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Multiscale, Multiphysics Model of Underfill
Flow for Flip-Chip Packages
Siyi Zhou and Ying Sun

Abstract— In this paper, the effects of various conditions
on underfill flow including the substrate surface, temperaturedependent underfill properties, nonuniform bump patterns (e.g.,
missing columns), irregular bump shapes (e.g., slanted bumps),
and filler particle redistribution are investigated for flip-chip
packages. Experimental studies are first presented for underfill
flow in silicon dies with different types of substrate surfaces
(ceramic versus organic). Results show that the underfill material
cannot wet organic packages well compared to their ceramic
counterparts. This is also observed in simulations employing a
2-D global underfill flow model for an isothermal underfilling
process. The effects of missing bump columns, temperaturedependent underfill viscosity and surface tension, and irregular
bump shapes on underfill flow-out time, flow front shape, and
void formation are then investigated in detailed underfill flow
models, with each factor resulting in ±4 ∼ 7% variation in
underfill filling time. Finally, the influence of filler particle
inhomogeneity due to settling and shear migration is modeled
using a full 3-D particle suspension model. The simulated filler
particle distribution around solder bumps agrees well with the
cross-sectional images of cured underfill samples.
Index Terms— Flip-chip, particle redistribution, substrate
surface, thermal effect, underfill flow.

I. I NTRODUCTION

O

NE of the primary issues during the underfill infiltration
process is the void formation (e.g., capture voids inside
the 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 a larger bump resistance at the chip
inner core [1], [2]. 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
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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, as well as inducing nonuniform flow fronts and
void formation [3]–[5]. To present, 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.
In our previous paper [6], the effect of flux residue on
wetting properties of underfill materials and the effect of
dynamic contact angle (between the underfill material and
solder bumps) on underfill flow are examined in a large die
with a nonuniform bump pattern. It is well recognized that the
bump pattern design is an important factor influencing underfill
flow, where missing bump columns or rows can lead to
local nonuniformity in flow front shape. In a real underfilling
practice, many other effects are of importance to the reliability
of flip-chip packages. For example, Nguyen et al. [1] studied
wetting properties of three underfill materials on polyimide,
FR4 with and w/o solder mask, benzocyclobutene, nitride,
oxide substrates. Results yield an underfill contact angle range
of 11.2 ∼ 30.9° on different substrate surfaces. In addition,
solder bumps may have variable cross sections (e.g., convexshaped bump) along the gapwise direction between the die
and substrate. The bumps near the die edge/corner are often
slanted due to shrinkage variation of the substrate or the
coefficient of thermal expansion (CTE) mismatch during die
reflow. Another important defect in flip-chip packages is the
nonuniform property in underfill materials caused by un-even
filler particle distribution [7], temperature profile, and local
gelation [8] during the underfill infiltration process. To present,
most underfill flow simulations assume homogeneous underfill
properties. However, in actual flip-chip packaging, underfill
properties are temperature dependent and the filler particle
in-homogeneity is a result of shear-induced migration [9],
[10], particle aggregation and settling [11], [12], and particle–
bump interactions during underfill dispensing. Studies have
found that both the underfill flow-out time and CTE mismatch
increase as results of filler particle in-homogeneity [13].
In this paper, the effects of substrate surfaces (ceramic
versus organic), temperature-dependent underfill viscosity and
surface tension, nonuniform bump patterns (e.g., missing
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Bump pitch 170μm

21.74mm

21.74mm

Fig. 1.
Configuration of test quartz die A. The domain dimension is
21.74 × 21.74 mm2 and the region contains uniform 13 456 solder bumps.
The bump diameter is 100 μm and the bump pitch is 170 μm.

