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manufacturing productivity. This paper analytically studied the capillary pressure of the
flow front. Accordingly, the variation effects of bump contact angle and bump pitch on
the flow front capillary pressure were presented. It was found that the variation trend
of capillary pressure along the flow displacement between the region confined by two
adjacent bumps is sinusoidal. The magnitude of capillary pressure is positive near bump
entrant and acting along the flow direction before the capillary pressure gradually
decreasing to oppose the flow advancement. The increasing of contact angle shifted
the capillary pressure trend leftward with the peak being lowered, whereas the
magnitude of capillary pressure decreases with the increases in bump pitch.
Additionally, by studying the capillary pressure of flow meniscus, a new dynamic-based

Keywords: contact line jump criterion was proposed by considered the peak capillary pressure
Bump pitch; electronic packaging; along the underfill advancement. These findings are practically useful for the design
capillary pressure; contact angle; flip- optimization of flip-chip package to promote the longevity of electronic package and
chip; underfill encapsulation process reduce electronic wastes.

1. Introduction

Electronic packaging is the production of interconnection, enclosure and protection that bridging
the silicon chip to become the final electronic products. Apart from completing the electronic circuits,
the electronics packaging also provides heat dissipation mechanism, mechanical supports, and
protective layer against external environment. The electronic packaging aims to promote the
reliability, productivity, and longevity of the electronic device [1 — 3].

In the electronic manufacturing and assembly industry, the underfill encapsulation is conducted
on the flip-chip package to safeguard the solder joints. It is conducted by dispensing the underfill fluid
into the small gap beneath the chip and substrate, as illustrated in Figure 1. The underfill process of
flip-chip is regarded as the first hierarchy level of the electronic packaging. The main purpose of
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underfill process is to address the thermal mismatch issue that caused by the difference the
coefficient of thermal expansions (CTE) between the substrate, chip, and solder bump [3 —5].

Underfill dispenser
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Fig. 1. Underfill dispensing process on a flip-chip package [4]

Conventionally, the flow advancement of underfill fluid during the flip-chip underfill process is
solely driven by means of capillarity. Due to the surface tension of meniscus formed at the flow front,
the lowered capillary pressure at flow front established a driving pressure gradient with respect to
the inlet. Nonetheless, there are various variations of underfill process that adopted external applied
force to accelerate the underfill flow, for instance, pressurized, gravity-assisted [1, 2] and
thermocapillary [6]. Still the conventional capillary underfill is the most widely used variation in the
industry, as has the lowest occurrence of voiding [7, 8].

In the earlier analytical works on underfill process, the capillary pressure of underfill flow front
was modelled as constant [9]. Young introduced the mathematical expression of variable capillary
pressure of the flow meniscus that subtended between two adjacent solder bumps [10, 11]. The
impact and applicability of variable capillary pressure is well demonstrated in the subsequent works
on the development of analytical filling time models [12 - 15]. However, for simplicity, the variations
of bump capillary pressure were averaged out over each bump. Additionally, the evolution of flow
meniscus from concave to convex [16, 17] was closely related to the variation of bump capillary
pressure. It was found that both bump pitch and contact angle significantly affected the capillary
pressure and thus the capillarity flow and filling time of the underfill process [18, 19].

Generally, the capillary pressure of flow front was scarcely being investigated nor discussed in
the underfill research works. To the best knowledge of authors, there is no literature that particularly
study the variation effect of underfill parameters on the capillary pressure of underfill flow front as
well as the variations of capillary pressure. Therefore, this paper attempts to thoroughly analyze the
capillary pressure in the flow meniscus of underfill fluid. Moreover, the variation effects of bump
pitch and contact angle on the capillary pressure are presented.

2. Methodology

Capillary pressure of flow meniscus, there are two distinct capillary sources that sustained the
flow advancement of the underfill fluid flow through the flip-chip bump array. One of them is the
capillary pressure contributed by the parallel surfaces of chip and substrate along the side principle
plane as shown in Figure 2; while another component of capillary pressure is contributed by the
solder bump surfaces along the side principle plane as shown in Figure 3. Mathematically, in the
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region confined by two adjacent bumps, the total magnitude of capillary pressure exerted on the
flow meniscus, Pc is simply the additive of both components:

k= Pc,c/s + Pc,br €Y)

where P. /s and P.p, correspond to the capillary pressure terms by the chip-substrate parallel
surfaces and the solder bump surfaces respectively.
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Fig. 2. Flow meniscus along the side principle plane that lies on the x-z
plane at mid-bump section
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Fig. 3. Flow meniscus along the top principle plane that lies on the x-y
plane at level of z = 0

