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An Analytical Model for Predicting the Underfill
Flow Characteristics in Flip-Chip Encapsulation

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

Abstract—This article describes an analytical model for the pre-
diction of the underfill flow characteristics in a flip-chip package
driven by capillary action. In this model, we consider non-Newto-
nian fluid properties of the encapsulant as opposed to most other
studies where Newtonian fluid properties were assumed for the
underfill flow. The power-law constitutive equation was applied
in our study. The simulation based on this model agreed well
with the measurement obtained from the experiments available in
literature. It was further shown that this model performs better
than the Washburn model traditionally used for the prediction
of underfill flow characteristics in the flip-chip packaging. Based
on this model, the effects of the solder bump pattern (including
bump pitch, solder bump diameter, and gap height) on the process
variables (i.e., flow front and filling time) were studied, which
facilitated both the package design and the process optimization.

Index Terms—Analytical model, flip-chip package, power-law
constitutive equation, surface tension, underfill flow, Washburn
model.

I. INTRODUCTION

B ECAUSE of the evolution of the integrated circuit and the
desire for higher performance and lower cost, flip-chip

technology has become more attractive to the electronics pack-
aging industry. Flip-chip technology has advantages over other
methods as it increases the packaging density and improves the
electrical performance with lower cost. Traditionally, this tech-
nology uses ceramic materials for the substrate. Because of the
similarity in the thermal expansion coefficient (CTE) of the chip
and the ceramic substrate, i.e., there is only a small mismatch in
CTEs between the chip and the substrate, the amount of stress
on the solder joint produced by this mismatch is relatively small.
Unless a very large chip is involved, the deformation of the joint
is small and within safe limits. The desire for further cost reduc-
tion and increase in production volume has resulted in the use
of organic materials. As a negative consequence of this, the dif-
ference in CTEs between the silicon chip (about 2.3 ppm C)
and the organic substrate (18–25 ppm C) can cause signifi-
cant thermal stresses on the interconnects during temperature
cycling, which have contributed to fracture of the solder joint in
practice. One method used at present to solve this problem is to
fill an appropriate encapsulant into the gap between the chip and
the substrate to redistribute the shear stresses originally concen-
trated on the solder joint to the die and the substrate.
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Currently, most flip-chips are encapsulated by dispensing the
encapsulant along the periphery of one or two sides of the chip.
Capillary action (i.e., surface tension) drives the encapsulant to
flow through the microcavity formed between the chip and the
substrate. After filling is complete, the chip and substrate as-
sembly are taken to an oven where the underfill is cured. The
underfilling process needs to be controlled to achieve a satisfac-
tory result, and is measured by two performance indices: 1) the
flow front and 2) the time needed for the fluid to completely fill
the cavity.

A computationally effective model that relates these indexes
to both process and design parameters would be helpful for
process optimization and control. Ideally, such a model would
be in analytical form with a closed-form solution. Studies on
modeling the flow behavior of the underfill in the flip-chip appli-
cation have been performed by others [1]–[5], [7]–[11]. These
studies can be classified in terms of as follows:

1) the type of fluid considered for the underfill materials
(Newtonian, non-Newtonian);

2) the physical geometry of the confining walls (two parallel
plates, two parallel plates with the presence of an array of
solder bumps);

3) the type of model (analytical form, numerical form, e.g.,
finite element technology).

In the studies reported in [1]–[5], [11], the Washburn model
[6] for the case of two parallel plates was applied. The model
assumes that the underfill is laminar, one dimensional, incom-
pressible, and fully developed flow of a Newtonian fluid. The
application of the Washburn model leads to the following equa-
tion for the flow front:

(1)

where is the surface tension, the position of the flow-front
at time , the contact angle, the viscosity, and the thick-
ness of the cavity (see Fig. 1). From (1), the filling time of
encapsulation is

(2)

where is the length of the cavity.
Unfortunately, the filling time calculated with the above

equation does not agree well with experimental data [3], [4],
[9]. This is because the Washburn model is primarily for
Newtonian fluids, while underfill materials for flip-chip pack-
aging exhibit non-Newtonian fluid behavior [4], [7]–[9]. In the
study presented by Han and Wang [4], the contact angle was
considered to vary with respect to time as a modification of
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Fig. 1. Underfill flow between two parallel plates.

