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Evaluations of the BGA Solder Ball Shape by Using Energy Method
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Abstract:  Presented herein are the evaluation
results of the BGA solder ball shape using energy
method, two types of solder, viz. Sn37Pb and
Sn80Pb, are selected .The geometry of the sol-
der bump is firstly estimated using free computer
software, the Surface Evolver, an interactive pro-
gram which is an energy-based approach for the
study of liquid droplet surfaces shaped by surface
tension and other energies. The solder bump is
then numerically constructed in a finite element
model that simulates a BGA package. The influ-
ences of both upper and bottom solder pad radii,
the surface tension on the balls, and the external
load axially applied to the reflow solders on the
stand-off height and the contact angle for both sol-
der materials are investigated. The results show
that for both solder materials, the stand-off height
remains at a height under some pad radius. The
height decreases as both upper and bottom pad
radii increase. On the other hand, the contact an-
gle presents a nearly inverse trend with respect
to the pad radii. The study of the effect of sur-
face tension reveals that at a constant pad radius,
the solder ball stand-off height increases with sur-
face tension; however, the trend becomes satu-
rated eventually. The contact angle decreases as
the surface tension becomes large. The trend also
tends to be saturated. The results of the effects
of axially applied load on the stand-off height and
the contact angle show that as the applied load is
increased so is the contact angle; nevertheless, the
stand-off height becomes shorter.
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1 Introduction

The package for electronic components has
evolved from simple DIP to current complex flip
chip formality. The constituents in the package
are also of variety which complicates the package
reliability assessment. Among the constituents,
the solder bumps/balls play a crucial role as
they are responsible for signal transmission, heat
conduction, and energy absorption resulted from
structural deformation due to thermal expansion
coefficient mismatch of the various constituents.
Complicating the concerns of reliability issue is
the fact that solder is above half of its melting
point at room temperature. It is anticipated that
under the normal operating temperature the de-
formation kinetics is dominated by creep process.
Besides, solder reliability has been reported to
be package dependent. Among the factors that
influence the reliability of the solder, the stand-
off height and the contact angle of reflow solder
balls are of interest to the present study. Previous
researches devoted to the prediction of the sol-
der shape include the work by Goldman (1969),
who proposed a truncated sphere method which
is purely a geometrically-based algorithm. The
truncated sphere method can predicted the stand-
off height of the solder ball to some accuracy.
On the other hand, Heinrich (1996) employed the
force-balanced approach to predict the shape of a
solder ball. The force-balanced approach is ca-
pable of providing accurate prediction under the
assumption that the surface of the molten solder
droplet is an arc with constant curvature and the
shape is formed as the arc revolves a referenced
axis. Chiang (1998) applied the Surface Evolver
to predict the shape of reflowed solder joints and,
subsequently, analyzed stresses and strained in-
curred in the joints. Kaminishi (2000) use the fi-
nite element analysis program consists of the sub-
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routines for the automatic element re-generation
to simulate the fatigue crack growth in the sol-
der joints. Chiang (2001) compared the pred-
icative efficiency among the approaches of trun-
cated sphere method, force-balanced method, and
energy-based method. Heinrich’s work was ex-
tended by Chen (2002) to the development of an
approach that was applicable to both non-solder
mask defined (NSMD) and solder mask defined
(SMD) solder joints. Liu (2003) evaluate the ef-
fects of the solder joint shape and height on ther-
mal fatigue lifetime with experiments. Solder
joint fatigue lifetime was evaluated using acceler-
ated temperate cycling and adhesion test. Experi-
mental results indicated that both hourglass shape
and great stand-off height could improve solder
joint fatigue lifetime. Further, Chen (2005) de-
veloped a computational model using the Surface
Evolver program to analyze the stability of sol-
der bridging for area array type packaging. In
his work, many factors that affect the stability
of solder bridging spanning two identical circu-
lar pads were considered and the model devel-
oped was practically applicable to predict the sta-
bility of solder bridging. Cheng(2005) Use Sur-
face Evolver to determine the geometry profile
of solder joints with the modified global/local fi-
nite element modeling technique to generate the
thermal-mechanical modeling of solder joints in
an area array typed electronic package for charac-
terizing the associated solder joint fatigue life un-
der the JEDEC temperature cycling specification.
Lin (2006), firstly use Surface Evolver to con-
struct the solder based non-solder mask defined
(NSMD) pad, than applied to the finite element
software, ANSYS to create a double symmetric
3-D numerical model of the wafer level chip scale
IC package (WLCSP) to investigate the mechani-
cal behaviors including deformation, stress-strain
relation as well as hysteresis loops for tempera-
ture 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 analy-
sis is adopted for optimization analysis of UBM
thicknesses and the solder geometry. Chen (2006)
also extended his previous work to develop an ac-
curate and efficient analytical geometric method
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to predict the geometric parameters of C4 solder
joint using direct chip attach technology after a re-
flow process. The method was able to predict con-
sistent results which were compared with those
obtained using the Surface Evolver program, the
extended Heinrich’s model, and the experimental
results. In present study the geometry of the sol-
der bump is firstly estimated using free computer
software, the Surface Evolver. The solder bump
is then numerically constructed in a finite element
model that simulates a BGA package. The influ-
ences of the upper and bottom solder pad radii, the
surface tension on the balls, and the external load
axially applied to the reflow solder on the stand-
off height and the contact angle for both solder
material are then investigated accordingly.

