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Demand for more interconnection joints between semiconductor devices can be realized with solder
bump technology. Surface tension and density are usually material properties related factors that affect
solder bump geometric shape. Therefore, to cope with this fast-changing microarchitecture design in
semiconductor technology, a better understanding of the solder bump geometric shape is needed. This
study used a static equilibrium force approach to integrate the surface tension and gravitational energy
into the solder energy content. Surface Evolver software was used to perform calculations and deliver the
final solder bump shape. Perfect agreement with less than 10 % comparison between previous studies and
the current Surface Evolver results was found. According to statistical analysis using SPSS, the maximum
width of solder shape is closely related to the surface tension.
In contrast, the maximum standoff is highly correlated with the solder density. By changing the solder

volume, the solder bump changes from standard flip-chip bump to Cu pillar bump with consistency in
maximumwidth to maximum standoff height ratio of 1.5. This study shows that the bumping technology
can produce various sizes of solder bumps to meet new electronic packaging requirements.
� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams University
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
1. Introduction

Bumping technology is highly demanding in semiconductor
devices’ manufacturing process to replace wire bond technology
[1,2]. In addition, they are driven by a desire to produce high
input/output (I/O) terminal density on the wafer by packing more
desirable functions on the device using a reliability packaging pro-
cess [3,4]. Simultaneously, this situation encourages various
bumping technologies that would greatly benefit the semiconduc-
tor process [5].
The advantages of targeting on smaller solder bump technology
are: (1) it produces a fine pitch and high-density bump that can
increase the number of interconnecting per silicon die area, (2) it
produces low shape profile on the assembly, (3) it increases travel-
ing speed by reducing electron pathway through a shorter joint
between terminals and (4) it involves low-cost production by
reducing package substrate layer. On the other hand, the chal-
lenges faced for this type of interconnection are: (1) it causes the
planarity and warpage of the thinner silicon die [6], (2) it causes
surface defects, (3) it calls for low profile interconnection that
requires stress compensation such as bump chasing to produce a
better connection and (4) it increases the complexity of the assem-
bly process. Apart from these, there is high demand for the small
bump calls for the stacked packaging and stack chip design and sil-
icon via in silicon packages [7].

This demanding technology depends on the shape of the solder
bump and the solder material properties to determine the inter-
connection joint’s quality and reliability [8–10]. Unfortunately,
not many studies have been carried out to see the factors influenc-
ing the solder bump formation geometry at different sizes [3,11].
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Table 1
Material properties, volume, and contact angle for Solder
63 % Sn–37 % Pb used in the study for validation
purposes.

Item Detail

Surface tension (mN/m) 498.00
Density (gm/cc) 8.90
Volume (mm3) 0.12
Contact angle (degree) 110.00
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As a result, the solder bump prediction becomes a critical issue that
needs to be considered in the solder bump development process
[12].

The different geometrical shape of solder bump was used for
different device designs. Solder volume, surface tension, density,
and contact angle between solder and pad are the parameters
related factors that determine its shapes [13–16]. Combining these
factors causes the minimaxing of the solder surface area to happen
and can be calculated using the minimaxing surface energy or cap-
illary force for pressure differences on the fluid-gas boundary as
discussed by Zei et al., Pfeifer and Krammer et al. [17–19]. Chang-
ing from standard solder bump to Cu pillar bump improves the
ability to control solder diameter and standoff height since the
interconnection shape changes from spherical to the cylindrical
joint.

Based on the mentioned items, this study was carried out to
investigate solder bump geometric shape-related factors and the
solder’s ability to form different sizes of solder bumps for different
material properties. The study will focus on minimizing the surface
area by minimizing the total energy of the solder. The integration
of the surface tension on the area carried out on the contact line
was influenced by the solder volume and contact angle to repre-
sent the actual solder bump geometric shape produced by the
manufacturing process.

