime where the inertia effect diminished, gives the Washburn’s relation of t~x?2.

The application of Washburn model on flip-chip underfill study is embarked
by Han and Wang (1997a). The authors modified the Washburn model by considering
the dynamic contact angle using the correlation equation by Newman (1968):
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where 8, is the equilibrium contact angle with both a and ¢ being constants depending
on the surface. The filling time, t; is then solved iteratively. However, as the Washburn
model did not incorporate the bump array, the filling time of the capillary underfill

process will be greatly underestimated by a discrepancy up to 70% (Yao et al, 2014b).
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In fact, the consideration of bump in analytical filling time model is pioneered
by Young’s research group. Young and Yang (2002a, 2002b) formulated the variable
capillary pressure difference of meniscus due to varying gap and orientation between
two adjacent bumps of pitch W, as a function of bump angular displacement, ¢:

20cosf 2o cos(0 + ¢)

h + W—dcos¢ (2:3)

Ap(p) =

This is regarded as the cornerstone of bump-level analysis of the capillary flow.
However, chip-level analysis is adopted instead to ease the formulation, by averaging

the capillary pressure difference in (2.3) across the pitch:

_ 20cosf h (Z d cos? ¢
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However, they used the averaged capillary pressure in (2.4) to compute the capillary

force parameter that quantified the strength of capillary flow, as follows:

F = , (2.5)

where k, is the permeability along the flow direction, x and € being the porosity.
Qualitatively, F is higher when the gap height is smaller and bump pitch is larger, with
the existence of critical pitch that gives F = 0. Young and Yang (2006) presented a
generalized study on the effect of contact angle and solder bump arrangement on flip-
chip underfill using the parameter F.

In the following year, Young (2003) refined the analysis of underfill flow by
introducing the phenomenon of contact line jump (CLJ). This occurs when the
meniscus just touches the solder bumps, where the contact line appears to jump
forward instantaneously. It is assumed that the capillary pressure associated to this
jump is large, so the reciprocal of capillary pressure in the integral is zero. Moreover,

Young stated that the CLJ occurred at the values of ¢ between —m/2 and —1z/2 + 6,
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for quadrilateral bump array. However, the details on obtaining the position of
occurrence of CLJ were not enclosed. This prompted Yao et al. (2014a) to criticize on
Young’s work on determining the amount of jJumping is not based on any physics law.
Subsequently, the flow velocity is derived based on the Darcy’s law as in:

dxe  ky 0P
P (2.6)

ulxe) = dt ~ pedxs’

The filling time, t; is obtained by solving (2.6) with approximation ofg—j ~ Ap/x¢ 10
f

gives the second filling time model and subsequently referred as Young model.
Young (2004) developed another variant of filling time model by considering

the viscous resistance and variable capillary pressure by the bump at different flow

position. By integrating the pore velocity relation in equation (2.6) and by studying the

mass conservation, one obtains:
n n+1 n de

A™(x¢) is the surface area of meniscus at position x¢ while AR™ is the term due to
viscous drag at n-th bump row. These parameters depend on whether the meniscus is

located between bumps or after it passes the bumps, respectively given as:

A ump(xp) = (W — d cos p)h, (2.9)
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The filling time is obtained by solving for t; in terms of x¢, from equation (2.7). This

is regarded as the first and only filing time model that was based on bump-level
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analysis, despite adopting the porous media assumption using Darcy’s law. The
imperfection of this model is on the constancy of effective permeability over one pitch,
k., instead of varying based on a thin slab of meniscus flow. Moreover, the meniscus
shape always assumed to be straight throughout the underfill flow. The CLJ introduced
earlier in Young (2003) is not applied. Regardless of the downside, both ideas of
segmentation in region and variables capillary pressure presented in this literature are
the essences for developing a bump-level analysis-based filling time model.

