
Fei Chong Ng
School of Mechanical Engineering,

Universiti Sains Malaysia,

Engineering Campus,

Nibong Tebal, Penang 14300, Malaysia

Mohamad Aizat Abas1

School of Mechanical Engineering,

Universiti Sains Malaysia,

Engineering Campus,

Nibong Tebal, Penang 14300, Malaysia

e-mail: aizatabas@usm.my

Underfill Flow in Flip-Chip
Encapsulation Process:
A Review
The scope of review of this paper focused on the precuring underfilling flow stage of encap-
sulation process. A total of 80 related works has been reviewed and being classified into
process type, method employed, and objective attained. Statistically showed that the con-
ventional capillary is the most studied underfill process, while the numerical simulation
was mainly adopted. Generally, the analyses on the flow dynamic and distribution of
underfill fluids in the bump array aimed for the filling time determination as well as the
predictions of void occurrence. Parametric design optimization was subsequently con-
ducted to resolve the productivity issue of long filling time and reliability issue of void
occurrence. The bump pitch was found to the most investigated parameter, consistent to
the miniaturization demand. To enrich the design versatility and flow visualization aspects,
experimental test vehicle was innovated using imitated chip and replacement fluid, or even
being scaled-up. Nonetheless, the analytical filling time models became more accurate and
sophiscasted over the years, despite still being scarce in number. With the technological
advancement on analysis tools and further development of analytic skills, it was believed
that the future researches on underfill flow will become more comprehensive, thereby lead-
ing to the production of better packages in terms of manufacturing feasibility, performan-
ces, and reliability. Finally, few potential future works were recommended, for instance,
microscopic analysis on the bump–fluid interaction, consideration of filler particles, and
incorporation of artificial intelligence. [DOI: 10.1115/1.4050697]

Keywords: electronic packaging, flip-chip, package’s reliability, underfill encapsulation,
void occurrent

1 Introduction

Recent rapid advancement of micro-electronic industries
demands faster and cheaper productions of miniature electronics
devices with higher performance and reliability. Consequently,
the flip-chip technology has seen various applications in micro-
electronic packages and devices. In flip-chip packaging, the active
side of the silicon die was faced downward and connected to the
substrate via conducting bumps [1]. Flip-chip package undoubt-
edly is more advantageous than the conventional wire bond pack-
age in all aspects of input/output density, electrical performance,
size, production cost, and thermal performance [2].

However, the major challenge posed by the flip-chip packaging
is the thermal–mechanical stresses build-up due to the mismatch
in the coefficient of thermal expansion (CTE) between the solder
bump, silicon chip, and organic substrate. As the usage of elec-
tronic device persists, the interconnectors of chip package are sub-
jected to thermal cycling and ultimately would result in fatigue or
electrical failure. The CTE mismatch issue can be addressed by
the underfill encapsulation process [2–4]. The narrow gap between
the chip and substrate was filled with the underfill fluid which is
the homogenous mixture of epoxy resin with fused silica fillers
that will redistribute the thermal–mechanical stress away from the
interconnectors [5]. Upon being cured, the underfill fluid that
filled the gap between the bump array will chemically harden to
form a protective layer that encapsulates the bumps. Despite the
current described underfill process is conducted at the first level
packaging of flip-chip, it is may be optionally carried out at the
second level packaging between the IC package and printed cir-
cuit board, such as ball grid array (BGA).

Given the importances and viability of underfill process in
addressing the shortcomings of flip-chip packages, it is still cur-
rently seen extensive applications in micro-electronic devices.
Meanwhile, the underfill process still remains an active relevant
research subject. Despite handful amount underfill researches being
conducted to optimize and improve the process’s productivity and
later package’s reliability, the comprehensive literature reviews on
underfill works are still limited. There are only four review works
related to the underfill encapsulation process being reported to date
[2,3,6,7], as listed in Table 1. However, these reviews rather
focused on a niche and narrow scopes. Moreover, as the latest
review work being conducted back in 2014, the recent trends and
advances of subsequent underfill researches were not discussed.

Therefore, an up-to-date review that encompassed on the latest
researches is essential to provide insights on the recent advance-
ment of underfill process and flip-chip technologies. Furthermore,
the objectives of design optimization and enhancement works on
underfill process have not been presented in detail.

This paper provided a comprehensive review on the past studies
of underfilling flow in the encapsulation process, particularly on
the visualization and modeling of underfill flow, together with the
optimization works on the underfilling flow stage for the enhance-
ment of the productivity of overall underfill process and later
package’s reliability. The past underfill studies were discussed
based on the classifications of the type of underfill process investi-
gated, the research methodology adopted, the underfill parameters
optimized, and the research objective achieved.

2 Types of Underfill Encapsulation Process

There are three variants of underfill process on the first level
packaging of flip-chip: capillary, no-flow, and molded [3], with
their respective process flow schematics being illustrated in
Fig. 1. All variants of underfill process comprised of two sequen-
ces, which is the initial underfilling flow and the subsequent post-
underfill process of curing. Table 2 compared these three underfill
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encapsulation processes, by outlining their process flow, as well
the relative advantage and disadvantages.

The main difference among each underfill process is the process
sequence of the initial underfilling flow stage, which later constitutes
for the distinct underfill material compositions, package sizes, and
dispensing setups. To speed up the capillary underfill process, no-
flow underfill was introduced in which the underfill fluid was predis-
tributed on the unmounted substrate before the chip being placed
and affixed on it. Another variant of molded underfill was developed
by injecting the underfill fluid into the chip assembly which is
enclosed by a moldlike setup. Despite the no-fill and molded under-
fills resolved the productivity issue of slow underfill flow, the likeli-
hood of occurrence of undesired voiding on the underfilled package
greatly increases due to the uncontrolled distribution and rapid flow

of underfill fluid, respectively. Additionally, the chemical reaction of
fluxing agent in no-flow underfill during the thermal reflow induced
void formation [8,9]. Moreover, both no-fill and molded underfills
are less versatile as they required specific setups and limited for spe-
cific types of underfill fluid and design configuration of the chip
packages. This is on top of additional manufacturing costs incurred
as compared to conventional underfill fluid [2,3].

