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Numerical Modeling for the Underfill
Flow in Flip-Chip Packaging

J. W. Wan, W. J. Zhang, and D. J. Bergstrom

Abstract—In the prediction of underfill flow in a flip-chip
package, numerical methods are usually used for flow analysis and
simulation since analytical methods cannot meet the requirement
for predicting fluid distribution in a planar analysis. At present,
there appears to be no simulation software commercially available
that is able to provide adequate prediction for the underfill flow
process driven by capillary force in a micro-cavity situation.
In the study presented in this paper, a numerical model was
proposed for the prediction of flip-chip underfill flow. In this
model, the power-law constitutive equation was used to describe
the non-Newtonian behavior of encapsulant fluids and a time-de-
pendent velocity boundary condition was used instead of the
pressure boundary condition commonly used. The comparison
between the model-predicted and experimental results indicated
that this model can give a good prediction for the underfill flow in
a micro-cavity. This model was implemented by a general-purpose
commercially available software program ANSYS, which has a
high reliability and wide accessibility.

Index Terms—Flip-chip underfill flow, numerical simulation
model, parallel plates, power-law constitutive equation, time-de-
pendent velocity boundary condition.

I. INTRODUCTION

HE underfill process is a very important manufacturing
T step in flip-chip packaging because of its great impact on
the reliability of flip-chip packaging. Many studies have been
carried out for predicting the flow characteristics using analyt-
ical or numerical methods [1]-[9]. The analytical methods usu-
ally treat the flow as a one-dimensional problem, and they are
not able to describe the distribution of fluid in a two-dimen-
sional field. Therefore, numerical methods were developed for
a more accurate underfill flow analysis [4], [6], [8]. In the study
reported by Nguyen et al. [4], the plastic integrated circuit en-
capsulation computer-aided design (PLICE-CAD) simulation
code was developed for calculating the filling time and for simu-
lating the flow front distribution in flip-chip packaging. In their
study, the predicted motion of the flow front was slower than
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that of the observed flow front. They did not provide an expla-
nation for this discrepancy. One of the possible reasons is that
they treated a non-Newtonian encapsulant as a Newtonian fluid,
which is not rational. In the study reported by Han and Wang
[6], the Hele—-Shaw approximation was used to describe the un-
derfill flow characteristics for the encapsulant material FP4510.
The Hershel-Bulkey viscosity 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 [4] when the influence of the non-Newtonian behavior
of underfill material on underfill flow is considered. However,
the flow front predicted with their model was faster than the
measured value [6]. No clear explanation was given for this dis-
crepancy. Nguyen [4] speculated that the discrepancy might be
related to the ratio of the spacing between the solder bump over
the gap height. In other words, this ratio may affect the model
accuracy.

Evidently, improved models are required. In the study pre-
sented in the present article, a two-dimensional numerical model
was developed for the prediction of the underfill flow between
two parallel plates and in a generic flip-chip package (or two
parallel plates within which there is an array of solder bumps).
In this model, the power-law constitutive equation was used
to describe the non-Newtonian behavior of encapsulant fluids
and a time-dependent velocity boundary was used instead of a
pressure boundary. The finite-element method (FEM) was used
to discretize the fluid flow equations, and the volume of fluid
(VOF) technique was used to track the flow front. The model
was implemented using the ANSYS software package (Version
7.0). Experimental results were used to verify the numerical
model developed.

II. NUMERICAL MODEL

A. Governing Equation

For a two-dimensional, incompressible flow, the continuity
and the momentum equations are, respectively, given by [10]
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Fig. 1. Meshed geometric model of full array flip-chip underfill flow.
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Fig. 2. Boundary conditions of the underfill flow driven by surface tension.

where v,, and v, are the velocity components in = and y direc-
tions, respectively, p is the pressure, p is the fluid density, and 7
is the shear stress (in which the first subscript refers to the plane
on which the stress component is acting, and the second indi-
cates the direction of the component on that plane).

The energy equation is given by
0*T
oy?
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where T is the temperature, c, is the constant volume specific
heat, and £ is the thermal conductivity and taken as a constant.

