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ABSTRACT

To predict the lifetime of the SAC305 solder
joint in thermal shock test and temperature cycling test,
a suite of wafer-level chip-scale packages (WLCSPs)
were investigated by experiments and finite element
simulations. Due to the insufficient experimental life
data provided by the manufacture, a three-step
modified inverse algorithm is adopted. First,
Sn95.5A¢3.8Cu0.7 solder joints were simulated, and
the lifetime were evaluated to check the consistency
between the experimental and simulated lifetimes.
Second, discrepant life was modified by analyzing the
correlations of the life fatigue indices in the finite
element simulation, thus providing the absent
experimental life data. Third, life prediction models of
SAC305 Anand constitutive material were developed
based on the accumulated creep strain energy density
and accumulated creep strain. Finally, the SAC305 life
prediction model was verified in a solder joint
experiment on another WLCSP. The lifetimes
obtained by the model and the new experiment
differed within 8%.

INTRODUCTION

The semiconductor industry takes a leading po-
sition in modern technology. Miniaturized electronic
devices with light weight, multifunctionality, and high
integration have been increasingly demanded over the
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past two decades and packaging patterns have progres-
sively evolved to satisfy electronic product and device
requirements. Each generation of electronic packages
has arisen from advanced technology contributions,
but the reliability problems of packages should be
considered in the early design stage.

The semiconductor industry is a complex multi-
field technology requiring advanced material develop-
ment and manufacture processes to produce well-func-
tioning electronic components and devices. An elec-
tronic package consists of a printed circuit board
(PCB), substrate, chip, under bump metal (UBM),
dielectric layer, solder joints, underfill, and redistribu-
tion layers, which are vulnerable under environmental
loading. Manufacturers have tried different methodol-
ogies to overcome the failure problem. Solder joints
used for mechanical support and electrical signal
transmission remain among the most important infra-
structures in packaged devices. However, solder joints
become less reliable as their number increases and
their size diminishes. Solder joints in packaged
devices can fail under thermal, mechanical, electrical,
drop impact, or vibration loading conditions, or a com-
bination of these conditions. Failures occur when
loading exceeds the fracture strength of the compo-
nents or when damage accumulates under alternating
low-amplitude stress. The stresses and strains within
packages under external thermal loading or thermome-
chanical-related failures caused by internal heating
comprise approximately 65% of all failures (Zhang, et
al, 2006).

According to the Joint Electron Device
Engineering Council (JEDEC) standard, thermal load-
ing is most investigated through temperature cycling
tests (TCTs), thermal shock test (TSTs), and power
cycling tests. In a thermal test, the coefficient of ther-
mal expansion and stiffness mismatch between
package assemblies induce thermal stresses and strains
in the solder joints. The damage caused by these
stresses and strains will accumulate and eventually
lead to joint failure. This topic has been investigated
by many scholars (Fan, et al, 2020; Chi, et al, 2019; Su,
et al, 2020; Huang, et al, 2019).
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To investigate failure in solder joints, the life-
time of solder joints can be predicted from their mate-
rial properties in actual and numerical (finite element)
experiments. Real experiments are usually performed
by acceleration testing, which requires a long lead time
to obtain the test data. The associated costs not only
increase product development time but also constrain
design optimization (Syed,2001). On the upside,
acceleration testing does not require the provided
material properties and can investigate other failure
mechanisms that reduce the lifetime of solder joints
through cracking and delamination of their intermetal-
lic compounds (Li, 2019; Li and Sun, 2017; Galbiati,
2017). Furthermore, from an accuracy viewpoint,
deriving a life prediction model from inelastic strain or
energy density measurements in a tiny solder joint is
impractical. With the continuous development of finite
element technology, the lifetime of solder joints has
increasingly been predicted through finite element
methods (Chen, et al, 2018; Wang, et al, 2020; Chen,
et al, 2021). Syed (Syed, 2001; Syed, 2006) pointed
out two sources of errors in any finite element-based
life prediction model: the finite element mesh and
assumptions, and the material properties used in the
constitutive model that describes the behavior of
solder joints during temperature cycling.

