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Abstract—The requirement of partial underfilling of flip-
chips in certain heterogeneously integrated packages could
adversely affect the fatigue life of the micro-solder bumps. We
performed numerical simulations to show that the underfilling
of the surrounding regions of micro-bumps is necessary to have
a comparable fatigue life as those of the full underfill case. The
effect of underfill away from the micro-bumps is insignificant
on their fatigue life. In the case of partial underfilling with some
bumps without surrounding underfill, they become critical with
significantly lower life as compared to the micro-bumps
surrounded by underfill.
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I. INTRODUCTION

Heterogeneous integration (HI) is an advanced packaging
technology to integrate dissimilar chips into a package. In a
typical 2.5D through silicon interposer (TSI) package, HI is
achieved by flip-chip bonding of dissimilar chips on to a
silicon interposer with through silicon vias (TSV) [1, 2]. In
certain such packages, some of the dies (chips) are packed so
closely due to the package design and electrical routing
constraints, etc., so that some of the edges are not accessible
for the underfill injector. In addition to this, some of the dies
require high level of surface purity such that the underfill
material should not cover those surfaces. Due to these reasons,
partial underfilling is the inevitable option.

Underfill material between the interposer and the flip-chip
moderates the deformation of the micro-bumps by sharing
some of the thermomechanical loading due to the CTE
mismatch between the interposer and the die. It is evident from
the reported literature that the underfill condition [3-4] and
material properties [5] affect the micro-solder bump fatigue.
In this scenario, it is necessary to evaluate the effect of the
extent of partial underfill on the fatigue life of the micro-
bumps and relate it to a full underfill condition. The outcome
of this study helps package design engineers to identify a
suitable underfill material to meet the target fatigue life for the
micro-bumps.

In this study a nonlinear 3D finite element model of the
flip-chip on the silicon interposer with Cu stud micro-solder
bumps was developed to evaluate the effect of the partial
underfilling. The model was subjected to thermal cycling on

board from -40 °C to 125 °C. Three different partial underfill
conditions were simulated for two different micro bump
layouts. The results show that the underfill significantly
affects the fatigue of micro-bumps and the life of the micro-
bumps without underfill is nearly one order lower compared
to that with underfill. Further, the effect of the underfill
surrounding the bump is very significant and removal of
underfill from region away from the micro-bumps has less
significant effect on the fatigue life of the micro-bumps.

II. PACKAGE DETAILS

Fig.1 shows a 2.5D TSI package with a Cu metal cap. The
die arrangement in the layout (Fig. 1(a)) is shown only for the
purpose of demonstrating the need for partial underfilling.
For example, the die D1 is very close to the other dies at its
left side top and bottom corners. The gap between the dies
here is so low that a underfill injector cannot reach that place.
Similarly, some regions at the boundary of the dies are not
accessible due to connector routings. In such situations, either
a layout modification or partial underfilling is inevitable. If
the package layout cannot be altered for some reason, partial
underfilling is the only resort. In this study the die D1 is
selected for the partial underfilling study.
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Fig. 1. Schematic of a 2.5D TSI package with a metal cap (not to the
scale). (a). Package layout (metal cap top cover is not shown) (b) Typical
section view of TSI package with PCB and solder bumps



The details of different layers of the package are shown in
Fig. 2. Solder micro-bumps with copper studs or simply stud-
bumps are used to connect the flip-chip and the interposer as
shown. Though the schematic shows full underfill below the
die D1, different partial underfilling conditions are modeled
and studied for two different stud-bump layouts shown in the
Fig. 3.
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Fig. 2. Schematic of layer stack details of package (without solder bumps
below interposer and PCB) shown in the Fig.1 (not to the scale)
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Fig. 3. Schematic of flip-chip stud-bump layout. (a) Layout-1: 36 stud-
bumps, (b) Layout-2: 12 stud-bumps

III. FINITE ELEMENT MODELING

A. Finite Element Mesh

Finite element model of the package is shown in Fig. 4.
The model is fine meshed around the die D1, as shown in
Figures 4(a) and 4(b). Stud-bumps are modeled as shown in
Figures 4(c) and 4(d). Other dies are modeled with coarse
mesh and stud-bumps are not modeled for them. The bigger
solder bumps between the interposer and the PCB are not
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explicitly modeled but, represented by a uniform layer with
effective material properties combining solder and underfill
[6,7]. The rest of the layer structure is modeled as shown in
Fig. 2. The 3D mesh is generated by extruding a 2D area mesh,
hence the mesh structure for all the layers remains same, only
the number of elements vary in the thickness (Z) direction.
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Fig. 4. Finite element model details (a) full package mesh; Mesh details
near, (b) Die DI, (c) stud bumps; (d) mesh of stud-bump

B. Material Properties

Table I shows the material properties used in this
simulation study. All the materials except solder and PCB are
assumed to be isotropic and linearly elastic. Orthotropic and
linearly elastic properties are used for the PCB (FR4) material.
A hyperbolic sine creep model for the Sn-Ag-Cu solder [8] is
used in this study to simulate the visco-plastic creep behavior
of the solder micro-bumps. Equation (1) shows the solder
creep model and the corresponding material constants are
given by Table II.