Alternatively, there are few modifications that were proposed
on the conventional underfill process to accelerate the flow by
applying external driving forces, for instance, forced/pressurized
[10–12], vacuum-assisted [13,14], raised-die, substrate hole [3],
rotational-assisted [15], and thermocapillary [16]. However, these
creative iterations of underfill process were less popular as there is
almost no application. This is because despite these improvised

Table 1 Overview of the past review works conducted on the scope of underfill encapsulation process

Year Researchers Review scopes Highlights/concluding remarks Reference

2004 Zhang and Wong � Types of flip-chip underfill
process

� New variations of underfill process were invented to address the shortcomings
of conventional underfill process, for instance, no-fill, mold, and wafer level.

[3]

� The process outline, material development, and reliability issues on each under-
fill process were detailed.

2007 Wan et al. � Analytical and numerical
modeling of
underfill flow in the flip-
chip encapsulation process

� The analytical filling time model developed by Wan et al. can predict the flow
of non-Newtonian fluid.

[2]

� For numerical simulation of underfill flow, Hele-Shaw approximation yields
less accurate flow front prediction than the two-dimensional Navier–Stokes
equations.

2012 Kim and Sung � Analytical modeling of
underfill flow

� Three analytical filling time models were discussed and compared in terms of
formulations and accuracies.

[6]

� Visualization of underfill
flow

� The underfill flow phenomenon of racing effect, voiding, and flow–bump inter-
action (i.e., contact line jump) was discussed.

2014 Khor et al. � FSI studies on the mold
underfill process

� FSI analysis is essential in the study of encapsulation process to determine the
deformation of package during the dispensing of underfill fluid.

[7]

� The challenges of FSI studies on package encapsulation modeling included
complexity of package, simulation time, and computing limitation.

Fig. 1 Process flow schematics of various types of underfill encapsulations on chip device: (a) capillary underfill, (b) no-flow
underfill, and (c) molded underfill encapsulation
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underfill processes promoted the underfill flow, the manufacturing
costs can greatly increase due to the need for process redesign
together with the potential occurrence of voiding.

Upon comparing these variants of underfill process, the imple-
mentation of conventional capillary underfill is the simplest. More-
over, it is less prone to the defects of incomplete filling and void
formation, but with the sole expense of long filling time. The con-
ventional capillary underfill process still widely being adopted in
industry because it does not require additional setups and specific
variant of underfill fluid with additives. That is the advantages of
capillary underfill which had outweighed its disadvantages.

3 Reviews of Past Works on Underfilling Flow in
Flip-Chip Encapsulation

The scope of the current review work resides on the past
researches that investigated the underfilling flow stage during the
flip-chip encapsulation, for instance, in the stages illustrated in
Figs. 1(a)(iii), 1(b)(ii), and 1(c)(ii). These underfill studies empha-
sized on the precuring stage when the underfill fluid was dis-
pensed and being introduced into the gap between flip-chip
package, for which it subsequently being filled, by means of flow
or no-flow. All relevant works on the study of underfilling flow in
encapsulation process were being classified accordingly based on
the type of underfill process investigated, research method
employed, and research goal achieved, while being sorted in the
ascending order of the publication year. The comprehensive clas-
sifications on the past underfill flow studies were given in Appen-
dices A–C, respectively, for the studies focused on the capillary,
mold, and others underfill processes.

Figure 2 presents the number of researches that studied the
underfilling flow in encapsulation process, based on the reviewed
works listed in Table 3. Statistically, the researches on underfilling
flow in encapsulation process show a gradual increasing trend,
which implied that it still remains as an active and highly relevant
research subject. The years 2010–2012 saw the most papers being

reported in this short span of three years, which almost doubled the
works over the last 14 years. It was followed by the most recent
five years (2016–2020) which show a steady increasing trend.
These data and growing trends also elicited that the importances of
the underfill process in industrial and manufacturing practices, as
well as the needs to enhance and optimize the underfill process as a
joint improvement effort of package reliability. As such, it is
expected more works will be conducted in the near future.

Table 3 further breakdowns the reviewed works listed in Table 2
according to the type of underfill process, research methodology,
and research goal. Generally, the conventional capillary underfill
is the most investigated underfill process, upon compared to the
mold underfill and no-flow underfill. This is due to the capillary
underfill process has the most industrial applications, apart from
served as the fundamental study on underfill flow in bump array.
On the contrary, no-flow underfill has the least amount of study as
there is negligible underfilling flow stage in the no-flow underfill.
In particular, almost all researches on no-flow underfill process

Table 2 Overview on the various types of underfill encapsulation process

Types of underfill
encapsulation process Main outline of process flow Advantage Disadvantage

Capillary underfill The underfill fluid was dispended
along the one or more sides of pack-
age and been capillary driven onto
the gap beneath chip and substrate.
Finally, the underfilled package was
sent to reflow oven for curing.

� Straightforward and the simplest
process.

� Slow capillary flow of underfill
fluid, thus long process time.

� Ensure complete filling with lower
occurrence chance of voiding and
air entrapment.

� Compatible for wide ranges of
underfill fluids and package
designs.

� Can be reworkable.

No-flow underfill No-flow underfill fluid with fluxing
agent was predispended on the
unmounted substrate board. Then,
chip was aligned and placed verti-
cally on the solder pads that redis-
tribute the underfill fluid
horizontally. Finally, the assembly
was sent for reflow, to attach the
bump on the solder pad as well as to
cure the underfill fluid.