Based on the Young-Laplace formulation, the capillary pressure can be expressed in terms of

surface tension, o and contact angle, 8, together with the dimensional parameters as depicted in
Figure 4, for instance gap height, h, bump diameter, d and bump pitch, W, as follows

o
Pecss = 7 (cos B, + cosb,) (2)

20 cos(0, + @)
W —dcos¢

Pc,b(d)) = 3)
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where 6., 6, and 8, denoted the contact angle of the underfill fluid at the surface of chip, substrate
and solder bump respectively [10, 11].
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Fig. 4. Geometrical dimensions of a flip-chip bump array [17]

It is noted that the pressure term P}, is expressed as the function of angular displacement seen
from the center of solder bump, ¢. Therefore, the capillary pressure of underfill flow in the bump
confining region is variable and dependent on the instantaneous location of the flow. This is due to
the curvature of solder bump surface at the particular flow position. On contrary, the pressure term
P. /s that arose from both chip and substrate remains constant throughout the underfill flow. As
such, the shape of flow meniscus is closely related to the capillary pressure. The meniscus subtended
between chip and substrate surface shown in Figure 2(b) is always concave, provided that 6., 8; >
/2. Meanwhile, the meniscus subtended by two adjacent solder bumps given in Figure 3(b) would
evolves from concave to convex, when the underfill flow advancing through the bump array.

By introducing the dimensionless bump pitch, W*, based on the bump diameter, d

w*=— (4)

and the dimensionless capillary pressure:

d

Pc*,b = %Pc,b (5)

the equation (3) was non-dimensionalized and thus being reduced to:

cos(0, + @)

Po®) = Y Zas g ©)

The surface tension, o in Equation (5) can be thought as a constant of proportionality, thus P;,
can be thought as a spatial parameter since it only dependent by W* and 8,,. This is consistent to the
fact where the capillary pressure largely dependent on the shape of flow meniscus.
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3. Results and discussion
3.1 Validation

Figure 5 compared the proposed analytical formulated underfill flow menisci with the respective
experimental [16] and numerical simulated menisci [20] at four filling stages. The concavity of the
flow menisci is both the geometrical interpretation and visualization of the capillary strength of
underfill flow. It was found that the current proposed analytical model in great consensus with the
both the experimental and numerical findings. There is a slight deviation at the bump entrant in
which the analytical model predicts concave meniscus with larger convexity. This was attributed to
the different dispensing mechanism of underfill fluid in the inlet in analytical formulation. In actual
experimental and simulation model, the underfill fluid is continuously dispended at constant rate.
Meanwhile, the dispensing rate of underfill fluid is equated to the advancement rate of the flow
meniscus.

On the overall trend of meniscus evolution, the shape of flow menisci changes from concave to
convex as it advances through the bump array. In bump entrant and during the attach jump (i.e.,
entrance CLJ), the concave meniscus corresponds to positive bump capillary pressure which assisting
the flow advancement. Meanwhile, the convex meniscus with negative bump capillary pressure
resisted the flow advancement during exiting the bump array. The lower net driving pressure in the
vicinity of bump exit caused the deceleration of underfill flow and giving a longer filling time for the
exiting flow and detach jump (i.e., exit CLJ).

Experiment [16] Numerical simulation Analytical
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Fig. 5. Comparison of proposed analytical formulated flow menisci with
the past underfill experiment [16] and numerical simulation [20]
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3.2 Effect of Bump Contact Angle on Capillary Pressure

Figure 6 depicts the variation of bump capillary pressure along the bump region for different
values of bump contact angle, 6,. Initially at the bump entrance, the concave meniscus with positive
capillary pressure assist the flow. As the flow travels into the bump array, the capillary pressure
rapidly increasing in magnitude as the bump clearance became narrow until it reaches a peak. The
pressure peak occurs earlier than ¢ = 0° for the narrowest bump clearance due to the direction of
surface force vector which no longer favors the flow direction. Subsequently, the capillary pressure
gradually declines in value as the bump clearance become wider as it approaches the bump exit; until
become zero at ¢, where the meniscus become straight. After the transition point of ¢, the bump
switches its role from assisting to resisting, where the convex meniscus of negative capillary pressure
is formed. The negative capillary pressure has the largest magnitude at the apex of bump exit, which
directly influenced the rate of expansion flow during exit contact line jump (CLJ). On the trend of 6,
it is found that the peak of capillary pressure becomes lower and shifts to the left with the increasing
0,. Near the bump exit, the bump capillary pressure increases with the decreasing 8,. Again, it is
affirmed that the low 8, which implies high wettability of bump surface promotes the flow through
bump by giving higher ¢ of less formation for the convex meniscus.
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Fig. 6. Plot of P/}, against ¢ for various 6, at fixed W* = 2
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3.3 Effect of Bump Pitch on Capillary Pressure

