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Introduction dominated by the shear strain, other strains, such as axial strain,

should be considered for failure prediction. Conventionally, the
5ter level package does not apply the underfill material to ensure
f?H%Z"reliability of the solder joint, so the wafer level package must

array typeg to increase Fhe o countg. To §olve.the /O limitatio opt an interface mechanism, such as a buffer layer, to reduce the
of conventional packaging technologies, flip chip and wafer lev ' '

. ; . ismatched stresses. However, many studies have shown that in
packaging technologies were formed. Wafer level packaging t€Gfjz case of a large die size, such as 10 mm by 10 mm bare die, the

nology has the advantage of area array packages, such as eaggQjentional wafer level package does not meet the reliability
fabrication and reduced cost. However, wafer level packaging h"é?quirements. The WIT wafer level packageve et al.[5], Fig.
some weaknesses, such as poor reliability and die size limitatioR$js more reliable than the conventional wafer level package. The
Hence, much research has focused on the reliability of flip chizometry and material parametric analysis of the WIT wafer level
and wafer level packages using finite element methods. NOfma&ckage is examined herein to determine the reliability character-
the key factors, which influence a package’s reliability are thgtics. Furthermore, the WIT reliability results are compared with
geometry of the solder joint, underfill material, solder material, asnventional solder bump type wafer level packages. This study
well as its geometrical and structural configuration. Elerjills explores the alternative structure, which possesses higher /0 den-
introduced the wafer level package, as well as the study of Wity and better interconnect reliability.

traCSP wafer level package, including the constructing of compo-

nents, assembly and parametric reliability testing. To evaluate tMethodology

reliability life of electronic packages, its failure modes must be The literature survey reveals that wafer levelfflip chip packag-

3ddress<ta% Furtk}grmore, the"mecthanlcal lt)eha(\jnor OfdeUttetCt'g A4 reliability is influenced significantly by the 1/O connection
er must be nonlinéar as well as temperature-dependent to e and material properties, such as solder ball type, column post

mine the actual physical behavior of a package. Wang qeal. e, Young’s modulus and coefficient of thermal expansion
studied the creep behavior of a flip chip package using hyperbo} TE). In this research, post size, material behavior and buffer

power law to describe the creep behavior. In general, thermgler geometry are the key design parameters of our parametric
cycling fatigue is a major failure modes of electronic packaging.

Two reliability life prediction models have been adopted widely
by electronic packaging researchers. Darveaux dB8aproposed S
a fatigue life model for solder joints using energy-density criteluRNENE il
rion. Instead of energy-density concept, many researchers UEREIES ;:5; fmish i
strain-based Coffin-Manson empirical formatif®4] to predict & Eif;. S am e
solder life. Recently, much research has focused on the effect 2k e e 2
plastic shear strain on reliability. However, according to the conZRLRE

parative study of flip chip in experimental data and computqi %

' e i

simulation indicate that a flip chip package, where strain is n‘i:'_
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Fig. 2 Top and cross-section view of conventional flip-chip
BGA package without underfill layer

Table 1 Material properties of baseline flip-chip BGA

Young’s modulugMpa) Poisson ratio CTEppm)

Silicon Chip 130,000 0.28 2.62
BT 19,000 0.2 15
Soldef60Sn/40Pb Nonlinear 0.35 25
—e— 218K
o 258K
—a— 295K
1°°W v 348K
—o- 398K
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Fig. 3 Stress /strain curve of 60Sn /40Pb eutectic solder
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Fig. 5 Flip chip without underfill Laser Moire ~ phase diagram

and refined fringe

Nf:C(Aeeq)in (1)

where N; is the mean cycle to failureC is the coefficient of
fatigue ductility with a value of 0.4405 for solder ball type BGA
and 0.001 for pin grid arrayde.q is the incremental equivalent
plastic strain range in one cycle of thermal loading, and the
fatigue ductility exponent, which is 1.96 for solder ball type BGA
and 3.57 for pin grid array. Once the cyclic equivalent strain range
of the solder is derived, the corresponding fatigue life can then be
estimated. The accumulated and incremental equivalent plastic
strain can be expressed as

D=, Ashl )

| V2 | 1y2 | 1\2 | 2
Asgra— (A&l —As’y)) +(A85 —AeP)e+ (Aed — A&l
1/2
—(Ay +A7 S+ A ®3)
wheresg'qa is the accumulated equivalent plastic strain, amgga
is the incremental equivalent plastic strain.