Lead-free solder is used worldwide under the
Waste from Electrical and Electronic Equipment and
Restriction of Hazardous Substances directives for
environmental protection. At present, SnAgCu (SAC)
series alloys are the most popular solders owing to
their satisfactory soldering performance, excellent
creep resistance, and reliable thermal fatigue.
Therefore, the mechanical behaviors of leadless solder
joints are commonly reported (Qi, et al, 2006; Kim and
Jung, 2007; Zhang, et al, 2013; Bhate, et al, 2008). The
material parameters of different lead-free solders are
given by Zhang (Zhang, et al, 2009).

The popular material constitutive models used
in the microelectronics industry are the Anand model,
the steady-state creep model, and the double power-
law creep model. The fatigue lives and stress—strain
responses of solders predicted by different models can
be compared in simulations. The creep, elastic—plastic
creep, and Anand models are most suitable for predict-
ing fatigue life in thermal cycling simulations.
However, the temperature- and time-dependent creep
behaviors of SAC solders (e.g., SAC305, SAC405,
and SAC387) are often modeled using the hyperbolic
sine creep equation (Talledo, 2021).

Fatigue Life Models
The life prediction models proposed in the liter-
ature can be expressed in the following general form:

N =a(FI)’ 1)
where Nt is the number of cycles to failure and FI is

the fatigue index, which usually refers to the accumu-
lated creep strain eacc Or the total inelastic deformation
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energy density W, during one temperature cycle. The
coefficients « and f can be determined by curve fitting
to the life data obtained in experiments and the failure
index derived from simulations.

Many solder joint life prediction models are
developed based on experimental data and finite
element simulation techniques (Schubert, et al, 2003;
Zahn, 2003; Hsieh and Tzeng, 2014). The solder joint
life prediction model of Syed (Syed, 2006) uses the
constitutive equation of SAC405 published by Wiese
(Wiese, et al, 2003). Creep behavior is modeled using
a hyperbolic sine equation, and the life prediction
models of the solder balls are given as

N, =3.5864As 1% @)

acc

N, =144.93AW, ®3)

where Aeacc and AW, are the accumulated creep strain
and the creep strain energy density, respectively, over
the last temperature cycle. In experiments and simula-
tions, Schubert (Schubert, et al, 2003) evaluated the
fatigue life models of Sn95.5Ag3.8Cu0.7 solder balls
in different package types. The life prediction models
are given as

N, =45A62%° (4)

acc

N, =345AW, % (5)

Zahn (Zahn, 2003) predicted the lifetime of
95.55n4Ag5Cu solder balls using the following
equation:

N, = 2083AW, 012 (6)

inelastic

where AWinelastic 1S the nonlinear change in strain
energy density during the last cyclic load, which
includes the creep strain energy density and the plastic
strain energy density. The Garofalo-Arrhenius creep
model of SAC105 is given by Hsien (Hsieh and Tzeng,
2014)

N, = 27612(AW)2%% ©)
N, =3.2661(Ay) 2™ )

where AW and Ay are the changes in creep strain
energy density and equivalent creep strain during one
cycle, respectively.

Most researchers select one of the life prediction
models given by equations. (2) — (8) by assuming
similar compositions of the SAC series. Alternatively,
they investigate life tendency by comparing fatigue
indices such as creep strain energy density and accu-
mulated creep strain. However, these approaches
exclude the life prediction of SAC305. Xiao (Xiao, et
al, 2014) predicted the lifetime of the SAC series using
the finite element method. They investigated the relia-
bility of solder joints in a chip-scale package device
mounted on a printed circuit board. The Anand model
of Sn3.0Ag0.5Cu solder was consistent with the life
prediction model of Sn95.5Ag3.8Cu0.7.
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In this paper, the fatigue life of SAC305 is
investigated in a suite of wafer-level chip-scale pack-
ages (WLCSPs). Usually, experimental life data can be
curve-fitted using fatigue indices to derive the life
model. As life data in TSTs and TCTs provided by the
manufacturer were insufficient, they were evaluated
here in a three-step modified inverse algorithm. First,
a Sn95.5Ag3.8Cu0.7 solder joint under TST and TCT
conditions was modeled using Egs. (4) and (5) in a
finite element simulation, and the obtained lifetime
was compared with that obtained in a real experiment.
Second, discrepant life was modified by analyzing the
correlation of life fatigue indices obtained in finite
element simulation, thus providing the absent experi-
mental life data (here called the simulated experi-
mental life). Third, life prediction models of SAC305
Anand constitutive material were developed with
curve fitting of the fatigue indices by finite element
simulation. Finally, the experimental life of the solder
joint was evaluated in another package to verify the
derived life prediction model of SAC305. The experi-
mental and simulated lives differed within 8%.

