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An Examination of Underfill Flow in Large Dies
With Nonuniform Bump Patterns
Leo Zheng and Ying Sun

Abstract—In this paper, numerical modeling and experimental
results are presented for underﬁll ﬂow in a large die with a
nonuniform bump pattern in a ﬂip-chip packaging conﬁguration.
Two different 2-D ﬂow models coupled with the volume-of-ﬂuid
method are applied to track the underﬁll ﬂow front during
the simulation of the ﬂip-chip encapsulation process. The ﬁrst
model employs the modiﬁed Washburn model and uses a timedependent inlet velocity to account for the ﬂow resistance across
the gap direction in the presence of bump interconnects. The
second model introduces a momentum source term in the Stokes
equation to represent the gapwise ﬂow resistance. Rheological
properties, surface tension, and dynamic contact angles for
commercial underﬁll material and the effect of ﬂux residue
on underﬁll wetting properties are experimentally determined.
Simulation results based on the two models are compared with
in-situ ﬂow visualization conducted using bumped quartz dies.
The modiﬁed Stokes model yields better predictions of the
underﬁll penetration length as a function of time and the total
ﬂow-out time. This model is then used to investigate the effects
of dynamic contact angles and temperature-dependent underﬁll
viscosity on underﬁll ﬂow in a large die with a nonuniform bump
pattern.
Index Terms—Flip-chip, nonuniform bump pattern, quartz die,
simulation, underﬁll ﬂow.

I. Introduction

I

N RECENT years, flip-chip technology has been widely
used in the electronics industry. In order to redistribute the
thermal stresses induced by the mismatch in the coefficient of
thermal expansion among a silicon die, solder joints, and a
substrate, underfill material is used to fill the gap containing
thousands of bump interconnects between the die and substrate
[1], [2]. The underfill material, a liquid encapsulant consisting
of mostly epoxy resin and SiO2 filler particles, is usually
dispensed along a silicon die edge and flows through the
multiply-connected gap region by capillary action.
One of the primary issues during the underfill infiltration
process is the void formation (e.g., capture voids inside the
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gap, exit voids along the periphery of interconnects, and
bump voids on interconnects), which has detrimental effects
on the reliability of flip-chip packages. Void formation is
often induced by irregular underfill flow fronts in silicon dies
containing nonuniform bump patterns or the edge effect where
the underfill flow along die edges advances faster than that
in the middle of the die due to larger bump resistance at
the chip inner core [3], [4]. With the continuous increase of
I/O counts in flip-chip packages, higher bump density, and
finer pitch size result in longer underfill flow-out time and
more voids formed during underfill encapsulation. In addition,
the transition to Pb-free bumping makes underfilling more
challenging as compared to SnPb bumps due to the increased
amount of flux residue from the use of new fluxes. Studies
have shown that flux residue increases underfill flow-out time
and moisture absorption, and induces nonuniform flow fronts
and void formation [5]–[7]. To date, the control of underfill
flow-out time and void formation for new flip-chip packages
still relies on time-consuming and expensive experiments that
frequently involve hardware modifications. This has created
a critical need for underfill flow prediction models that can
replace or supplement experiments, and provide engineers with
design-for-manufacturability capabilities.
Not surprisingly, several mathematical models have been
proposed to simulate the underfill flow process during flipchip encapsulation. One of the common tools in underfill flow
prediction is the Washburn model [8]–[12] which calculates
the penetration length of capillary flow inside a narrow gap as
a function of flow time