columns), irregular bump shapes (e.g., slanted bumps), and
filler particle redistribution on underfill flow-out time, flow
front shape, and void formation are investigated for flip-chip
packages. A 2-D global underfill flow model is developed in
conjunction with detailed 3-D underfill flow models that are
specifically targeted at each factor influencing underfill flow.
The influence of filler particle inhomogeneity due to settling
and shear migration is modeled using a full 3-D particle
suspension flow model and simulation results agree well with
the cross-sectional images of cured underfill samples.

substrate as a momentum source term into the Stokes’ equation
(for Re <1). The modified Stokes’ equation for underfill flow
is given by
12μr
∂u
= −∇ p + μr ∇ 2 u − 2 u + f sv
(1)
∂t
h
where u, p, and μr are the velocity, pressure, and viscosity
of the underfill/air mixture. 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 [15]. In our
previous paper [6], the model proposed by Pantuso et al. [14]
was successfully implemented into commercial computational
fluid dynamics (CDF) package FLUENT [16] through user
defined functions. A pressure-inlet boundary condition is used
at the dispensing edge to account for the capillary driving force
during underfilling and the capillary pressure is calculated
using the Young-Laplace equation
σ (cos θb + cos θc )
(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.
The dynamic contact angles of underfill on die, solder bumps,
and substrate are calculated based on the Hoffman correlation
given by [14]
p =

cos θs − cos θ
= tanh(4.96Ca0.702 )
(3)
1 + cos θs
where is θs the static contact angle, θ is the dynamic contact
angle, Ca is the capillary number defined as Ca = (μr u)/σ .
The dispensing length is set to be 60% of the die edge.

II. M ETHODOLOGY
A. Quartz Die Experiments

C. Local Underfill Flow Model

The quartz die A containing a total of 13 456 solder bumps
is used in our experiments. The die configuration is shown
in Fig. 1 where the die dimension is 21.74 × 21.74 mm2 ,
bump diameter is 100 μm, and the bump pitch is 170 μm, and
bump patterns are uniform except three equally-spaced missing
lines and columns each. Both organic and ceramic packages
are tested. The contact angle of a commercial underfill B on
the ceramic substrate is 25° and that is 36° on the organic
substrate. The underfill material was stored in a freezer at
−40 °C and maintained at the room temperature 24 hours prior
to the experiments. The syringe containing underfill material
was sonicated for 10 mins to achieve a uniform filler particle
distribution. The package was pre-baked at 165 °C for 2 hours
before the experiments to remove moisture and then placed on
a hot plate at 80 °C. The underfill material was then dispensed
along the die edge at 25 °C and two passes with a 60%
dispensing length for the first pass and 80% dispensing length
for the second pass (∼30-s interval between passes) were
applied while the package is kept at 80 °C. The underfill flowout time is defined as the time between the initial dispensing
and the full coverage of underfill material at the die exit edge.
B. Global Underfill Flow Model

1) Temperature-Dependent Underfill Properties: To account
for the temperature gradient between the dispenser and substrate in the real flip-chip underfilling process, experimentally
determined temperature-dependent viscosity and surface tension of Underfill B, μr = 1 × 106 T −3.7225 [Pa·s] and σ =
−0.1578T + 45.03 [dyn/cm] were used [6]. The underfill flow
model is coupled with the energy equation to account for the
nonuniform temperature field, where the thermal conductivity
and specific heat of Underfill B are assumed to be 0.4 W/m·K
and 1.2 J/g·K, respectively [16]. The heat transfer coefficient
of air at 25° is assumed to be 6 W/m2 ·K.
2) Filler Particle Redistribution Model: Experimental
evidences [11], [17], [18] indicate that filler particle settling
and migration of underfill materials during underfilling and
curing processes can deteriorate the reliability performance of
flip-chip packages. Zhang and Acrivos [19] proposed a particle
suspension transport model that takes into account both the
effects of particle sedimentation and shear-induced diffusion,
given by