2 Method for prediction

The Surface Evolver, an energy-based approach,
is an interactive program for the study of lig-
uid droplet surfaces shaped by surface tension
and other energies. Liquid droplet equilibrium
is achieved and the shape is determined when
the energies are minimized by a gradient descent
method. In the Surface Evolver, a fully 3D surface
is discretized into a set of simplicial complex, that
is, a union of triangles. When one applies the pro-
gram, boundary conditions and energy integrals
including fixed constraints, surface tension forces,
droplet’s volume as well as density are the inputs.
The Surface Evolver is robust in analyzing a sin-
gle 3-D solder bump/ball, and it has been success-
fully applied for predicting the final shape of the
solder joint after reflow for various pad sizes, sol-
der volumes, solder heights, and surface tensions.
Details of the Surface Evolver can be referred in
Brakke (2005). A brief description of the applica-
tion of the Surface Evolver follows. To evaluate
the shape of the solder, the restoring force in the
direction of gravity is firstly determined by per-
turbing the upper solder pad as shown in Figure
1. When the pad is perturbed, say upward, the
variational total energy associated with the solder
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standoff height, H, is expressed as
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where E; is the total energy, p is the density, g is
the gravitational acceleration, k is the directional
unit vector along with the revolving axis of the
solder ball, 7 is normal unit vector, T is the sur-
face tension, and p is the vertical external load. In
the above equation, the quantity, h, expressed as

-

h= [(Zt()p - Z) / (Ztop — Zbase — H)]ié 2

is a perturbation function, in which z;,, and zpgse
are respectively the top and bottom boundary of
the solders. The restoring force, F,, is the deriva-
tive of the total energy with respect to the solder
standoff height,
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in which E, is the gravitational energy of the sol-
der, Ej is the surface tension energy, and E is the
energy due to external forces; in other words,

()

“)
%—T/ (V.Z_

%——p//h dA ©)

ﬁ-dfz-ﬁ) dA (5)

3 Validation of the model

In this analysis, the shape of a reflow solder ball
is modeled with the Surface Evolver. A 3D solder
ball, shown in Figure 2, is created for the subse-
quent parametric study. Validation of the model
is conducted by comparing the output with that of
the Heinrich’s model, a force-balanced approach.
The inputs to the solder ball model include the
solder volume, V, the radii of the upper solder pad
and lower solder pad, r, and 7, respectively. The

Figure 1: Schematic of the solder ball model; p is
the external load, F; is the restoring force, 0 is the
perturbed offset
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Figure 2: The 3D solder ball modeled with the
Surface Evolver

upper and lower contact angles of solder surface
and the pads, 6, and 6, respectively, and solder
standoff height, H, are the output. The above pa-
rameters are shown in Figure 3, a schematic sec-
tion plot of the solder ball.