Validation Model

The simulation validation package considered herein is a con-
ventional flip-chip BGA package without an underfill layer. Figure
2 shows the top view and center cross-sections of a conventional
flip-chip BGA package. Notably, this validation package model is
37X 37 mm square with 0.5 mm thickness of BT substrate and its
die size is 1K 11 mm, 0.5 mm thick and has ten rows of perim-
eter eutectic solder bumps. The standoff height of the eutectic
solder joint is 0.131 mm with 0.2 mm ball pitch. Furthermore,

study. Furthermore, herein, the multi-linear kinematic hardeninable 1 lists the elastic material properties of these components.
rule was adopted as the stress-strain hysteresis option. The fatitiagably, the silicon die and BT materials are assumed to be lin-
life of a eutectic solder joint can be predicted by using an empirearly elastic and temperature independent. However, the thermo-
cal Coffin-Manson relationshigCoffin [6], Manson[7], and plasticity models for eutectic soldg#0%Pb/60%Sh materials

Saube(8]).
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(Fig. 3) were applied as an input of finite element thermal loading

BN

Fig. 4 One-half finite element model of flip-chip BGA package

2 / Vol. 124, SEPTEMBER 2002

PROOF COPY 020203JEP

Transactions of the ASME



PROOF COPY 020203JEP

Table 2 Simulation and experimental results of conventional WLP

Finite element results
V-Field (um) U-Field (um)
16.6 3.6

Experiment results
V-Field (um) U-Field (um)
15.3 4.17

Models

Conventional Flip-Chip BGA
without underfill layer

analysis. Figure 4 illustrates a 2D flip chip finite element modglroach demonstrates promising results for the validation model.

without underfill material.

Therefore, the finite element approach that was used in this re-

This conventional flip-chip BGA package was subjected to asearch is a reliable method for the new WIT wafer level package

external thermal loading condition, that is, from a 125°C stresdesign.
free condition the temperature was decreased to 25°C. Figure 5

presents the displacement of V-field and U-field laser mpivase \yjire Interconnect Technology (WIT)
diagram as well as the refined fringe of the three cases. Table 2

shows the finite element simulation and experimental results./n Studying the WIT mechanism, FEM analyses were per-

Clearly, via experimental measurements, the finite element

4 Column Posts

Silicon Die
Copper /O
Pad

Polyimide Layer

! BT Subsrtate Solder Tub

Fig. 6 Half FEM Model of WIT wafer level package with 4, 5 and
7 column posts

Polyimide Layer Silicon Die

BT Subsrtate
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Fig. 7 Half FEM model of conventional wafer level package
with 4 solder bumps
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Fig. 8 lllustrations of FEM models of parametric study
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4grmed on several parametric study models. Since the WIT pack-

ge is designed to replace the conventional solder bump intercon-
nect, for comparison, some WIT models p with the same 1/O
density as the conventional wafer level package were built. More-
over, the pitch and the original standoff height was also the same
as the conventional solder bump modéD xm and 130um,
respectively, and 15um of polyimide layer was used as the die
side buffer layer. Figure 6 shows the FEM model of WIT package
with 4, 5, and 7 column posts on half of the package. Figure 7
illustrates a conventional wafer level package that contains 4 sol-
der bumps on half of the package. In the modéFig. 8), seven
copper columns were mounted directly, via eutectic solder around
the copper post, to the copper I/O substrate pads. However, the
model 2 has an alternate interconnection mechanism, which is a
tub containing eutectic solder and a copper post inserted therein.
In the third model, the number of the copper posts are reduced to
four, with other configurations the same as the second model.
Furthermore, the design of the substrate-side mechanism was al-
tered from the previous models. In the fourth model, a;26-
thick polyimide layer was added to the substrate surface. In the
fifth model, the diameter of the die-side pad was decreased to 115
pm. The copper posts were reduced from 3@ to 20 um in the
sixth model with other configurations the same as the fifth model.