1
ph2 2
xf =
(1)
t
6µ
where xf is the penetration length, h the gap height, t the
flow time, µ the viscosity of a Newtonian fluid, and p
the pressure jump at the underfill/air interface calculated from
the Young–Laplace equation
σ (cos θb + cos θc )
p =
(2)
h
where σ is the surface tension, θb is the contact angle of
underfill/substrate, and θc is the contact angle of underfill/
silicon die. However, previous studies [3], [4], [8] showed
that the flow velocity calculated from the Washburn model is
much larger than that of the experimental observation. Han
and Wang [8] suggested that the discrepancy between the
model prediction and experiments was due to the exclusion
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of the effects of solder bumps, the non-Newtonian behavior
of underfill materials, and the dynamic contact angles at
underfill/substrate, underfill/die, and underfill/bump interfaces.
A modified Washburn model was introduced to account for the
non-Newtonian behavior of underfill material [8]. Nguyen and
coworkers [3], [4] conducted a series of underfill flow studies,
including 3-D flow simulations, by solving the full Navier–
Stokes equations and underfill flow visualization using bumped
quartz dies. However, the simulation results of Nguyen et al.
[4] did not agree with the experimental observations. Young
and Yang [13], [14] developed an underfill flow model based
on the Hele–Shaw approximation where the gap between the
substrate and die was treated as a porous medium whose
permeability was assumed to be a function of the gap height
and bump patterns.
The high-demand in computing power makes full 3-D
underfill flow simulations unattractive. In 3-D simulations, at
lease five mesh points are needed in the gapwise direction
to approximate the curvature of underfill flow front across
a microscale gap (e.g., 50–70 µm). As a result, the mesh
size in the x–y plane parallel to the substrate has to be fine
enough to avoid high-cell aspect ratios. For a die larger than
20 mm × 20 mm with more than 10 000 bump interconnects,
this yields over a million grid cells. Simulating unsteady
multiphase flow problems with over a million grid cells is
computationally very challenging, and hence recent studies
have been focusing on constructing simplified 2-D underfill flow models [10]–[12], [15]. The major challenge of a
2-D underfill flow model is to correctly account for both the
flow resistance in the gap between the die and substrate in the
z-direction (i.e., gap resistance) and the flow resistance induced
by the presence of solder bumps in the x–y plane (i.e., bump
resistance). Since 2-D flow simulations in the x–y plane fail
to account for the gap resistance in the gapwise direction,
Wan et al. [10]–[12] derived a time-dependent inlet velocity
boundary condition based on the Washburn model to account
for the gap resistance in the presence of solder bumps. Pantuso
et al. [15] introduced a momentum source term, obtained
from the Hele–Shaw approximation, in the Stokes equation
to account for the gap resistance.
To date, most underfill flow studies have mainly been
concerned with low-bump density, uniform bump patterns
that are modeled in terms of uniform permeability of the
multiply-connected gap region or a pressure drop due to
bump resistance [10]–[12], [15]. In this paper, underfill flow
is investigated for a large-sized die (22 mm × 22 mm) containing a highly nonuniform bump pattern with about 12 000
bump interconnects. The rheological properties, surface tension, and dynamic contact angles of a commercial underfill
material (Underfill A) are characterized experimentally and
used in the flow simulations. The simulations are performed
using the commercial computational fluid dynamic package Fluent [16]. User defined functions (UDF) written in
C-language are introduced in conjunction with the Fluent
solver to allow for time-dependent and contact line velocitydependent boundary conditions (e.g., the dynamic contact
angle and velocity inlet boundary conditions) that are essential
to our modeling effort. The volume-of-fluid (VOF) method
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is used for interface tracking. Two different 2-D models are
applied in this paper. The first is the modified Washburn model
derived by Wan et al. [10]–[12] and the second is the 2-D
Stokes equations coupled with the Hele–Shaw approximation
introduced by Pantuso et al. [15]. Experiments are conducted
to visualize the evolution of underfill flow front in bumped
quartz dies with bump patterns identical to the simulation.
The comparison between the simulations and experiments
demonstrates the applicability of each flow model for simulating underfill flow processes. The model showing better
performance, determined by comparing with experiments, is
used to further examine the effects of dynamic contact angle
and temperature-dependent underfill viscosity on the underfill
infiltration process.
II. Material Properties
A. Viscosity
Previous studies showed that underfill materials are usually
non-Newtonian [1]–[4], [10]–[12], [17]–[19] and the shear
rate-dependent viscosity can be modeled using the following
power law:
η = m γ̇ n−1

(3)