∂ϕ
+ us · ∇ϕ = λ2 ∇ · { D̂c (ϕ) γ̇ ∇ϕ + D̂s (ϕ) ∇ γ̇ }
∂t

ϕ f (ϕ)
.
(4)
+
κ

Recently, Pantuso et al. [14] introduced a 2-D underfill flow
model that integrates the gap resistance between the die and

Here us is the particle velocity, ϕ is filler volume fraction,
λ is the shape coefficient defined as λ = (2a/ h), where
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Fig. 2. Comparison of the underfill infiltration processes in ceramic and organic packages. (a) Evolution of underfill flow front at t = 3, 30, 47, 87 s.
(b) Underfill penetration length squared as a function of time for experiments with organic and ceramic substrates. The error bars are standard deviations of
multiple experiments and the penetration length is measured by averaging the flow front location for a certain flow time.

a is the diameter of the filler particle and h is the gap
height between the silicon die and the substrate, γ̇ is the
shear rate, D̂c (ϕ) and D̂s (ϕ) are the dimensionless diffusion
coefficients of particle flux due to gradient in ϕ and in γ̇ ,
respectively, hindered settling function f (ϕ) is defined as
f (ϕ) = (1 − ϕ)/(μr ), κ = (9/2)(μ1 Q)/(h 3 g(ρ1 − ρ2 ))
denotes the ratio between the viscous and buoyancy forces
acting on the particles, Q is volumetric flow rate (where
subscripts 1, 2, r denote liquid, particle, and underfill mixture,
respectively), ρ is density, and g is gravitational acceleration. The dimensionless diffusion coefficients D̂c (ϕ) and
D̂s (ϕ) can be determined using the following empirical
correlations [20]:
D̂c (ϕ) = 0.43ϕ + 0.65ϕ 2
D̂s (ϕ) = 0.43ϕ 2 .

1 dμr
μr dϕ

(5)
(6)

The filler particle distribution in an actual underfill dispensing process is an integration of filler particle settling
and migration. In this paper, (4)–(6) are solved together

with the mixture (carrier liquid and particulate phases)
continuity and momentum equations [19] via the finite volume method and the following expression for the particle
velocity [12]:
 

2

2
ϕ
exp ϕ S11 +
(7)
us = ut 1 −
ϕmax
ϕmax
where ϕmax is the maximum volume fraction of the filler
particles (taken the value of 0.68) and the sediment coefficient, S11 , is approximated as −6.55 [21] for monodisperse
particles. The Stokes velocity u t is determined by the following equation for a single spherical particle settling in a
fluid:
2(ρ2 − ρ1 )gr 2
(8)
ut =
9μ1
where r is the radius of the particle. The filler fractiondependent viscosity can be calculated based on the empirical
expression for slurry flows [22] as
μr = μ1 (1 − ϕ)−6.525 .

(9)
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Fig. 3. Comparison of the underfill infiltration processes between experiment and simulation. (a) Evolution of underfill flow front at t = 2, 24, 30, and
95 s for both experiment and simulation based on a ceramic substrate accounting for dynamic contact angles of underfill on die/bump/substrate. The inlet
driving pressure of capillary flow calculated from Young-Laplace equation is 843 Pa. (b) Evolution of underfill flow front at t = 4, 18, 30, and 102 s for both
experiment and simulation based on an organic substrate accounting for dynamic contact angles of underfill on die/bump/substrate. The inlet driving pressure
of capillary flow calculated from Young-Laplace equation is 767 Pa. (c) Underfill penetration length squared as a function of time for the experiment and
simulation for ceramic and organic substrates.