the Washburn model. In particular, they employed the equation
for the time-varying (or dynamic) contact angle of Newman
[16]. While acknowledging that the dynamic contact angle
does relate to the flow of polymer melts [17], the non-New-
tonian behavior of the fluid was not explicitly represented.
Han and Wang [4] further implied that their analytical model
was primarily for a Newtonian fluid, and went on to develop a
numerical model using a generalized Hele–Shaw model. While
a numerical model is conducive to understanding the physics
of the underfill process, it is not in line with the main objective
as well as the scope of the present study, i.e., a computa-
tion-effective model for process optimization and control. A
comprehensive study including both simulation and experiment
was reported by Nguyen et al. [7]. However, their model for
simulation was also a numerical one and ignored the feature
of viscosity change with respect to time and shear rate. It is of
interest to know what computational resources are needed in
order to complete one simulation using a numerical approach
in a flip-chip package. Gordon et al. [11] reported that it took
10 days of run time on a Sparc20 workstation by Flunt software
to complete one simulation using the Hele–Shaw model. Our
experience in using Ansys to simulate a two-dimensional (2-D)
underfill process is such that the simulation takes more than 10
h with a Pentium 4 personal computer.

The objective of the study presented in this paper was to de-
velop a computation-effective (or a lumped parameter analyt-
ical) model for the underfill flow process, which specifically
considers that the underfill material is a non-Newtonian fluid
and the resistance caused by solder bump affects the flow of
filling material. The analytical model developed was verified
with the experimental data produced by Nguyen et al. [7] and
Fine et al. [8].

II. THE NON-NEWTONIAN UNDERFILL FLOW ANALYSIS

The underfill flow driven by capillary action is a relatively
slow process. It can be assumed that such a flow is laminar, fully
developed, and incompressible. Under these assumptions, the
momentum equation of the flow can be simplified as [12]

(3)

where is the stress tensor, and is the pressure. Considering
that the flow is 2-D in and , (3) reduces to

(4)

The well-known power-law model [13] is adopted as the consti-
tutive equation, i.e.,

(5)

where is the rate of deformation tensor, and is the
second invariant of . For a steady simple shear flow,

and [13]. Equation (5) becomes

(6)

where, is the shear rate, and are constants
depending on the temperature, and is the velocity of the flow
in the direction. The apparent viscosity of the fluid can be
expressed as

(7)

Substituting (6) and (7) into (4) gives

(8)

Integrating (8) subject to the symmetry boundary condition at
the centerline, i.e., 0, gives

(9)

Substituting (7) into (9) results in

(10)

which can be rearranged to obtain

(11)

Finally, integrating (11) subject to the no-slip boundary condi-
tion at the wall, i.e., 0 , gives the following gap-wise
velocity profile:

(12)

where , is the thickness of the gap, and is the
pressure gradient. The speed of the flow-front is equal to the
average gap-wise velocity, which is given by

(13)

Substituting (12) into (13) and integrating gives
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Fig. 2. Flip-chip package pattern. (a) General structure. (b) Generic flow passage.

The above equation can be rearranged to obtain

(14)

Since is independent of and is independent of
, (14) can be separated into two ordinary differential equations

(15)

(16)

where is a constant. Integrating (16) and applying the
boundary conditions in terms of the external pressure and the
pressure at the flow front

(17)

Substituting (17) into (14) gives

(18)

Integrating the above equation, the flow front is given by

(19)

From the above equation, the filling times is given by the fol-
lowing equation

(20)

where is the pressure difference due to flow resistance. In the
fluid flow between two parallel plates driven by capillary action,
the net driving force in this case is the pressure difference due

to surface tension, which can be calculated using the following
equation [5]:

(21)

where is the surface tension of the fluid in N/m, is the radius
of curvature of the flow-front, and is the contact angle (see
Fig. 1).

Substituting (21) into (19) and (20), respectively, we obtain

(22)

(23)

We can verify that when 1, (22) and (23) reduce to (1) and
(2), respectively, which represent the Washburn model.

III. UNDERFILL FLOW IN FLIP-CHIP PACKAGE

We carried out an experiment based on a flow configuration
created by two plates [19]. The model developed above was val-
idated based on the experimental results. However, the simula-
tion based on the model does not give a good prediction in the
case of an actual flip-chip package [8], [9]. The observed results
for a full array and perimeter array flip-chip pattern reported
by Fine et al. [8] clearly show that the encapsulant flows faster
in the perimeter array than in the full array, and that the solder
bumps significantly affect both the flow rate and the uniformity
of the flow. In this section, we extend the model for the flip-chip
package by considering the effects of solder bumps on the flow.