where γ̇ is the shear rate, η the shear rate-dependent viscosity, n the power index (e.g., for a Newtonian fluid, n
equals to unity), and m the flow consistency index. There
are two major factors that affect the suspension rheology, the
volumetric fill ratio of the particles in the suspension and
the forces between the particles. The forces that exist between
the particles in a suspension can be attractive and/or repulsive,
with each having different effects on resulting suspension
dynamics. When the particles are small enough, Brownian
motion has a significant effect on randomizing the motion of
the particles. For colloidal suspensions with a mean diameter
smaller than 0.5 µm and the volumetric fill ratio smaller than
0.2, the suspensions often behave like a Newtonian fluid
[17]. In addition, studies [18], [19] suggested that the local
viscosity variation in suspensions induced by shear migration
(the particle motion across the streamlines by irreversible
particle interactions) becomes negligible with the decrease
of the filler particle size. In this paper, Underfill A has a
mean diameter of 0.3 µm, much smaller than that of most
previous underfill studies whose filler particles are several
micrometers in diameter [1]–[4], [10]–[12], [17]–[19]. Fig. 1
shows a scanning electron microscopy image of Underfill A
after curing and plasma etching (to expose filler particles). The
majority of the filler particles are submicrometer in size and
the maximum filler particle diameter is in the neighborhood of
1 µm. In such a case, particle shear migration is not expected
to be strong during the underfill infiltration process and hence
the filler particle distribution in the gapwise direction can be
assumed to be fairly uniform.
In this paper, the viscosity measurements were conducted
using a rotational rheometer (AR-1000, TA Instruments)
equipped with an environmental chamber. The Underfill A
contains 40 wt% loading of silica filler particles (∼23% volumetric fill ratio). The underfill sample was taken out from

Authorized licensed use limited to: Drexel University. Downloaded on May 17,2010 at 03:21:36 UTC from IEEE Xplore. Restrictions apply.

198

Fig. 1.
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Scanning electron microscopy image of cured Underfill A sample.

Fig. 3. Viscosity of Underfill A as a function of temperature. The viscosity
reaches its minimum value at 80 °C and this temperature is chosen for the
bumped quartz die experiments.

B. Surface Tension

Fig. 2.
rates.

Viscosity of 40 wt% Underfill A at different temperatures and shear

a freezer at −40 °C to room temperature 24 h prior to the
measurements and sonicated in an ultrasonic bath for 2 h
to obtain spatially uniform filler particle distribution within
the sample. The rotational probe used was a 40 mm in diameter plate with a cone angle of 2°. The sample temperature was controlled by a Peltier element with a ±0.1 °C
accuracy. For each measurement, a fresh underfill sample
was reloaded to eliminate shear hysteresis. Since the shear
rate relevant to underfill flow is 3–100 s−1 , the shear rate of
0–120 s−1 was applied in the measurements. The results shown
in Fig. 2 suggest that the viscosity of Underfill A decreases
with temperature. At 80 °C, the underfill material behaves as a
Newtonian fluid when the shear rate is greater than 3 s−1 . The
small filler particle size is believed to be the major cause of this
Newtonian behavior. Fig. 3 shows the viscosity of Underfill
A as a function of temperature for a shear rate of 40 s−1 (the
estimated mean shear rate in the underfill flow process). As
shown in Fig. 3, the underfill viscosity reaches a minimum
value of 0.1 Pa·s at 80 °C and increases with temperature when
T > 80 °C, due to possible gelation during the underfilling
process.

The surface tension of Underfill A was measured using a
Cahn Radian Dynamic Contact Angle (DCA) analyzer based
on the Du Noüy ring method. The sample temperature was
controlled by a water bath and a thermocouple was used to
monitor the temperature of the beaker containing the underfill
sample. The platinum ring was rinsed in acetone and then
flamed by a Bunsen burner before each measurement. After
cleaning, the ring was dipped into Underfill A and then
pulled upward at a constant speed to stretch the underfill
surface forming a lamella. The force applied to the ring during
the pull-up procedure was measured by a high-resolution
microbalance. The maximum force was applied to the ring
when the wetting angle between the underfill sample and
the ring was zero degree and the maximum force divided
by two times the circumference of the ring is the surface
tension. Underfill A with 40 wt% filler fraction was measured
by the ring method in the temperature range of 30–80 °C. The
results are shown in Fig. 4. The surface tension is temperaturedependent and decreases almost linearly with temperature.
C. Contact Angle
At least five different contact angles of the underfill material
exist in the underfill infiltration process. As shown in Fig. 5,
the contact angle of underfill/solder bump is defined as θ.
Symbols θc and θb denote the contact angles of underfill/silicon
die and underfill/substrate, respectively, inside the gap between
the die and the substrate. On the underfill dispensing fillet
side, θd and θs are the contact angles of underfill/silicon die
and underfill/substrate of the dispensing fillet. The values of
θc and θd may be different due to die passivation on the lower
surface of the silicon die. The same is true for θb versus θs
due to the presence of substrate metallization.
In this paper, the dynamic contact angles of Underfill A
spreading on the surface of Pb-free solder materials with and
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Fig. 4.