Table 3 Material properties of the FEM models

Material Yung's modulousGPa  Poisson’s ratio  CTHEppm/°Q
Solder Temperature dependent 0.35 23.9
Silicon ] 0.28 2.62
Copper 117 0.31 17

Polyimide  Temperature dependent 0.34 40

Elastomer . 0.41 95

BT Temperature dependent 0.20 15
FR-4 18.2 0.19 16

Table 4 Temperature-dependent Young's modulus of BT

TemperaturgK) E (Gpa
218 10.9
258 10.4
295 9.9
348 9.6
398 9.1

Table 5 Properties of plated copper

T (°C) E (Gpa ay (Mpa) ot (Mpa) & @ (ppm)
22 45.6 149.5 252.2 118 17.0
125 44.6 144.7 215.7 118 17.3
200 39.7 119.9 172.2 113 18.4

Ref. Subbarayan, 1996
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Fig. 9 Stress /strain curve of polyimide

The standoff height of the copper post was reduced from 480 o o
to 60 um in the seventh model. Finally, with the same configura- 5:2 f 8eo|Q/ z do 4
tion as in the seventh model, the eighth model adds one more e=1 Jao, e=1 Jo,

copper post near the edge of the outer post, this post is serve
a dummy post to increase the reliability. To examine the effect 9
solder tub depth, two more moddinodel 9 and 1pwith solder
tub of 25 um depth and 6Qum with 5 columns and 13@m with
4 columns, standoff height with solder tub of 2fn depth were
constructed.

%reno is the total number of elements in the zongthe strain
thee-th element(), the volume(area of thee-th element, and

¢ the volume-weighted averaging strain in a specific zone. The
dimension of the finite zone is determined in an empirical manner.
It should be small enough to capture the maximal strain field; on
the other hand, large enough to obtain a converging solution as the
mesh density increases.

Finite-Volumn-Weighted Averaging Technique

The stress/strain information near the interfaces of the soldamte Element Analysis
joint and the silicon die and that of the solder joint and the PCB is The finite element models employed herein simulate the accel-
effectively characterized. Note that the interfaces of these commrated thermal cyclingATC), as well as temperature rising and
nents usually involve an abrupt geometry change that inevitatdyvelling between-55°C and 125°C with a one-hour cycling rate,
forms a sharp corner and more importantly, induces a singul@amp-up, dwelling and ramp-down time are all 15 minutes. To
(concentratedstress/strain response. Since the material nonlineansure nonlinear convergency, a true Newton Raphson method
ity is considered such that the stress concentration can be eventith sub-step iteration was applied as the nonlinear iterative solu-
ally eased, techniques that can be applied to characterizationtioh. Based on the specific sub-loading steps, the strain/stress re-
the strain response around the singular point are in criticalilts, which plot the hysteresis loop, were attained easily. Notably,
demand. the creep phenomenon and heat transfer were not included herein.
The plastic strain in the strain concentration area is very sen$iherefore, a steady-state condition is assumed.
tive to the local mesh density, to avoid the mesh sensitivity an Tables 3 and 4 present the material properties of all compo-
improved volume-weighted averaging technique is applied to efents, such as Young’s modulus, Poisson’s ratio, and CTE. Fur-
fectively characterize the strain response in the corner of the stiiermore, critical materials, such as the eutectic soldéPb/
der joint. A specific zone is introduced and applied to perform tH&0Sr), plated copper and the polyimide, employed herein are
averaging technique as follows: multi-linear and temperature dependent. Figures 3, 9, and Table 5

Maximum strain of Qutmost
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Fig. 10 Accumulated equivalent plastic strain versus cycling time of conventional
WLP
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0.12 the maximum equivalent plastic strain increased to 2.08%64
-E 01 cycles. This was due to the stiffness of the polyimide, which is
@ = higher than both the eutectic solder and BT, if the strain is higher
20.08 ; /—' than a certain value. Subsequently, the 1/0 pad diameter on the die
5006 side decreased from 150m to 115 um (WIT Model 5), the
g maximum equivalent plastic straifor Model 5) is 2.06%,(1064
20.04 r—/ cycles, which almost the same as previous model. Furthermore,
§002 although other configurations were the same as in Model 5, the
< copper post diameter was reduced from a0 to 20 um (WIT,
0 — E— Model 6). Analysis indicates that the maximum equivalent plastic
0 5 10 15 20 25 30 35 40 45 50 55 60 65 st.rain for this model decrgased to 2.03(%].,0.2_ cycleg Singe the
) ) thinner copper post provides more flexibility, the strain of the
Time  (min) solder decreased as the diameter of the post are decreased, simul-
. . ) ) . taneously. Furthermore, the standoff height of the copper posts
Fig. 11 Accumulated equivalent plastic strain versus cycling was reduced to 6@m for WIT Model 7, and became the design

