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Department of Electrical and Electronic Engineering, University College Cork, Cork, Ireland

Abstract: The objective of this paper is to investigate the effect of the pad size ratio between the chip and
board end of a solder joint on the shape of that solder joint in combination with the solder volume available.
The shape of the solder joint is correlated to its reliability and thus of importance. For low density chip bond
pad applications Flip Chip (FC) manufacturing costs can be kept down by using larger size board
pads suitable for solder application. By using “Surface Evolver” software package the solder joint
shapes associated with different size/shape solder preforms and chip/board pad ratios are predicted.
In this case a so called Flip-Chip Over Hole (FCOH) assembly format has been used. Assembly trials
involved the deposition of lead-free 99.3Sn0.7Cu solder on the board side, followed by reflow, an
underfill process and back die encapsulation. During the assembly work pad off-sets occurred that
have been taken into account for the Surface Evolver solder joint shape prediction and accurately
matched the real assembly. Overall, good correlation was found between the simulated solder joint
shape and the actual fabricated solder joint shapes. Solder preforms were found to exhibit better
control over the solder volume. Reflow simulation of commercially available solder preform volumes
suggests that for a fixed stand-off height and chip-board pad ratio, the solder volume value and the
surface tension determines the shape of the joint.

1. INTRODUCTION
Flip-Chip interconnection involves attaching
chip’s bond pads face down on to a substrate directly.
This technology developed by IBM in the 1960’s
under the name of C4 (controlled collapse method)
has been used increasingly and has a projected growth
rate of 30-40% in the next decade [1], [2].
The demand for bare die packaging to have high
reliability at reduced cost makes flip chip (FC)
technology a preferable choice compared to the more
conventional wire bonding technologies[3], [4].
For low density chip bond pad applications FC
manufacturing costs can be kept down by using larger
size board pads suitable for solder application. Larger
board pad geometries could reduce the direct cost of
the board, but also the cost of the FC assembly since
the application of interconnect material can be
achieved at lower cost

In a Flip Chip Over Hole (FCOH) process the
solder joint connections between a flexible substrate
and a direct attached chip is of particular interest,
because it defines the electrical reliability of the
connection. Figure 1 illustrates the requirement of the
solder joint shape when the substrate is exposed to
bending,
In an earlier study [5], assemblies of chip-to-board
interconnection with variable aspect ratio contact pad
areas were compared to the equilibrium shapes of
solder joint predicted by Surface Evolver [6]. This
study showed that, when offset is taken into account,
there is a good correlation between Surface Evolver
shape prediction and the observed experimental shape,
as shown in figure.2.

The preliminary work presented here describes the
effect of commercially available solder preform
volumes on the joint shape depending on chip-toboard contact pad ratio and how Surface Evolver
could be used as a tool for solder preform selection.

Fig. 1. Schematic of FCOH

In the next section, a detailed review of the solder
preforms, chip, substrate, and the FCOH packaging
will be presented. This is followed by results, a
discussion and conclusions.

2. EXPERIMENTAL METHODOLOGY

99.3Sn0.7Cu
Fig. 2. Cross-section of ratio chippad/subpad 0.6 and
its corresponding Surface Evolver predicted shape.

In order to verify the objective of the paper,
“surface evolver” has been used to simulate the effect
of solder preform volume on the shape of the joint. To
corroborate the simulated results the following
assembly approach was considered.
2.1. Solder Preforms

In all FC applications rigorous control of dispensed
solder volume is essential in obtaining the
repeatability of the standoff height and the shape of
the joint. Solder volume is one of the essential
parameters in determining the stress in the joints [7],
[8], [9]. There is a wide range of solder application
techniques that can be used to control the solder
volume, this includes evaporation, electroplating,
stencil printing, electroless plating and solder jet
printing techniques. Since cost effectiveness is an
issue in most applications, stencil printing is the most
commonly used technique [10] to control solder
volume where the volume control is a major issue [8],
[11]. Even though Screen printing is favoured for
small bond pads, the assembly considered in this work
has variable aspect ratio with large bond pads on the
substrate side. Therefore, the control of volume is
obtained by the use of solder preforms.
In typical IC and system assembly applications,
similar chip-to-board bond pad aspect ratios are used
to achieve a reliable interconnection [12]. Yeung et al
[13] have used the Surface Evolver to predict solder
joint shape and have also shown that a 50% increase
in pad size resulted in the reduction of the standoff
height for parallel chip-to-board pads. However, no
studies have been reported on the impact of
commercially available solder preform volumes on the
joint shape with a variable chip-to-board pad contact
ratio.

Solder preforms are custom made solder pellets
that are commercially available. They consist of
predetermined quantities of solder alloy, and come in
different shapes ands sizes, with tight volume
tolerances.
2.2. The Test Chip
The chip developed for this research has a low
bond pad count of 5 and measures 6 x 6 mm. Three
different size chip bond pads have been used: 100μm,
300μm, and 500μm square.
2.3. Substrate
A thin Flex board of thickness 0.025mm was
fabricated for this research. The board pad
metallization scheme consist of 15μm Cu, 5μm Ni and
0.05μm of electroplated flash gold. A square window
of 4.4mm was cut from the centre of the board to
expose the chip to external conditions.