Surface tension of Underfill A as a function of temperature.

Fig. 6.

Dynamic contact angle of Underfill A on a SAC378 surface.

Fig. 7.

Dynamic contact angle of Underfill A on a SAC405 surface.
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Fig. 5. Schematic of various contact angles in the underfilling process.
(a) Top view. (b) Side view.

without flux residue were measured using both the direct
(goniometer) and indirect (Cahn DCA) methods. The flux
residue obtained here at a temperature lower than the reflow
temperature is assumed to be identical as that obtained at
the reflow temperature [5]. In the direct method, a sequence
of images was taken when an underfill drop spreading on a
solder surface. The contact line velocity and contact angle
were obtained through the image processing software Image J [20] with its plug-in, Drop Analysis. The spherical
curve fitting is conducted using the image gradient energy
and cubic spline interpolation algorithm. Pb-free solder materials, including SAC378 (95.5%Sn–3.7%Ag–0.8%Cu) and
SAC405 (95.5%Sn–4.0%Ag–0.5%Cu), were investigated and
the roughness of polished solder surfaces, characterized using
a Wyko NT1100 profilometer, was around 30 nm, at least one
order of magnitude smaller than the filler particle size. The
measured dynamic contact angles as a function of contact line
velocity for SAC378 and SAC405 are plotted in Figs. 6 and 7
together with the following Hoffman correlation for the mobility of inert spreading [21]:


cos θe − cos θ
= tanh 4.96Ca0.702
1 + cos θe

(4)

where θe is the static contact angle and Ca is the capillary
number defined as Ca = µu/σ. Here, u is the contact line

velocity and σ is the surface tension. Three cases in
Figs. 6 and 7 correspond to three separate experimental runs.
Note that the measured static contact angle for SAC378 is 28°
and that of SAC405 is 29°. As shown in Figs. 6 and 7, for both
solder surfaces, the contact angle increases with the increase of
the contact line velocity and the measured data are predicted
reasonable well by the Hoffman correlation. The paper also
shows that the SAC alloy types have negligible effect on the
underfill contact angle.
It is well known that flux residue may change the wetting
properties of underfill material [5]. The contact angle measured
between the underfill and the solder mask surface in the
presence of flux residue shows a 10–20° increase compared to
that of bare solder mask surface [5]. This leads to poor wetting
between the underfill and the substrate, thereby increasing
the underfill flow-out time during the flip-chip encapsulation
process. In this paper, a commercial gel flux (Flux B) was
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Fig. 10. Generic channel flow model. (a) Uniform, in-line bump pattern
where d + l is the pitch, l is the clearance between two solder bumps and
d is the diameter of a bump. (b) Variable cross-section channel configuration.

variable cross-section channel flow (see Fig. 10), the pressure
difference between the wider passage and narrower passage of
channel flow can be calculated by the virtual work principle to
yield the following modified Washburn model for the capillary
pressure that drives the flow:


σ (cos θb + cos θc ) l2 + hl + dl − dh
p =
(5)
h
l(d + l)
Fig. 8. Dynamic contact angle of Underfill A on a SAC378 surface with
flux residue B.

where l is the clearance between twosolder bumps andd is the
diameter of each bump. The term l2 + hl + dl − dh l(d + l)
represents the pressure correction due to the effect of solder
bumps and its value is smaller than unity for l < d. Substituting (5) into (1) yields the following equation for underfill
flow front velocity uf as a function of time:

uf =

σ (cos θb + cos θc ) h
12 µt



l2 + hl + dl − dh
l(d + l)

 21
.

(6)

This flow front velocity can be approximated as the underfill
inlet velocity.
Applying the time-dependent underfill flow velocity determined by (6) at the inlet edge as illustrated in Fig. 11, the
underfill flow can be simulated using the standard two-phase
averaged Navier–Stokes equations given by
∇ ·u=0


∂u
ρ
+ u∇ · u = −∇p + µ∇ 2 u + f sv
∂t
Fig. 9. Dynamic contact angle of Underfill A on a SAC405 surface with
flux residue B.

applied to the surface of Pb-free solder materials and baked at
150 °C for 2 h to form flux residue on the solder surface. The
contact angle of Underfill A on a solder surface containing
flux residue B was measured and compared with that of bare
solder surface. The results shown in Figs. 8 and 9 indicate a
∼25° increase in the static contact angle with and without flux
residue for both SAC378 and SAC405 alloy surfaces.