B. Constitutive Equation

Most underfill materials used in flip-chip packaging show a
non-Newtonian property. The study reported in [11], [12] shows
that the non-Newtonian behavior of the typical underfill material
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Fig. 3. Experiment setup for the underfill flow between two parallel plates.

used in flip-chip underfill can be described with the power-law
constitutive equation, which is presented as follows [13]:

Tij = MM |I_[2D|(n71)/2 (2D”) (5)

where m and n are the coefficient and index of the power-law
constitutive equation, respectively, D is the rate of deformation
tensor, 7 is the shear stress, and I 15 p is the second invariant of
D. The rate of deformation tensor is calculated by

2D =L+ L" (6)

where L is the velocity gradient tensor, and L7 is the transpose
of L, which is often written out as the dyad product of the gra-
dient vector (symbol V) and the velocity vector [10]

vV =1LT = ZZ&@% 7
j k3

i
where 6 is the unit tensor.

C. Numerical Model Development

In the study presented in this article, the VOF technique was
used to track the flow front. The VOF method determines the
shape and location of the free surface based on the concept of a
fractional volume of fluid. In general, the evolution of the free
surface is computed through the following equation

oF oF oF

_+’l}z—+’l}y8—y:

ot O 0 ®

where F'is defined as volume fraction (VFRC), whose value is
unity at any point occupied by fluid (or liquid), and zero oth-
erwise. This equation states that ' moves with the fluid. The
average value of F' in a cell would then represent the fractional
volume of the cell occupied by fluid. In particular, a unit value
of I would correspond to a cell full of fluid, while a zero value
would indicate that the cell contained no fluid. Cells with F
values between zero and one indicate that the corresponding el-
ement is partially filled (called partial element) and contains a
free surface. In ANSYS, an algorithm called Computational La-
grangian—Eulerian Advection Remap (CLEAR) is used to track
the evolution of the free surface with time. A detailed descrip-
tion on the CLEAR advection algorithm can be found in the
computational fluid dynamics (CFD) Guide in the ANSY'S soft-
ware package and in [14].

Currently, the VOF capability in ANSYS software package
is available only for quadrilateral elements for two-dimensional
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Fig. 4. Simulated flow front (bottom) compared to measured flow front (top) at filling times of 10, 30, and 50 s for a gap height of 45 pm.
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Fig. 5. Comparison of the simulated flow front with experimental results for a
gap height of 45 pm.

planar or axis-symmetrical analyses. Therefore, in this study, the
quadrilateral element was used in our calculation. For a flip-chip
package, there are solder bumps between the substrate and the
chip. The square shape was used to represent the solder bump
cross section. A typical meshed geometric model for a full array
of the flip-chip underfill flow is shown in Fig. 1, in which the
dimension of the chip is 6.7 mm x 6.7 mm, the solder bump
pitch is 250 pm, the bump width is 168 pm, and the number of
solder bumps is 25 x 25. In the simulation code developed, the
DO-loops structure was used to create the area of fluid flow. The
quadrilateral finite-element mesh was used to perform the VOF
technique to calculate the flow front position.

For an underfill flow driven by capillary action, the boundary
conditions are shown in Fig. 2. At the inlet

P = Patm- 9

At the flow front

p = patm - Apo' (10)
where p.tm is the atmospheric pressure, and Ap,, is the pressure
change due to surface tension. On the solid walls, the velocity

boundary condition is
Uy =0
vy, =0

where v, and v, are the velocity components in = and y direc-
tions, respectively.

In this study, the pressure boundary condition at the inlet was
converted into a time-dependent velocity function in order to
consider the resistance effect of the solid surfaces of the parallel
plates on the underfill flow in the two-dimensional numerical
model. From the study reported in [11], the flow front position
in the underfill flow is given by following equation

h/A 1/(n+1) 1 n/(n+1)
B o

By differentiating (12) with respect to time, the velocity is ob-
tained as

1/(n+1) n/(n+1)
L nt1 - 1/ntD)
2(n+1) \m 2n +1

(11)

(13)
where w is the velocity boundary condition at the inlet, ¢ is the
filling time, h is the gap height, m and n are the coefficient and
index of the power-law constitutive equation, respectively, and
Ap is the driving pressure. For the underfill flow between two
parallel plates Ap is calculated with the following equation [9],
[15]:

_ 20cos 0

Ap = (14)
h
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Fig. 6. Simulated flow front (bottom) compared to measured flow front (top) at filling times of 10, 30, and 50 s for the gap height of 85 pm.
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Fig. 7. Comparison of the simulated flow front with experimental results for a
gap height of 85 pm.

For the flip-chip underfill flow simulation [11]

Ap — 20 cos (W? + Wd — hd)
P= hW (W + d)

(15)

where o is the surface tension coefficient, 6 is the contact angle,
W is the clearance between two adjacent solder joints, & is the
gap height, and d is the solder diameter. For a VOF analysis,
boundary conditions are required for boundary nodes that be-
long to at least one non-empty (partial or full) element. It should
be noted that when creating the finite-element mesh, at least two
boundary nodes are required for the inlet/outlet element.