TABLE L. MATERIAL PROPERTIES
‘Component/ . Modulus N Poisson’s Tg
Laver Material pay CTE (ppm/°C) ot &
Cu
CopPadStud Copper 17 17 0.34
Dic GaAs 827 573 03
Oxide Si0, 73 0.5 0.17
Tnterposer St 31 238 0.28 -
;."ly‘“e’ Polyimide 3.50.1 65/500 0.3 215
ielectric
54.43@-40°C
41.73@25°C
Solder Sn-Ag-Cu 650 2 0.35
22.19@125°C
Underfill lé"d“ﬁ“ 13/0.5 23/80 03 120
olymer
Solder mask Solder mask 24 0 03 100
) Ex/Ey/Ez CTEX/CTEy/CTEz VXyIXZvyz
res R4 25/25/11 18/1835 0.11/0.39/0.39
Cu Cap/Dic Conductive 103 45220 03 "
Glue Epoxy -
. . Cs —Cy
é. = Cy[sinh(Cy0)]“3exp - )
TABLE II. MATERIAL CONSTANTS OF CREEP MODEL FOR SOLDER
[ Constant | C [ G, [ Cs [ Cs |
Value | 32000 [ 0.037 | 5.1 | 64247 |

C. Fatigue Life Prediction Model for Micro-Solder Bumps

The finite element model is subjected to the thermal
cycling on board (TCOB), between -40 °C and 125 °C for 1
hour, as shown by the cycle profile in Fig. 5. Simulations are
conducted for 2 thermal cycles and the accumulated creep
strain energy density (W) in the second cycle is used to
evaluate the fatigue life of the solder micro-bumps, based on
Schubert creep life model [9] as shown by (2).

N; = 345(W,,) "% @

where, Wer = (We™®)cyele2 - (We™®)cyelel, 1S the creep strain
energy density (SEND-Creep) accumulation in a stabilized
loading cycle. As the solder micro-bump is very small, the
average creep strain energy density (W.*¢) for each TCOB
cycle for a micro-bump is calculated by averaging the
elemental creep strain energy densities over the bump volume.
Note that this life prediction model was actually developed for
solder bumps of flip-chips on board (FCOB) and ball grid
array (BGA) [9]. This model is used here to have a first order
approximation and comparison of micro-bump life for
different partial underfilling conditions.
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Fig. 5. Thermical Cycling on Board (TCOB) Profile — 1 Cycle

D. Partial Underfilling Case Studies

As the focus of this study is to evaluate the effect of partial
underfilling below the die on the fatigue life of solder stud-
bumps, case studies (CS) with three different partial underfill
schemes, as shown in Fig. 6 are simulated. Initially, case
studies CS1, CS2 and CS3 are simulated for micro-bump
layout-1 with 36 bumps (ref. Fig. 3 (a)). Based on the results,

further case studies CS1, CS3, and CS4 are simulated for
micro-bump layout-2 with 12 bumps (ref. Fig. 3 (b)). The
results of the simulation studies are presented in following
section.

NG *
400 um" €S2: Underfill at Die Corners "

g
LA

€S4: Underfill surrounding

Cs3: Underfill along stud-bumps

3sidesof thedie =~ *

v
400 um

. 400um .
*

(©) $ (d)

-
94 uim

166 pm >
“ 400 pm

Fig. 6. Underfilling casestudies. (a) CS1: Full underfill; (b) CS2: Underfill
at die comers; (¢) CS3: Underfill along 3-sides of the die; (d) CS4:
Underfill surrounding stud-bumps

