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An Optimization Analysis of UBM Thicknesses and Solder Geometry on A Wafer
Level Chip Scale Package Using Robust Methods
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Abstract: Wafer level chip scale package (WLCSP)
has been recognized providing clear advantages over tra-
ditional wire-bond package in relaxing the need of un-
derfill while offering high density of I/O interconnects.
Without the underfill, the solder joint reliability becomes
more critical. Adding to the reliability concerns is the
safety demand trend toward “green” products on which
unleaded material, e.g. lead-free solders, is required.
The requirement of lead-free solders on the packages re-
sults in a higher reflow temperature profile in the package
manufacturing process, in turn, complicating the relia-
bility issue. This paper presents an optimization study,
considering the fatigue reliability, for a wafer level chip
scale IC package in which a Ti/Cu/Ni UBM is involved.
A finite element model is developed for the package. The
model employs Sn3.8Ag0.7Cu lead-free solders built on
build-up layers with micro-vias. Finite element analyses
are performed to study the mechanical behaviors of the
package elements in which the solder as well as the UBM
is of interest. Firstly, a Surface Evolver program is used
to construct the solder based non-solder mask defined
(NSMD) pad. Then, multi-purpose finite element soft-
ware, ANSYS™, is used to create a double symmetric 3-
D numerical model to investigate the mechanical behav-
iors including deformation, stress-strain relation as well
as hysteresis loops for temperature cycles. The Garofalo-
Arrhenius Creep Model is employed. A modified Coffin-
Manson formula is also employed to estimate the fatigue
life for the package. Finally, the Taguchi robust anal-
ysis is adopted for optimization analysis of UBM thick-
nesses and solder geometry. Our results show that thicker
UBM layers tend to increase the fatigue life while a small
solder pad will prolong the fatigue life and as volume
increases so does the fatigue life. From the results of
Taguchi robust analysis, it is shown that among the fac-
tors of UBM layer thickness, solder pad radius and solder
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volume, the solder volume is the most dominating factor
on the fatigue life of the package. The optimal combina-
tion of UBM thickness set at 0.0066 mm (level 3), solder
pad radius set at 0.10 mm (Level 1), and solder volume
set at 0.020 mm?> (Level 3) contributes the greatest fa-
tigue life of 1229 cycles which is 448% gained over our
reference package model.

keyword: Wafer level package, Lead-free, Finite ele-
ment analysis, Robust design

1 Introduction

The advanced packaging for integrated circuit has re-
cently been leading toward the wafer level chip scale
package (WLCSP) for the advantages of high efficiency,
cost-effectiveness, and high density interconnects. How-
ever, due to coefficient of thermal expansion mismatch
(CTEM) thermal fatigue on solder balls becomes one of
the failure mechanisms that cause the packages malfunc-
tion. Since solder is above half of its melting point at
room temperature, it is anticipated that under the normal
operating temperature the deformation kinetics is dom-
inated by creep process. In addition, under bump/ball
metallization(UBM), two to three metal layers under the
solder bump/ball, is indispensable for reliable flip chip
interconnection for the layers provide the features of ad-
herence, diffusion barrier, and good wettability. Many re-
searches have been contributed to package-related study.
Mertol (2005) applied finite element analysis combined
with Taguchi methods to study the optimal geometry for
plastic ball grid array package. Chen (2006) consider-
ing a 72-1/0 OMPAC (overmolded effect array carrier)
package subjected to thermal cycling studied the effects
of such factors as solder structure, shape, and pitch on
the solder joint for the fatigue life due to elasto-plastic
deformation of the electronic package. Mercado (2000)
considered a plastic flip-chip ball grid array to study the
size effect of the thicknesses of substrate and solder pads
on package reliability. Their results revealed that thicker
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Table 1 : Material Properties Used in the Finite Element Model

Component Young’s modulus (Mpa) | Poisson’sratio | CTE (ppm/° C)
Si 131000 0.30 2.8
Copper 76000 0.35 17
Build-up resin 20000 0.30 50
FR-4 22000 0.28 18
Electroplate 76000 0.35 17
Sn3.8Ag0.7Cu See note 1 0.4 17.6
Al 40800 0.34 23.1
Ti 105000 0.34 8.41
Ni 102000 0.30 13.1
SiNj3 16500 0.25 2.5