� Fast and simplified overall encap-
sulation process, with negligible
filling time.

� High chance of voiding occurrent
and incomplete filling due to the
uncontrolled flow.

� Excess underfill residuals between
solder bump and bond pad may
reduce connectivity, so the chip
was forced onto the solder pad dur-
ing the placement stage.

� Require a specific type of underfill
fluid premixed with the fluxing
agent.

Mold underfill A mold setup was placed over the
chip–substrate assembly, and the
underfill fluid was injected into the
mold cavity. The underfilled assem-
bly was cured first before removing
the mold setup.

� Combined both over-molding and
underfill in a single process, to
reduce the process time.

� Requires mold setup which incurs
additional cost and setup time.

� Improves mechanical stability. � Possible occurrent of voiding and
incomplete filling.

�Molded underfill fluid (epoxy
molded compounds) can contain
higher silica filler contents than the
conventional underfill fluid.

� Low reworkability.
� More underfill fluid is required to
additionally over-mold the
package.

Fig. 2 Statistical trends on the study of underfilling flow in
encapsulation process
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emphasized on the post-curing stage, which mainly accessing the
reliability issues of underfilled package (i.e., mechanical and void-
ing) rather than the productivity of underfill process. The mold
underfill had seen heavy investigations during the peak years of
2010–2012, in which the fluid–structure interaction (FSI) phe-
nomenon of mold encapsulated package was emphasized.

In terms of research methodology, the numerical simulation has
seen most adoption, followed closely by experiment and finally
being the analytical formulation. Despite the physical experiment
is the most straightforward yet realistic approach, it lacks the cus-
tomizability aspect for the design optimization study due to higher
incurred costs and efforts. Furthermore, the flow visualization dur-
ing the underfilling stage was hindered by the opaque nature pack-
age. Consequently, the numerical simulation rises as a prominent
yet reliable alternative to model the underfill flow and subse-
quently for the optimization and process enhancement works. The
third approach of analytical formulation which modeled the
underfill flow based on the physics of fluid dynamics saw the least
use in the literatures. This is mainly caused by the complexity of
underfill flow in bump array to be modeled mathematically. Sub-
stantial assumptions were made to simplify the mathematical
works but at the expenses of reduction in accuracy and yielded
unrealistic depiction of the actual flow. Generally, the researchers
tend to deploy the most appropriate methodological approach
accordingly to align with their research objectives. Additionally,
it is common for a study to consist of two or more methodologies,
as most of the numerical simulated and analytical predicted find-
ings were cross-validated experimentally.

Similarly, most of the underfill works reported tend to achieve
more than one research goal. It was found that 90% of the under-
filling flow studies aimed to visualize the underfill flow and to
determine the filling time. Through the flow inspection, reliability
issues such as racing effect and voiding could be observed, for
subsequent root cause and mitigation analysis. Meanwhile, the
filling time is the sole quantitative indicator to access the produc-
tivity of underfill process. In addition, half of the reviewed works
involved in the design optimization of underfill process by manip-
ulating the design parameters of package, process operating con-
ditions, and material properties of the underfill fluid. There are
handful literatures that attempted to address the reliability issues,
for instance, voiding and package structural deformation. None-
theless, all underfill researches shared a common objective of
coherently improving both the productivity of underfill process
and the package’s reliability. Generally, these were achieved by
resolving the two main issues arise in the underfill encapsulation
process, i.e., prolonged filling time and void occurrence. It was
believed that underfill flow stage not only incur longest manufac-
turing lead time but also responsible for the void formation.

4 Research Methodology

The methodological approaches used in the studies the underfill
flow are physical experiment, numerical simulation, and analytical
formulation, likewise in the other scientific fields. Figure 3 sum-
marized the three main research methodologies found in the
underfill flow studies. These approaches can be further classified
accordingly their unique traits to ease the analysis on the trend of
underfill researches. The experiment was categorized into the test
vehicles adopted, either actual or imitated chip-underfill system.
Furthermore, both numerical simulation and analytical derivation
were decomposed according to their numerical discretization
method and formulation approach, respectively.

4.1 Physical Experiment. Physical experiment is the most
straightforward approach to investigate the flip-chip underfill pro-
cess. Generally, the test vehicles used in the underfill experiment
gradually shifting from actual chip and underfill fluid to imitated
chip and replacement fluid, and finally to scaled-up imitation chip
system, as depicted in Fig. 4. This transition from actual chip to
imitated and finally scaled-up chip is aimed to enhance the flow
visualization and to ease the manipulation of design parameters
for optimization studies.

Actual chips and underfill fluids of industrial standard were
used in the earlier underfill experiments, which gave the underfill
flow profiles as shown in Fig. 4(a). Various types and designs of
the packages were investigated, for instance, the IBM flower-
array flip-chip [18], quadrilateral full array integrated circuit pack-
age [24,26], thin quad flat package (TQFP) [25], irregular middle
empty flip-chip [17], and package-on-package device [31]. More-
over, all these experimental works have considered the non-
Newtonian behavior of underfill fluids. The usages of industrial
standard package and underfill fluid preserved most element of
the industrial underfill process, thus ensuring the findings are
accurate, practically consistent, and reproducible in the industry.
These experimental findings from these literatures were served as
a validating and benchmarking tool for the future works, particu-
larly to verify the newly developed numerical and analytical mod-
els on flip-chip underfill process.