2. Method

2.1. Numerical method

The availability of experimental data for the solder bump is lim-
ited. Hence, predicting the solder bump formation during the
reflow process was necessary. Therefore, six assumptions based
on the energy approach analytical solution have been made [12]:
(1) surface tension is uniform without a temperature gradient,
(2) density is uniform across the geometry, (3) The final geometric
shape is considered as static equilibrium force, (4) molten solder is
allowed to move and wet on the pad according to the model con-
tact angle and the applied constraints, the contact angle between
the solid surface and molten solder is assumed to be constant,
and (6) the material properties of density and surface tension were
focused specifically at 220 OC where any changing in the men-
tioned properties during the reflow process was not included in
the simulation.

The energy-based approach is a proven method that accurately
predicts the solder bump’s geometric shape [12,20,21]. The total
energy, ET consists of surface energy from the surface tension, ES

and the gravitational energy, EG which is influenced by the weight
and height of the solder relative to its base:

ET ¼ ES þ EG ð1Þ
The surface tension energy, ES is the energy that is formed due

to the interfacial tension on the contact line of the solder.

ES ¼
ZZ

cdA ð2Þ

The calculation of the surface tension energy is as follows:

ET ¼ y
Z

�ccoshdx ð3Þ

Where c is the surface tension of the molten solder, h is the con-
tact angle where the surface force is resolved, y is the width of the
solder in constant value, and dx is the increment in the x-axis used
for integration.

Under the influence of the gravitational force, the weight effect
of the molten solder is configured as follows:
2

EG ¼
ZZZ

qgzdV ð4Þ

The equation is detailed as in the following in the Surface
Evolver:

EG ¼ zy
Z
qgdx ð5Þ

Where z and y are the height and width of the solder volume, q is
the solder’s density, g is the gravitational acceleration, and dx is the
increment in the x-axis used for integration which is similar to Eq.
(3). The given total surface energy is based on minimaxing the con-
tained energy:

min Eð Þ ¼ min y
Z

�ccoshdxþ zy
Z
qgdx

� �
ð6Þ

The volume is constrained based on the assigned value as in the
following equation, where V0 is the volume assigned to the input
file.ZZZ

dv � V0 ¼ 0 ð7Þ
2.2. Simulation

Surface Evolver (Freeware, Version 2.70, USA) was used to solve
the numerical formulations of Eqs. (1)–(7) and predict the solder
bump’s geometric shape. The force equilibrium approach is based
on the surface area evolution, which works towards minimum
energy content using the gradient descent method [22]. The initial
input data file for Surface Evolver, containing an initial geometry
database of the solder bump, geometric constraints, defined mate-
rial properties (density and surface tension), and wetting condi-
tions based on contact angle. Line integration was applied on the
solder bump’s contact line to replace the contact vertices’ energy
and volume and the edge of the solder bump faces. During reflow
treatment of the solder bump formation, molten solder was wetted
on the metal pad covered by solder resist. The solder resist was to
prevent the molten solder from getting wet on the surrounding
area. The contact angle of 110 degrees was assigned to the input
file to represent the wetting condition between the metal pad
and solder resist. The constraint in the z-axis is applied on the
mounted solder’s touching edges while allowing it to move in
the y-axis and x-axis.

2.3. Validation

The validation was done by comparing the results obtained
with the previous study by Ya-Yun Chou et al. [20]. The standoff
and maximum width of solder bump were captured during the
reflow process. The solder was assumed to melt and contain con-
sistent material properties over its volume completely. Five models
with different solder volumes were selected for comparison. Max-
imum width and maximum standoff were used as parameters for
the validation purpose. The input information for the validation
obtained from Ya-Yun Chou’s et al. study is listed in Table 1 [20].



Table 2
Material properties of the solder at the liquidus temperature of 220 OC.

Solder material Density (gm/cc) Surface tension (mn/m)

Sn60Pb40 [23] 8.06 475.00
Sn63 [24] 8.40 490.00
Sn90Pb10 [23] 7.16 506.00
Sn96.5Ag3.5 [23] 7.05 536.00
Sn100c [25] 7.40 542.45
SAC105 [26] 7.35 542.60
SAC305 [26] 7.40 544.90
SAC405 [26] 7.45 546.00
SAC387 [27,28] 7.44 548.00

Table 3
Solder bump design rule and standard specification [30].