III. R ESULTS AND D ISCUSSION
A. Effect of Substrate Surfaces (Seramic Versus Organic
Substrates)
1) Flow Visualization: Snapshots of quartz die experiments
for both organic and ceramic substrates are shown in Fig. 2(a).
For both cases, the missing lines and columns in the bump
pattern cause local underfill flow front to lag slightly but do not
significantly change the flow front shape globally. The underfill flow front obtained using a ceramic substrate advances
faster compared to that of an organic substrate during the entire
underfill infiltration process. The resulting underfill flow-out

time is 104 s for a ceramic substrate and 110 s for an organic
substrate. This 5% difference in flow-out time may be due
to the fact that the underfill material does not wet the organic
package well (i.e., contact angle of 36° for an organic substrate
compared to that of 25° for ceramic). Fig. 2(a) also shows that,
for an organic substrate, the underfill material in the die centerline flows slower than that at the die edges. However, a racing
effect at the die edge is observed for the ceramic package. No
void is detected in either case. Since void is often induced by
irregular underfill flow fronts in dies containing nonuniform
bump patterns or the edge effect, the fairly uniform bump
pattern used in this paper and the slight edge effect do not
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TABLE II
P ROPERTIES OF S ILICON D IE , S UBSTRATE , S OLDER B UMP, AND
U NDERFILL M ATERIALS

Ceramic
substrate

Organic
substrate

Contact angle on solder bump [°]

28

28

Contact angle on substrate [°]

25

36

Contact angle on die [°]

20

20

Viscosity [Pa·s]

0.1

0.1

0.032

0.032

70

73

Parameter

Surface tension [N/m]
Gap height [μm]

(a)

(b)

(c)

(d)

Fig. 4. Effect of missing columns. (a) 3-D view of the geometry of slanted
bump simulation. (b)–(d) Evolution of underfill flow front in different bump
arrays in the x − y plane, i.e., full array, missing five and thirteen columns.
The bump pitch is 170 μm and dimension of package is 1.76 × 1.76 ×
0.07 mm. Underfill flows into the gap region from top to bottom and each
line represents underfill flow front at t = 0.02, 0.09, 0.26, and 0.64 s.

result in void formation in either case. Fig. 2(b) shows the
penetration length squared versus time for experiments using
both the organic and ceramic substrates. In the presence of
solder bumps, the underfill penetration length can still be fit
with a linear curve. The modified Washburn equation [23] for
the penetration length squared versus time gives
x 2f = C

ph 2
t
6μr

Ceramic
(Alumina)

SAC405

Underfill

Density
(g/cm3)

2.33

3.9

7.44

1.8

Thermal
conductivity
(W/m·K)

150

20

57.3 at 25 °C,
33 at 85 °C

0.4

Cp (J/kg·K)

712

850

220

1200

respectively. Fig. 3(a) shows that the underfill flow front
obtained from the simulation advances faster than that of the
experiment for a ceramic substrate during entire underfilling.
The underfill flow-out time obtained from the simulation is
95.2 s, 8% shorter than that of the experiment (104 s). Due
to the exclusion of many effects, such as flux residue, the
edge effect is more obvious in the experiment compared to
the simulation. The comparison of underfill flow between the
experiment and simulation for an organic substrate is shown in
Fig. 3(b), where the flow-out time is 101.6 s for the simulation,
7.6% shorter than that of the experiment (110 s). Compared
to the ceramic substrate, the flow front of underfill is more
uniform and no capture void is formed for this case. The
penetration length squared versus time shown in Fig. 3(c) for
a ceramic package presents that the correction factor of the
Washburn equation is 0.6063 and that is 0.5762 for the organic
package.

x z
y

Silicon

(10)

where x f is the penetration length and p is the
capillary driving force. For a capillary flow without bump
interconnects, the correction factor C is unity. Whereas, C of
0.5681 ± 0.0170 is obtained from the quartz die experiment
based on Underfill B infiltrating the ceramic package, and
that of 0.5360 ± 0.0161 is for the organic package. This
correction factor indicates the contribution of bump resistance
in the underfill flow.
2) Model Simulation: A previously validated, 2-D underfill
flow model based on the volume-of-fluid method [6] is used
in the simulation with parameters listed in Table I. Snapshots
for the simulation and experiment based on the ceramic and
organic substrates are shown side-by-side in Fig. 3(a) and (b),