Note 1: The Young’s moduli for Sn3.8Ag0.7Cu lead-free solder are 50500MPa,
46000MPa, 44500MPa and 30500MPa, respectively, corresponding to
temperatures -40° C, 25°C, 50° C, and 125° C.

substrate and solder pads in equal radius make the pack-
age more reliable. They also concluded that in order to
obtain good correlation between predictive engineering
results and reliability tests data, the pad size effect should
not be ignored. Chen (2005) developed a computational
model using the Surface Evolver program to analyze the
stability of solder bridging for area array type packag-
ing. Factors including the pad size, the total volume of
solder bumps, the pitch between adjacent pads, the con-
tact angles and the surface tension of the molten solder
alloy were considered in their study. Their model offered
practical application to predicting the stability of solder
bridging. Lau (2001) studied the thermal stress as well
as strain responses on a WLCSP in which Sn2Ag36Pb
solder balls were planted on built-up layers with mi-
crovias. Kim (2002), of Kulicke & Soffa experimentally
compared the crack propagation in solder balls on Sn-Pb
Ultra CSP and SnAgCu Ultra CSP under thermal cycle
test. They found cracks tended to propagate more slowly
on SnAgCu Ultra CSP than on Sn-Pb Ultra CSP. Mean-
while, Cergel (2002) conducted experiments to study the
reliability for Sn-Pb-Ag and Sn-Ag solder balls under
varied temperature cycles and reflow temperatures. Li
(2005) performed a study to determine the optimum pro-
cess parameters for COF technology improvement. An
Ls orthogonal array was employed to conduct the de-
sign of experiment for finding the optimum process pa-
rameters. Their results showed that as bonding misalign-
ment was reduced, bonding strength increased. Finite el-

ement methods and optimization schemes have been used
as tools for the analysis of engineering structures for a
long time. Various approaches were developed for bet-
ter prediction on structural responses. Han (2005) devel-
oped a meshless local Petrov-Galerkin (MLPG) mixed
method for large deformation prediction. Zhu (2004)
suggested an auto-adjusting weighted object optimiza-
tion method to extend an available mono-objective op-
timization method to multi-objective/multi-disciplinary
optimization. Liu (2003) performed thoroughly numer-
ical studies for a WLCSP with lead-free solders and
UBM built-in. In his study, finite element analyses were
implemented to understand the mechanical behavior of
the package. Fatigue life of the solders was also esti-
mated. In this study, a finite element analysis coupled
with Taguchi robust analysis is applied to the study of a
wafer level chip scale package with built-in lead-free sol-
ders and UBM. Optimal dimensions of UBM thickness,
solder pad radius, and solder volume are investigated.

2  Constitutive Models
2.1 Garofalo-Arrhenius Creep Model

Various researches have devoted to the study of creep be-
havior of material among which the Garofalo-Arrhenius
creep model may be the most widely adopted one to de-
scribe the steady-state creep behavior for solder materi-
als. The steady-state creep constitutive equation is ex-
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pressed as follows

(&) bmlog)] v ()

where %’ is the steady-state creep strain rate, ¢ is the time,
C is material constant, G is the temperature- dependent
shear modules, © is the absolute temperature, ® is the
stress level in accordance with the creep strain, 7T is the
shear stress, nis the stress exponent, Q is the activation
energy, and R is the Boltzmann’s constant (8.617x 107>
eV/K). Eq. (1) can be rewritten as

ey

’Y = [sinh(CZG]Q exp <—g> (2)

T

where C;, C,, C3, and Cy4 are material constants, © is the
applied stress and 7 is the uni-axial steady-state creep
strain rate. This study uses the finite element analysis
software, ANSYS", in which a creep model is implic-
itly built with material constants, C| through Cy, as the
input. Table 1 lists the material constants used in our
study. These constants have been referred in previous
work, Wiese (2001) and Lau (2002).