Item Standard flip chip bump Fine-pitch bump

Bump size (lm) � 120 �60
Bump height (lm) �90 �50
Post height (lm) 5–15 5–15
Bump size tolerance ±10 % ±10 %
Bump height range (within wafer) ±15 % ±15 %
Bump height range (within chip) 15 % 15 %

Fig. 1. Comparison of results obtained from the pr
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Manual measurement of the solder bump’s final geometric
shape was done using the calibrated image pixel of the pad length’s
known size. The outmost pixel boundary was selected as the max-
imum point for the bump dimension. The results were compared
with the past literature.
2.4. Material properties

The nine solder materials commonly used in semiconductor
devices were selected for the investigation, as shown in Table 2
[23–28]. Density and surface tension were the two material prop-
Micro-bump Wide-pitch Cu pillar bump Fine-pitch Cu pillar bump

�30 �20 �7
�25 �30 �15
5–15 �20 �5
±10 % ±10 % ±10 %
±15 % ±15 % ±15 %
15 % 15 % 15 %

evious study and the current Surface Evolver.
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erties used to predict the solder geometric shape. Solder density
ranged from 7.44 to 8.40 gm/cc, while density ranged from
475.00 to 548.00 mN/m. The material properties of the solder were
capture at 220 OC [20,23–26,29]. At this point, the solder were
melted entirely and become the molted solder. In the study done
by I Kaban et al. surrounding atmosphere was control at � 1 bar
with the utilization of a niobium getter to reduce the amount of
oxygen [23]. A reducing atmosphere condition such H2 helps to
suppress oxidation on the molten solder [23,29]. In this section,
0.12 mm3 of solder volume was applied for all the models. The final
geometric shape of the solder bump for each material property
predicted by the Surface Evolver contained the maximum width
and standoff height, then post-processing for further analysis.

Statistical analysis for post-processing data was done using the
SPSS software package (IBM Crop, version 26, USA). Pearson’s cor-
relation was used to find the correlation strength between the sol-
der material properties and the solder bump geometric shape on
the interval scale. The prior alpha of p less than 0.05 was deter-
mined by referring to a statistically significant level of 5 %.

2.5. Solder bump sizes

The ability of the solder to form different solder sizes is one of
the study’s interests. Table 3 shows five types of solder bump
and their design rule and standard specification that need to be fol-
lowed during the process [30].

Based on Table 3, the solder bump’s main dimensions were
extracted per design rules and tolerance. Five types of solder bump
were modeled, and their volumes were estimated using Solidworks
modeling software (Dassault Systèmes, France). The volume of the
Standard flip chip bump, Fine-pitch bump, Micro-bump, Wide-
pitch Cu pillar bump, and Fine-pitch Cu pillar bump were 6.7e-
4 mm3, 9.27e-5 mm3, 1.16e-5 mm3, 2.09e-6 mm3, and 2.60e-
7 mm3, respectively. These values were used as the initial solder
condition of the input file to fulfill Equation (7).
Fig. 2. (a) Material properties of the solder for solder bump. (b) Dimension of
maximum width and standoff height relative to material properties of the solder.
3. Result

3.1. Validation

Fig. 1(a) shows solder bumps from the experimental results,
software simulation, and Surface Evolver for validation. The solder
volume, the maximum width, and standoff height were growing
exponentially. The Surface Evolver results accurately predicted
the final bump shape, which was similar to the experiment and
simulation from the study by Ya-Yun Chou et al.

The average difference in the percentage of standoff height
obtained using the surface Evolver was compared with the previ-
ous experiment and simulation at 9.50 % and 9.31 %. The average
percentage difference of maximum width obtained using Surface
Evolver compared to the previous experiment and simulation
was 6.74 % and 4.54 %, respectively. Both of the average percent-
ages obtained were less than 10 % of what is acceptable for further
analysis. Therefore, it is possible to predict the solder bump forma-
tion using the present Surface Evolver program code. A solder vol-
ume of 0.12 mm3 was selected for the investigation purpose. The
maximum width ranged from 679 lm to 685 lm, with an average
value of 683 lm obtained from the study. The standoff height ran-
ged from 446 lm to 451 lm with an average value of 449 lm.