Apart from flow visualization and filling time measurement,
experiments were also conducted for the purpose of material char-
acterization [32,33], including the measurement of the material
properties of underfill fluid such as viscosity [34,35], surface ten-
sion [18], and contact angle [36]. This is essential for the subse-
quent analysis of both numerical and analytical modeling of
underfill flow, since the aforementioned parameters affected the
flowability. As such, industrial underfill fluid was used to deter-
mine its rheological properties, which were fitted and represented

Table 3 Statistics breakdown on the 80 reviewed underfilling flow works classified based on the type of underfill process,
research methodology, and research goal

Type of underfill process

Capillary No-flow Mold Other

Number of papers 53 3 22 5
Percentage 66.25% 3.75% 27.50% 6.25%

Research methodology

Experiment Numerical simulation Analytical formulation

Number of papers 42 59 25
Percentage 52.50% 73.75% 31.25%

Research goal

Design optimization Package’s reliability Flow visualization and filling time determination

Number of papers 40 30 72
Percentage 50.00% 37.50% 90.00%
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by various models, for instance, power-law [24], Cox–Merx [18],
Castro–Macosko [37,38], and Bird–Carreau [34].

The trend was shifting toward the use of substituting chip
device and replacement fluid. Parallel plates being the simplest
setup mimicking the capillary flow of underfill fluid in the narrow
gap underneath the flip-chip package. It could be set up using two
glass plates or a pair of quartz die and FR4 substrate [26]. Alterna-
tive iteration of slanted glass plate which gives a linear increasing
gap height enables the variation study of gap height on the under-
fill flow [13]. The bump array in flip-chip can be reproduced by
etching the silicon of a silicon on glass wafer into micropillar
array [27]. This technique enables the production of flip-chip
specimens with the desired dimensions and customizable designs
to ease the experimental-based design optimization work. The
sole requirement is that the surfaces of imitation chip must be

smooth with low roughness, to mimic the actual chip and substrate
surfaces.

At present, there is an experiment method of particle image
velocimetry (PIV) being applied on the analysis of underfill flow
dynamic, as depicted in Fig. 4(b). PIV is a nonintrusive flow visu-
alization approach that generates the velocity contour of the inves-
tigated flow domain, which is hugely applied in the other fields of
hydraulic and fluid dynamics [27,28,39]. The material require-
ments for the PIV experiment are transparent chip and translucent
working fluid mixed with tracing particles. As such, the imitated
chip made of transparent material (i.e., glass and Perspex) was
adopted together with replacement fluid of glycerin [20,27]. PIV
analysis on underfill flow is rewarding as it provided huge insights
on the dynamic behaviors of underfill flow (i.e., meniscus evolu-
tion and contact line jump (CLJ)) as well as the flow streamlines

Fig. 3 Overview of underfill researches classified based on the research methodologies: physical
experiment [17–20], numerical simulation [17,18], and analytical formulation [21–23]
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along the bump array. Nonetheless, the implementation of PIV on
the study of underfill fluid is limited, as the flow velocity contour
can be obtained numerically from simulation.

To future improve the visualization aspect, the proportional
scaling method was applied on imitated chip package. Scaled-up
imitated single and stacked packages were constructed for the
experimental study of mold underfill process [29,40–44] as shown
in Fig. 4(c), while scaled-up ball grid array model and flip-chip
were used for the investigation of capillary underfill process
[30,39,45–48] as depicted in Fig. 4(d). Similar scaled-up model
was also applied in the study of pressurized underfill process.
Such scaled-up models were also made of transparent material
typically Perspex, to ensure swift construction. However, a major
concern was raised regarding the scaled-up model is on the flow
similarity and its ability to replicate the actual underfill flow. The
scaling validity was analyzed and found that the scaling method is
viable provided it is less than the scaling limit [20,39]. Qualitative
comparable underfill flow fronts can be obtained, while the filling
time of the flow in scaled model was also proportionally amplified
by the same scaling factor [20].

The shifting from actual chip and underfill fluid to imitation
chip and replacement fluid had been seen as a successful innova-
tion to address technical issues of visualization and versatilities.
Furthermore, the cross-validations using numerical simulation and
analytical formulation addressed the concerns on reduced accu-
racy and the lack of practical depiction when using imitation chip
and replacement fluid. Thus, it was inferred that the use of imita-
tion and scaled-up chip models were well established and
justified.

4.2 Numerical Simulation. Underfill flow in the flip-chip
package was numerically simulated for flow visualization, filling
time determination, as well as to obtain flow distributions of pres-
sure, velocity, and temperature. Generally, in the underfill
researches, numerical simulation was conducted together with
corresponding experiment to cross-validate the findings. As
shown in Fig. 3, the numerical works on underfill flow simulation
can be classified based on the discretization scheme employed.

Prior to the emergence of finite volume method (FVM) based
numerical simulation, earlier underfill simulations were based on
finite element method (FEM). While FVM numerical approach is
still seen as the most adopted method in underfill simulation to
date, there is another mesh-less particle-based lattice Boltzmann
method (LBM) numerical scheme being applied. Both FVM and
FEM are largely similar in terms of formulation and discretiza-
tion procedures, for except on the representation of differential
equations (i.e., Eulerian against Langrangian coordinates sys-
tems) which were in integral form and basis form, respectively.
Comparatively, FVM is easier to implement than FEM and
LBM, due to the former Eulerian nature which fits well with fluid
flow.

The earlier FEM-based underfill simulations mainly adopted
the Hele-Shaw approximation [10,18,24,49–52]. However, this
approximate is not viable, since the bump pitch is comparable to
the gap size [2]. There is a commercially available simulation
software, ANSYS, which ease the FEM modeling of fluid flow prob-
lem such as the underfill flow in encapsulation process [53].

Subsequently, the FVM-based ANSYS FLUENT software was intro-
duced and applied for the modeling of underfill flow in various

Fig. 4 Overview on the experimental approaches in studying the underfill flow of flip-chip encapsulation process: (a) actual
experiment using chip and underfill fluid of industrial standard [17,18,24–26], (b) microparticle image velocimetry experiment
using transparent imitated chips [27,28], (c) mold underfill experiment using scaled-up imitated chips [29], and (d) capillary
underfill experiment using scaled-up imitated chips [20,30]
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types of underfill process including conventional capillary
[20,30,39,47,54–57], mold [37,38,40,55,58,59], pressurized [11],
and no-flow [60]. FVM simulation gives various data on the under-
fill flow, filling time, and flow’s dynamic and thermal distributions.
Moreover, ANSYS FLUENT software is advantageous as it could be
extended for the further analyses, such as FSI [7,29,61], inclusion
of the consideration of filler particles in underfill fluid [5], and
incorporation of dynamic pressure boundary condition [62].