2.2 Low Cycle Fatigue Life

Viscoplastic material is vulnerable to fatigue failure un-
der cyclic loading. For eutectic solder material, the
Coffin-Manson formula is perhaps the most suitable for
assessing the low cycle fatigue life Paydar (1994),

1
v L (V38 e
72\ 2

where Ny means the low fatigue life in cycles, V3Ae =
Ay is total shear strain range with Ae being the equivalent
strain range, €y is the fatigue ductility coefficient and is
considered 0.325 in this study, o is the fatigue ductility
exponent and is expressed as,

3)

o=—0.442—-6x107*T, +1.74 x 102 In(1+ f) (4
in which 7}, is the mean cyclic solder joint temperature
in centigrade, and f is the cyclic frequency in cycles per
day. Noted that T, takes the average of the maximal and
minimal temperatures, and f falls in 1 to 1000 cycles per
day.
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For a wafer level chip scale package with SAC
(Sn3.8Ag0.7Cu) solder balls, this study uses a modified
Coffin-Manson equation suggested in Schubert (2002) to
assess the low cycle fatigue life,
N =A ()P

Ccr

&)

where N is the mean cycles to failure, €7/° is the ac-
cumulated equivalent creep strain — the superscript acc
stands for accumulated and the subscript cr for creep.
The material-dependent constants, A and [, are consid-

ered 0.38 and 1.96, respectively.

3 Package Modeling and Analysis
3.1 WLCSP Model

Table 2 : Constants employed for Garofalo-Arrhenius

Creep Model
Material constant unit
C1 0.0026 | 1/sec
C2 0.185 | 1/MPa
C3 3
C4 4655 K (absolute temperature)
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Figure 1 : The WLCSP Model (plane view)

A 3-D finite element model for a 9x9 mm2 chip with
11x11 arrayed pads is considered. The plane view of
the model is shown in Figure 1. Figure 2 details the sol-
der height, solder pad as well as the micro-via to some
degree. In Figure 2, it is seen that electrical connection
is made between the chip and the PCB through solder
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Table 3 : Presents the material properties of the copper layer and the micro-vias.

Young’s modulus (Mpa) | Tangential modulus (MPa) | Yield strength (MPa) | Ultimate strength (MPa)
76000 7600 54 200
Table 4 : Control factors and their levels.
Control Factor Level 1 | Level 2 | Level 3
A: UBM layer thickness (mm) | 0.0022 | 0.0044 | 0.0066
B: solder pad radius (mm) 0.10 0.15 0.20
C: solder volume (mm?) 0.010 | 0.015 | 0.020
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Figure 2 : Construction of the inner structure.

balls of 0.1524 mm in height and 0.3048 mm in diam-
eter along pad connection. One-eighth of the model is
numerically built to facilitate our analysis as shown in
Figure 3. Figure 4 details the construction of the UBM
between the chip and the solder bump. It is seen that a
copper pad abridges the solder bump and the three metal
layers, Ti, Cu, Ni, whose thicknesses are 0.0002 mm,
0.001 mm, 0.001/0.003 mm, respectively. Over the lay-
ers, a layer of aluminum of 0.001 mm thick is protected
by SiN3 of 0.002 mm. Over the aluminum layer is the
chip. In the course of analysis, because of double ax-
ial symmetry, one-eighth of the 3-D model is used (as in
Fig. 3). All of the materials were assumed to be elastic
except the solder, which is treated as visco-plastic. The
material properties associated with the model are listed
in Table 1. The material constants, C1 through C4, ac-
counting for visco-plasticity of the solder, are shown in
Table 2. Table 3 presents the material properties of the

Figure 3 : One-eighth of the 3-D finite element model
subtracted from that in Figure 1.

Figure 4 : The UBM layer arrangement
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Figure 5 : Temperature Loading History

copper layer and the micro-vias.

3.2 Boundary conditions

Shown in Figure 3 is the finite element model used for
analysis. The model is one-eighth of the original model
for facilitating modeling. The frontal and hidden surfaces
of the model in Fig. 3 are planes of symmetry and the
bottom left vertex is constrained from axial displacement
to avoid rigid body motion.