EXPERIMENTAL LIFE

Following the JEDEC standard, thermal cycling
tests were conducted on a set of WLCSP packages pro-
vided by the manufacturer. In the TST, the temperature
was raised from —25 °C to 125 °C at a ramp rate of
150 °C/min and a dwell time of 9 min at peak temper-
ature (giving a whole cycle time of 20 min). Inthe TCT,
the temperature was raised from —40 °C to 125 °C ata
frequency of 60 min per cycle, with dwell and ramp
times of 15 min each.

Table 1. Experimental lives of the packages in the
thermal cycling test

Package | Package thickness Chara;;:]:t:rlsuc
No. (mm) ToT ot
A1) 0.400 2000 x
A(2) 0.550 1642 x
A(3) 0.715 1200 x
A4 0.815 950 ”
B 0.400 x 1250

The diameter and pitch of the solder balls in the
WLCSPs are 0.31 and 0.5 mm, respectively.

According to the number and distribution of solder
joints, the packages are divided into two modules.
Each of the four packages in module A contains 112
solder joints distributed in a peripheral array. Module
B contains one package with 256 solder joints distrib-
uted in a global array. The TSTs and TCT were con-
ducted on the four packages in module Aand the single
package in module B, respectively. Characteristic life
was determined as the number of cycles at which more
than 63.2 % of solder joints in the package failed. The
experimental lives are shown in Table 1.

FINITE ELEMENT MODELING

When experimental life is sufficiently provided,
a life model can be obtained by curve fitting the fatigue
indices from the finite element simulations. The main
aim is to fill the absent life entries in Table 1. This can
be achieved by applying the constitutive life model of
the Sn95.5Ag3.8Cu0.7 material in literature (Zahn,
2003). The life difference between the finite element
method and the experiment can be attributed to the
different SAC materials. Modified equations (4) and
(5) reduce the life difference in the previous step and
provide the absent lives.

In the finite element model, the chip length and
PCB thickness were 6.0 and 0.8 mm, respectively, in
module A and 8.0 and 1.0 mm, respectively, in module
B. Figure 1 is a cross-sectional view of the package in
the soldered part. Table 2 lists the material properties
of the components in the packages. The Young’s mod-
ulus of the Sn95.5Ag3.8Cu0.7 solder joint is given by

E =61251-58.5T 9)
where T is absolute temperature (K).

PI
== Epoxy resin

Passivation

Copperpillar =

_— Solder balls

Copper gasket —
— SMD
Figure 1. Cross-sectional view of the package in the
solder part

Table 2. Material properties of the WLCSP components

Component E (MPa) a v (ppm/°C)
Chip 131000 0.28 2.6
Passivation 314000 0.33 4
Epoxy resin 14000 0.34 20
Copper 117000 0.34 16.7
Solder mask —25@6000 0.35 0.35
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22@4100
70@1420
100@330
150@100

EX =25420

EY =11000

EZ =25420
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GYZ=4970
GXZ=11450

PCB

NUXY=0.39
NUYZ =0.39
NUXZ =0.11

ALPX=14
ALPY =45
ALPZ =14

61251-58.5T

Solder joint

0.36 20

The steady-state creep behavior of the solder
joints was modeled using the generalized Garofalo—
Arrhenius constitutive equation:

—ca

£, =C,(sinh(C,o)>e T (10)

where £, is the steady-state creep strain rate and ¢ is

the stress. The values of the constants C;, Cy, Cs, and
Cqare 277984 s71, 0.02447 mm?/N, 6.41, and 6500 K,
respectively.