Fluid–structure interaction simulation approach was introduced
in the studies of electronic packaging to investigate structural
deformation of package due to the rapid injection of encapsulant
during the mold underfill process. The packages studied included
both single chip and stacked chips. FSI studied the simultaneous
dependent and coupled interactions between both fluid flow and
structural deformation [7,59,61]. Nonetheless, FSI is not useful
for the study of conventional capillary process as the deformation
on chip device is insignificant due to the slow underfill flow and
negligible capillary force. Initially, FSI was setup using both
FVM-based ANSYS FLUENT and FEM-based ABAQUS for the simula-
tion of fluid and structural domains, respectively, subsequently
were coupled by the mesh-based parallel code coupling interface
[29,42,44,59,61]. With the advancement of simulation software,
the FSI setup was simplified through the introduction of ANSYS

System Coupling in which the whole FSI analysis could be done
solely in FVM environment [16,47,63].

The flow simulation of underfill fluid with homogenous filler

particles suspension was achieved by using discrete phase model

in ANSYS FLUENT. Both the main constituents in underfill fluid of

epoxy resin and silica fillers were separately considered to estab-

lish a two-way fluid–solid interaction with the aim to visualize the

epoxy flow and filler particle distribution during the underfill flow

stage [5]. On the contrary, other numerical studies on filler distri-

butions were either based on the cured underfill package [64] or at

the completion of underfilling [65]
In the recent years, particle-based LBM was used to simulate

the underfill flow, which had seen various applications in conven-
tional capillary underfill [12,17,45,46,48,66,67], mold underfill
[68,69], and pressurized underfill [70]. While both LBM and
FVM numerical findings are comparable in terms of flow visual-
ization and filling time aspects, it is reported that LBM-based sim-
ulation can simulate the void formation during underfill flow for
which FVM-based simulation is incapable to achieve [46]. None-
theless, this shortcoming of FVM-based simulation was resolved
by introducing micromesh unit-cell method for the underfill flow
simulation to visualize the mechanism of void formation due to
the fluid–bump interaction [57,71].

Apart from the well-known FEM and FVM as well as the emerg-
ing LBM, there are few underfill flow simulations that are based on
novel numerical codes developed by respective researchers and are
not bounded to any commercial software, for instance, finite differ-
ent method (FDM) with pseudocompressibility approach and con-
tinuum surface force model [72], Petrov–Galerkin coupled with
piecewise linear interface calculation-flow analysis network meth-
ods and level-set method [73]. Despite these new simulation
approaches which gave reasonable prediction for underfill fluid,
there is no future underfill work that is based on these methods,
largely due to the lack of technical support for being noncommer-
cial available simulation software.

4.3 Analytical Formulation. Generally, the analytical underfill
studies are revolving around the determination of filling time, by deriv-
ing an equation relating filling time to filling distance and various
design parameters. Nonetheless, these analytical-based studies are
scarce in amount, with only eight distinct analytical filling time models
being reported to date. This is caused by the complexity of mathemati-
cal formulation with limited understanding on flow dynamics, so the
researchers tend to opt for straightforward experiment and simulation
methodologies instead. Furthermore, the analytical models gradually

become more sophiscasted and increasing accuracy, by considering
more and realistic features of underfill flow in bump array.

Table 4 classified all eight analytical filling times available to
date into the features of formulations. Generally, the main compo-
sitions of the formulation of analytical filling time models com-
prised of rheological model of underfill fluid, analysis approach,
and governing equation, as summarized in Fig. 5. There are two
main analysis approaches—namely, chip-level and bump-level—
by considering the macroscopic and microscopic underfill flows,
respectively. In chip-level analysis, the driving capillary pressure
is averaged, and the whole bump array is collectively character-
ized into a single flow domain, for instance, as a porous media
with known porosity and permeability. Meanwhile for the bump-
level analysis, the dynamic of underfill flow was considered at
every flow distance microscopically, in which the capillary pres-
sure bump varies at different locations. In terms of governing
equation, if the chip-level analysis adopted porous media assump-
tion, Darcy’s law will be governed; otherwise, the bump-level
analysis would be based on the momentum equation. For the mod-
els considering the non-Newtonian rheological behavior of under-
fill fluid, only the power-law equation being was adopted owning
to its mathematical simplicity.

About a century ago, Washburn equation was derived to relate
the relationship between the filling time, tf , and filling distance,
xf ; for the capillary–viscous flow in horizontal gap between two
parallel plates

tf ¼
3lx2f
rhcosh

(1)

where l is the dynamic viscosity, r is the surface tension, h is the
gap height, and h is the contact angle at the plate surface [18].
Nonetheless, Washburn equation did not incorporate the bump
effect until the variable capillary pressure difference of meniscus
due to varying gap and orientation between two adjacent bumps
of pitch W was formulated as a function of bump angular dis-
placement, /

Dp /ð Þ ¼
2rcosh

h
þ
2rcos hþ /ð Þ

W � dcos/
(2)

This regards as the cornerstone of bump-level analysis for the cap-
illary underfill flow [74].