III. Underfill Flow Models
A. Modiﬁed Washburn Model
The modified Washburn model was introduced by Wan
et al. [10]–[12] to account for the gap resistance in the
presence of solder bumps in a 2-D underfill flow simulation.
Treating the flow through a uniform, in-line bump pattern as a

(7)
(8)

where ρ, u, p, and µ are the density, velocity, pressure,
and viscosity of the underfill/air mixture defined
as ρ =

ρ1 φ + ρ2 (1 − φ), u = [u1 ρ1 φ + u2 ρ2 (1 − φ)] ρ, p = p1 φ +
p2 (1 − φ), and µ = µ1 φ + µ2 (1 − φ). Here φ is the volume
fraction of underfill, subscripts 1 and 2 denote the underfill
and air, respectively. The term f sv is the continuum surface
force at the underfill/air interfacial region and it is a function
of the local curvature and surface tension [22].
B. Modiﬁed Stokes Model
Recently, Pantuso et al. [15] introduced an approach to
account for the gap resistance in the 2-D Stokes model that
integrates the gap resistance as a momentum source term into
the underfill flow model. Since the gap height is usually several
orders of magnitude smaller than the characteristic dimension
of the chip, the underfill flow can be modeled as a Hele–Shaw
flow by
12µ
∇p = − 2 u.
(9)
h
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TABLE I
Properties of Underfill A Used in Simulations
Contact angle on silicon die, θc
Contact angle on substrate, θb
Contact angle on solder bumps, θ
Viscosity at 80 °C
Surface tension at 80 °C

20°
25°
28°
0.1 Pa·s
0.032 N/m

Fig. 11. Boundary conditions for the two underfill flow models: the inlet
edge is on the left side and is treated as a time-dependent velocity-inlet
condition for the modified Washburn model and a pressure-inlet condition for
the modified Stokes model. The other edges are set to be at the atmosphere
pressure, pa .

Adding (9) into the 2-D Navier–Stokes equation as a momentum source term follows:

ρ



∂u
+ u∇ · u
∂t

= −∇p + µ∇ 2 u −

12µ
u + f sv .
h2

(10)

For a small Reynolds number flow (Re < 1) like the one
encountered in the underfill infiltration process, (10) can be
simplified into the following 2-D modified Stokes model:
∂u
12µ
= −∇p + µ∇ 2 u − 2 u + f sv .
∂t
h

(11)

The boundary conditions for this model are specified in
Fig. 11, where the inlet pressure is calculated from (2). The
source term representing the gap resistance is coupled into the
standard 2-D two-phase flow solver by UDFs.

IV. Solution Procedure
All subsequent simulations were conducted using Fluent. The gap height considered here was 70 µm. The timedependent inlet velocity in the modified Washburn model and
the momentum source term representing the gap resistance
in the modified Stokes model were coupled into the standard
2-D Navier–Stokes solver through UDFs. The underfill flow
considered here is laminar, unsteady, and multiphase. Two
types of meshes including quad-pave (78 896 cells) and tripave (157 797 cells) were used to perform the grid independence study. Time independence study yields a time step of
0.008 s.
The interface was tracked by the following VOF equation
[16]:
∂φ
+ u · ∇φ = 0.
∂t

(12)

The interface was constructed by the geo-reconstruction
scheme that assumes a linear slope in each cell along the interface. The singularity at the moving contact line as the underfill
front advances is relaxed by the wall adhesion model, allowing
for one layer of slip cell adjacent to the wall [16]. Simulations
are conducted in a large die (∼22 mm × 22 mm) containing
a highly nonuniform bump pattern with ∼12 000 bumps. The
material properties used are summarized in Table I.

Fig. 12. Underfill penetration length as a function of time, from the quartz
die experiment.

