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symmetrical unit-cell approach to simulate the flip-chip underfill encapsulation
process. The current numerical simulation is based on the finite volume method
scheme. By exploiting the repetitive symmetry of bump array in flip-chip, the
computational domain was simplified into a long array of unit-cells of one-pitch thick
while the symmetrical walls between adjacent unit-cells were modelled using the
periodic boundary condition. Accordingly, the computational costs can be greatly
reduced. Alongside with the introduction of a new numerical approach of flip-chip
underfill, the variation effect of bump pitch was studied by considering four flip-chip
cases with bump pitches ranging from 0.08 mm to 0.16 mm. The numerical findings
were found to in great consensus to the referencing experimental data, with the
discrepancy, not more than 14.54%. Additional validation with the analytical filling
time model revealed that both the numerical and analytical filling progressions are
comparable. It is found that the increases in bump pitch can reduce the filling time at
a particular filling distance, such that the filling time was halved within the investigated
range of bump pitch. This new numerical approach is particularly useful for the
simulation works of underfill process, especially the design and process optimization.
Keywords:

Bump pitch; Electronic packaging; Finite

volume method (FVM); Flip-chip;

Underfill encapsulation Copyright © 2020 PENERBIT AKADEMIA BARU - All rights reserved

1. Introduction

Flip-chip packaging is a method to interconnect semiconductor device to the external circuitry
through multiple array of solder bumps. The first flip-chip was introduced by IBM in the late 1960s
[1]. In the electronic packaging, underfill encapsulation is a vital process to ensure the reliability and
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performance of flip-chip package. Figure 1 depicts the schematic of underfill encapsulation process.
The underfill process is carried out during the manufacturing assemble line, by dispensing the
underfill fluid into the small gap beneath the chip and substrate. The chip assembly is cured after the
gap was filled with the underfill fluid, to yield a harden layer between the chip and substrate. The
functions of underfill encapsulation include to relief the residual stress due to thermal mismatch, to
serve as a protective layer and to promote the package’s reliability [2-3]. There are various researches
conducted to optimize the underfill process through package design [4-7] as well as to resolve the
issues of incomplete filling [8] and void defect [7, 9].

Underfill dispenser

Chip
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Solder bump
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Flow direction ubstrate

Fig. 1. Schematic of flip-chip underfill encapsulation
process [10]

The most common and straightforward approach in underfill research is through experiment [2-
3, 5-11]. However, the concerns of cost and limited versatility that arise from the underfill experiment
prompt to the implementation of numerical simulation. There are variety of numerical schemes
adopted in the underfill simulation, for instance, finite volume method (FVM) [6, 12-13], finite
element method (FEM) [14], fluid/structure interaction (FSI) [8], discrete phase model (DPM) [10],
lattice Boltzmann method (LBM) [7] and Petrov-Galerkin (PG) method [15]. As the underfill flow
simulation usually based on the full flip-chip, therefore the numerical simulation took substantial
long time to complete.

This paper herein presents a new approach for underfill simulation by considering the simplified
symmetrical unit-cells array. The computational domain only consists of a long array of unit-cells
arranged along the flow direction. In fact, the concept of unit-cell was pioneered by Yao et al., [16]
in his work to determine numerically the permeability of flip-chip. Typically, a unit-cell consists of one
solder bump confined in a square of sides equal to the bump pitch. The flip-chip bump array consists
of unit-cells arranged in orderly quadrilateral manner. Due to the repetitive nature of bump array
and the symmetry of the underfill flow front, it is sufficient to model the flip-chip domain as a long
array of unit-cells with one-pitch thick along the flow direction. With the size reduction of
computational domain, the associated mesh number will be reduced and ultimately achieve lower
computational cost. To the best knowledge of authors, the long array of unit-cells coupled with
periodic boundary condition was never adopted as the flow domain for the underfill flow simulation.