time of WIT Model 1 parameter. Notably, after thermal cycling, the equivalent plastic

strain was increased to 4.09980 cycles. Results show that the
reliability of this model was poor. Therefore, the improvement
illustrate the stress-strain curves of these three materials. Simifgethodology must be developed.
tion results of the FEM parametric study of the WIT package and Thus, in the eighth model, the additional dummy interconnec-
conventional wafer level package are described below. The cafon was positioned next to the outermost /O of the seventh
ventional wafer level package FEM model with four solder bumpodel. The dummy I/QWIT Model 8, Fig. 6 with 5 column
interconnections had the maximum one cycle accumulate@sty was designed to absorb the strain caused by thermal mis-
equivalent plastic strain of 2.68%Fig. 10 in the outermost match in the package. The equivalent plastic strain was reduced
bump. This strain was substituted into Coffin-Manson equa®n from 4.09%(90 cycles to 2.5% (524 cycles. Finally, regarding
equal to 0.4405 and equal to 1.95to obtain the mean cycle to athe effect solder tub depth, its depth was reduced herein from 40
failure of 530 cycles. In the first WIT packag®lodel 1, with 7 um to 25 um. Notably, models 9 and 10 contain 5 and 4 column
copper postsprototype, the equivalent plastic strain of the outefposts with a 25um buffer layer on the substrate, 1i8n-diameter
most column is 5.19%Fig. 11), and the mean cycles to failure for copper pads on the die side and have standoff heights @fn60
Coffin-Manson criterio(C equal to 0.001 and equal to 3.5Yis  and 130um, individually. The results of these models reveal that
39 cycles. A comparison of WIT and conventional WLP modelheir equivalent plastic strains were 3.53¢453 cycle$ and
reveals that the WIT model with copper posts mounted directly gn169 (883 cycle, respectively. Clearly, compared with the pre-
the 1/O pads was unacceptable. Thus, to improve the excessj¥us models the depth of the solder tub influences the strain
strain of WIT Model 1, a solder tub structut60 um depth on  significantly. That is, a reduction in solder tub depth from4@
the copper I/O pad was adopted in the second m@gl 8, WIT  to 25 um resulted in a strain increase from 2.5%/524 cycles to
Model 2. In this model, the maximum equivalent plastic straing 539/153 cycle¢models 8 and B and from 2.12%/944 cycles to
located in the solder of the solder tubig. 12 had a value of 2 16%/883 cycle§Model 6 and 10 Thus, solder tub depth could
1.82%, which is equivalent to 1628 cycles. This result displaysaiso be considered as an important design factor.
dramatic improvement in the reliability life and yields results that
are superior to the conventional wafer level package. .
To further study the 1/0 number effect, the number of coppé'?OnCILISIonS
posts in the third model was reduced from seven to fol® The parametric study of WIT herein revealed the impact of
numbers equal to the conventional WLFhe maximum equiva- specific design parameters. To develop an optimal design, which
lent plastic strain in the solder was increased to 1.912870 solves the reliability issue, this research selected the dimensions
cycles, which is also much lower than that of the conventionand layout of copper post and solder tub as the design parameters.
solder bump. Furthermore, to consider the substrate configuratidgreover, for comparison purposes, the basic dimensions of the
a layer of polymimdeg25 um thickness was added to cover part model were identical with that of the conventional wafer level
of the copper padsolder mask defingdon the substrate in the package. From the analysis, the following conclusions were
fourth model(WIT Model 4). FEM simulation result shows that drawn:

Maximum strain area
of the outmost column Post

Fig. 12 Max. strain of outmost column post of WIT Model 2
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