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Abstract

Flip-chip underfill process is a very important step in the flip-chip packaging technology because of its great impact on the reliability of

the electronic devices. In this technology, underfill is used to redistribute the thermo-mechanical stress generated from the mismatch of

the coefficient of thermal expansion between silicon die and organic substrate for increasing the reliability of flip-chip packaging. In this

article, the models which have been used to describe the properties of underfill flow driven by capillary action are discussed. The models

included apply to Newtonian and non-Newtonian behavior with and without the solder bump resistance for the purpose of

understanding the behavior of underfill flow in flip-chip packaging.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Faster, smaller, and cheaper components have been
regarded as the future trend in electronic appliances, e.g.,
laptop personal computers, cell phones, etc. [1]. This trend
has set more stringent requirements on the packaging
technology in the electronics industry. One of the most
promising packaging methods today is the flip-chip
technology because it offers superior electrical performance
due to the shorter electrical connections between the chip
and substrate and very high input/output capacity and the
smallest possible package size.

Flip-chip packaging is a first-level interconnect technol-
ogy and was first developed about 40 years ago. Since its
invention, great efforts have been devoted to the research
and development of this packaging technology. One of the
most successful flip-chip packaging processes is the
controlled collapse chip connection (C4) invented by
IBM in 1960s, in which solder bumps are used to
electrically couple the silicon ICs to the substrate. In C4
flip-chip package (Fig. 1), the solder bumps are 100–250 mm
in diameter and 50–200 mm high [2].

Before the past decade, however, research and develop-
ment of the flip-chip technology have not been aggressive
because wire bonding technology met the needs of the
packaging industry. In the wire bonding technology shown
in Fig. 2, the interconnection between the die and the
substrate is made using a wire. The die is attached to the
substrate with the active face up. A wire is bonded first to
the active surface of the die, then looped and bonded to the
substrate. The process is performed by high-speed
machines that can bond several wires per second. But as
the industry calls for smaller and higher input/output
capacity integrated circuit (IC), more wires are needed. As
chip size decreases and the number of input/output (I/O)
increases, pads and wires are moved more closely together,
making it more difficult and expensive to build the
equipment needed to produce ICs. The closer together
the wires at the periphery of the die, the more technical
issues arise because the wires have to be bonded along the
die’s periphery. Additionally, when wires are bonded more
closely together, electromagnetic interference caused by
them becomes a significant problem. Therefore, it becomes
difficult for the wire bonding technology to further increase
I/O capacity and to reduce the packaging size.
The flip-chip technology solves this challenge by making

the die connected to the substrate via a conductive ‘‘bump’’
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[3]. In particular, the active face of the die is attached to the
bump which is then attached to the substrate. The bumped
die is’’flipped over’’the substrate (Fig. 3). Therefore, flip-
chip package has the advantages of high I/O density
capability, improved electrical performance due to the
short interconnect from chip to substrate, reduced size and
weight, and improved thermal performance since the top
surface of the chip can be used for an efficient cooling
component to deal with the increasing power density
required by the trend toward the devices using higher
packaging densities.

The major challenge with flip-chip packaging technology
originates from thermal mechanical stresses caused by the
mismatch of the coefficients of thermal expansion between
the silicon chip and the cost-effective organic substrate.
This is because all materials undergo some dimensional

change when their temperatures change. Most materials
expand when heated because increased thermal energy
causes atomic or molecular distances to increase. The
parameter used to quantify the dimensional–temperature
relationship is the coefficient of thermal expansion (CTE).
The difference in CTE between the silicon chip and the
organic substrate can cause significant thermal stresses on
interconnects during temperature cycling and ultimately
results in fatigue cracking and electrical failure.
To solve the CTE mismatch problem resulting from

assembling the flip-chip with a polymer-based organic
substrate, the simplest and most cost-effective approach is
to fill the gap between the chip and the organic substrate
with an appropriate composite to transfer the thermal–
mechanical stress away from the fragile bump zone to a
more strain-tolerant region [4–11]. The underfill is an
encapsulant, which is coated over the active area of the die
and the interconnect structure. The underfill serves at least
two purposes: (1) performance enhancement, and (2) chip/
joint protection. It should be noted that the underfill
movement is constrained by the very rigid and low
expansion chip in its plane. The underfill will expand in
the vertical direction with its own CTE. Therefore,
underfill should have a CTE value that approximates the
value of the solder bump to avoid the mismatch of the CTE
between underfill and the solder joint in the vertical
direction.