Figure 2 shows the three-dimensional quarter finite
element models of modules A and B. Thermal cycling
loads were simulated in TSTs or TCTs under real
experimental conditions.

Module A

Figure 2. Finite element models of the two modules

Module B

Figures 3 and 4 show the von Mises creep strain
and the creep strain energy density of package A (1),
respectively. The von Mises creep strain was maxim-
ized on the solder joint adjacent to the solder joint far-
thest from the center, and the creep strain energy den-
sity was maximized on the solder joint farthest from
the center. The same conclusions were drawn in the
simulations of the other packages. Without loss of gen-
erality, the fatigue index was therefore determined at
the solder joint farthest from the center.

Figure 3. Von Mises creep strain distribution in
package A (1)

55;3;,@; (0

Figure 4. Creep strain energy density distribution in
package A (1)

RESULTS AND DISSCUTION

The fatigue failure indices (accumulated creep
strain and energy density) of the 25-um-thick layers of
solder joints were calculated using the volume averag-
ing technique. The accumulated creep strains and
creep energy densities, provided as standard outputs
from ANSYS, could be volume-averaged by simple
postprocessing steps. The accumulated creep strain
energy densities (AW) and accumulated von Mises
creep strains (Ae) of the five packages in the third TST
cycle are shown in Table 3. Equivalent values in the
third TCT cycle are given in Table 4.

Table 3. Fatigue indices during the third TST cycles

Package | AW Ae log(AW) | log(Ae)
A1) 0.2115 | 0.0075 | —0.6748 | —2.1255
A(2) |03373 | 0.0113 | —0.4720 | —1.9489
A(3) | 04971 | 0.0157 | —0.3036 | —1.8036
A(4) | 05877 | 0.0182 | —0.2308 | —1.7411

B 0.2835 | 0.0098 | —0.5474 | —2.0083

Table 4. Fatigue indices during the third TCT cycles

Package AW Ag log(AW) | log(Ae)
A1) 0.1894 | 0.0086 | —0.7226 | —2.0635
A(2) | 0.29944 | 0.0128 | —0.5237 | —1.8925
A(3) | 0.42995 | 0.0177 | —0.3666 | —1.7518
A(4) | 050580 | 0.0204 | —0.2960 | —1.6914

B 0.25141 | 0.01117 | —0.5996 | —1.9520

The logarithmic form of Eq. (1) expresses the
predicted life Nr as a linear function of the fatigue
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index. In other words, log(Ae) is linearly related to
log(AW) as shown in Figure 5. Clearly, the log(A¢) ver-
sus log(AW) plots of TST and TCT were parallel,
showing that the two thermal loads were closely
related and differed only by their temperature loading.
By contrast, the accumulated von Mises creep strain
(Ag) and accumulated creep strain energy density (AW)
were higher and lower, respectively, in the TCT than
in the TST.

Tables 5 and 6 list the lives evaluated by Egs. (4)
and (5) in the TST and TCT, respectively. The
differences between the results of the two equations
reached 40% in the TST and 20% in the TCT. These
discrepancies were mainly attributable to the
differences among the SAC materials. The lifetime of
module B in the TST (1796 and 1248 based on the
accumulated creep strain and creep energy density,
respectively) cannot be predicted by Egs. (4) and (5)
because the lifetime varies widely among the solder

joints in module A. Conversely, the absent lives of
module Ain the TCT cannot be predicted by Egs. (4)
and (5) because only one life datum is available in
module B.