The model is subject to ambient temperature fluctuation.
Presented in Figure 5 is the temperature loading history
used in this study. The temperature history consists of
six temperature fluctuating cycles between -20 ° C and
110° C. Each cycle has 10 min linear temperature load-
ing/unloading ramps and 20 min high temperature dwell
period and 10 min law. The temperature history initiates
at 25 ° C and lasts for three cycles, 11,388 seconds in to-
tal.

3.3 Parametric and robust analysis

In this work, the robust design using orthogonal array,
which is often referred to as the Taguchi method Lee
(1999) is applied. This method, a practical approach
to full-factorial experiments, consists of a set of exper-
iments where the settings of the various design parame-
ters (control factors) that an engineer wants to study from
one experiment to another are changed at different lev-
els. The experimental results are used to determine the
significance of each control factor. This approach has
been applied for engineering design to improve produc-
tivity during research and development stage and pro-
duce high-quality and low-cost products. In our anal-
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ysis, the thickness of the UBM layer, the radius of the
solder pad, and the solder ball volume are considered as
the control factors. For each control factor, three lev-
els are assigned. The values for each level of the con-
sidered factors are presented in Table 4.With three fac-
tors, three levels to each factor, an L9 orthogonal array
is constructed for Taguchi method. Notice that there are
nine experiments conducted. Experiment 1 is conducted
at level 1 for each of the three factors. In each experi-
ment finite element analysis is performed and the accu-
mulated equivalent strain as required in equation (2) is
obtained on the solder ball at the greatest distance from
neutral point (DNP). The relative importance of the fac-
tors is concluded using the results of the nine experiments
and sensitivity analysis in terms of factor response graph
where signal to noise (S/N) ratio versus parameter levels
is drawn. The most significant control factor contributes
the greatest scatter.

4 Results and Discussion
4.1 Effect of UBM thickness on fatigue life

To investigate the effect of the UBM thickness on fatigue
life, we assign three thickness levels to the UBM layers.
It is assumed that all layers are at the same level in each
experiment. The inter-effect among the layers is not con-
sidered. While the solder pad radius is kept at 0.15 mm
and the solder ball volume at 0.015 mm?, three thick-
ness levels, 0.0022 mm (Level 1), 0.0044 mm (Level 2),
and 0.0066 mm (Level 3) are assigned to the UBM lay-
ers. Table 6 presents the results of the fatigue life. In
this table, the levels for pad radius and solder ball vol-
ume are maintained at level 2 while those of the UBM
thickness are varied. The life increases from 219 cycles
to 274 cycles as the level varies from 1 to 3. This means
that thicker UBM layers tend to increase the fatigue life.
However, the gain in life is less significant as the thick-
ness gets larger.

4.2 Effect of solder pad radius on fatigue life

For a solder used in the package, the surface extension,
solder volume, and solder pad radius are correlated. In
this study, three levels of pad radius are assigned on the
basis that the surface extension and solder volume are
kept constant; thus a specific solder profile is obtained.
While each UBM layer is kept 0.0044 mm in thickness
and the solder ball volume at 0.015 mm?, three radius
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Table 5 : Fatigue life vs. Levels of UBM thickness

UBM | Pad radius | Solder ball volume | Fatigue life (cycles)
1 2 2 219
2 2 2 258
3 2 2 274

Table 6 : Fatigue life vs. level of solder pad radius

UBM | Pad radius | Solder ball volume | Fatigue life (cycles)
2 1 2 522
2 2 2 258
2 3 2 183

Table 7 : Fatigue life vs. level of solder volume

UBM | Pad radius | Solder ball volume | Fatigue life (cycles)
2 2 1 107
2 2 2 258
2 2 3 411

Exp. | A* | B | C* | Cumulative equivalent creep strain (%) | Fatigue life (cycles) | S/N Ratio
1 1 1|1 3.54 252 48.43
2 1 2 2 3.47 274 48.75
3 1 13]3 2.86 401 52.06
4 2 1 2 2.11 625 57.23
5 2123 2.28 127 55.91
6 2 13 |1 5.13 125 42.07
7 3113 1.61 1229 61.79
8 3121 3.92 216 46.68
9 31312 3.68 245 47.78