2. Flip-chip encapsulation technology

Flip-chip encapsulation technology can be classified into
conventional underfill, no-flow underfill, and injection
underfill (molded underfill).
Conventional underfill technology has been developed

and practiced for nearly 20 years. At present, more than
90%of the underfill processes employed in industry are
realized by dispensing liquid encapsulant at elevated
temperatures along the periphery of one or two sides of
the chip and allowing capillary action to draw the
encapsulant into the micro-cavity [2]. During the underfill
processes, the capillary action (i.e., surface tension) draws
the encapsulant into the cavity between the chip and the
substrate. After the filling is completed, the chip and
substrate assembly is taken to an oven where the underfill is
cured. Since the filling process is based on capillary action,
the filling process is slow. This situation becomes sig-
nificant with an increase of chip size and fine bump pitch.
The no-flow underfill process was first reported by Wong

and Baldwin [12]. Compared with the conventional under-
fill process (see Fig. 4), the no-flow underfill process has
potential advantages over the conventional underfill
process due to its simplicity. As the no-flow underfill
process eliminates the strict limits on the viscosity of
underfill encapsulant and the package size, and simplifies
the conventional underfill process by combining solder
reflow and underfill cure into one step, it can improve the
production efficiency. However, since the pre-deposited
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underfill cannot contain high levels of silica filler due to the
interference of the filler with solder joint formation, the
high CTE of the underfill results in the poor reliability of
the package [13]. Also, the placement of the chip requires
more accuracy. Since no-flow underfill process is difficult to
control during the compression flow of the encapsulant
material, void formation is often observed in many flip-
chip no-flow underfill packages [13]. Voids in the underfill,
especially voids near the solder bumps, may cause early
failure due to stress concentration, underfill delamination,
and solder extrusion. Currently, no-flow underfill is mainly
applied for the low I/Oand small-size products for which
reliability is of less concern.

Another way to make underfill fluid flow fast is to use
injection filling [14–17] that introduced the use of a vacuum
to increase the driving force. The vacuum method enables
shorter filling times than those required by the dispensing
process, but the maximum driving force is limited to the
atmospheric pressure. The major concerns on the vacuum
molded underfill technology are the compound flush in the
air vent area and the uncompleted fill. An insufficient mold
vacuum (90–95%) will also cause the uncompleted fill issue
within the chip area [16]. When the underfill material is not
uniformly distributed or there are voids in the underfill
region, there will be a reliability issue in the function of the
packaged chip. Han and Wang [15] reported a pressurized
underfill encapsulation method. Their method injects the
encapsulant under high pressure into the mold which
surrounds and seals the chip. In this case, the flow is
generated by the pressure exerted from the inlet rather than

by the surface tension at the flow-front. The underfill
process can be done at either constant pressure or constant
flow rate. This method can significantly reduce filling time
compared to that required by the dispensing process, since
the fast-curing unferfill materials can be used and the filling
can be done at room temperature. The main problem
existing in the injection filling method is that the flip-chip
geometry has a higher resistance to the mold flow which
results in the phenomenon that the air is trapped under the
chip. The study reported by Rector et al. [18] showed that
the voids were observed in the molded underfill packages
using an acoustic microscope. The poor reliability caused
by the air void which accompanies in the injection process
and the complexity generated in the injection mold are the
main challenges for the application of injection underfill
technology.

3. Analytical modeling of the underfill flow process

Although the conventional underfill has been developed
and practiced for nearly 20 years, it still prevails in
industrial practice due to its high reliability, especially with
the development of fast-flow, fast-cure underfill materials
obtained in recent years. Currently, typical underfill takes
less than 40 s to underfill a common-size chip
(6mm� 6mm) and a few minutes for curing in a typical
industry setting. Therefore, in conventional underfill the
prediction of the underfill flow characteristics in a flip-chip
package driven by capillary action is very important for
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pycontrolling the filing process and optimizing the design of
the flip-chip package.