16 r
—&— Thermal Shock
17 T —m—Thermal Cycling
1.8
=19
<
R
2.1
22 1 1 1l
-0.8 -0.6 mgAW94 -0.2

Figure 5. Relationship between log (4¢) and log (4 W)

Table 5. Predicted lives of the solder joints in the TST

Module A Module B
1 2 3 4
] 2546 1503 975 809
N — 45A 1.295
PR (107306) | (-8.46%) | (~18.75%) | (~14.84%) | 179
] 1683 1045 704 503
N, =345AW %
' | (-15.85%) | (-36.35%) | (-41.33%) | (-37.58%) | 2%
Experimental life 2000 1642 1200 950 X

Table 6. Predicted lives of the solder joints in the TCT

Module A Module B
1 2 3 4
i 1516
N :4. A 1.295

; =45Ae,; 2117 | 1271 | 835 | 698 (+21.28%)

a0 1411

=3

Ny = 345AW,; 1883 | 1180 | 816 | 691 (+12.88%)

Experimental life | x x x 1250

Simulated Experimental Life

Using the fatigue indices and experiment lives of
module Ain the TST, the life prediction models of Egs.
(4) and (5) were modified by fitting the data with the
least-squares linear regression method. The modified
expressions are given by Egs. (11) and (12),
respectively:

N, = 701.5AW "% (11)

N, =38.78Ag 4% (12)

As shown in Table 7, the modified predicted lives
of the solder joints in module A differed within 8%.
The fatigue indices of module B were located on the
Ae versus AW line of module A (see Figure 5). The
average predicted lives of module B (1711 and 1690
based on the accumulated creep energy density and
creep strain, respectively) may be regarded as the
simulated experimental life (1700; see Table 7).

-455-



J. CSME Vol.42, No.5 (2021)

Table 7. Modified predicted lives in the TST

Module A Module B
1 2 3 4
] 2105 1513 1150 1022
N, = 701.5AW °77
¢ = 7015 (+5.25%) | (~7.86%) | (-4.17%) | (+7.58%) | '
_ ~081622 2106 1511 1150 1023
N =38.78As (+5.3%) | (-8%) | (-42%) | (+7.7%) @ 10690
Experimental life 2000 1642 1200 950 X
Simulated experimental life x x x x 1700
The situation differs in the TCT because module N, =31.9Ag %% (14)

B contains only one package. As the log (A¢) versus
log (AW) plots in the TST and TCT are parallel, the
relationship between log (Nf) and log (A¢), and the
relationship between log (Nf) and log (AW) should be
parallel. By assuming a constant exponential 5 in Egs.
(11) and (12), the TCT life prediction models were
derived from the experiment life data in module B, and
they are given by

N, = 470.7AW 7 (13)

Table 8 lists the modified predicted lives in
module A. As shown in Figure 5, the fatigue index of
module B is located on the A¢ versus AW line of
module A. The average predicted lives in each
package of module A, determined by Egs. (13) and
(14), can be regarded as the simulated experimental
life in that package (see Table 8).

Table 8. Modified predicted lives in the TCT

Module A Module B

2 3 4

N, = 470.7AW ™7

1527 | 1105 | 855 | 762 1250

N, =31L9As %%

1542 | 1117 | 858 | 766 1250

Experimental life

X X X 1250

Life Prediction Model of SAC305 Solder Joint

Anand constitutive

Simulated experimental life | 1535 | 1111 | 857 | 764 X
3 A st 3501
4 ¢ - 4

The solder joint material was replaced with the 5 m - 0.25
material of  SAC305 6 ho MPa 180000

(Motalab,2012), and the simulations were repeated. 7 $ MPa 30.2
From the experimental results and the simulated 8 n N 0.01
fatigue-index data, the life prediction models of the 9 a N 1.78

SAC305 solder joint were deduced.