Figure 7 and Figure 8 present the variation of bump capillary pressure for different pitches,
respectively at fixed 8, = 0° (perfect wetting) and 8, = 60° (partial wetting). From Figure 7, it is
easily seen that the magnitude of capillary pressure increases as the bump gets shorter. From Figure
8, despite the short bump pitch can increase the assisting capillary pressure of the concave meniscus,
the subsequent resisting capillary pressure of convex meniscus is also being enhanced proportionally.
Additionally, another less obvious trend is such that the pressure peak tends to shift leftward. Unless
the fluid is of very low 6, to minimize the occurrence of convex meniscus, the short bump pitch is
regarded as beneficial in promoting the meniscus advancement.
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3.4 Maximal Capillary Pressure at The Entrance Contact Line Jump (CLJ)

Contact line jump (CLJ) is the instantaneous advancement of flow meniscus when it just touched
or come close to the solder bump, which occurred at both the entrance and exit of bump arrays. For
the entrance CLJ, the pressure difference across the meniscus is high during the jump, leading to an
instantaneous CLJ occurrence [10, 11]. By assuming no flow during the occurrence of CLJ, Yao et al.,,
had formulated the angle criterion based on mass conservation when the jump attached to the solder
bump [21]. However, such assumption appears to be crude as the underfill fluid being continuously
dispensed through the encapsulation process. Accordingly, Ng et al., proposed a new criterion based
on minimal flow, in which the center-line displacement is negligible during the jump, but there is fluid
advancement in elsewhere [20]. These two CLJ criterions shared the common aspects as they were
derived geometrically. This work proposed a new CLJ criterion based on the dynamic aspect of
maximal capillary pressure. The motivation behind the formulation of this new criterion is based on
Young’s discovery and explanation on the CLJ phenomenon where indefinite high pressure is
associated to the meniscus during the jump. Generally, the capillary pressure of flow front is
contributed by both the chip-substrate (in principle plane 1) and solder bumps array (in principle
plane 2). The capillary pressure contributed by chip-substrate pair is constant, 2¢ cos 8, /h, evident
by fixed concave meniscus; whereas the capillary pressure contributed by the bump varies due to its
varying separation and curved geometry. The capillary pressure of flow front due to solder bump
array is given as

AP,  cos(0, + @)
20/W  1—cos¢ /W*

AP} = (7)

The value of ¢ corresponding to the maximal value of AP, can be found by taking first derivative
on equation (7). The entrant jump angle, & associated to the maximal capillary pressure CLJ criterion
can be solved from the following equation

sin(@, + &) (acosé — 1) —acos(f, + &) siné =0 (8)

w*'

S

where the bump density, a =

Figure 9 compared the proposed maximal capillary pressure CLJ criterion with the existing
geometrical CLJ criterions. It was found that the proposed dynamic-based CLJ criterion depicted an
increasing trend with the bump density, which is opposing with the trends exhibited by geometrical-
based CLJ criterions. This is due to different approach taken in formulating the CLJ criterions, in which
the current proposed criterion considered the flow dynamics and energetic approach, which did not
be considered in the past geometrical criterions.
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Fig. 9. Comparisons of entrant jump angles proposed from both the
past geometrical CLJ criterions [20, 21] and the current dynamic CLJ
criterion

4. Conclusions

In this paper, the variation effects of the design parameters of flip-chip and underfill fluid, namely
bump pitch and contact angle on the capillary pressure of flow meniscus were studied analytically.
The capillary pressure component that contributed by the solder bumps is non-linear and varies
sinusoidally along the instantaneous position of flow meniscus, whereas the pressure component
due to the parallel surface of chip-substrate pair is constant throughout the flow. Further analysis
revealed that the sinusoidal trend of bump contributed capillary pressure is affected by both bump
pitch and contact angle. As the bump contact angle increases, the peak of capillary pressure is
lowered and the transition point of zero-pressure that determined the meniscus shape shifted
leftward. The overall magnitude of capillary pressure decreases with the increases in bump pitch, but
the transition point remains invariant with the bump pitch. It is inferred that both the bump pitch
and the contact angle of underfill fluid played crucial roles in the underfill packaging process. The
underfill fluid of low contact angle and package with dense bump array are desired to achieve fast
underfill flow and complete filling. Additionally, a new dynamic-based contact line jump criterion was
formulated based on the maximal capillary pressure. Nonetheless, the trend of proposed dynamic-
based criterion is increasing with the bump density, which is the opposing trend predicted by the
past geometrical-based criterions. These findings essentially useful for the design optimization works
to enhance the package’s reliability and process’s performance. As results, the lifespan of the
electronic device would be prolonged and thus reduced the electronic wastes to ensure
environmental sustainability.
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