Fig. 5 is a schematic diagram of underfill flow process.
The encapsulant is dispensed along the periphery of one
side of the chip and drawn by capillary action through the
micro-cavity between the chip and the substrate. The
typical gap height is around 50 mm, and solder pitch is
200–500 mm. In order to reduce the viscosity and to make
the fluid flow more quickly, the liquid encapsulant is
usually heated up to 80–90 1C.

3.1. Modeling underfill flow process with the Washburn

model

The underfill flow process is usually evaluated by three
performance indices: (1) the fluid filling time, (2) the flow
front position as shown in Fig. 6, and (3) the fluid
distribution. A model describing the first two indices is
needed for process design optimization and control. Most
studies reported in the literature [19–25] applied the
Washburn model [26] to the underfill flow analysis in the
case of two parallel plates. In the Washburn model, it was
assumed that the flow is laminar, one-dimensional,
incompressible, and fully developed flow of a Newtonian
fluid. This results in the following expression for the
location of the flow front

x2
f ¼

sh cos y
3m

t, (1)

where s is the surface tension coefficient, xf is the position
of the flow-front at time t, y is the contact angle, m is the
viscosity of the Newtonian fluid, and h is the thickness of
the cavity (see Fig. 1.8). From Eq. (1), the fluid filling time
tf for a cavity is

tf ¼
3mL2

sh cos y
, (2)

where L is the length of the cavity.
Although the Washburn model has been widely used in

the underfill flow analysis in flip-chip packaging, unfortu-
nately, the filling time calculated with this model does not
agree well with the observation measured in the underfill
flow of a flip-chip packaging [24,27–30]. One reason for
this is that the Washburn model was developed for a
Newtonian fluid, while underfill materials for flip-chip
packaging typically exhibit non-Newtonian behavior

[24,28]. Another reason is that the Washburn model was
originally developed for the capillary flow in a cylindrical
tube and did not consider the influence of the solder bump
resistance on the underfill flow in flip-chip packaging.

3.2. Improved Washburn models

Based on Washburn model, Han and Wang [24]
developed a method that incorporates the concept of a
‘‘dynamic contact angle.’’ The dynamic contact angle
concept proposed by Schonhorn et al. [31] describes the
change of the contact angle with time for an open-flow
process of polymer melts from the initial state to an
equilibrium state. Newman [32] first used this concept for
the capillary flow in a circular tube and used the following
equation to describe the contact angle:

cos y ¼ cos yeð1� ae�ctÞ, (3)

where a and c are coefficients, determined by

a ¼ 1�
cos y0
cos ye

(4)

and

c ¼
s

ZM
, (5)

where y0 is the initial contact angle, ye is the contact angle
at an equilibrium state, M is a constant which depends on
the surface in contact with the encapsulant, and Z is the
viscosity of non-Newtonian fluid.
Employing Eqs. (3)–(5) and the Washburn model, Han

and Wang obtained the following equation for the capillary
flow between two parallel plates, which is similar to an
equation developed by Newman [32] for a capillary flow in
tube

tf ¼
3ZL2

sh cos ye
þ

a

c
ð1� e�ctf Þ, (6)

since Eq. (6) is a nonlinear function of filling time tf, his
model needs to be solved using an iterative method and
does not give a closed-form solution.
Han and Wang [24] experimentally tested this model for

a flip-chip underfill flow. The comparison between the
experimental and predicted results is given in Table 1. The
experimental conditions for the results in Table 1 were the
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pylength of the chip was 7mm, the thickness of the cavity was
100 mm, the solder pitch was 250 mm, the clearance between
adjacent solder joints was 90 mm, the initial contact angle
y0 ¼ 84:81, and M ¼ 17:1.

