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Effective Elastic Modulus of Underfill Material for
Flip-Chip Applications
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Abstract—In this paper, a micromechanics model based on the ENCAPSULANT

Mori—Tanaka method was developed to estimate the elastic mod-
ulus of underfill materials. An explicit expression of the underfill
modulus was derived as a function of filler content and the proper-
ties of the matrix and the fillers. Predictions of the modulus from
this theory were compared with experimentally measured values.

Excellent agreement was observed. COPPER SOLDER
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Fig. 1.  Flip-chip with underfill.

. INTRODUCTION

OST underfill materials are two phase composites, e.g.,

epoxy matrix filled with ceramic particles. The primary
purpose of loading ceramic particles is to reduce the coefficient
of thermal expansion (CTE) and to increase the elastic modulus.
These two thermal mechanical properties are critical parame-
ters to the thermomechanical reliability of a flip-chip package.
Developing underfill materials with desired values of the CTE
and elastic modulus is a key enabling technology for the next
generation low-cost, high-reliability flip-chip packages. In this
paper, a micromechanics model is developed to estimate the
elastic modulus of underfill materials based on the properties
of the matrix and the fillers. To validate the prediction from
the micromechanics model, samples of underfill materials with
various filler compositions are made. The moduli of these sam-
ples are measured using a thermal mechanical analyzer system
(TMA). Satisfactory results are obtained between the theoreti-
cally predicted and experimentally measured values.

Il. UNDERFILL FORFLIP-CHIP APPLICATIONS

The use of organic printed wiring boards (PWBs) as sub-
strates in flip-chip direct chip attach (DCA) introduces a new S _ _
concern: the coefficient of thermal expansion (CTE) of the PWHEZ- 2. Morphology of a typical silica-filled underfill material.
is much greater than that of the silicon chip. Under processing
or operating conditions, the extreme thermal mismatch betwesmd the substrate encompassing the solder joints has been intro-
the silicon integrated circuit (IC) and the organic substrate sutiuced, see Fig. 1. The encapsulant, once cured, mechanically
jects the solder joints to extremely large strains, leading to eadguples the silicon and substrate together to locally constrain
failure of the solder connections. To enhance the fatigue life atite CTE mismatch, and to provide a protective barrier layer on
increase reliability, a rigid encapsulation layer between the chipe IC chip’s active surface.

Most of the underfill materials used today are two-phase com-
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70 (at a constant particle loading), the CTE also decreases. This
60 + can be explained by looking at the total surface area of the filler

o 50+ v particles. As shown before, the CTE of the filler is much lower

g 40 1 i than that of the resin. The interface of the filler particles and the

w 30l resin matrix constrict the expansion of the matrix. As the sur-

o face area of the filler particles increases due to the decrease in
20T 3 particle size, there is an increase in the interface between filler
10r and resin. Therefore, an increase in the constriction of the matrix

0 f : t ! due to increased surface area allows a decrease in the expansion
0 20 40 60 80 of the matrix [4].

Wt.% Filler In what follows, an analytical formula will be developed that
Fig. 3. CTE as function of filler loading (1bm average particle size used forenables us to calculate the effective elastic modulus of the un-
ea?éh 'Samp|e)_ 9 gep derfill based on the moduli of the matrix and the filler materials

and the filler content.

45

40 ¢ lll. THE MORTANAKA METHOD
%) 2?, 13 The underfill can be viewed as a composite material con-
§ 25 1 sisting of a matrix phase and a particle phase. Both the epoxy
w 20 + based matrix and silica particles can be assumed as linearly
G 15+ elastic and isotropic solids. Furthermore, the silica particles can

10 + be assumed spherical in shape (see Fig. 2).

2 T Let the Young's modulus and the Poisson’s ratio of the matrix

be £y andiy, respectively, and that of the particles Be and

1. Furthermore, assume that the volume fraction of the particles
in the composite ig. Then, by using the Mori-Tanaka method
Fig. 4. CTE as function of filler particle size at Wt. 70%. [5], one can derive a formula for the effective Young’s modulus
of the composite [6]

0 10 20 30

Filler Particle Size (microns)

stress/strain in the silicon chip and solder joints are properly E=2x ?’K_;Zu
optimized. It is well-known that the function of the underfill 2 (3K + 1)
is to reduce the solder strain by mechanically coupling the die
and the PWB. The stiffer the underfill is, the more the soldekéhere
will be protected from fatigue failure. As the underfill mod-
ulus increases, however, more stresses are re-distributed to the K=K {1 + o(fy — Ko) }
0
die, which results in more die cracking. Therefore, it is crit- Ko +370(1 = o)(£1 — Ko)
ical to know the optimal underfill modulus such that the solders _ c(pr — o)
are protected just enough to satisfy the reliability requirement, W= “0{1 + 1o + 280(1 — ¢)(p1 — po) }
while the amount of stresses transferred to the die is not large
enough to cause significant die cracking. Yo = 1tV (4)
Making use of the analysis and finite element modeling pre- 9(1 - Vo)
sented in [2], one can estimate the optimal value for the underfill 4 -5V,
modulus for a given package design. The next task is to develop BETTAIERTAY
an underfill that has the desired modulus by using the proper
amount of fillers. This is easier said than done [3]. At the present K,=—""
time, a predictive tool is not available so the process has to be 3(1—2m)
carried out on a trial and error basis. As such, it is tedious, time E,
consuming and lacks scientific approach. For example, the neat Pn = m’
epoxy resin/hexahydromethylphalic anhydride (HMPA) hard-
ener mixture has a CTE of 87 pph@ and the silica has a CTE where as}F’ = effective bulk modulus ang = Eff. shear mod-
of 0.5 ppmfC. As the ratio of filler to resin increases, the CTHRilus.
will decrease due to the lower CTE of the filler compared to that It is seen from the above equations that the modulus of the
of the resin. This decrease can be seen in Fig. 3 which shawslerfill is determined by the moduli of the epoxy matrix and
CTE as a function of filler loading. This graph also shows thdle filler particles, as well as the particle volume fraction. Once
the effect of a unit change in loading at high loadings decreashese parameters are given, (1) can be used as a tool to estimate
CTE more than a unit change in loading at smaller loadingfie Young’'s modulus of the underfill. On the other hand, (1) can
Fig. 4 shows the relationship between the CTE and the fillafso be used to select the matrix and particle materials and deter-
particle size. It is seen that as the filler particle size decreasame the amount of particles needed yield the desired modulus

@)

an optimal range for the underfill modulus within which the l

)

®3)

)
n=20,1 (6)

n=20,1. @)
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20 theory were compared with experimentally measured values.
Excellent agreement was observed. This validated the accuracy
| Theory of the model. The significance of the explicit formula for the un-
15 4  Experiment

derfill modulus is that it can be used to estimate the amount of
fillers required to achieve certain modulus value for the under-
fill before the material is made. This reduces the amount of trial
and error and in turn lowers the costs for material development.
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