Wan et al. (2005a) developed another analytical filling time model based on
the simplified one-dimensional momentum equation for Couette flow, i.e. lubrication
equation with additional power-law model of non-Newtonian fluid. This is the fourth
filing time model and subsequently known as Wan model. Prior to the derivation of
filling time model, Wan et al. (2005b) affirmed the influence of transient flow on the
underfill process is negligible, thus the inertia term in momentum equation can be
safely ignored. Wan model was based on chip-level analysis by averaging the driving
capillary pressure over the chip but did not apply the porous media assumption and
Darcy’s law. By considering the solder bump as a square with side length of d, the
resistance pressure exerted on the flow by the bump was derived through the principle

of virtual work. The equation of Wan model is:

n+1

(%) " (2.13)

1
n

. _2n+1 mhW (W + d)
™ n+1 [20cos6 (W2 +dW — dh)

where m and n are the constants associated to the power-law model. In fact, Wan
model is the most popular analytical filling time model for validation study, since it is
the most straightforward model available of reasonable accuracy. The major limitation
of Wan model relies on the geometrical aspect of the flip-chip, which necessitate the

term W2 + dW — dh to be larger than zero.
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Subsequently, using the non-dimensionalized Wan model, Wan et al. (2007b)
conducted a generalization study on the critical clearance at various gap height and
flow behavior index, n. They found that there exists a threshold of bump pitch which
will dramatically increase the filling time. Furthermore, the critical clearance increases
with both the dimensionless gap height and n. Accordingly, a flip-chip package design
protocol is formulated to ensure the bump clearance is less than the critical clearance.

After the successful consideration of non-Newtonian fluid viscosity in Wan
model, Young (2010) proposed another model. Firstly, the experimental plot of
viscosity against shear rate (Wang, 2007) is segmented into three segments of distinct
trends. Later, the constitutive constants in each segments were determined. The
momentum equation and power-law model by Wan et al. (2005a) is independently
applied on these segmented. Later, the flow velocity is averaged over the gap-wise for
all regions and lastly the filling time is obtained by using finite difference method.

Afterward, Young (2011) modified his permeability filling time model (Young,
2003) to predict non-Newtonian underfill flow. Both the viscosity, 4 and permeability,
k. terms in equation (2.6) were replaced with the corresponding gap-wise averaged
values. The Young power-law fluid filling time model was well-validated with his own
simulation findings. It is also reported that the filling time increased steadily with n.
Yang and Young (2013) computed the effective permeability of a three-dimensional
unit cell of underfill flow in flip-chip for the use of analytical filling time model.

The fifth filling time model is analytically developed by Yao et al. (2014a) that
is based on the permeability results from Yao et al. (2014b), and thereby known as
Yao model. The governed equation of Yao model is Darcy’s law, such that the flip-
chip is assumed to be a porous media. Prior to determine the averaged driving pressure,

both the meniscus evolution and CLJ as experimentally observed by Lee et al. (2010)
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and Kim et al. (2012) were modelled analytically. Through conservation of mass with
no-flow assumption, the jumping amounts at both entrance and exit CLJ were
determined. Moreover, the capillary pressure is averaged temporally by weighing to
the cross-sectional area of flow at each instant, for which the meniscus evolution and
CLJ is incorporated at this stage. However, the Yao model was not pure analytical
filling time model. The value of permeability, k is obtained from the correlation plots
based on numerical simulation of unit-cell of flip-chip flow domain (Yao et al., 2014b).
As Yao model is based on chip-level analysis, its final expression resembles the

Washburn relation as follow:

= #8 xz
2kAp” T

ts (2.14)

Upon comparing to other filling time models (Wan et al., 2005a; Young, 2003;
Washburn, 1921), Yao model gave the closest filling time predictions to the
experimental times.

The sixth filling model was presented by Luo et al. (2016). The Luo model is
based on chip-level analysis and governed by the Darcy’s law, though it differs in the
formulations of effective permeability and averaged driving pressure. Like Wan model,
the bump shape was assumed to be square and thus the flip-chip was reduced to a
repetitive rectangular channel. The validation study showed that Luo model can predict
the experimental filling times more accurate than the Wan model and Washburn model.

Yao et al. (2018) developed an analytical permeability model with accuracy
comparable to their numerical permeability (Yao et al., 2014b). Later, Yao and Zhang
(2018) improved their previous permeability model by additional consideration of the
actual specific surface and tortuosity. Eventually, it is found that their latest
permeability model gave even closer prediction to the numerical value. With these

analytical permeability model, the revised Yao model is now purely analytical based.
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