From Table 1, it is noted that the improved Washburn
model is superior to the original Washburn model for
predicting the underfill process in a flip-chip package.
However, the predicted filling times with the improved
Washburn model still did not match the experimental
results. There are two possible reasons for this discrepancy.
First, the viscosity in this model is for a Newtonian fluid.
However, the underfill material itself is a non-Newtonian
fluid, thus this model may not be applicable to the underfill
flow in flip-chip packaging. Second, this model was
developed for the underfill flow between two parallel
plates. Therefore, it did not include the effect of the solder
bump on the underfill flow.

In regard to the problems existed in Han–Wang model,
Wan et al. [33] proposed a new analytical model, in which
the effect of the solder bump on the underfill flow was
included. In this model, the flow front and filling time are
expressed, respectively, as

x2
f ¼

4b2s cos yeðW 2 þ hW þ dW � dhÞ

3mhW ðW þ dÞ
tþ

a

c
ðe�ct�1Þ

h i
,

(7)

tf ¼
3mW ðW þ dÞ

hs cos yeðW 2 þ hW þ dW � dhÞ
x2 þ

a

c
ð1� e�ctf Þ.

(8)

This model is also a nonlinear function of filling time tf
and calls for an iterative procedure. The filling time
calculated from this analytical model was compared with
the measured filling time, as well as predictions using the
Washburn and Han–Wang models (respectively), as shown
in Table 1. From the results, it can be seen that the
prediction using the proposed analytical model matches the
measured filling times better than the predictions using
both the Washburn model and the Han–Wang model. This
indicates that the flow resistance caused by the solder bump
has a significant effect on the underfill flow for the specific
conditions of this case. However, all the simulations are in
poor agreement with the measured results at 23 1C for
volume fractions of 0.402% and 0.646%. In this case, the
difference between the experimental and the theoretical
results may be caused by the temperature and time

dependence of the viscosity. This is because the underfill
flow process is to a certain degree coupled with the fluid
curing process. The solidification process will affect the
viscosity of the fluid, and such an effect becomes more
significant with an increase in the filling time. When the
underfill flow is performed at lower temperatures and
longer filling times, the viscosity may increase significantly
with time.

3.3. Analytical models for viscous non-Newtonian fluid

It can be noted that the above analytical models reported
by Han and Wang [24] and Wan et al. [33] are basically
generated from the Newtonian fluid assumption. This
means that to describe a real flip-chip underfill process, a
non-Newtonian fluid analytical model should be employed.
In the study reported by Wan et al. [34], the power-law
constitutive equation is employed for describing the non-
Newtonian fluid behavior in the flip-chip package as the
underfills used in flip-chip packaging show the non-
Newtonian property of the underfill materials. Based on
this constitutive equation, two analytical models with
closed-form solutions were derived for predicting the fluid
filling time and flow front position. The first model, called
Model I, uses the geometry of two parallel plates as an
approximation to the flip-chip package, while the second
model, called Model II, considers the geometry of two
parallel plates within which an array of solder bumps is
present. Based on the study, the flow front in flip-chip
packaging (Model II) is calculated with the following
equation, as a function of filling time:

xf ¼
h

2

2s cos yðW 2 þ dW � dhÞ

mhW ðW þ dÞ

� �ð1=nþ1Þ
nþ 1

2nþ 1
t

� �ðn=nþ1Þ

,

(9)

where m and n are coefficient and index of power-law
viscosity equation, which are temperature dependent with
the units of (Pa?sn) and dimensionless, respectively; W is
the clearance between two adjacent solder joints, and d is
the solder diameter. Eq. (9) can be rearranged to obtain the
following expression for the filling time for a cavity of
length x:

tf ¼
2nþ 1

nþ 1

mhW ðW þ dÞ

2s cos yðW 2 þ dW � dhÞ

� �1=n
2x

h

� �ðnþ1Þ=n

.