Comparison of Surface Evolver and Heinrich
models

Three cases are employed for the comparison. In
the first two cases, both the upper and lower solder
pad radii are kept the same; that is, 0.1 mm for the
first case and 0.3175 mm for the second case. In
Case 3, the lower pad radius is greater that that of
the upper one. The parameters set for the compar-
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Table 1: Parameters associated with the validation
for the model

case ] Ty |4 T p
1 0.1 0.1 0.00314 | 40.0 | 5.5
23.0
2 10.3175]0.3175 | 0.24132 | 32.5 0
-32.0

3 0.35 0.30 0.26 | 40.0 | 7.848

"l radius of the lower solder pad (mm)
"« radius of the lower solder pad (mm)
Y solder volume(mm?)

T surface tension (dyne/mm)

? external force (dyne)

ison are listed in Table 1. It is also noted that in
Case 2, three various external lords are selected
for further comparison. Table 2 presents the re-
sults of solder heights predicted by the two ap-
proaches. It can be seen that in most cases (4
out of 5), Heinrich model predicts shorter solder
heights than the Surface Evolver does. However,
as both models predict quite well and close to one
another (with 4%), it may considered the model
adopted in this study for evaluating the BGA sol-
der ball shape is adequate.

Comparison of the solder shape in terms of solder
height and contact angle predicted by the Surface
Evolver and Heinrich Model is carried out on the
following basis. The solder volume is 0.230 mm?,
the reflow temperature is 380°C corresponding to
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(b)NSMD

Figure 3: A section view of the solder ball and parameters

Table 2: Comparison of solder standoff height
predicted by Surface Evolver and Heinrich model

Case | solder stand- | solder stand- | error %
off  height | off height
by Heinrich | by  Surface
model (mm) | Evolver

(mm)
1 ]0.0848 0.0852 +0.47
0.453 0.469 +3.53
2 0524 0.525 +0.19
0.753 0.745 -1.06
3 10510 0.520 +1.96

a surface tension of 481 dyne/cm, and the exter-
nal applied load is 7.85 dynes. Figure 4 shows the
predicted solder heights by the two approaches. It
is seen that both approaches predict that the solder
height decreases as the pad radii (both upper and
lower ones) increase. It is also interesting to see
that at smaller pad radius, below 0.25 mm, there
is apparent deviation on solder height prediction.
Figure 5 presents the contact angles predicted by
the tow approaches. It is seen that as pad radii be-
comes greater, the contact angle becomes smaller.
A further observation discloses that the contact
angle predicted by Heinrich Model is greater that
by the Surface Evolver. The deviation on predic-
tion is with 5% as the pad radii kept larger than
0.20 mm.
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Figure 6: Effects of solder pad radii on the solder Figure 7: Effects of solder pad radii on the solder
height. (r, = r)) contact angle. (r, = r;, hence 6, = 6;)

4 Results and discussion is 380°C which corresponds to a surface tension
of 481 dyne/cm, and the applied external load is
10 dynes. Shown in Figure 6 are the effects of
pad radius on the solder height. Figure 6 indi-
cates a down trend of solder height with the aug-
ment of pad radius. However, it is also noted the
height change insignificantly as the pad radius is
less than 0.4 mm. The effects of pad radius on
contact angle are shown in Figure 7. There is a

Effects of solder pad radii on solder shape

To study the effects of pad radius, it is necessary
to assume the volume of the solder to be con-
stant. It is also assume both the upper pad and the
lower pad radii be the same during the course of
the study. The solder volume is 1.5 mm? and has
a density of 8.42 g/cm?, the reflow temperature
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Figure 8: Comparison of the solder height for sol-
ders Sn37Pb and Sn80OPb Figure 9: Comparison of the contact angles for sol-

ders Sn37Pb and Sn80Pb

similar trend of the effects of pad radius on the
contact angle; that is, smaller pad radius tends to
increase the contact angle of the solder shape.