IV. RESULTS AND DISCUSSION

Variation of peak von-Mises stress in the micro-bumps
with thermal cycling time, as shown in Fig. 7 indicates that the
stress peaks occur at the end of ramp-down to -40 °C. The
magnitude of the stress is nearly same for 1 and 2" thermal
cycles for different cases. The stress relaxes to a lower value
during dwell at -40 °C and it further decrease to a negligible
value as the temperature increases back to 125 °C. Hence, von-
Mises stress contours of the micro bumps at the end of ramp-
down to -40 °C, for different case studies of micro-bump
layout-1 are shown in Fig.8. As shown, the von-Mises stress
is, ~ 53 MPa for the full underfill case (CS1), ~64 MPa for the
corner underfill case (CS2), and ~61 MPa for the 3-sides
underfill case (CS3). The von-Mises stress is higher for partial
underfill cases (CS2 and CS3), but the difference in the stress
is not very significant. Therefore, a further probe of individual
stress components (normal and shear stresses in different
directions) is necessary to understand the effect of the
underfill on the micro-bump stress state.
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Fig. 7. Variation of von-Mises stress with cycling time for different
underfill case studies (for Layout-1)

The peaks of individual stress components occur at
different bumps for different cases. Hence, to have a
meaningful comparison, the peak component stresses at the
critical (min. fatigue life) micro-bump for different underfill
cases of Layout-1 are probed and compared. The critical
micro-bumps for CS1 is at R12 and that for CS2 and CS3 is at
B3 (ref. Fig. 3(a)). Figure 9 shows variation of peak normal
stress components of critical bump with cycling time for



different underfill cases. The in-plane stresses (Sx and Sy) are
tensile 60 MPa, for the case of full underfill (CS1),
significantly higher than those of the partial underfill cases
(CS2 and CS3). Partial underfilling seem to reduce these
tensile stresses.
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Fig. 8. Von-Mises stress contours for different underfill case studies (for
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Fig. 9. Variation of normal stress components of critical bump with
cycling time for different underfill case studies (for Layout-1)

The out-of-plane normal stress (Sz) is tensile for the full
underfill case (CS1) and compressive for the partial underfill
cases (CS2 and CS3) and the magnitude is significantly higher
(-120 MPa for CS2 and -85 MPa for CS3). Note that, for both
CS2 and CS3, the critical bumps have no surrounding
underfill. For CS1, the critical bump has underfill in the
surrounding and it experiences tensile stress (Sz) of 65 MPa.
This indicates that the underfill surrounding the bumps
changes their local stress state.

Figure 10 shows variation of peak shear stress components
with cycling time for different underfill cases. All the shear
stress components exhibit the similar comparison among
different underfill cases. The shear stress is lower for the full
underfill case (CS1) and higher for the partial underfill cases
(CS2 and CS3), proportional to the amount of partial underfill.
This is reasonable, as the underfill reduces the CTE mismatch
load on the bumps by sharing it.
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Fig. 10. Variation of shear stress components of critical bump with cycling
time for different underfill case studies (for Layout-1)

The in-plane shear stress (Sxy) is negligible (4 MPa) for
CS1, 24 MPa for CS2 and 10 MPa for CS3. As this is in-plane
shear, the entire underfill area contributes the reduction of
stress on the micro-bump. Therefore, the stress for each case
is nearly proportional to the amount of underfill used. The out-
of-pane shear stresses (Syz and Sxz) are also low, 20 MPa and
10 MPa, respectively for CS1. For the corner underfill case
(CS2), these shear stress components are significantly higher
(30 MPa), as there is very low volume of underfill only at the
die corners, the area supporting the out-of-pane shear loads is
much lower. For the case of 3-sides underfill (CS3), Syz is 30



MPa (same as CS2), as this component is supported by
underfill along the top edge of the die only. Sxz for CS3 is 20
MPa, as this component is supported by underfill along 2 sides
(left and sides of the die). This indicates that both the volume
and layout of the partial underfill affect the micro-bump shear
stress.  In summary, the stress analysis revealed that, in the
triaxial stress state in a micro-bump depends on the
surrounding underfill. The life results in the following plots
show that the bumps without surrounding underfill becomes
critical.

The creep strain energy density (SEND-Creep) contours in
the micro-bumps at the end of the second TCOB cycle are
shown in Fig. 11. The SEND-Creep for bumps with corner
underfill (CS2) is nearly 20 times high compared to the bumps
with full underfill (CS1). That for the 3-sides underfill case
(CS3) is nearly 10 times higher. In both these cases, the bump
with max SEND-Creep is not surrounded by the underfill.
Therefore, the bump fatigue is inversely proportional to the
total volume of the underfill dispensed below the die.
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Fig. 11. Creep strain energy density contours for different underfill case
studies (for Layout-1)