B. Effect of Nonuniform Bump Patterns (Missing Columns)
As shown in Fig. 1, there are three equally-spaced missing
columns and rows each in the bumped quartz die A. Experiments demonstrated that the flow front of underfill in the
missing column region is slightly lagged compared to that in
the uniformly bumped area. Here, a 3-D model is developed to
investigate the effect of missing columns where the simulation
setup is shown in Fig. 4(a) with a hexagonal bump array of
170-μm pitch and a domain of 1.76 × 1.76 × 0.07 mm. The
number of missing columns is gradually increased and the
evolutions of underfill flow front at t = 0.02, 0.09, 0.26, and
0.64 s for the cases of a full array, five missing columns,
and thirteen missing columns are shown in Fig. 4(b)–(d).
The edge racing effect is observed for the case with a full
array whereas a lagged flow front along the edges is obvious
for the case with missing columns. The other observation is
that the flow front does not change too much with increasing
number of missing columns. The underfill flow-out time for
a full array is 1.15 s, 10% longer than that of five missing
columns (1.03 s).
C. Effect of Thermal Coupling
Simulations conducted thus far assume a uniform temperature field. However, in the real flip-chip underfilling process,
there is often a temperature gradient between the dispenser and
substrate. For example, in our experiment, the organic/ceramic
packages were placed on a hot stage at 80 °C, while the
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Fig. 5. Effect of thermal coupling. (a) Schematic illustration of the system setup. (b) Bump pattern. The dimension is 1.25 × 1.25 × 0.07 mm and
bump pitch is 170 μm. (c) Temperature profile of underfill material in the gap region (A-A plane). (d) Evolution of underfill flow front with and without
temperature-dependent surface tension and viscosity. Each line from top to bottom in both cases represents underfill flow front at t = 0.01, 0.05, 0.1, and
0.32 s.

underfill was dispensed at 25 °C. The underfill material is
heated during the infiltration process and the underfill viscosity
and surface tension are a function of temperature. Here, a 3-D
sub-model consisting of the ceramic substrate (1.2-mm thick),
solder bumps, and silicon die (0.745-mm thick) is shown in
Fig. 5(a) (side view). The underfill material flows from left
to right through a 70-μm gap. The simulation domain is
1.25 × 1.25 × 0.07 mm with 7 × 7 equally spaced bumps
of 170-μm pitch. Materials properties at 80 °C used in the
simulation are tabulated in Table II and the pressures at inlet
and outlet are both at 0 Pa.
Fig. 5(c) shows the gap region temperature profile of
underfill material accounting for variable viscosity and surface
tension, heat conduction in silicon die, ceramic substrate, and
SAC405 solder material. As can be observed in the figure,

the underfill material is quickly heated up upon dispensing
to the gap region with only about 60-μm entrance length.
However, in the gap wise direction, the underfill temperature is 10 °C higher on the substrate side compared to
the silicon die side. Evolutions of underfill flow front for
the cases with and without temperature-dependent underfill
properties are shown in Fig. 5(d) for t = 0.01, 0.05, 0.1, and
0.32 s. It is shown that the difference in flow front shape
between two cases is subtle and the edge effect is present
in both cases. The flow-out time considering temperaturedependent underfill properties is 1.08 s, 4% longer than the
isothermal case due to the interplay of higher surface tension
leading to higher capillary driving force and higher viscosity
resulting in higher resistance to flow at a lower dispensing
temperature (25 °C).
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Fig. 6. Effect of slanted bump shapes. (a) Slanted bump shapes from a cross-sectional image. (b) 3-D view of the slanted bump simulation setup. The
domain size is 1.09 × 1.09 × 0.07 mm and the bump pitch is 170 μm. There are a total of 36 uniform solder bumps and four slanted bumps at each corner.
(c) Evolution of underfill flow front in the x − y plane for the case with regular bumps and slanted bumps at the corners. Each line from top to bottom in
both cases represents underfill flow front at t = 0.02, 0.066, 0.12, and 0.31 s.