Average 456.44 51.19

* Control factor A: UBM thickness, B: solder pad radius, and C: solder volume.

levels, 0.10 mm (Level 1), 0.15 mm (Level 2), and 0.20
mm (Level 3) are considered for the pad radius. Table
7 presents the results of the fatigue life for each level of
the radius. In this table, the levels for UBM thickness
and solder ball volume are maintained at level 2 while
those for the pad radius thickness are varied. It is seen
that a larger solder pad will reduce the fatigue life of the
package provided that the solder volume is kept constant.

4.3 Effect of solder volume on fatigue life

This study is performed on the premises that the spe-
cific solder profile be the same as in previous paramet-
ric studies; that is, the surface extension and solder pad
radius are kept constant. While each UBM layer is kept
0.0044 mm in thickness and the solder pad radius is kept
at 0.15mm, three solder volume levels, 0.010 mm?> (Level
1), 0.015 mm?> (Level 2), and 0.020 mm> (Level 3) are
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considered for the solder volume. Table 8 presents the
results of the fatigue life for each level of the volume. It
can be seen that as volume increases so does the fatigue
life. It can also be interpreted that a nearly linear trend
exists to relate these two quantities.

4.4 Robust analysis

As previously described, this study considered UBM
thickness, solder pad radius, and solder volume are con-
sidered control factor for robust analysis using Taguchi
method. Each factor is assigned with three levels. With
three factors, three levels to each factor, an Lg orthog-
onal array is constructed for Taguchi method. That is,
there are nine experiments to be conducted. Table 10
presents the fatigue lives obtained for these nine experi-
ments. In this table, the most left column is the number
of the experiment, the control factors with their assigned
levels are marked on the next 3 columns. It is seen that
the 7" experiment with the UBM thickness set at 0.0066
mm (level 3), the solder pad radius set at 0.10 mm (Level
1), and the solder volume set at 0.020 mm? (Level 3) con-
tributes the greatest fatigue life of 1129 cycles while the
6" experiment with the UBM thickness set at 0.0044 mm
(Level 2), the solder pad radius set at 0.20 mm (Level 3),
and the solder volume set at 0.010 mm? (Level 1) con-
tributes the smallest fatigue life of 127 cycles. The re-
sponse of S/N ratio for each factor based on the results
shown in Table 8 is listed in Table 9. It is seen that con-
trol factor C (solder ball volume) has the largest effect
(10.85) while control factor A (UBM thickness) has the
smallest effect (2.33). It may conclude that solder ball
volume is the most dominating factor on the fatigue life
of the package. The significance of each factor is pre-
sented in Figure 6 In the graphs, each uppercase letter
represents a control factor, and the Arabic number corre-
sponds to the level. In this work, as larger fatigue life
is of interest, the-larger-the-better criteria are adopted.
Again, it can be seen that control factor C (solder ball
volume) has the greatest effect on fatigue life as it scat-
ters broadly.

Furthermore, the analysis of variation (ANOVA) is ap-
plied. As control factor A is the least effective, the pool-
ing of errors is carried out and presented in Table 10. It is
concluded that solder pad radius and solder ball volume
are considered more influencing (with 96%, 98% confi-
dence level, respectively). In addition, Table 10 indicates
that with the UBM thickness set at 6.6 um (Level 3), the
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Table 9 : Response table of S/N ratio for the control fac-

tors.
A B C
Level 1 | 49.74 | 55.81 | 45.73
Level 2 | 51.74 | 50.45 | 51.25
Level 3 | 52.08 | 47.30 | 56.59
Effect 2.33 8.51 | 10.85
Rank 3 2 1
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Figure 6 : Factor response graph.

solder pad radius set at 0.10 mm (Level 1), and the sol-
der volume set at 0.020 mm?® (Level 3) the package will
have the greatest fatigue life of 1229 cycles. As greater
fatigue life is of interest and the-larger-the-better crite-
rion is adopted, it can be shown that with the simulated
fatigue life of 1229 cycles, the signal-to-noise (S/N) ratio
is

S/N=-10x1 =61.79 6
/ 108 7002 ©)
with confidence interval (CI) calculated to be

/7 1
Cl=|—-1.95x%x2.49 x < §+T>'_6'47 (7

where 1.95 corresponds to a confidence level of 95%,
2.49 is the standard deviation (S) as shown in Table 10,
and the inversed ratio of (7/9) is the effective sample size.