Statistically, there are four models based on the chip-level anal-
ysis and two models based on the bump-level analysis. Among
three chip-level analysis-based models which were established
upon the porous media assumption with averaged capillary pres-
sure and governed by Darcy’s law as follows:

tf ¼
le

2kD�p
x2f (3)

with the porosity, e, and the permeability, k, associated with the
porous flow domain of the bump array. The main differences
between these models are largely on the determination of averaged
capillary pressure and permeability of the flow domain. The sole
chip-level analysis-based model governed by the momentum equa-
tion and power-law rheological model averaged the capillary driving
pressure by means of virtual force to yield the most elegant form of
filling time model

tf ¼
2nþ 1

nþ 1

mhW W þ dð Þ

2rcosh W2 þ dW � dhð Þ

� �1
n 2xf

h

� �nþ1
n

(4)

where m and n denoted the flow consistency index and flow
behavior index, respectively, for a non-Newtonian power-law
fluid [22].

On the contrary, the bump-level analysis had been applied in
two applications for the development of filling time model
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[23,74]. Generally, the bump-level analysis is coupled with the
regional segregation approach, in which the filling times were
computed separately at different locations based on the flow char-
acteristics and the presence of bumps. As such the capillary pres-
sure was not averaged but instead varies according to the filling
location. Initially, the bump-level analysis considered the dynam-
ics of underfill flows on both the region confined between two
adjacent bumps and the region without bump confinement [74],
until later the third region of exit CLJ being incorporated [23].
CLJ is the instantaneous change of meniscus shape when it
approaches or leaving the bump surface [51,74]. Moreover, it was
found that the CLJ effect when the underfill fluid exiting the
bump array took substantially longer than when entering the
bump array [27]. This justified the need of additionally consider-
ing the filling time during the flow of exit CLJ.

5 Design Optimization of Underfill Parameters

One of the main interests in underfill encapsulation researches
is to optimize the parameters associated with the underfill encap-
sulation process to increase the productivity of manufacturing pro-
cess and the reliability of micro-electronic package.
Improvements of both aspects would reduce the manufacturing
costs, while the device could last longer with better performances,
in turns benefitting the end consumers. Figure 6 summarized the
three main aspects of underfill associated parameters being opti-
mized in the past researches, for instance, design parameters of
chip package, material properties of underfill fluid, and operating
conditions of underfill process. Subsequently, Tables 5 and 6
highlighted the variation effects of various underfill parameters on
the filling time and void occurrence, respectively.

As the recent advancement of micro-electronic industry favors
the miniaturization trend, smaller and more compact and high
performing micro-electronic packages (e.g., chip and integrated
circuits) were designed. Consequently, the package’s size
became smaller with higher number of input/output interconnec-
tion bumps, giving a higher bump density but smaller bump
pitch. Smaller pitch size not only lengthen the filling time but
also increase the likelihood of void occurrence. Studies sug-
gested that the bump pitch should exceed its critical value, or
else the filling time increases significantly. Additionally, the gap
height is another important parameter to be considered, as small
gap does not favor the underfill flow and substantially lengthen
the filling time. From the qualitative aspect of package design of
bump shape, bump with narrow neck yields faster underfill flow.
There is another attempt to achieve high performing miniature
package is by stacking multiple chips vertically upward, forming
the package-on-package. However, stacking causes more void
formation, and the void counts increase with the stacked layer
and row. Despite the current trend of package miniaturization
which can increase both the compactness and performance of
device to comply with the current technological needs, the subse-
quent underfill encapsulation process would suffer from both
productivity and reliability issues. Accordingly, optimization
work is crucial to achieve an optimized package of high perform-
ance and reliability which at the same also manufacturing feasi-
ble and productive.

Generally, the underfill fluid of higher filler content is preferred
and performed better in addressing the CTE mismatch issue of
package. Nonetheless, the increases in filler loading also increased
the viscosity and thus reduced the flowability, while also prone to
another reliability issue of filler settling. Underfill fluid with higher
filler loadings tends to exhibit as non-Newtonian fluid, in which the
filling time increases with the power-law index. Ideally, the under-
fill fluid with low viscosity and high wettability (i.e., high surface
tension and low contact angle) has good flowability, thereby giving
shorter filling time. Nonetheless, the underfill fluid of high viscosity
and low Bond number can lower the voiding occurrence.

The process operating conditions were manipulated to reduce
the filling time and void occurrence. Generally, dispensing
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method with more inlets could reduce the filling time in a larger
extend. Nonetheless, the triple inlet dispensing (U-type) exposed
to higher risks of void formation. As such, the double inlet dis-
pensing (L-type) with lesser voidability was determined as the
optimized dispensing method that is balanced from both aspects

of filling time and voiding. Another operating parameter being
studied is the dispensing and process temperature, in which the
flowability of underfill fluid increases with the temperature.

6 Conclusions

Various researches were devoted to improving the productivity of
underfill process and package’s reliability. As the underfill dispensing
and flowing stage took the substantial fraction of lead time in the
whole underfill process, it became the prime focus in the optimization
works. Moreover, the voids could be formed as early during the
underfilling flow stage. Therefore, there are handful amount of works
which analyzed and modeled the underfill flow in flip-chip package.

This paper reviewed the past works that focused on the under-
filling flow stage in the flip-chip encapsulation process. As such,
the studies on the curing stage and post-encapsulation analysis on
the encapsulated package (e.g., cross-sectional inspection and
structural strength testing) were not included. A total of 80 rele-
vant works reported over the last 24 years were reviewed and clas-
sified based on the type of underfill process investigated, the
research methodology employed, and the research objective
attained. It was found that conventional capillary underfill is the
most studied underfill process, followed by mold underfill and
finally no-flow underfill. Furthermore, most researches adopted at
least two methods, with the most common pair being simulation
and experiment. Numerical simulation is the most applied method,

Table 5 Overview of parametric design optimization studies on the filling time of underfill process

Parameters Findings on the trend of filling time

Bump pitch � Smaller bump pitch yields longer filling time [23,27,49,50,78,79].
� The filling time increases significantly if the bump pitch is less than a critical value of pitch size [31,80].
� The trends of bump pitch depended on the critical contact angle. For contact angle lower than its critical value, the filling time
increases with pitch; otherwise, the filling time increases with the decrease of pitch [31].