(10)

ARTICLE IN PRESS

Table 1

Measured and theoretical filling times

Temperature (1C) 80 50 23 23 23

Fraction of volume filled (%) 0.926 0.676 0.25 0.402 0.646

Measured filling time (s) (Han and Wang, 1997a) 60 180 180 600 2700

Filling time calculated with Washburn model (s) (Eq. (2)) 8.58 17.6 9.84 27.35 77.47

Filling time calculated with Han-Wang model (s) (Eq. (6)) 46.6 133.6 121.4 330.0 835.1

Filling time calculated with the proposed analytical model (s) (Eq. (8)) 61.5 189.5 187.7 535.4 1502
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The above analytical model includes Model I (by taking
the solder diameter zero) and the Washburn model (by
taking the power law index n ¼ 1 and solder diameter
zero). Therefore, it can not only predict the underfill flow in
flip-chip packaging for non-Newtonian fluid and New-
tonian fluid, but also can predict the underfill flow between
two parallel plates for both non-Newtonian and New-
tonian fluid. An experimental investigation showed that
this model can give good prediction for current used
underfill materials [35].

4. Numerical modeling of underfill flow in flip-chip

packaging

An analytical model with closed-form solution as
discussed above is very useful for the process control and
the parameter analysis, but it can not provide the
information of the fluid distribution in two- or three-
dimensional geometry. Therefore, it is not suitable for
predicting the flow front distribution shape and the
position of the air void trapped in the flow process, which
are concerned problem for the reliability of flip-chip
packaging. To meet these requirements, many numerical
studies have been carried out in the literature
[2,24,28,35,36].

In the study reported by Nguyen et al. [28], the plastic
integrated circuit encapsulation computer aided design
(PLICE-CAD) simulation code was developed for calcu-
lating the filling time and for simulating the flow front
distribution in flip-chip packaging. In their study, the
predicted motion of the flow front was slower than that of
the observed front. They did not provide an explanation
for this discrepancy. Besides, the authors treated a non-
Newtonian encapsulant as Newtonian fluid.

In the study reported by Han and Wang [24], the
Hele–Shaw approximation was used to describe the
underfill flow characteristics for the encapsulant material
FP4510. The Hershel–Bulkey model was used to describe
the non-Newtonian behavior of the underfill material.
Hele–Shaw approximation was generally used to describe
the underfill flow characteristics [24]. Under these assump-
tions, the govern equations are given by

qr
qt
þ

qðruÞ

qx
þ

qðrvÞ

qy
þ

qðrwÞ

qz
¼ 0, (11)

0 ¼
q
qz

Z
qu

qz

� �
�

qp

qx
, (12)

0 ¼
q
qz

Z
qv

qz

� �
�

qp

qy
, (13)

rcp

qT

qt
þ u

qT

qx
þ v

qT

qy

� �
¼

q
qz

k
qT

qz

� �
þ Z_g2 þ

da
qt

H,

(14)

where u, v, and w are the velocity components in the x, y,
and z directions, respectively, p is the pressure, T is the

temperature, a is the degree of cure, and H is the heat
generation due to curing. Eq. (9) is continuity equation,
Eqs. (10) and (11) are the momentum equations in the x

and y direction, Eq. (12) is energy equation. For a capillary
driven flow, the boundary conditions are:
at the inlet,

p ¼ patm, (15)

at the flow front,

p ¼ patm � Dp, (16)

where patm is the atmosphere pressure, Dp is the surface
tension.
It was seen from their study that the discrepancy between

the measured and calculated results was less than that
reported by Nguyen et al. [28]. However, the flow front
predicted with this model was faster than the measured
value. Although no clear explanation was given by the
authors for this discrepancy, one possible explanation for
the discrepancy is that in the case of the Hele–Shaw model,
in order to simplify the calculation, it is assumed that the
inertia term can be omitted from the momentum equation
and the flow is around a single cylindrical body so that the
resulting pattern of streamlines is identical with that in
potential flow about the same shape. Therefore, in the
Hele–Shaw approximation, although the no-slip boundary
condition at the plates z ¼ �b (here z is gap-wise
coordinate, b is one half of the gap height) can be satisfied,
but the no-slip boundary condition at the surface of
cylindrical body is not satisfied [37]. Considering that
underfill flow in flip-chip package is affected by a set of
solder bumps, the geometry is not the same as that in
Hele–Shaw model, the surface resistance caused by the
solder bumps may have significant influence on the flow.
This effect was confirmed by the study reported by Wan
[35].
In the study reported by Wan [35], the numerical model