III. MODEL VERIFICATION

The model presented above was implemented using ANSYS
software package (Version 7.0). For the discrete FEM elements,
the ANSYS program calculates velocity components, pressure,
and temperature from the conservation of mass, momentum, and
energy.

A. Underfill Flow Between Two Parallel Plates

Before using the developed numerical model for simulation,
experiment results were used to verify this model. The exper-
imental setup is shown in Fig. 3. Two pieces of plastic shim
stocks were placed between the quartz die and the FR4 sub-
strate for the fluid flow between two parallel plates. Since the
quartz die was transparent, the flow fronts at different times were
recorded using a CCD video camera. The surface tension and
contact angle in this study were measured with the DGD-ASE
Contact Angle Meter, made by GBX Company, France. The vis-
cosity was measured with a cone-and-plate theometer (DV-III
V3.3 with accuracy: +1.0% of range), made by the Brookfield
Engineering Laboratories, Middelboro, MA.

The numerical simulation was based on the following condi-
tions: the plane dimension of the die was 12.75 mm x 9.5 mm,
the average gap height between the chip and the substrate was
45 pym, 85 pm, and 115 pm.

The surface tension and contact angle of the simulated under-
fill were measured on the FR4 substrate for different tempera-
tures between 40 °C to 90 °C. Both viscosity and surface tension
are temperature-dependent and were fitted with a second-order
polynomial, i.e.,

o =13.55113 — 0.047017T + 2.04 x 107572
0 = 88.47453 — 1.34561T + 0.005617">

(16)
a7
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Fig. 8. Simulated flow front (bottom) compared to measured flow front (top) at filling times of 10, 30, and 50 s for the gap height of 115 ym.
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Fig. 9. Comparison of the simulated flow front with experimental results for a
gap height of 115 pm.

where o is the surface tension coefficient (mN/m), # the contact
angle (degree), and 7' the temperature (°C). The suitable tem-
perature range of (16) and (17) is between 30 °C and 110 °C. At
60 °C, the contact angle and the surface tension are 28.5° and
0.011 N/m, respectively.

Based on the measured data, the coefficient m and index n
of the power-law constitutive equation are obtained to be 0.06
and 1.45, respectively. The density of the underfill fluid was
1800 kg/m3. The simulation results are shown in Fig. 4, in
which the experimental results are also plotted for a compar-
ison. Fig. 5 plots the comparison of the simulated flow front with
the experimental results. From these results it can be seen that
the numerical simulation results can give a good prediction for
the underfill flow between two parallel plates for both the filling
time and the flow front distribution. Similar results can be found
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Fig. 10. Effect of gap height on filling time.

s

Fig. 11. Flip-chip underfill flow experiment setup.

in Figs. 6 and 7 for a gap height of 85 ym, and in Figs. 8 and 9
for a gap height of 115 pm.
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Fig. 12. Simulated flow front (bottom) compared to measured flow front (top) at filling times of 10, 20, and 30 s in flip-chip packaging.

Fig. 10 shows the influence of gap height on the filling time.
From the results it can be seen that the filling time decreases
with an increase in gap height.

B. Underfill Flow in Flip-Chip Package

The numerical simulation and experimental measurements
were next performed for a flip-chip package. The size of the
quartz die was 6 mm X 6 mm, as shown in Fig. 11. The height of
the cavity gap was 50 um, the solder bump pitch was 250 pm,
and the diameter of the solder bump was 100 pum. The fitting
parameters m and n of the power law model were 0.06 and
1.45, respectively, the contact angle on the FR4 substrate was
28.5°, the surface tension was 0.011 N/m, and the density was
1800 kg/m?3.

The simulation results are shown in Figs. 12 and 13. From
Fig. 12, we can see that the simulated flow front does not show
a uniform profile. In order to compare the simulation results
with the measurements, we chose the arithmetic mean values of
maximum flow front and minimum flow front as a representative
value for comparison. From the results shown in Fig. 13, it can
be seen that the calculated arithmetic mean of the filling time
can adequately match the measured result. However, the flow
front shape does not match the measured results well. This may
be because the fluid distribution in the flip-chip underfill flow
is three-dimensional in nature. The simulation results show that
the numerical model can still give adequate prediction for the
underfill flow process in flip-chip packaging.