Gap height � Smaller gap height resulted in slower underfill flow and longer filling time [13,47,55].
Bump arrangement � Lower bump count on a package (resulted from bump arrangement) reduces the filling time, such that the perimeter bump array

gives the lowest filling time, while the full bump array has the longest filling time [30,43,46,52,81].
Bump shape � Bump with the characteristics of narrow neck, low sphericity, and high pad-to-neck ratio can give to shorter filling time [39].
Filler contents � Higher filler contents increase the viscosity of underfill fluid, thus longer filling time [5,35].
Viscosity � Viscosity is directly proportional to the filling time [18,36].
Surface tension � Surface tension is inversely proportional to the filling time [30,45,81].
Power-law index � For non-Newtonian underfill fluid, the filling time increases with the power-law index [82].
Contact angle � Lower contact angle gives shorter filling time [37].
Dispensing type � Multiple dispensing edge inlets shorten the filling time, such that triple inlet dispensing (U-type) gives shortest filling time [37].
Temperature � Increase in temperature decreases the viscosity of underfill fluid, thus decreases the filling time [37].

� The implementation of thermal gradient across package layers can promote the underfill flow, compared to the isothermal setup [16].

Fig. 6 Overview on the parametric design optimization studies
on the underfill flow in flip-chip encapsulation process

Fig. 5 Classifications on the formulations in the analytical modeling of underfill flow
in flip-chip bump array for the development of filling time model
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but the analytical formulation has the least adoption. 90% of
works focused on the flow visualization and filling time determi-
nation, while about half of them involved in the design optimiza-
tion of underfill parameters.

The parametric design optimization studies generally focused
on the reduction of both filling time and void occurrence, while
the bump pitch is the most manipulated variable consistent to the
recent miniaturization trend. The shortest filling time can be
obtained from the combination of low viscosity, low contact
angle, high surface tension, large gap height, and huge bump
pitch. Nonetheless, low viscosity leads to higher void occurrence;
thus, the viscosity needs to be optimized. Additionally, small pitch
size, multiple inlets dispensing condition, and stacking of package
are also prone to void formation.

As the past underfill studies were mainly emphasized on the
macroscopic analyses (i.e., filling time, pressure, velocity, and
temperature), it was recommended for the future underfill works
would be based on the targeted analysis of microscopic aspects.
The foremost being the interaction between underfill fluid and sol-
der bump. As the solder bump array hindered the flow advance-
ment, it would prolong the filling time and caused air entrapment
in the bump vicinity. Through microscopic analysis of capillary
flow along the bump array, the exact flow and voiding mecha-

nisms with the corresponding flow distributions could be obtained.
Additionally, the filler particles suspended in underfill fluid should
be considered and investigated in the underfill flow studies as they
are integral to the fluid’s rheological behavior and ultimately
affecting the outcomes of underfill process. Proper optimization
on the size and type of filler particle as well as the filler contents
is essential to improve the flowability of underfill fluid and to
reduce the occurrence of filler settling defect. Furthermore, the
incorporation of resilience and self-healing concepts on the indus-
trial underfill system is worth for future exploration to attain eco-
system sustainability [86]. Finally, to align with the recent trend
of industrial implementation of artificial intelligence, it was sug-
gested that the future underfill flow studies to employ the machine
learning approach. This would greatly benefit the design optimiza-
tion of flip-chip package and underfill fluid material, as a joint
effort to improve the process productivity.
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Appendix A: Summary of Past Research Works on the Study of Underfilling Flow Stage in the Conventional Capil-
lary Encapsulation Process

Table 6 Overview of parametric design optimization studies on the voiding occurrence

Parameters Findings on the trend of voiding

Bump pitch � Smaller bump pitch causes more voids’ formation [83].
Gap height � The increases in gap height increases the void formation occurrent together with the size of void formed [48,84].
Bump arrangement �Middle empty bump arrangement has the highest void occurrence but of smaller sizes, as compared to the full and perim-

eter arrangements [39,45–47].
Viscosity � Voiding occurrence can be reduced by decreasing the surface energy of substrate or increasing the viscosity of the under-

fill fluid [35,45,46].
Dispensing type � For no-flow underfill, dot dispensing pattern gave the least void formation as compared to the cross pattern [60].

� For capillary underfill, U-type dispensing yields higher void occurrence than both L-type and I-type dispensing
[30,48,85].

� For mold underfill, the void occurrence decreases with the introduction of vacuum, while better vacuum quality gives
smaller voids formed [14].

� For mold underfill, typical inlet gate gives less void occurrent compared to both diagonal and top center inlet gates
[40,58].

Stacking of chips � The stacking of chips caused more void formation [40].
� The occurrence of void formation was affected by the stacking layout [68].
� The number of void counts in stacked package increases with both the number of vertical stacked chips and the row of
stacked chips [38].

Year Research method Research goal Highlight on main finding Reference

1996 � Analytical (Washburn
equation)

� Filling time measurement/
predi ction

� The filling time increases with the decrease of gap
height.

[13]

� Experiment (parallel plate) � Design optimization (gap
height)

� Vacuum is more effective than gravity to promote the
underfill flow.

1997 � Experiment (industrial
standard)

� Flow visualization � Viscosity, surface tension, and dynamic contact angle
affected the filling time.

[18]

� FEM simulation with Hele-
Shaw model

� Filling time measurement � Washburn model with the incorporation of dynamic
contact angle gave better filling time predictions than
the static contact angle.� Analytical (Washburn

equation)
1999 � Experiment (industrial

standard)
� Flow visualization � The racing effect was observed for the first time

where the edge flow is faster than the center flow.
[24]

� Plastic integrated circuit
encapsulation-computer
aided design simulation

� Filling time measurement/
prediction

1999 � Analytical (momentum
equation)

� Filling time prediction � The capillary flow of dense suspension mixture in
plane channel was modeled to simulate the underfill
process.