The effect of solder bumps in this case is an additional re-
sistance to the fluid flow, which can be further represented by
the pressure loss ( ). This means that the driving force, as
calculated by (21), will have to be reduced by . The full
array solder bump pattern, as a generic feature of the flip-chip
package, is described in Fig. 2. An array consisting of two rows
is a reasonable representative structure [Fig. 2(a)]. Based on the
assumption that the underfill flow consists of a set of one-di-
mensional channel flows, the problem can be further simplified
to the approximate geometry shown in Fig. 2(b). For the capil-
lary flow shown in Fig. 2(b), the pressure drop, , associated
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Fig. 3. Power-law models fitted from the measurements reported in [7]. A, B, C: three different materials.

with the variation in cross section between 1 and 2, is given by
[14], [15]

(24)

It should be pointed out that (24), which describes the pressure
required to force fluid into or past a restriction, is independent
of the length of the restriction [14]. Furthermore, it is interesting
to note that it is also independent of the flow rate [14]. When the
channel thickness is the same, i.e., , the above equation
becomes

(25)

From Fig. 2, we further have

(26)

where is the diameter of the solder bump. Substituting (26)
into (25) gives

(27)

According to the previous elaboration, the driving pressure is
the pressure due to the surface tension between the chip and the
substrate deducted by . The driving pressure in this case is
given by

(28)

Equation (28) is further rearranged into the following equation,
i.e.,

(29)

TABLE I
MEASURED FILLING TIME VERSUS CALCULATED FITTING TIME

By substituting (29) into (19) and (20), the flow front and the
filling time in the flip-chip package are given by the following
equations, respectively:

(30)

(31)

where, for simplicity, was replaced with . We can verify
that when 0, the above equations reduce to (22) and (23),
i.e., the underfill flow between two parallel plates.

IV. MODEL VERIFICATION

Nguyen et al. [7] experimentally investigated underfill flow
characteristics for various kinds of encapsulant materials. The
geometry of their experimental flip-chip package was as fol-
lows: the length of the chip is 6.7 mm, the thickness of the cavity
is 56 m, the solder bump pitch is 250 m, and the clearance
between the adjacent solder joints is 82 m. The measured con-
tact angle, surface tension, and filling time are given in Table I.
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Fig. 4. Effect of the solder bump pitch on the filling time for different gap heights.

Based on their measured viscosities of three different encapsu-
lant materials (A, B, and C), the power-law models were created
and are shown in Fig. 3.

The results calculated using the analytical model represented
by (31) and using the Washburn model [6], respectively, are
listed in Table I for comparison. From a comparison we note that
the analytical model gives an adequate prediction of the filling
time for materials B and C, but gives a poor prediction for mate-
rial A. A plausible reason for this could be the time dependency
of the viscosity in the case of some non-Newtonian fluids. In
particular, the change in the viscosity due to curing may become
significant for a long filling process. In all three cases, the pre-
dicted results with our model are substantially better than the
results calculated with the Washburn model.

Fine et al. [8] also experimentally investigated the influence
of the solder bump pattern on the filling time. The conditions
for the experiment were as follows [8]: the length of the chip is
12.7 mm, the thickness of the cavity is 75 m, the solder bump
pitches are 200 m, 250 m, and 400 m, respectively, the con-
tact angle on the FR4 substrate is 17.5 degree, and the surface
tension at 80 C is 0.0312 N/m. The solder bump diameter was
100 m for the 200- m solder bump pitch, and was 125 m for
both the 250- and 400- m solder bump pitches. Table II shows a
comparison of the predicted and the measured filling time with
different bump pitches. The produced filling time was again cal-
culated using (31). It can be seen from Table II that the predicted
results agree well with the measured results. Both indicate that
the filling time decreases with an increase in the pitch distance.

V. APPLICATION OF THE MODEL FOR DESIGN

AND PROCESS OPTIMIZATION

The influence of the solder bump pattern on filling time is
presented in Fig. 4 to Fig. 5. Fig. 4 shows the effect of the bump
pitch on the filling time for different gap heights. From these
results, we can see that, first, for a fixed solder bump pitch and

TABLE II
MEASURED FILLING TIME VERSUS CALCULATED FITTING TIME FOR

DIFFERENT PITCHES

solder bump diameter, the filling time decreases with an increase
in gap height. This is because the capillary force decreases with
an increase of the gap height. Second, for a fixed solder bump
diameter, when bump pitch is reduced to a certain value, say
300 m for the 100- m gap height, the filling time begins to in-
crease sharply because of the increase in flow resistance caused
by the small clearance between the adjacent solder joints. How-
ever, when the bump pitch is greater than this value, the influ-
ence of bump pitch on filling time becomes very small because
of the small flow resistance (due to the large clearance between
the adjacent solder joints). This phenomenon agrees with the ex-
perimental results reported by Fine et al. [8]. They experimen-
tally investigated the influence of different bump pitches, 200,
250, and 400 m, on filling time with different materials. For
all tested materials, they found that the slowest flow occurred
for high solder bump density geometry (200 m pitch), and that
when solder bump pitches were increased to 250 and 400 m,
the observed flows became faster. These experimental results
show that small solder bump pitches increase flow resistance
and cause a longer filling time. A similar phenomenon was also
found in the measurements of Gordon et al. [11]. In their mea-
surement with a 50- m gap height, they found that for the full
array bumps with a 250- and a 500- m pitch (174- and 348- m
clearance, respectively), the filling times were nearly the same.
This implies that for the flip-chip geometry in their test, the flow
resistance caused by the clearance between the adjacent solder
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Fig. 5. Effect of the solder bump diameter on the filling time for different solder bump pitches.