Effects of solder material on solder shape

Two different solders are considered for this in-
vestigation, viz., Sn37Pb and Sn80Pb. The ma-
terial properties of these solders are referred in
Manko (1992). The solder volume is 1.5 mm?
and the external load is 10 dynes for both solders.
Both solders are subjected to a reflow tempera-
ture of 280°C corresponding to a surface tension
of 490 dyne/cm for Sn37Pb and 467 dyne/cm for
Sn80Pb. The densities are 8.42 g/cm® and 10.27
g/cm? for Sn37Pb and Sn80Pb, respectively. It
is assumed that both solder pad radii are kept the
same. The results of the effects on solder height
and on contact angle are shown in Figures 8 and 9,
respectively. These figures demonstrate that both
the solder height and the contact angle decrease
as the pad radius increases.

Effects of surface tension on solder shape

The surface tension is related to the reflow tem-
perature in the manufacturing process. To inves-
tigate the effects of surface tension on the shape
of the Sn37Pb solder, it is assumed that the sol-

der volume is 2.0 mm?, both solder pad radii are
0.6 mm, the solder density at 8.42 g/cm?, and the
solder is subjected to an external load of 15 dyne.
It can be seen in Figure 10 that the solder height
increases with the surface tension. However, the
height tends to be saturated beyond a surface ten-
sion of 600 dyne/mm. Shown in Figure 11 is the
effects the surface tension on the contact angles.
As both upper and lower solder pad radii are kept
the same, the contact angle, either upper or lower
one, decreases as the surface tension increases.

Effects of external load on solder shape

In this part of the study, the parameters associ-
ated with the Sn37Pb solders are set as follows.
The solder volume is set at 2.0 mm?®, both sol-
der pad radii at 0.6 mm, the surface tension at 481
dyne/cm, the reflow temperature at 380°C, and the
solder density at 8.42 g/cm?. The applied external
load is considered positive if the perturbed offset
is downward, and negative upward. The solder
standoff height and the contact angles are of in-
terest. Shown in Figurel?2 is the effect of the ex-
ternal load on the solder height and in Figure 13
the effect on the contact angles. It can be seen
that at constant solder volume, the solder height
decreases with the downward external load. Note
that in Figure 12 the increasing value on abscissa
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Figure 10: Effects of surface tension on solder
height
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Figure 12: The effects of external load on solder
height

represents increasing downward external load. On
the other hand, the contact angle decreases as the
downward external load increases.

5 Conclusion

A parametric study is presented in this study. The
surface Evolver is employed to create a numeri-
cal model of a BGA solder ball for the parametric
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Figure 11: Effects of surface tension on contact an-
gle
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Figure 13: The effects of external load on solder
contact angle

study. Some parameters are selected to investigate
their effects on the solder height as well as the
contact angle. It may conclude that the Surface
Evolver can predict the solder shape as well as
the Heinrich model. At a constant volume of the
solder ball, both the solder height and the contact
angle reduce when the pad radii (upper and lower
ones) increase simultaneously. The study of the
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effects of solder material on solder shape reveals
that, at constant solder volume, both of the sol-
der height and contact angle decrease as the pad
radii becomes large. However, due to a greater
density of Sn80Pb, the solder height and the con-
tact angle for Sn80Pb solder are less than those of
Sn37Pb. The surface tension, at constant solder
volume, had a positive influence on solder height.
An inverse trend is found of the effects of the sur-
face tension of the contact angle. Finally, a down-
ward external load tends to shorten the height of
the solder ball and augment the contact angle.
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