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Abstract

Due to the high speed and high I/O count for semiconductor package
requirements, thousands of soldered interconnections are indispensable, and this
situation renders the traditional finite element method (FEM) analysis a formidable
challenge. This paper presents a 3-D equivalent global model and local submodeling
technique to investigate board-level solder joint reliabillity under temperature
cyclic loading. The equivalent global model is capable of addressing cirtical solder
failure locations. Individual local solder ball is then used to predict number of
cycles to failure. A HFCBGA (High performance Flip-Chip Ball Grid Array)
package case was studied with the provided experiment data. According to the FEM
result, predicted solder ball life is close to the experiment data. Therefore, Global-
to-Local modeling technique can be concluded to provide an efficient methodology
for evaluating very high pin count HFCBGA (High performance Flip-Chip Ball Grid
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Array) package reliability.

Key Words: Finite element method, HFCBGA package, solder joint reliability,

fatigue life

Introduction

The high speeds, high I/O counts, and
high thermal

semiconductor packages have resulted in

dissipation required for

flip chip design becoming the mainstream
ICs.
on manifold

package for smaller-dimension

Package failure depends
characteristics of the infrastructure such as
the geometric shape, the choice of the
solder alloy, the material of the underfill,

the broad construction, etc., which leads to

serious reliability issues due to the
thermal-mechanical problems under cyclic
thermal loading environments [1,2].

Package-level reliability has been broadly
studied of
underfill delamination and soldered bump
the
reliability

including  investigations

fatigue failures. However, major

concern for board-level 1s
soldered ball fatigue failures. Generally,
the life of

interconnections 1is estimated

fatigue soldered
through
finite element modeling [3-6] or through
experimentation [7-9]. Solder reliability is
still one of the most difficult problems for
the electronics industry. Lee et al. [10]
comprehensively summarized the existing
solder joint models

fatigue including

stress-based, plastic strain-based, creep

strain-based, energy-based and damage-
based models.

On the other hand, various modeling
techniques exist for predicting the fatigue
life of a solder joint in a ball grid array

(BGA) type [11]. These common modeling
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techniques can be classified into 2-D plane
strain model [12, 13], 3-D slice model [14,
15], 3-D full model [16, 17] and 3-D
global model with a local submodel [18].
The 3-D full model uses quarter or octant
the

computation time but modeling difficulty

symmetrical boundaries to reduce
on the finite element mesh is due to the
large scale difference between the solder
ball and solder bump geometries. However,
the global model employs a relatively
coarse mesh for all components in the
package except the critical solder ball and
solder bump. The mesh generation aspect
becomes time consuming because the fine
mesh associated with the critical solder
ball and

coarse mesh of the remaining components.

solder bump must match the

Although more solders are allowed in the
modeling, it is still not feasible if the
package consists of a very large number of
solders. No exiting modeling technique can
predict the solder ball fatigue life without
struggle, especially in when a huge amount
of solder interconnections are involved. In
this paper, a 3-D equivalent global model
with local submodel technique was
developed capable of assessing solder ball
of

packaging form factor.

reliability very high count
This

technique combines the advantages of full

pin

modeling

modeling capability from a 3-D full model
and local strain analysis from the 3-D
global model with a local submodel. At the
end of this paper, a HFCBGA (High
performance Flip-Chip Ball Grid Array)
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package was performed board-level

reliability test to validate the prediction of
the solder fatigue life.

Packaging Geometry and Material
Properties
Fig. 1 shows a high-performance

FCBGA package, in which a heat spreader
is attached to the topside of the package
and supported by the stiffener ring. This
the
thermal dissipation and also able to protect

packaging architecture enhances
the brittle silicon die. A high power device

is suitable for this form factor.

Fig. 1. High-performance FCBGA package.
2 shows cross-sectional
configuration and illustration of a
HFCBGA package. The die size is 18 mm

x 18 mm, the die thickness is 0.737 mm,

Fig. a

the package body size is 42.5 mmx 42.5
mm, the sandwich substrate thickness is
1.2 mm including the built-up FR-4 layers
(0.2 mm) on both sides of the BT core (0.8
mm), the heat spreader thickness is 0.5
the board (PCB)
thickness is 1.6 mm, and the stiffener ring
width is 4 mm. The width of the PCB is
63.75 mm, which is 1.5 times that of the

substrate for FE simulation purposes.

mm, printed circuit
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Solder ball Substrate Solder bump
Fig. 2. Cross-sectional configuration and
illustration of a HFCBGA package.