Fig. 7. Underfill penetration length squared as a function of time for different
slanted bump fractions.

D. Effect of Bump Shape
Underfill flow simulations often assume a cylindrical bump
shape so that the underfilling process can be simplified using
a 2-D model as illustrated in Section II-B. However, in a
real practice, solder bumps may have irregular shapes. For
example, bumps can become slanted due to shrinkage variation
of the high CTE substrate and the effect of CTE mismatch
during die reflow. The resulting bump cross section is shown

in Fig. 6(a). The slanted bumps usually exist near the die
corner/edge, while the bumps in the middle of the die still
keep regular shapes. A simulation setup that takes into account
the effect of slanted bumps is shown in Fig. 6(b), where four
bumps at each of the four corners are slanted within the bump
array containing a total of 36 bumps. The slanted bumps of
cylindrical shape are constructed at the same locations as the
regular bumps on the die side (top plate) and tilted 15° inward
to the substrate center. Fig. 6(c) shows the evolution of the
underfill flow front for the case of partially slanted bumps
compared with that of regular bumps. It is interesting to note
that, the underfill flow front for the case with slanted bumps
is more uniform than the case with only regular bumps where
the edge effect is more obvious. The slanted bumps along the
edge and corner cause more flow resistance in those regions.
This leads to a more uniform flow front and to some extent,
eliminates the edge effect. The resulting underfill flow-out
time is 0.48 s for partially slanted bumps, 7% longer than
that of all regular shaped bumps due to an increase in bump
resistance.
The total amount of slanted bumps is then increased to
explore the effect of slanted bump fraction on the underfill
penetration length. Fig. 7 shows the underfill penetration
length squared as a function of time for slanted bump fractions φ of 0, 0.44, 0.89, and 1 in the entire bump array.
The slanted bump fraction of unity (full array of slanted
bumps) corresponds to the flow-out time of 0.57 s and the
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Fig. 8. Effect of convex-shaped bumps. (a) Typical cross-sectional image of convex-shaped bumps. (b) Geometry of the 2 × 2 cylindrical bump setup.
(c) Geometry of the 2 × 2 convex-shaped bump setup. Bump diameter is 0.08 ∼ 0.11 mm, simulation domain is 0.48 × 0.48 × 0.07 mm, bump pitch is
170 μm, each case has four solder bumps, and underfill flows from top to bottom. (d) Evolution of underfill flow front for the two cases with cylindrical and
convex-shaped bumps, each line from top to bottom in both cases represents underfill flow front at t = 0.0005, 0.001, 0.014, 0.03, and 0.042 s.

flow-out time decreases with the decrease in slanted bump
fraction. Although the slanted bumps facilitate a uniform
underfill flow front and reduce the edge effect, both of
which prevent intrinsic void formation, they increase the
bump resistance and flow-out time during the encapsulation
process.
Fig. 8(a) shows a typical solder bump that exhibits a convex
shape. The effect of convex-shaped bumps on underfill flow is
examined using full 3-D models as shown in Fig. 8(b) and (c),
where the solder bumps were modeled as hollow cylinders
and convex shapes, respectively. The same pitch of 170 μm
is used in both cases and the domain size is 0.42 × 0.42 ×
0.07 mm. The diameter is 0.1 mm for cylindrical bumps and
0.08 ∼ 0.11 mm for convex-shaped bumps. Four solder bumps
are considered for each case as a representative volume in
actual devices that are usually much larger. The evolutions
of underfill flow front for the two cases with cylindrical
and convex-shaped bumps are shown in Fig. 8(d). Significant
differences in underfill front shape are observed between two
cases for t = 0.0005, 0.001, 0.03 s as the flow front passing
through the bumps, but the flow fronts quickly relax into
similar shapes between rows of solder bumps (at t = 0.014 and
0.042 s). The flow-out time for the case with convex-shaped
bumps is 0.06 s, compared with that of 0.057 s for cylindrical
bumps, 5% increase due to a higher bump resistance during
the infiltration process.
E. Filler Particle Redistribution
A full 3-D model for filler particle redistribution around
a convex-shaped solder bump is developed to examine the