The model verification was also implemented with the exper-
imental results reported in [4]. The simulation and experiment
were based on the following condition: a 25 x 25 full array pat-
tern of solder bumps connected to the quartz die and the sub-
strate, respectively. The dimension of the die was 6.7 mm x 6.7
mm, and the average gap height between the chip and the sub-
strate was 56 pm. The bump diameter was 168 pym and the
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Fig. 13. Comparison of the simulated flow front with experimental results in
flip-chip packaging.

bump pitch was 262 ym. The meshed geometric model is given
in Fig. 1. In this simulation, the coefficient m and index n of
the power-law constitutive equation were 1.03 and 1.09, respec-
tively. The contact angle on the FR4 with solder mask substrate
was 25.5°, and the surface tension was 0.027 N/m [4].

Fig. 14 plots a comparison of the simulated flow front with
measured flow front at different filling times of 5.3, 19.6, and
23.9 s. Due to symmetry, only half of the device is shown in
Fig. 14. The right sides correspond to the measured flow front
with the quartz dies reported by Nguyen et al. [4]. From these
results, it can be seen that the predicted shapes of the flow front
adequately match the measured flow fronts. Therefore, the de-
veloped model can be used to simulate the underfill flow process
with good results.
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Fig. 14. Simulated flow front (left) compared to measured flow front (right) at 5.3, 19.6, and 23.9 s elapsed flow time, respectively.

A phenomenon can be observed from Fig. 14, in which there
is a faster flow along the edge region, while this phenomenon is
not seen from Fig. 12. This phenomenon is termed the “racing
effect” by Nguyen et al.[4] and is caused by the wicking effect
of the edge. The difference between Figs. 12 and 14 is due to
the different flip-chip package settings. In Fig. 12, there is no
frame surrounding the sides of the flip-chip package; the quartz
die is directly placed on the solder bump. In this case, the un-
derfill flow is not affected by the solid boundary of the frame. In
Fig. 14, a frame is set around the sides of the flip-chip package
[4]. The underfill flow is affected by the solid boundary of the
frame and the edge width (the distance between outside solder
bump and the solid boundary of the frame), which causes the
racing effect.

The experimental results reported by Nguyen et al. [4]
showed that the racing effect may form an air void in the center
region of the chip. Therefore, the racing effect can significantly
affect the reliability of a flip-chip package. A further numerical
simulation by us shows that the racing effect is affected by the
edge width. The larger the edge width, the stronger the racing
effect and the less uniform the flow front. The racing effect can
be reduced by decreasing the edge width.

IV. CONCLUSION WITH FURTHER DISCUSSION

In this study, a numerical simulation model was developed for
the investigation of a two-dimensional flow front distribution.
The ANSYS software package (Version 7.0) was used to imple-
ment this model. A time-dependent velocity boundary condition
was employed instead of a pressure boundary condition at the
inlet to consider the effect of the flow resistance caused by the
solid surfaces of the parallel plates. The power-law constitutive
equation was used to describe the non-Newtonian behavior of
encapsulant fluids in flip-chip packaging.

The numerical model reported in this article is based on the
Navier—Stokes equation for two-dimensional flow. In this nu-
merical model, a time-dependent velocity boundary condition
at the inlet was used instead of the commonly used pressure
boundary condition to consider the no-slip boundary condition
at the plates z = =+b (here z is gap-wise coordinate, b is one

half of the gap height) to eliminate the possible error caused by
other two-dimensional models employed for the three-dimen-
sional underfill flow problem driven by capillary force. In the
case of the Hele—Shaw model, in order to simplify analysis, it
is assumed that the inertia term can be omitted from the mo-
mentum 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 [16]. Actually, in
the Hele—Shaw approximation, although the no-slip boundary
condition at the plates z = +b can be satisfied, but the no-slip
boundary condition at the surface of the cylindrical body is not
satisfied [16]. Considering that the 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 and the surface resis-
tance caused by the solder bumps may have significant influence
on the flow. This effect was confirmed by the study reported
by Han and Wang. In their study, the flow front calculated with
a generalized Hele-Shaw model was faster than the flow front
measured in their experiment for flip-chip package [6].

The numerical model described in this paper was validated
using experiment, and the model can be implemented by em-
ploying commercial software, such as ANSYS. The commer-
cial software packages used for computational fluid dynamics
(CFD) are usually confirmed as reliable and relatively easy to
implement. From the results reported in this study it can be seen
that the developed numerical model can give a 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 mea-
sured results well, which calls for a further study.
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