62 Copyright (© 2006 Tech Science Press

CMC, vol.3, no.2, pp.55-64, 2006

Table 10 : The outcome of pooling errors. (at least 95% CL is chosen)

Factor SS ‘ DOF ‘ Var ‘ F ‘ Confidence | Significance
A Pooled No
B 111.10 2 55.55 | 8.90 96.63% Yes
C 176.86 2 88.43 | 14.17 98.47% Yes
Others Pooled No
Error | 1247 | 4 | 623 | S=2.49
Total 300.44 8 Note: At least 95% confidence
61.79 48.75
Simulated S/N ratio Simulated S/N ratio
6.47 6.47 6.47 6.47
overlapped overlapped
segment segment
Predicted S/N ratio Predicted S/N ratio
428 4.28 428 428
62.11 49.06

Figure 7 : Simulated and predicted S/N ratios and its
confidence intervals for the optimal package model.

Meanwhile, considering the combination of the UBM
thickness set at level 3, the solder pad radius at level 1,
and the solder volume at level 3 (i.e. A3, B1, C3), the
S/N ratio is

S/N =51.19+(52.08 —51.19) + (55.81 — 51.19)

+(56.59 —51.19) = 62.11 ()
where all values can be referred in Table 9. The confi-
dence interval (CI) associated with this S/N ratio is

Cl=|—195x% =4.28

€)

B 2.49
ada
On the other hand, with the same scheme applied to
the reference model (A1, B2, C2) whose fatigue life is

Figure 8 : Simulated and predicted S/N ratios and its
confidence intervals for the reference package model.

274 cycles, it is obtained that the associated S/N ratio
is 48.75 and the S/N ratio using the responses shown in
Table 9 is 49.06. The S/N ratios as well as the calcu-
lated CiIs are plotted in Figures 7 and 8 for the optimal
package model and the reference package model, respec-
tively. From these figures it is seen that both the simu-
lated S/N ratio and the predicted S/N ratio almost fully
overlap for both optimal package model and reference
package model; that is, it can be confirmed that the pre-
dicted fatigue lives performed herein is reasonably close
to the simulated ones and therefore it may be concluded
that the optimal design with UBM layer thickness set at
Level 3, solder pad radius at Level 1, and solder volume
at Level 3 has a fatigue life of 1229 cycles which yields
a gain of 448%.
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5 Conclusion

An investigation of the effects of three parameters on the
fatigue life of a wafer level chip scale package (WLCSP)
with under ball metallization (UBM) and with lead-free
solder balls is conducted. The parameters are UBM layer
thickness, solder pad radius, and solder ball volume. Fi-
nite element method is used as a tool to create a numer-
ical model to calculate the cumulative equivalent creep
strain range for fatigue life assessment. An Lg Taguchi
robust design matrix has been developed to perform para-
metric analysis and to obtain the optimal combination of
the parameters to achieve the greatest fatigue life for the
package. Itis concluded that thicker UBM layer will ben-
efit fatigue reliability for the package. To have a longer
fatigue life it is suggested that the solder pad radius be
smaller. On the other hand, solder ball with larger vol-
ume may prolong the fatigue life of the package. Our
results also show that with Taguchi robust design, among
the three parameters, solder volume becomes the most
dominating factor on fatigue life while the UBM layer
thickness has little influence on the life. The optimal
combination of UBM thickness set at 0.0066 mm (level
3), solder pad radius set at 0.10 mm (Level 1), and solder
volume set at 0.020 mm?> (Level 3) contributes the great-
est fatigue life of 1229 cycles which is a 448% gain over
our reference package model.
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