Figure 12 shows micro-bump fatigue life for all the bumps
in Layout-1. Note that the bump fatigue life is normalized by
the maximum bump fatigue life of the full underfill case
(CS1). Considering the Left, Right and Top side bumps, the
fatigue life is comparable for full underfill case (CS1) and 3-
sides underfill case (CS3). Whereas the fatigue life for corner
underfill case (CS2) is nearly one order low. Further, In the
case of bottom side bumps, both the corner underfill (CS2)
and 3-sides underfill (CS3) have low life compared to the full
underfill case (CS1). Both these observations clearly indicate
that the effect of the underfill on the micro-bump life is quite
significant and the partial underfill may be sufficient to
achieve higher bump life, provided that the micro-bumps are
fully surrounded by the underfill. The fatigue life for left and

right sided bumps shows an increasing trend towards the
interior of the die for the 3-sides underfill case (CS3). This is
predominantly due to the availability of more surrounding
material for the interior bumps. There is a small contribution
due to the variation of the constraints from the die and the
interposer at a particular bump. The full underfill case (CS1)
also shows a similar but feeble variation.
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Fig. 12. Normalized fatigue life of different underfill case studies (for
Layout-1). Note: the bump fatigue life is normalized by the maximum
bump fatigue life of the full underfill case (CSI)

Simulation results for Layout-2 are similar to the results
for Layout-1. Hence, only the fatigue life comparison of the
micro-bumps is presented in Fig. 13 for brevity. As shown in
Figures 13(a) and 13(b), the left side right side bumps have
comparable fatigue life for the full underfill case (CS1), 3-
sides underfill case (CS3) and the underfill surrounding
bumps case (CS4). However, the bump life for CS4 is the
lowest due to low volume of underfill on the sides. Therefore,



the fatigue life decreases if the micro-bump is not surrounded
by the underfill to a sufficient distance. In the case of top side
bumps, as shown in Fig. 13 (c), the fatigue life is same for 3-
sides underfill case (CS3) and the underfill surrounding
bumps case (CS4), as the volume of the underfill surrounding
the row of bumps is same for these cases. Furthermore, the
fatigue life for these two cases is comparable with the full
underfill case. Note that there are no bumps at the bottom side
edge of the die for Layout-2.

Overall, the case studies presented in this simulation study
confirm that the underfill helps to reduce the fatigue of the
micro-bumps by sharing CTE mismatch loads. Secondly,
sufficient volume of partial underfilling surrounding the
bumps leads to the same effect as the full underfill case. In this
study, for this package and solder micro-bump design, we
found that the partial underfilling to 0.4 mm, from the center
of the micro-bump or last micro-bump in a row, gives
comparable bump fatigue life as that of the full underfill case.
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Fig. 13. Normalized fatigue life of different underfill case studies (for
Layout-2). Note: the bump fatigue life is normalized by the maximum
bump fatigue life of the full underfill case (CS1)
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V. CONCLUSIONS

Nonlinear 3D finite element simulations of a 2.5D TSI
package, with flip-chips and a metal cap, under TCOB
loading, are performed to evaluate the effect of partial
underfilling on the fatigue life of Cu stud solder micro-bumps.
The results indicate that the underfilling helps to reduce

fatigue loading on the micro-bumps, which agrees with the
reviewed literature [3-5].

In the case of full underfill (CS1), all the micro-bumps are
surrounded by the underfill, hence, the shear stresses are low
and the stress in the critical bump is predominantly tensile.
The variation of fatigue life among the micro-bumps is very
minimal and this is the ideal case.

In the case of partial underfill (CS2, CS3, and CS4), the
fatigue life of the bumps with surrounding underfill is high,
and comparable to that of the full underfill case (CSI1).
Whereas for the bumps without underfill, the fatigue life is
very small compared to that of the CS1. The overall stress
state of the critical bumps is significantly different from the
micro-bumps with underfill in this case. They are subjected to
significantly higher magnitude of shear and normal stresses.
As the creep strain rate is very sensitive to the magnitude of
stress at high magnitudes of stress [10], these bumps have
much higher creep strain energy accumulation in a small
number of cycles, thus a very low fatigue life. Hence, we
recommend underfill surrounding all the critical micro-bumps
of the die. For the package in this study, we found that
surrounding underfill to 0.4 mm, from the center of a micro-
bump (or last bump in a row), gives comparable results with
the full underfill case.

Finally, this study reveals that the stress state in the micro-
bumps depend on the surrounding underfill. It is established
that partial underfilling surrounding bumps may be sufficient
to get similar micro-bump fatigue life as the full underfill case.
It is further shown that this effect is insensitive to the changes
in the layout of micro-bumps. The volume of the underfill
away from the bump surroundings may not significantly
contribute to their fatigue life.

The findings in this study are also expected to be very
useful for the general cases where partial underfilling is
inevitable, to plan the volume, material, and layout of partial
underfilling to optimize the fatigue life of micro-bumps.
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