The elastic modulus (MPa) and yield
stress (MPa) of 63Sn/37Pb eutectic solder
was assumed to be temperature dependent
given by [19]

E(T)=75970—152T
o(T)=49.2-0.097T

(1)
(2)

where the T is temperature (K). The creep
constitutive law for eutectic solder was

referred from [20], which is given by

54012
2 T

£=10[sinh(0.20 )] e (3)

where ¢ is the equivalent creep strain

rate, o is the equivalent von Mises stress

and temperature (K). The material
properties used in the simulation are
tabulated in Table I.
TABLE I
Material Properties for HFCBGA Package
Tg E (MPa) CTE (ppm/°C) Poisson ratio
Dic 131000 2.6 0.28
TIM 0.35 232 0.38
11557@-50C 58.52@-50C
Adhesive 3933@50°C 58.52@0C  0.35
40.8@150°C  177.9@150°C
Substrate 26000 (X, Y) 15 (X, Y) 0.11 (XY)
core material 11000 (Z) 52 (2) 0.39 (XZ,YZ2)
Underfill 70 7000/40 32/110 0.33
63Sn/37Pb
ol Eq. (1) 24.7 0.4
Solder mask 3450 30 0.35
Built-up 3500 60 0.22
Heat 117000 16.7 0.34
spreader/ring
PCB 22000 (X, Y) 18 (X, Y) 0.11 (XY)
10000 (Z) 70 (Z) 0.28 (XZ, YZ)
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Global-to-Local Modeling

In order to apply the
solder ball,
models have to built, namely, a global

submodeling

technique to at least two

model and a local submodel wusing

commercial software ANSYS'. The global
the
local

determines overall
The

determine the solder ball reliability. The

model package

response. model is used to
displacement solutions solved in the global
model are interpolated into the local model
along the cutting local boundaries.
A. Global Modeling

In the global modeling, a quarter of
the package was built because it behaves
as a half of symmetry in two in-plane axes.
Fig. 3 shows the global model where the
package is mounted on a printed circuit
board (PCB). This model does not include
the detailed solder ball and solder bump
geometries but uses equivalent layers. For
the

properties can be determined based upon

solder bump layer, the equivalent

the volumetric ratio.

HFCBGA package PCB

SRaas
éég%

Solder ball pattern

Solder bump pattern

Fig. 3. 1/4 symmetric global model of
HFCBGA package.

If v, v and v denote the total layer
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volume, proportional underfill and solder

volumes, » =v /v, n =V /v , the mixtures

expression rule for the elastic modulus,
s ratio and CTE (Coefficient of

thermal expansion) are expressed as [21]

Poisson’

E,=En,+En, (4)
Vi =V, TV, (5)
a,=an, +an, (6)

where E, , E, and E  are the
equivalent, underfill and solder elastic

moduli. v_, v, and v, are the equivalent,

underfill and solder Poisson’ s ratio. «

a, and «, are the equivalent, underfill and
solder CTE. For the solder ball layer, the
terms relate to underfill refer (4) to (6) can
be eliminated because the solder balls are
mixed with air environment.

To the

configuration as possible, the substrate is

get as close to actual
modeled as a sandwich structure where the
middle layer is a rigid core and the upper
and lower layers are build-up in global
modeling. The detailed metal trace layout
and density effect are not considered with
the modeling difficulties. The mechanical
properties of laminated composite plate,
such as substrate and PCB, are critical for
package overall response [22]. Basically,
substrate and PCB behave

The

ratio

the organic
modulus,
CTE material

properties in the axial directions can be

orthotropic. elastic

Poisson’ s and
easily determined using specific material
experiments. However, the shear modulus
is difficult to measure, especially in small

dimensions, and cannot be directly
converted from other properties.
Therefore, this research proposes an

approximation solution to approach the
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shear moduli based on the material

mechanics. As long as the orthotropic
material properties of the substrate core
and PCB are given, the in-plane shear

moduli can be approximated as

E

G = .
To2(+v) 7

and the out-of-plane shear modulus can be
approximated as

Ty T ey ®
2| —+— 2] —+—=
Ev Ez Ex Ez

where G, ., G,
moduli. E , E,

moduli. v, v_ and v_ are the Poisson’ s

and G, are the shear
and E. are the elastic

ratio.