The Anand model constants derived from the
stress—strain data are listed in Table 9. The thermal
expansion coefficient of SAC305 is 24.7 (ppm/°C), the
Poisson’s ratio is 0.4, and the Young’s modulus is the
following function of temperature T (°C):

E(T) = 42.125 - 0.15T (GPa) (15)

Table 9. Anand model parameters of SAC305 solder

joints
Constant Anand Units SAC305
Number Constant (Stress—Strain)
1 So MPa 21
2 Q/R 1K 9320

The fatigue index and accumulated creep strain
energy density (AW) of each package in the TSTs and
TCTs are given in Tables 10 and 11, respectively. The
life predictions of Eq. (11) and (13) differed by up to
14% in the TST and 20% in the TCT. The fatigue indi-
ces obtained in the life prediction of SAC305 are inap-
plicable to Egs. (11) and (13), which are based on the
Sn95.5Ag3.8Cu0.7 constitutive material. By the same
reason, the fatigue indices of the SAC305 experi-
mental life prediction are inapplicable to
Sn95.5Ag3.8Cu0.7 as discussed above. The life pre-
diction models of SAC305 can be obtained by curve
fitting of the fatigue indices obtained in the finite
element model in this section and the life model in the
previous section. The life prediction models in the
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TST and TCT were obtained as Egs. (16) and (17), N, =683.2AW 7 (TST) (16)
respectively. Their results differed by 7% in the TST
(Table 10) and 2% in the TCT (Table 11). N, =515AW *"™*  (TCT)  (17)
Table 10. Life prediction model of SAC305 in the TST
Module A Module B
1 2 3 4
AW 0.25162 | 0.36889 | 0.52577 | 0.61668 | 0.33083
y 1862 1420 1105 987 1534
N, =701.5AW 7
! (—6.92%) | (-13.51%) | (—7.89%) | (3.94%) | (-9.77%)
- 2094 1535 1151 1012 1677
N, =683.2AW &
r =683 (4.70%) | (-6.51%) | (-4.05%)  (6.48%) (~1.36%)
Experimental life 2000 1642 1200 950 X
Simulated experimental life x x x x 1700
Table 11. Life prediction model of SAC305 in the TCT
Module A Module B
1 2 3 4
AW 0.25591 0.37444 0.52732 0.61371 0.33111
N, = 470.7AW 077 1234 943 740 665 1029
(—19.59%) | (—15.13%) | (—13.63%) | (—12.98%) | (—17.71%)
N. = 515AW ©7%% 1524 1126 857 760 1241
! (-0.73%) | (1.31%) (0%) (-0.57%) | (—0.70%)
Experimental life X x x X 1250
Simulated experimental life 1535 1111 857 764 X

Verification

The SAC305 solder joint life prediction model
in the TCT was verified in a WLCSP package with a
through silicon via (TSV). In the TCT, temperature
was raised from —40 °C to 85 °C at a frequency of 60
min per cycle, and the dwell and ramp times were 15
min each. The characteristic life was 2000.

The overall package, including the PCB, had a
size of (6.534 x 5.724 x 1.555) mm?®, chip thickness
was 0.095 mm, and the number of solder joints was 87.
Package thickness was 0.563 mm. The diameter and

Figure 6. Finite element model of the WLCSP

pitch of the solder joints were 0.415 and 0.610 mm, package with TSV
respectively. The finite element model of the package
is shown in Figure 6. CONCLUSIONS

In the simulation, the accumulated creep strain
energy density AW of the solder joints was calculated
as 0.2016, and the lifetime (estimated by Eq. (17)) was
1842 (a difference of —7.9% from 2000). The
difference possibly arises from the different
temperature ranges and package types.

The fatigue life of the constitutive SAC305

Anand material was estimated from the experimental
data of four WLCSPs with different thicknesses (0.40,
0.55, 0.715, and 0.815 mm) under thermal shock
(module A) and a single package of thickness 0.4 mm
under thermal cycling (module B). To complete the
missing data, a modified inverse algorithm was run
through the following steps:
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(1) Verify Schubert’s constitutive and life prediction
models of the Sn95.5Ag3.8Cu0.7 material in
comparison with experimental life data.

(2) Modify Schubert’s life prediction model to
predict the absent experiment life data.

(3) Obtain the life prediction model of SAC305
Anand based on the accumulated creep strain
energy density change (AW) obtained inthe TST
and TCT.

Finally, the experimental life of the solder joints
in another package was estimated using the derived
SAC305 life prediction model. The experimental and
simulation results differed within 8%.
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