As the variation effect of bump pitch parameter regularly being studied in the past literatures [4-
5, 13], this paper also investigated the pitch variation on the filling time through the current
introduced numerical approach. The current numerical variation work will be referencing the
underfill experiment conducted by Lee et al., [5] whom utilized four glass flip-chips with bump pitches
vary from 0.08 mm to 0.16 mm and the glycerin as experimental underfill fluid. To date, the variation
study of bump pitch scarcely being investigated numerically.
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2. Numerical Simulation

The three-dimensional capillary underfill fluid flow in flip-chip encapsulation process was
numerically simulated using the commercially available finite volume method (FVM) based software,
ANSYS Fluent. The underfill fluid flow is modelled to be unsteady, laminar and incompressible [6, 12-
13]. The governing equations to be solved through discretization of FVM scheme are continuity
equation and Navier-Stokes equation, respectively given as follows:

dp

—_— . 0 e 1
TV (D=0, ()
a — — - = —

E(pu)+v-(pu-u)=—Vp+V-r+pg, (2)

with density, p, velocity, U, pressure, p, shear stress tensor, T and gravity, g. The implicit multiphase
volume of fluid (VOF) model is set to track the flow front of the underfill fluid, which governed by the
transport equation below:

0fn | 3
a_: +1-Vf, = 0. (3)

There are two distinct fluid phases in the current simulation, such that the primary phase is air
while the secondary phase is the underfill fluid. The material properties of both phases used in the
simulation were given in Table 1.

Table 1

Material properties of primary phase and secondary phase

Material properties Primary phase: Air Secondary phase: Glycerin [5]
Density (kg/m3) 1.184 1232

Viscosity (Pa-s) 1.85x 107° 1.5

Surface tension (N/m) - 0.064

Contact angle (°) - 55

Generally, a flip-chip can be characterized based on three geometrical parameters: bump pitch,
W, bump diameter, d and gap height, h, as shown in Figure 2. For the current simulation works that
based on the past underfill experiment [5], there are four cases of flip-chips with varying bump pitch
to be considered, W =0.08 mm, 0.10 mm, 0.12 mm and 0.16 mm. However, both the bump diameter
and gap height are constant for all flip-chips and having a similar value of 0.05 mm. As the flip-chips
investigated consist of repetitive bump arrays arranged in quadrilateral manner as shown in Figure
2, simplification can be made on the mathematical fluid domain to reduce the both the complexity
and thus the mesh number of the mathematical model. Therefore, the computational costs can be
greatly cut while preserving the accuracy of numerical results. As the result of exploiting the
symmetry of flip-chip bump array, the effective fluid domain is a long array of unit cells of one-pitch
thick along the flow direction, as depicted in Figure 3(a). The walls of the cut-planes between adjacent
unit-cells were modelled as the periodic boundary condition. Both pre-bump and post-bump length
are equals to 0.2 mm, while the number of bump rows are dependent on the pitch. The number of
bump rows is chosen such that the total length of flow domain is at least 2.5 mm, such that to cover
the investigated filing distance of 2.0 mm. The boundary conditions applied on the fluid domain
consists of pressure inlet, pressure outlet, periodic and no-slip wall, as shown in Figure 3(b).
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Fig. 2. Geometrical representation of solder bump array in a flip-chip [13]

Flow direction

_—
| mmm
1 [[nlet BT
b=- '& """ (a) Top view
T Tttt T T T T T I
- |
R N AT
. No-slip wall BC W
E NN aX ¥g
1 €—0 ._2_111ill—> _ ______ f— _Vf_—>_ ______ ' (¢) Meshed model of a
(b) Zoomed view unit cell with W x W

Fig. 3. Overview of symmetrical unit cells numerical model

Structural hexagonal mesh is applied on the mathematical model, as shown in Figure 3(c). To
determine the optimum mesh sizing to be used on the model, a mesh independent study based on
the filling times is conducted as shown in Table 2. It is found that the discretization error drops below
5% beyond mesh model lll, such that when the mesh element number exceeded 86,130. Upon
additional considering the computational time, the mesh sizing and setting from the mesh model V
is applied for all four cases of current numerical models.

Table 2

Mesh independent study for long array unit-cells

Mesh Element Filing times Discretization
model number (s) error

I 46,856 1.27013 15.25%

1] 61,488 1.26073 15.87%

1l 86,130 1.47124 1.83%

v 110,660 1.45220 3.10%

Vv 176,436 1.49861 Ref.