B. Local Modeling

The solder profile has great impact on
the fatigue life prediction. An approximate
mathematical model was used to predict
the solder
interconnection [23]. This model is based

profiles in an array type
on the assumption that the geometry of
each solder may be represented by a rotary
surface whose generating meridian is a
circular arc. This leads to simple, close
form expressions relating to the standoff
height, solder volume, pads radii, package
weight, reaction force, meridian curvature
and surface tension of the solder. The
geometric parameters predict the closed-
form single solder moduli are given as

below:

h Standoff height;

Radii

substrate sides, respectively;

of pads on the chip and

Coordinates for the center curvature

of the circular-arc meridian;

rc Radii of the
circular-arc meridian;

Vs Volume of the solder;

curvature of the

All geometric parameters are
standoff

height # as a scale factor. Therefore, the

nondimensionalized using the

dimensionless parameters can be
determined as p,=r/h, p,=r/h, p,=r/h,
¢, =z/h , ¥F=r/h , V=V/K . The

meridian’ s center of curvature ( p,, g, )

was  obtained from the geometric
parameters of the radius of curvature 7

and the pads radii p, and p,.

_1 + o - L_l (9)
p() 2 pl pz (pl_p2)2+1

1 47
0o T 5 1- 1~ 2 —Lz_l 10
S 2[ (p p)w/(pl_pz) T ] (10)

Because the solder cannot penetrate
the pad materials, a minimum value of 7

may be calculated from the geometry

limitation. It can be expressed as

7 =50 =2 +1] (1n)

The equation of circular-arc meridian
may be written as

ple)=p, +r =(c-¢5,) (12)

Which was
expression for the

integrated to yield an

solder volume;
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therefore, the volume of the solder results
in the following relationship among the
which can be

geometric parameters,

determined as follows

_ 1
V=7r{rf —Go +6, —§+p0[/?z +6.(0 -]

In Eq. (13), the upper and lower bonds
of cos”()are limited to 0 and z. During the

the
vertical reaction force derived on the upper

1] (14

where F. is the reaction force for a

reflow process, an expression of

side was

7p,Ah
F =" + e
Loan HPI P\l p) 1

single solder ball and A is the surface
tension of the interface between the molten
the The
accumulation of the chip

solder and atmosphere.

package or
weight W must balance the total reaction
forces of the solder ball or solder bump
array. For any arbitrary standoff height,
the radius of curvature was determined by
iterating the minimum radius of curvature
incrementally until the volume of the
solder matched the specified volume. Fig.
4 shows the local model of single solder
ball with the determined solder profile.
The determined solder ball height is 0.374

mm.
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Fig. 4. Local model of single solder ball.

C. Plastic-Creep Analysis Method

In general, most packaging materials
are considered as linear elastic or
temperature-dependent elastic. The solder
presents well-known fatigue failure modes
attributed to thermal induced strains from
CTE mismatch. The strain-induced fatigue
can be further divided into two categories,
named plastic strain and creep strain.
Plastic strain deformation focuses on the
effects, while
the

dependent effects [24]. Since the plastic

time-independent plastic

creep strain accounts for time-

and creep properties of the solder are
decided, John et [25]
different methods of implementing thermal

al. investigated

cycling analysis, named the dwell creep
and full based
phenomenological approach to model time-

creep methods on a
dependent plastic and creep deformations.
This paper

differences between the dwell and full

indicated significant
analysis results for the solder joint strain
responses and the predicted fatigue life.
The nature of solder lends itself to creep
deformation, which must be accounted for.
The
nonlinear with plastic and creep behaviors

solder material must consider as

covering the range of temperatures for
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The
elastic

thermal cycling (TC) simulation.

solder was assumed to exhibit

perfectly plastic behavior after yielding.