was developed based on the Navier–Stokes equation for
two-dimensional flow. A time-dependent velocity bound-
ary condition was used in the model to consider the effect
of flow resistance at the plates z ¼ �b to eliminate the error
caused by other two-dimensional models available. The
continuity equation and the momentums in this model are,
respectively, given by

qvx

qx
þ

qvy

qy
¼ 0, (17)

r
qvx

qt
þ vx

qvx

qx
þ vy

qvx

qy

� �
¼ �

qp

qx
�

qtxx

qx
þ

qtyx

qy

� �
þ rgx,

(18)

r
qvy

qt
þ vx

qvy

qx
þ vy

qvy

qy

� �
¼ �

qp

qy
�

qtxy

qx
þ

qtyy

qy

� �
þ rgy,

(19)

where vx and vy are the velocity components in the x and y

directions, respectively. p is the pressure, r is the fluid
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density, and t is the shear stress, in which the first subscript
refers to the plane on which the components of shear stress
are acting, and the second indicates the direction of the
component on that plane.

The energy equation is given by

rcv

qT

qt
þ vx

qT

qx
þ vy

qT

qy

� �
¼ k

q2T
qz2
þ Z_g2, (20)

where T is the temperature, cv is the constant volume
specific heat, k is the thermal conductivity, and Z is the
apparent viscosity. _g is the shear rate and is given by

_g ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qvx

qz

� �2

þ
qvy

qz

� �2
s

. (21)

The non-Newtonian behavior of the typical underfill
material used in flip-chip underfill is described with the
power-law constitutive equation, which is presented as
follows (Macosko, 1994) [38]:

tij ¼ mjII2Dj
ðn�1Þ=2ð2DijÞ, (22)

where D is the rate of deformation gradient tensor, t is the
shear stress, and II2D is the second invariant of D. The rate
of deformation tensor is given by

2D ¼ Lþ LT, (23)

where L is the velocity gradient tensor and LT is the
transpose of L, which is often written out as the dyad
product of the gradient vector (symbolX) and the velocity
vector, i.e.,

r~V ¼ LT ¼
X

i

X
j

didj

qvj

qxi

, (24)

where d is the unit tensor.
In the inlet, a time-dependent velocity boundary condi-

tion was employed instead of the pressure boundary
condition to consider the flow resistance exerted by the
parallel plates, which is given by

u ¼
nh

2ðnþ 1Þ

Dp

m

� �1=ðnþ1Þ
nþ 1

2nþ 1

� �n=ðnþ1Þ

t�ð1=ðnþ1ÞÞ, (25)

where u is the velocity, t is the filling time, h is the gap
height, m and n are coefficient and index of power-law
viscosity equation, respectively, and Dp is the driving
pressure and calculated with the following equation:

Dp ¼
2s cos yðW 2 þ dW � dhÞ

hW ðW þ dÞ
, (26)

where W is the clearance between two adjacent solder
joints, and d is the solder diameter.

The model was implemented using the ANSYS software
package (Version 7.0). The finite element method (FEM)
was used to discrete the fluid flow equations, and the
volume of fluid (VOF) technique was used to track the flow
front. The study showed that this model can give good
prediction for the underfill flow between two parallel plates
both for the filling time and for the flow front distribution.

In the numerical simulation in flip-chip underfill flow, the
calculated arithmetic average of the filling time can
adequately match the measured results. However, the flow
front shape does not match the measured results well,
which calls for a further study.