joints became very small when bump pitch was larger than 250
m.
Fig. 5 examines the effect of the solder bump diameter on the

filling time for different solder bump pitches. For a fixed solder
bump pitch, the filling time increases with the increase of the
solder diameter because of the increase of flow resistance caused
by the small clearance between the adjacent solder joints. Be-
fore the solder bump diameter is increased to a “critical” value,
the increase in filling time is relatively small. After the solder
diameter increases beyond this critical diameter, the filling time
increases very rapidly. We can see that an approximate critical
solder bump diameter is about 300 m for the 400- m solder
bump pitch for the conditions simulated in Fig. 5. These results
indicate that the critical solder bump diameter increases with
an increase of solder bump pitch. These underfill flow charac-
teristics show that in the design of the solder bump pattern in
flip-chip packaging, in order to reduce filling time, the solder
diameter should be less than its critical value.

The effect of “critical bump pitch” on filling time was also
found by Young and Yang [18]. Their approach was primarily
a numerical one. It is noted that their model has the following
features.

1) The capillary effect between two solder bumps, in addi-
tion to the one between the chip and substrate, is consid-
ered.

2) The pressure gradient between two solder bumps, in ad-
dition to the one between the chip and the substrate, is
considered, and further, these two pressure gradients gen-
erate the same velocity at a point.

3) The momentum equation is only suitable for Newtonian
fluids.

Based on their model, they observed somewhat the opposite re-
sult compared to the result of our model and the experimental
results based on the measurement of the experimental system
[7], [8] and [11]. Specifically, for the gap height (35 m) and
the same solder diameter (125 m) the filling time for the flip-

chip package with the 400- m pitch is larger than that with the
200- m pitch. The possible cause for this disagreement may be
some inadequacies in the three features with their model, as pre-
viously mentioned. For example, with their second feature, the
assumption underlying the Hele–Shaw model, i.e., the thickness
of the gap between the two parallel plates should be far less
than the width (see comment made by Han and Wang [4]), is
no longer valid for the flow between two solder bumps. With re-
spect to their third feature, the classical Hele–Shaw model (only
suitable for Newtonian fluids) with the non-Newtonian constitu-
tive equation (i.e., the generalized power-law model) may pro-
duce some significant error for non-Newtonian fluids.

VI. CONCLUSION

In this paper, a computation-effective model for prediction
of the flow behavior of non-Newtonian fluids in the context of
the flip-chip underfill was developed. The driving force for fluid
flow in this case is surface tension. The model was verified by
comparison of the simulated results with measured results re-
ported in literature, and was shown to be superior to the Wash-
burn model traditionally used for the underfill flow analysis in
flip-chip packaging. The model explicitly correlates the flow
behavior with the design parameters in the flip-chip package.
Specifically, the following conclusions can be drawn from this
study.

(1) The treatment of underfill materials for the flip-chip
package as being Newtonian is not suitable. The ma-
terials should be treated as non-Newtonian fluids. In
particular, the property that the viscosity of the underfill
material changes with respect to the shear rate needs to
be represented for most of the underfill processes. The
power-law constitutive equation is adequate to represent
this property.

(2) Use of the power-law constitutive equation results in an
analytical model for predicting the flow behavior of the
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underfill with a closed form solution. This is as opposed to
the result obtained by Han and Wang [4], which is based
on the Washburn model and consideration of a dynamic
contact angle. The solution to their model requires an it-
erative scheme.

(3) In the case of the surface tension driven flow of non-New-
tonian fluids, the resistance caused by the solder bump
pattern cannot be ignored. The flow of the underfill mate-
rial within the flip-chip package (i.e., two parallel plates
with a full array of solder bumps) can be approximated by
flow in multiple channels.

(4) The design parameters, namely: the gap height, the bump
pitch, and the diameter of solder bump, have significant
effects on the filling time. The physics underlying these
effects is the magnitude of the resistance to flow advance-
ment. The notion of critical design parameters, such as the
critical diameter of the solder bump and the critical pitch
distance, provide a bound or limit beyond which the resis-
tance due to the constriction created by the solder bump
becomes dominant in determining the filling time.
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