2.4. Assembly Process
Chip+substrate - Clean
Oven Dry
Placement
reflow
Clean
Oven Dry
Underfill

Fig. 3. Process flow for flip chip assembly

3. SURFACE EVOLVER
The Surface Evolver is an interactive program
[6], which models surfaces shaped by different
constraints and energies. An initial surface can be
defined in a data file and it becomes possible to
visualise the evolution of the surface towards its
minimal energy by a gradient descent method in the
Surface Evolver programme. The energy in the
Evolver can be a combination of surface tension,
gravitational energy, squared mean curvature or userdefined surface integrals.
In the data file that is presented to the simulator,
the basic geometric elements used to represent a
surface are vertices, edges, facets, and bodies.
Vertices are points, edges are straight line segments
joining pairs of vertices, and facets are flat triangles
bounded by three edges. A surface is a union of facets
and a body is defined by its bounding facets. The term
“surface” refers to all of the geometric elements plus
supplementary data such as constraints, boundaries,
and forces. A surface has a total energy which arises
from surface tension, gravitational energy, and
possibly other sources and the lowest level of this
combination of energies is determined in the
simulation
In the case of modelling liquid solder, the
energies that are taken into account are surface
tension, the gravitational energy and the external
energy due to the applied loads such as the weight of
the package [15]. As opposed to most Ball Grid Array
(BGA) packages, the bare die with small weight [16]
is considered in this technology and therefore the

external pressure from the weight of the chip could be
excluded from equation 1 given below.
(1)
E = ρgzdV + TdS

∫

∫

V

S

Where ρ, g are the corresponding solder density,
gravity and z the height between the chippad and
substratepad. V represents the volume of solder, T the
surface tension and S the solder surface. E is the
potential energy that governs the solder joint
geometry.

4. RESULTS AND DISCUSSION
4.1. Critical solder volume
For a variable aspect ratio chip-to-board contact
pad geometry, the critical volume (Vc) from where a
small increase or decrease in volume leads to either a
convex or a concave shaped joint was calculated using
the following trapezoid volume (figure 4) equation 2.

b2
a2

h
b1

a1
Fig.4. Schematic of trapezoid where a1, a2 are the
lengths, b1 and b2 widths and h the height. In the trapezoid,
a2xb2 represents the chip pad while a1xb1 represents board
pad and h is stand-off height

h
(
)
Vc = ⎡a1 ∗ b1 + a 2 ∗b2 + a1 * b2 + a2 * b1 ⎤ *
2 ⎥⎦ 3
⎢⎣

(2)

This critical solder volume was calculated for
different chip-to-board pad ratio’s and is presented in
Table 1.

Ratio chippad/subpad

Vc (mm3)

0.2
0.6
1

0.015
0.024
0.037

Table. 1. Critical solder volume for different chipto-pad ratios.
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Fig. 5. Variations of the shape of the joint with the
increase or decrease of 8.1 percent solder volume.
The results for simulated joints with a pad ratio 1,
are shown in figure 5. In this particular case, an
increase or decrease in solder volume by 8.1 percent
will respectively result in either a convex or concave
joint.

4.2. Surface Evolver as a tool in selecting solder
preforms and volume effect
Commercially available solder preform volumes
are used in simulating the joints for variable contact
pad ratio as shown in figure 6.
Ratio H
Vol
Vol
Vol
chippad/ (mm) (mm3)
(mm3)
(mm3)
subpad
3.277*10-3 1.6387*!0-2 3.277*10-2

Offset
In y
direction
(μm)

0.2

0.15

150
–y
direction

0.6

0.15

60
+y
direction

1

0.15

40
+y
direction

Fig.6. Equilibrium shapes of solder joints
predicted by Surface Evolver for commercially
available solder preforms
The simulated results show that for a certain chipto-substrate pad ratio and constant standoff height,
volume is an important parameter in determining the
shape of the joint. These simulated results help to

choose the appropriate solder preforms to obtain the
required solder shape to lower the stress in the joints.
For example it shows that the joint formed with the
volume of 0.003mm3 simulated for ratio chippad/subpad
1 and a standoff height of 0.15mm would have
robustness, while volume of 0.016mm3 and 0.03mm3
could provide a stable joint. This shows that Surface
Evolver could be used in the process as a selection
tool in choosing solder preforms for the chosen
application.

5. CONCLUSION
This preliminary work shows that Surface Evolver
can accurately predict the joint shape formed by
variable chip-to-substrate contact pad area ratio’s for a
given volume. It also provides an insight in the
importance of solder volume control in shaping the
joint. Finally it shows that Surface Evolver could be
used as a selection tool in choosing more suitable
solder preforms for the required application.
The use of concave shaped joints in an assembly
could improve the joint fatigue life [17], [18]. From a
mechanical point of view, a convex shaped joint
would accumulate stress at the solder-pad interface
whereas the concave shaped joint would absorb the
stress. The convex shaped joints are most likely to fail
at the solder-pad interface while the concave shaped
joints at the neck of the joint. This is in accordance
with the observation by Xingheng Liu et al. However,
R.S. Cheng et al [19] and I. K. Hui et al [20] state that
the convex shaped joints would have longer fatigue
life. Future work on this subject will incorporate the
simulated joint shapes in ANSYS or Coventor to
study the stress in the joints as a function of thermal
and mechanical excursions and assist choosing the
optimum shape joint for this application.
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