5. Summary and discussion

In this article, the models which have been used to
describe the flow properties of underfill are discussed. The
models included apply to Newtonian and non-Newtonian
behavior with and without the solder bump resistance.
In regard to the analytical models available, the

discussion shows that Washburn model only apply to the
Newtonian fluid in the underfill flow between two parallel
plates driven by capillary action, but it is not applicable to
the non-Newtonian fluid. The model improved by Han and
Wang by introducing dynamic contact angle to Washburn
model to consider the non-Newtonian behavior of underfill
material is superior to the original Washburn model for
predicting the underfill process in a flip-chip package.
However, the predicted filling time still did not match the
experimental results well. One of the possible reasons for
this discrepancy is this model does not include the effect of
the solder bump on the underfill flow as it was developed
for the underfill flow between two parallel plates. This
effect was confirmed by a model proposed by Wan et al.
[33]. The study showed that the prediction using the
proposed analytical model with the consideration of solder
bump resistance matches the measured filling times better
than the predictions using both the Washburn model and
the Han–Wang model. This model is better than the
Han–Wang model, but it is still basically developed from
the Newtonian fluid assumption (Washburn model) and
can not match the measured results well. The non-
Newtonian viscosity property of the underfill material
(i.e., viscosity changes with respect to strain rate) is a major
factor to disapprove the model. Therefore, a proper
constitutive equation should be employed in our fluid flow
analysis to deal with the non-Newtonian behavior of the
underfill materials. Wan et al. [34] further developed a new
analytical model, in which the power-law constitutive
equation is employed for describing the non-Newtonian
fluid behavior in the flip-chip packaging. The flow
resistance generated by the solder bump in flip-chip
package was derived using virtual work principle. Experi-
mental measurements show that this analytical model can
give good prediction for the underfill flow in flip-chip
packaging.
Regarding the studies for predicting the characteristics

of underfill process by numerical method, several typical
models were discussed. The numerical model used by
Nguyen et al. showed that the predicted motion of the flow
front did not match the observed results. One of the
possible reasons for the discrepancy is that the authors
treated a non-Newtonian encapsulant as Newtonian fluid
in their simulation. In the study reported by Han and
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Wang [24], the Hele–Shaw approximation was used to
describe the underfill flow characteristics for the encapsu-
lant material FP4510. The Hershel–Bulkey constitutive
equation was used to describe the non-Newtonian behavior
of the underfill material. It was seen from their study that
the discrepancy between the measured and calculated
results was less than that reported by Nguyen et al. [28].
However, the flow front predicted with this model was
faster than the measured value. Although no clear
explanation was given by the authors for this discrepancy,
one possible explanation for the discrepancy is that in the
case of the Hele–Shaw model, in order to simplify the
calculation, it is assumed that the inertia term can be
omitted from the momentum equation and the flow is
around a single cylindrical body so that the resulting
pattern of streamlines is identical with that in potential
flow about the same shape. Therefore, in the Hele–Shaw
approximation, although the no-slip boundary condition at
the plates z ¼ �b can be satisfied, the no-slip boundary
condition at the surface of cylindrical body is not satisfied.
Considering that underfill flow in flip-chip package is
affected by a set of solder bumps, the geometry is not the
same as that in Hele–Shaw model, the surface resistance
caused by the solder bumps may have significant influence
on the flow.

In the study by Wan [35], the numerical model was
developed based on the Navier–Stokes equation for two-
dimensional flow. A time-dependent velocity boundary
condition was used in the developed model to consider the
influence of no-slip boundary condition at the plates z ¼

�b on underfill flow. Experimental verification showed that
this model can give good prediction for the underfill flow
between two parallel plates both for the filling time and for
the flow front distribution. In the numerical simulation in
flip-chip underfill flow, the calculated arithmetic average of
the filling time can adequately match the measured results.
However, the flow front shape does not match the
measured results well, which calls for a further study.

In all the current studies, when the solder pattern is
considered individually, only one pattern of the solder bumps
is considered, that is, a full array of regular deployment of the
bumps. This particular pattern may not be the best one in
terms of the density of connection, though it facilities the
model considerably. There are two questions here: (1) what
pattern is the best one in terms of its functionality? and (2)
how can the fluids upon any pattern other than the one
discussed in the literature be modeled effectively? A further
effort on research is certainly needed to answer these
questions. Further, the void in the final flip-chip package
may likely occur to any process as described before. The
question is then how to develop a model to predict the void
formation in a particular fluid filling process.
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