3.2. Material properties

Fig. 2 (a) shows the effect of the material properties on the geo-
metrical shape of the solder bump. As mentioned earlier in the
material properties section, the volume of the solder is kept at
4

0.12 mm3. Therefore, every effect that happened on its shape
was purely contributed by the material properties. From the list
of the material properties, it is found that as the surface tension
increases, density decreased. The situation happened to certain sol-
der materials, Even though they have similar material properties.
Based on the graph, it was found, increasing the surface tension
possibility reduces the maximum width of the solder bump. In
contrast, standoff height shows higher density material reduction
and increases in standoff height in a lower density material.

The Pearson Correlation coefficient of the density and maxi-
mum width was 0.2, while the correlation between density and
standoff height was –0.631. The correlation between surface ten-
sion and the maximumwidth was �0.643, whereas the correlation
between surface tension and standoff height was �0.028. Both
materials were inversely proportional to the solder bump dimen-
sion. Increasing one of the material properties would reduce the
geometric shape of the solder bump.



Fig. 3. The solder bump shape predicted using the Surface Evolver and its dimensions were compared to the design rules: (a) Prediction of the solder bump geometric shape,
(b) Comparison of the maximum width of the solder bump from the design rule to that predicted by the Surface Evolver and (c) Comparison of the standoff height of the
solder bump from design rule as predicted by the Surface Evolver.
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3.3. Solder bump size

Reducing the solder volume causes a reduction in the solder
bump size in both width and height while maintaining a similar
shape pattern, as shown in Fig. 3(a). This semi-spherical shape
was observed in many solders bump studies. It is a basic form
for interconnection formation, which serves as an assembly point
when the solder bump is attached to the area array device and
the component deposition through the self-alignment mechanism.

The Pearson correlation coefficient between solder volume,
maximumwidth, and standoff height was at 0.94. Increasing solder
volume automatically affects the solder geometric shape, as shown
in Fig. 3(a). The percentage difference between the average maxi-
mumwidth and the average standoff height of the design rule with
the predicted geometric shape by Surface Evolver increased expo-
nentially towards reducing solder volume. The percentage differ-
ence of maximum width and standoff height for Standard flip
chip bump was 0.49 % and 6.19 %, respectively. The percentage dif-
ference of maximum width and standoff height for Fine-pitch
bump was 4.41 % and 8.21 %. The maximum width and standoff
height for micro bump was 4.57 % and 9.78 %. The maximumwidth
and standoff height for Wide-pitch Cu pillar bump was 10.20 % and
5

17.98 %. Finally, the maximum width and standoff height for the
Fine-pitch Cu pillar bump was 28.14 % and 32.90 %. The percentage
differences demonstrate that a smaller solder bump is challenging
to form since the smaller solder volume is hard and less flexible to
achieve static equilibrium while minimizing the surface area and
total energy content, as demonstrated in Fig. 3(b) and Fig. 3(c).
4. Discussion

The ability to predict, control, and manipulate molten solder as
a fluid at the microscopic level is proven in this study, validated
according to the previous experimental and simulation studies.
This ability is an essential tool to accelerate the development of
technology in the semiconductor industry. Variations in qualitative
and quantitative geometric shapes occurred due to 4 main factors:
(1) surface tension of the solder, (2) density of solder (3) contact
angle of the surface, and (4) volume of the applied solder. Viscosity
is not included in the study as it does not contribute much to the
solder bump shape formation [31]. Consideration of the mentioned
factors formed the solder bump shape according to what has been
highlighted in the design rules.
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The appropriate contact angle assigned to form the similar sol-
der bump shape as the experimental result was 110 degrees. It is
found that the average angle represents the situation where the
bottom part of the solder touches the wettable metal pad and
the not-wet surface of the solder resist. Based on the study done
by Arenas et al., the contact angle for the pad is 30 degrees, and
the contact angle for the substrate material act as solder resist is
120 degrees [32,33]. However, in this study, to investigate the sol-
der bump shape, 110 degrees contact angle is believed to be the
ideal angle to achieve the static equilibrium force to form a similar
geometrical shape as the experimental result.