V. Flow Visualization
The experimental validations were performed using bumped
quartz dies with the same bump configuration as that of
the simulation. The underfill was dispensed along the central
80% of the inlet die edge by a CAM/ALOT 1818 dispenser
with an auger positive displacement pump. The height of the
12-gauge dispensing needle was set to be the midpoint between the substrate and the top of the chip at the room
temperature of 25 °C and the stage holding the bumped quartz
die was at 80 °C. A camera capable of taking images at a rate
of 32 frames/s was mounted vertically above the quartz die to
record a sequence of images of the underfill flow front. The
images were collected when the underfill just started to flow
into the gap region from the dispensing side. The penetration
length was calculated by averaging the flow front location for
a certain flow time. The penetration length, xf , as a function
of time is shown in Fig. 12. The underfill flow slows down
substantially after the first several seconds and it takes a total
of 130 s to flow over the entire gap region.
Based on the Washburn model, (1), the penetration length,
xf , is proportion to the square root of time, t 1/ 2 , for a capillary
gap in the absence of bump interconnects. Fig. 13 shows
the penetration length squared versus time for our quartz die
experiment. It shows that even in the presence of ∼12 000
solder bumps, the penetration length of underfill flow can still
be fit into a linear curve with respect to time. The actual flow
is slower than the one predicted by the fitted linear curve
during the flow time of 10–95 s and becomes faster than that
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Fig. 13. Underfill penetration length squared as a function of time for the
quartz die experiment.

predicted by the fitted linear curve after 95 s of flow. The
equivalent pressure head, p, that drives the underfill flow in
the multiply-connected bump region, determined by the linear
fitting of Fig. 13, is 432.8 Pa compared to that of 843.9 Pa
based on (1) in the absence of bump interconnects. It implies
that, for the die considered in this paper, the pressure drop
due to bump resistance is 411.1 Pa, around half of the total
pressure head that drives the flow.

Fig. 14. Evolution of underfill flow front at (a) t = 2 s, (b) t = 4 s, (c) t = 4 s,
and (d) t = 10 s for both the experiment and simulation based on the modified
Washburn model.

VI. Results and Discussion
A. Model Evaluation
Snapshots from both the simulation and quartz die experiment are shown side-by-side (due to symmetry on right and
left sides of the die) in Figs. 14 and 15 for the two underfill
flow models, respectively. As shown in Fig. 14, the underfill flow front obtained using the modified Washburn model
advances faster compared to that of quartz die experiment
during the entire underfill infiltration process. The flow-out
time for the entire chip based on the modified Washburn model
is only one-third of the experimental time. The result suggests
that the modified Washburn model significantly underestimates
the bump resistance. This might be due to the fact that the
modified Washburn model is derived from a uniform, in-line
bump pattern, which might not be applicable to nonuniform,
staggered bump patterns considered in this paper. Fig. 14
also shows significantly different underfill front shapes for the
experiment and simulation that uses the modified Washburn
model. There is an observable edge effect in the simulation,
whereas the edge effect is not obvious from the quartz die
experiment.
The evolution of underfill flow front as a function of
time for the quartz die experiment and simulation based on
the modified Stokes model with a constant contact angle of
θ = 28° (at the underfill/solder bump interface) is shown sideby-side in Fig. 15. The simulated underfill flow front is slightly

Fig. 15. Evolution of underfill flow front at (a) t = 2 s, (b) t = 10 s, (c) t =
30 s, and (d) t = 70 s for both the experiment and simulation based on the
modified Stokes model with static contact angle between underfill and solder
bump (SAC378).
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Fig. 16. Capture void in the vacant L-shape region near the exit edge in an
underfilled sample for both the quartz die experiment and simulation based
on the modified Stokes model. (a) Simulation versus experiment. (b) Close-up
velocity vector map before and after void formation.

ahead of that in the experiment. Possible reasons include
the exclusion of flux residue, dynamic contact angle, and
underfill property variations due to nonuniform temperature in
the simulation. The final underfilled die is shown in Fig. 16(a),
where a void present at the low-bump density corner on the
exit side of the die is successfully captured using the model.
The velocity vector maps in the region adjacent to the void
before and after void formation are shown in Fig. 16(b). Faster
underfill flow in the vertical leg of the empty “L” shape region
traps air in the horizontal leg and hence forms a void there
about 1 mm in diameter.
The comparison between model predictions and quartz die
experiment clearly indicates that the modified Stokes model
shows better performance compared to the modified Washburn
model. The modified Stokes model is then used in the succeeding simulations to examine the effects of 1) dynamic contact
angle between Underfill A and solder surface, and 2) underfill
property variation due to temperature difference between the
dispenser and substrate on the underfill flow process.
B. Effect of Dynamic Contact Angle
The evolution of underfill flow front as a function of time
based on the modified Stokes model with dynamic contact
angle of Underfill A on SAC378 determined using the Hoffman correlation, (4), side-by-side with results from the quartz
die experiment, is shown in Fig. 17. The modified Stokes
model with dynamic contact angle better predicts the underfill
flow front and penetration length as compared to those of
the constant contact angle case. The flow near the die edge
advances faster than that in the core bump array. The underfill
penetration length as a function of time with and without
dynamic contact angle is shown in Fig. 18. It takes 130 s for
the underfill to penetrate the entire chip in our experiment,
whereas the simulated flow-out times are 113 s with dynamic
contact angle and 90 s for the constant contact angle case. The
flow front velocities of the experiment and simulations with
and without dynamic contact angle are plotted in Fig. 19 in
a logarithm scale. Both simulations overestimate the underfill
flow velocity in the initial 5 s. This is roughly the time for the
underfill material dispensed at the room temperature to reach
the stage temperature of 80 °C in the quartz die experiment.