Solder Fatigue Life

Coffin-Manson’ s law is the most

popular fatigue model used to predict the
life. [26]

proposed a method to correlate the fatigue

solder fatigue Engelmaier
life obtained at different temperatures and
cyclic frequencies with the determination

of acceleration factors to predict fatigue

behavior in the field from acceleration
laboratory tests. The Engelmaier
relationship is given by

A c
N, = e (15)
o2 2

where N, is the number of cycles to

failure, Ay, is the equivalent shear strain

’

range of the solder ball, &/

is the fatigue
ductility coefficient (2¢} =0.65 for eutectic
solder). The equivalent shear strain range
can be converted from equivalent strain
range, that is Ay, =\/§><Agm, and the value
of the wvariable, ¢ , is a function of
frequency and temperature, which is given

by
C=-0442-6x10"xT, +1.74x107 xIn(l+ 1) (16)

where T, is the mean cyclic solder
joint temperature in ‘C and f is the cyclic

frequency in cycles/day.

To consider both creep and plasticity,
[27]
constitutive theory of isotropic thermo -

Hong and Burrell introduced a

viscoplasticity for modeling the response

51

of  thermo-elastic, creep and rate
independent plastic deformation. The
conventional creep and plasticity concept
is used, in which the creep can be
described separately from the rate
independent plasticity. Therefore, no
interaction between the creep and
plasticity will be considered in the

formulations. In simplified description, the
shear strain range, Ay, can be rewritten as

Ay, =Ay +Ay, (17)
where the Ay, is the inelastic shear strain
range, Ay, is the creep shear strain range

and Ay, is the plastic shear strain range.

Validation of Equivalent Global Model

A. Nonequivalent Global Modeling
the

concept, another global model using the

In order to verify equivalent
actual soldered ball configuration with a
course mesh is created in concert with the
equivalent soldered bump layer. In this
model, the soldered bumps remain as the
equivalent layer and are not considered in
the actual soldered bump configuration due
to there being too many soldered bumps.
However, once the simulation results for
the soldered balls are satisfied, similar
conclusions for the soldered bumps can be
deduced. For nonequivalent modeling, a
the

different pitches of the soldered bumps and

meshing problem exists due to
balls and around the corners of chips and
fillet sites of the underfill. Therefore, the
constraint equations between interface face
were applied between the middle of the
substrate (CEINTF) to avoid the mesh
problem. The CEINTF method can be used

to tie together two regions with dissimilar
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mesh patterns by generating constraint
equations that connect the selected nodes
to the selected elements. It is worth noting
that nodes should be selected from the
denser mesh region at the bottom surface
of the interface, and the elements should
be selected from the less-dense mesh
region at the upper surface of the interface.
Constraint equations are then written that
relate the bottom surface and upper surface
nodes at the interface. In this analysis, the
CEINTF interface was considered in the
middle of the substrate. Fig. 5 shows the
global nonequivalent finite element model.
The creation of a submodel for the
soldered ball was the

equivalent model. At the same time, only

same as for

one submodel procedure was needed to
simulate the stress-strain

solder ball.

TYPE NUM

responses of

Interface CEINTF tie together
Bottom surface : selected node
Upper surface : selected element

Fig. 5. Nonequivalent global finite

element model.

During thermal environment servicing
from -40°C to 125°C (cph = 2), warping
dominated the behavior of the package
system. The displacement and strain
responses were compared in the final load
steps. Fig. 6 shows the total displacement
solder ball

equivalent and

distributions of the layer

between nonequivalent
global models. The maximum displacement

of nonequivalent model was 14.7% higher

than that of equivalent model, and the
minimum displacement of nonequivalent
88.6% higher than that of
equivalent model. The displacement field

model was

shows that equivalent global model

provides a higher stiffness for the package
system. The minimum  displacement
exhibited a

equivalent and nonequivalent models for

large difference between
both equivalent soldered layers. However,

the displacement patterns were quite
similar with a relative quality to each of
the models, and they did not greatly affect

the stress-strain responses.