effects of particle migration and sedimentation. The simulation
setup is shown in Fig. 9(a), where a convex-shaped bump is
located in the middle of a 0.24 × 0.24 × 0.07-mm domain.
Underfill material containing uniformly distributed silica fillers
of 20% volume fraction and 3-μm diameter flows from the
left to the right with a constant inlet velocity of 0.002 m/s.
Fig. 9(b) shows cross-sectional scanning electron microscopy
(SEM) images of filler particle redistribution between solder
bumps in cured underfill samples, where particles are depleted
from the silicon die side and in the downstream direction of
convex-shaped bumps.
The filler particle volume fractions in the gap region and the
A-A plane depicting the bump cross-sectional view are shown
in Fig. 9(c), where the variation of volume fraction of silica
fillers as a function of z-coordinate are clearly observed due
to the settling effect. Similar to the SEM images, particles
are depleted from downstream of the convex-shaped bump.
The variation of filler fraction along the gap wise direction
at the B-B (right before the bump), C-C (right after the
bump), and D-D (30-μm downstream of the bump) planes
are shown in Fig. 9(d). A higher filler fraction of 0.33 is
observed in the upstream lower half of the bump in the
B-B plane, whereas a lower filler fraction of 0.17 is present
in the downstream lower half of the solder bump in the CC plane due to blockage of particles by the convex-shaped
bump. In the D-D plane, the maximum filler fraction of 0.3
is located near the substrate, while a particle depletion layer
exists close to the chip side with a filler fraction of 0.02.
The stratification of initially well-mixed filler particles in the
gap wise direction is a result of particle settling whereas
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Cross section of cured samples
(b)

(a)

Filler particle volume fraction in 3D view

Filler particle volume fraction in cross-sectional view
(c)

Z-coordinate (mm)

D-D
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B-B
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(d)
Fig. 9. Effect of filler particle redistribution. (a) Schematic of the simulation setup with only one convex-shaped solder bump in the middle. The domain
size is 0.24 × 0.24 × 0.07 mm. (b) Cross-sectional images of filler particle redistribution in cured samples. (c) Contour of filler particle volume fraction in
3-D and bump cross-sectional view. The diameter of particle is assumed to be 3 μm. (d) Volume fraction of silica fillers as a function of z-coordinate (gap
direction) in B-B, C-C, and D-D planes.

particle shear migration, the particle motion across the streamlines by irreversible particle interactions, is not obvious in
our simulation.
IV. C ONCLUSION
The dispensing flow of a commercial underfill material
on organic and ceramic substrates was examined in a large
die with 13 456 bumps. The results show that the organic
package needs a longer underfilling time compared to that
of the ceramic package. Due to the fairly uniform bump
pattern of the test die considered here, no void was detected in
both experiments. Several local effects, e.g., nonuniform bump
patterns caused by missing bump columns, convex-shaped and
slanted bumps, temperature-dependent underfill properties, and
filler particle redistribution were considered in this paper. The
energy equation was integrated into the current underfill flow
model to account for the temperature gradient between the

dispenser and substrate during the underfill infiltration process.
Although slanted bumps near the die edge/corners enable more
uniform underfill flow front, they increase the total underfill
flow-out time. It is also found that both particle settling and
bump shape play an important roles in redistributing the filler
particles and lead to in-homogeneity in underfill property.
Future work will focus on the development of a mesoscale
filler particle redistribution model and integrate the model
to the global underfill flow model for achieving a two-way
coupled multi-scale approach that enables a comprehensive
understanding of underfill flow.
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