Reducing the energy content based on minimizing the surface
area model was used to determine the solder bump’s geometrical
shape [18]. In this study, the shrinking in surface area of the solder
bump increased with increasing volume. Meaning that higher vol-
ume produced higher surface area and resulted in a more signifi-
cant reduction in its surface as it tried to achieve static
equilibrium force compared to a smaller volume with a smaller
surface area. The surface area reduction in the initial area to
achieve static equilibrium force had increased up to 48 times
higher from the micro size of the Fine-pitch Cu pillar bump to
the Standard flip-chip bump. It is difficult to achieve stability with
a smaller bump size as the total energy required to achieve static
equilibrium force increases as the volume decreases. From the
Standard flip chip to the smallest Fine-pitch Cu Pillar, the reduction
in total energy per initial area required to achieve equilibrium
increased up to 300 times. When the surface-to-volume ratio
increases, the volume decreases, and the boundary condition needs
to fulfill the contact angle. Besides, the assigned volume on the
contact line of the solder becomes stiffer [18]. With a bigger vol-
ume, the solder will spread quickly to satisfy the contact angle.
Since the area is bigger, it needs much area reduction with lesser
energy alteration. Less volume bump experiences lesser adjust-
ment in the area, but it is hard to satisfy the contact angle, leading
to a lot of alterations in energy content [34].

As shown in Fig. 2 (a) and (b), gravity is an external force that
acts on the molten solder, while surface tension is a resistance
force that keeps the solder’s shape by minimizing its total surface
area. The higher the value of the surface tension, the lower the
maximum width. While higher the density, lower the standoff
height. By maintaining a similar volume but increasing the solder
density causes increment in the weight of the solder. Since the sol-
der’s solidification takes around 20 s to complete, it provides ample
time for the gravity force to squeeze the molten solder and flatten
the top of the solder [35]. High surface tension reduces the solder
shape to a minimum area which causes a reduction in maximum
width. These material properties affect maximum width to stand-
off height at the average ratio of maximum width to standoff
height of 1.5, which is higher than 1.42 of design rule and at 5.6
% difference.

In perspective to scale down solder bump to nano-size, it seems
impossible to produce nano-size solder bump using the similar
fabrication method for Standard flip-chip bump to Fine-pitch Cu
Pillar bump. It is proved by the current Surface Evolver code and
supported by the previous studies [36]. The nano-size bump causes
instability in performing bumping from molten since it is hard to
achieve static equilibrium force due to the drastic increment in
the surface-to-volume ratio. Besides, the nano-size solder bump
is almost similar to solder alloy nanoparticles which cause it hard
to maintained atomic bonding between them at such a small vol-
ume [37]. Consequently, the situation leads to problematic issues
in achieving static equilibrium force. Nano-Velcro technology has
been suggested to be used in the assembly process of nano-size
components as an alternative [38,39]. Also, Nano-Velcro technol-
ogy could speed up the production time since it does not require
6

solder printing and reflow the process as a conventional solder
bump.
5. Conclusion

The applied method proves the capability to predict the solder
bump geometric shape using a variety of bump sizes and material
properties. The specific geometric shape is formed when the static
equilibrium between weight and surface tension of the molten sol-
der was achieved. Comparison between the design rule and solder
bump found to be perfectly matched for all the bump sizes. This
bumping technology has proven its flexibility in producing various
solder bump sizes to meet the new semiconductor device
requirements.

However, one of the research concerns is the ability of the sol-
der to form a smaller bump as the size of the electronic component
continuously scales down by reducing all its dimensions. Referring
current result, solder bump technology is limited from one hun-
dred micro sizes to less than ten micro sizes, resulting in difficulty
fabricating the nanoscale solder bump as it will increase the
surface-to-volume ratio.
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