Fig. 17. Evolution of underfill flow front at (a) t = 2 s, (b) t = 10 s, (c) t =
30 s, and (d) t = 70 s for both the experiment and simulation based on the
modified Stokes model with a dynamic contact angle between the underfill
and solder bump (SAC378).

The lower temperature yields higher underfill viscosity, and
hence slows down the initial flow velocity as compared to
simulations based on underfill properties of 80 °C. In addition,
the underfill material is assumed to be continuously supplied
into the gap region in both simulations. However, the underfill
material is only dispensed once at the beginning of the quartz
die experiment, causing pressure variations in the underfill
dispensing fillet.
C. Effect of Temperature-Dependent Underﬁll Viscosity
Simulations conducted thus far assume a uniform temperature field. However, in the real flip-chip underfilling process,
there often exists a temperature gradient between the dispenser
and substrate. As shown in Fig. 3, the viscosity of Underfill A
is a strong function of temperature and the curve fitting yields
a temperature-dependent viscosity of µ = 1 × 106 T − 3.7225.
A 2-D submodel that consists of the underfill flow direction
and gapwise direction (the third dimension is assumed to
be infinitely large such that the problem can be treated as
2-D) is introduced here to examine the effect of nonuniform
temperature distribution between the dispenser and substrate.
The model is coupled with the energy equation to account
for the nonuniform temperature field, where the thermal conductivity and specific heat of Underfill A are assumed to be
0.4 W/m·K and specific heat of 1.2 J/g·K [23]. The underfill is
dispensed at 25 °C and the substrate is heated to 80 °C, with
an environmental temperature of 25 °C and the heat transfer
coefficient of air assumed to be 6 W/m2 ·K.
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TABLE II
Underfill Flow-Out Time Comparison
Experiment
130 s

Simulation (constant CA and uniform
temperature)
90 s

Simulation (dynamic CA
and uniform temperature)
113 s

Simulation (dynamic CA and
nonuniform temperature)
120 s

for this correction factor of 0.93, the total underfill flowout based on the temperature-dependent underfill viscosity
becomes 120 s, 92.5% of that in the quartz die experiment. The
underfill flow-out time for the quartz die experiment and various simulation cases is summarized in Table II. Results considering dynamic contact angle and nonuniform temperature field
show fairly good prediction compared with the experiment.
VII. Conclusion

Fig. 18. Underfill penetration length as a function of time for the experiment
and simulations based on the modified Stokes model with and without
dynamic contact angle.

Two different 2-D flow models were used to simulate the
underfill flow front during the flip-chip encapsulation process
in a large die with a nonuniform bump pattern. Results showed
that the modified Stokes model performs better compared to
the modified Washburn model when validated using bumped
quartz die experiments. The modified Stokes model is capable
of capturing the void formation in a large die and the predicted
underfill flow-out time is within 8% error compared to the
experimental validation. This is a much more improved result
compared to most underfill flow simulations available in the
literature.
The dynamic contact angle between the underfill material
and solder surface plays an important role in determining the
underfill flow front and flow-out time. The energy equation
is integrated into the current flow model to account for
the temperature gradient between the dispenser and substrate
during the underfill infiltration process. The model will be
further tested for various underfill, solder, and flux material
systems with different bump and dispensing patterns to achieve
comprehensive and reliable model predictions for flip-chip
encapsulation. Future studies will also focus on adding more
detailed features into the present model, including the effects
of flux residue, solder pad area surface topography, imperfect
bump shape and die defects, and filler particle inhomogeneity
on underfill flow and void formation.
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