NODAL SOLUTI ON
STEP=16

DMX =.009048
SMWN =. 138E- 04
SMX =. 009048

040! 006036 . 008044

29
. 005033 00704 . 009048|

. 138E- 04 . 002021
. 00 8

. 0
101 . 003025

(a) Equivalent global model

2
o
o
&
o.:{c

. 121E-03 . 002452
. 00

. 0047
1286 . 003617

. 007114 . 009446
. 00828

83
. 005949 .010611

(b) Nonequivalent global model
Fig. 6 Total displacement distributions of
BGA layer for equivalent and

nonequivalent models.

Nevertheless, in view of the range
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under the chip, the maximum displacement

location occurred just beneath the chip
It

the failure location of

boundary, around the second row. is
worth noting that
the solder ball under the chip corner was
not expected for either model. This might
the ball

location being under the chip corner when

overrule most serious solder
2D finite element analysis was performed
by many researchers. Table II shows the
fatigue life prediction according to the
modified Coffin-Manson model for the
solder ball. The life of the solder ball is
about 1900 cycles. The predicted lifespans
are quite coincident between two models.
This shows that the layer equivalent to the
soldered balls and bumps is a reliable
concept in the finite element analysis of
the response of the package during the

thermal cycling test.

Table I1
Fatigue Life of the Modified Coffin-
Manson Model

Max. Min. Total
total total shear Life
shear shear strain  (cycles)
strain strain range
Equivalent = = 0765 0.05854 0.02408 1886
global model
Nonequivalent  oce 6 0 04469 0.02407 1892

global model

B. Shadow Moiré Measurement
Furthermore, the vertical deformations
of equivalent global model were solved by
defining specific temperature differences
and used to compare with measurement
results for model validation purposes. The
reference temperature is 25 °C and the
verification temperatures are at 75°C and
125C

cooling

to experience both heating and

periods. An AkroMetrix™
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TherMoiré system PS200 model was used
The

absolute deformation fringe patterns on the

to measure the package warpage.
substrate side were caught at temperatures

and processed with installed fringe
analysis software to determine the relative
deformation profiles along the diagonals.
Table III lists the comparison results of the
warpage. An average of 6.54% difference

exists at 75°C and 0.42% difference exists

at 125°C between the simulation and
measurement results. The finite element
model is qualified to conduct the
reliability studying.
TABLE III
Comparison of Warpage Results
Shadow Moire . . Error

Temp. - - Simulation

Heating Cooling Average (%)
75°C 46 um 28 um 37 um 34.58 um 6.54
125°C 72 pm — 72 um  71.70 pm 0.42

Board-level reliability studying

Thermal cycling test is a common
method to evaluate the package-level and
This
the ability of

solder interconnects to withstand thermo-

board-level reliabilities. test was

conducted to determine
mechanical stresses induced by alternative
high
Testing J condition is usually adopted for
FCBGA package board-level reliability
based on JESD22-A104-B. Fig. 7 shows
the temperature cycles where the ramp

and low temperature extremes.

up/down rate is 10°C/min, the dwell time

at each extreme temperature is 10 min and
40 Three

temperature cycles are considered for the

frequency s min/cycle.
simulation resulting from strain envelope

saturation assumption.
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Fig. 7. Temperature cycle for board-level
reliability evaluation (0°C/100°C, cph = 1.5)

Fig. 8
contour on the BGA layer. The simulation

shows the equivalent strain

result shows identical to the actual failure
locations , which are beneath the die area.
Fig. 9 shows the equivalent strain contour
of the local solder ball model after three
temperature cycles. The maximum strain
occurs at the package side and this
symptom is also exactly identical to the
cross-section and SEM inspections.

: rikt of Chip
DF&)t

Fig. 8. Equivalent plastic strain contour
on BGA layer and actual failure locations.

Fig. 9. Equivalent strain contour of critical
solder ball and a SEM inspection photo.

Conclusion

This  paper introduced a 3-D
equivalent global model with a local
submodel technique to address critical

failure locations. Full model feasibility,

computation time saving and failure

symptom correlation were the major
contributions. The number cycles to failure
in solder ball life was predicted based on
the Coffin-Manson fatigue model. A
HFCBGA package case is studied with the
provided experimental data. According to
the prediction fatigue life result, the
solder ball life
with the

characterization life of experimental data.

determined shows

satisfactory agreement
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