This simulation work adopted the pressure-based numerical solver; while the SIMPLE and second
order upwind algorithm schemes were used respectively for pressure-velocity coupling and spatial
discretization. Moreover, the variable time stepping with unity global Courant number is selected,
with the time steps ranging from 107> s to 1072 s. The default setting on iterative solver was used
where the numerical model will be solved iteratively until the convergence achieved with residual
error smaller than the order of 107 [6]. Finally, the simulations were executed with the parallel solver
of 7 process. The specifications of computer are Intel XEON 3.70 GHz octa-cores CPU and 16 GB RAM.
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3. Results and Discussion
3.1 Validation with Past Underfill Experiment

To affirm the accuracy of current numerical models, a quantitative validation was conducted with
the reference of past underfill experiment [5], for which the current numerical simulation was based
on. Both the experimental and numerical filling times for the flow front to travel a distance of 2 mm
from the inlet are presented in Table 3. It is found that the both the simulation and experiment
achieved great consensus, as the discrepancy observed is not more than 14.54%. On the trend, both
numerical simulation and experiment concluded that the filling time for the underfill fluid a fixed
distance decreases with the increases in bump pitch.

Table 3

Comparison of experimental [5] and numerical filling times in various pitch cases

- - T ; S

;l;r(nr:n'?;t(:h’ :E;;perlmental filling time Current numerical filling time (s) g‘lesvci;i!::)anrgcy (%
0.08 32.6 33.55 291

0.10 25.2 23.23 7.82

0.12 21.6 18.46 14.54

0.16 15.7 15.83 0.83

3.2 Validation with Analytical Filling Time Model

Subsequently, Figure 4 gave another comparison between the filling progressions that obtained
from current numerical simulation with that obtained from the regional segregation based analytical
filling time model [17-20].

50 .

——0.08 mm (Analytical)
459 —0.10 mm (Analytical) o
40 o

——0.12 mm (Analytical)
0.16 mm (Analytical)

4 © 0.08 mm (Numerical)
% 0.10 mm (Numerical)
< 0.12 mm (Numerical)
0.16 mm (Numerical)

W Wl
N
1

o

Filling time, 7 (s)
[ B ]
[==2]

—_
tn
1

10 -

(0 —onaeiT T T T T T T T T T
02 04 06 08 10 12 14 16 18 20 22 24
Center-line wetting displacement, S (mm)
Fig. 4. Comparisons of numerical and analytical filling progressions in
the flip-chips with varying pitches

On the general trending, both simulation and analytical models predicted the filling progression
as a monotonically increasing curve, that is indicated by the gradually increasing flow of underfill fluid
to the flip-chip domain. Both the analytical and numerical findings are in great consensus, where the
filling time at any given filling distance is always higher when the bump pitch is shorter. However, the
discrepancy between numerical and analytical findings for the case of 0.08 mm pitch is high, up to
31.41%. The small pitch of 0.08 mm that close to the pitch threshold gives large magnitude of
resisting capillary pressure on the convex meniscus, thus yields a long filling time. For other larger
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pitches, the slight deviation is due to the analytical model did not account the continuous dispensing
of underfill fluid as adopted in numerical simulation.

3.3 Effect of Bump Pitch on Filling Time

Figure 5 depicts the contours of numerical simulated filling progression of flip-chips of variable
pitches. The plot in Figure 6 gives the effect of bump pitch on the filling progression. The filling time
at a fixed filling distance increases with the decreases in bump pitch. From Figure 7, the decreasing
trend of filling time with the increases of bump pitch becomes more obvious at larger filling distance.
The filling time of flow front that locates near to the inlet is almost invariant of the pitch, because of
the large pressure gradient of flow. Thus, the impact of bump pitch variation at earlier stage is

negligible.
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4. Conclusions

In this paper, a new symmetrical unit-cells approach using the finite volume method (FVM) based
numerical scheme was presented to simulate the underfill fluid flow in bump array of flip-chip during
the underfill encapsulation process. Due to repetitive nature of flip-chip bump array, it is sufficient
to simulate the underfill flow along the flow direction by considering the one-pitch thick unit-cells
array. The walls of cut-plane between two adjacent unit-cells were modelled as periodic boundary
condition. Consequently, the current approach greatly reduced the simulation time due to less mesh
number on the simplified mathematical model. Moreover, the current numerical findings are well-
validated with the past underfill experiment and the analytical filling time model. Particularly, the
discrepancy between numerical and experimental filling times is not more than 14.54%. Moreover,
both analytical and numerical filling progressions are found to in great consensus. By using the
proposed numerical approach, the effect of bump pitch on the underfill flow was studied by
considering four cases of flip-chips of pitches vary from 0.08 mm to 0.16 mm. The filling time
decreases with the increases in bump pitch; such that the filling time approximately halved when the
bump pitch doubled. In sum, the current presented numerical approach is useful for future underfill
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research works, particularly the design optimization study of flip-chip and underfill process, so the
underfill simulations can be completed in shorter time without compromising the accuracy.
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