[65]
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(continued)

Year Research method Research goal Highlight on main finding Reference

� Analysis on the distribution
of filler particles

� The redistribution of filler particle was presented, in
which the particles travel from the walls toward the
centerline as the flow progress.

2002 � Analytical (Darcy’s law) � Flow visualization � Capillary force parameter, F, increases with the gap
height and bump diameter, indicating faster underfill
flow.

[49,50]

� FEM simulation of modi-
fied Hele-Shaw model with
porous media assumption

� Filling time prediction � There is a criticality of bump pitch in which F is max-
imal, and F remains constant with the further increase
of pitch.

� Design optimization (bump
pitch, bump diameter, and
gap height)

� The flow resistances induced by chip, substrate, and
bump were simulated and showed the edge effects
during underfill flow.

2002 � Experiment (industrial
standard)

� Material characterization of
underfill fluids

� The material properties and rheological behaviors of
underfill fluids, i.e., surface tension, viscosity, and
contact angle, were measured experimentally.

[36]

� Design optimization (sur-
face tension, viscosity, and
contact angle)

� The surface energy of substrate needs to be higher
than the surface tension of underfill fluid for better
filling performance.

2003 � Analytical formulation
(Darcy’s law)

� Flow visualization � The contact line jump phenomenon was first
theorized.

[51]

� FEM simulation of modi-
fied Hele-Shaw model with
porous media assumption

� Filling time prediction/
measurement

� The capillary action in underfilling flow was found to
be anisotropic such that it varies with the filling direc-
tion and also caused the edge preferential flow
observed in experiment.� Experiment (glass plates of

photoresists)
2004 � Analytical formulation

(regional segregation
approach and momentum
equation)

� Filling time prediction � The regional segregation approach was introduced by
computing the filling times separately at regions with
and without bumps.

[74]

� Design optimization (bump
diameter, gap height, solder
bump arrangement, and
contact angle)

� The square root of filling time is approximately pro-
portional to the filling distance.

� Smaller gap height and higher contact angle yield lon-
ger filling time, while the driving capillary pressure
decreases with the bump density.

2005 � Imitated experiment with
glass slide

� Filling time measurement/
predi ction

� The glass slide flow test can reproduce the underfill
flow, and the measured flow time is consistent to the
prediction by Washburn equation.

[84]

� Analytical (Washburn
equation)

� Flow visualization � The viscosity has the largest impact on the filling
time, compared to the contact angle and surface
tension.

� Design optimization (gap
height)

� The increases of gap height decrease the flow time but
increase the void formation occurrence.

� Package’s reliability on
voiding

2005 � Analytical (momentum
equation)

� Filling time prediction � An analytical filling time model was developed based
on the virtual work principle of averaged bump resist-
ance pressure for non-Newtonian underfill fluid.

[22]

2005 � Analytical (momentum
equation with transient
term)

� Filling time prediction � The influence of transient term on filling time is negli-
gible when the viscosity is high (>0.1 Pa�s) and the
gap height (�50 lm) is small, so the underfill flow is
assumed to be steady.

[87]

� Solder bump resistant possess significant effect on the
underfill flow.

2006 � Analytical (Darcy’s law) � Filling time prediction � Small contact angle yields faster underfill flows. [52]
� FEM simulation with Hele-
Shaw model

� Design optimization (bump
pitch, bump arrangement,
and contact angle)

� If the bump pitch is less than the critical value, the
filling rate slowed down drastically. This critical pitch
is dependent on gap height and bump diameter.

� Hexagonal bump arrangement has higher filling rate
than the quadrilateral arrangement.

2007 � Analytical formulation
(momentum equation with
rotational inertia term)

� Filling time prediction � A new variation of flip-chip underfill process that is
attached on the top of a rotating disk was proposed to
enhance the capillary underfill flow and thus decrease
the filling time.

[15]

2007 � Experiment (industrial
standard)

� Material characterization of
underfill fluids

� Underfill fluids with low and high filler loadings
exhibit as Newtonian fluid and non-Newtonian fluid,
respectively.

[35]

� Flow visualization � Underfill with small filler size exhibits yield stress
and with fast flow time can reduce filler settling.

� Filling time measurement � The void count can be reduced by decreasing the sur-
face energy of substrate or increasing the viscosity.� Package’s reliability on

voiding and filler settling
2007 � Analytical formulation

(momentum equation)
� Design optimization (bump
pitch)

� There exists a critical clearance between bumps, in
which the filling time lengthens significantly if the
bump pitch is less than this critical value.

[80]
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(continued)

Year Research method Research goal Highlight on main finding Reference

� A design criterion of flip-chip package was devised
according to the critical clearance (bump pitch).

2008 � FDM numerical simulation � Flow visualization � New numerical simulation approach was introduced
to simulate both capillary and no-flow underfill
process.

[72]

2008 � Experiment (parallel plates
of die and substrate, indus-
trial standard package)

� Flow visualization � Washburn equation did not consider both the solder
bump resistance and non-Newtonian behavior of
underfill fluid, causing mismatch with the present
experimental findings.

[26]
Filling time measurement

2009 FEM simulation with volume
of fluid (ANSYS)

� Flow visualization
� Filling time prediction

� ANSYS software was introduced to simulate the two-
dimensional flow of non-Newtonian underfill fluid
using the power-law.

[53]

2010 FVM simulation (ANSYS
FLUENT)

� Flow visualization Full array solder bump has the highest filling time,
while the perimeter array has the shortest filling time.

[54]
� Filling time prediction
� Design optimization (bump
arrangement)

2010 � Analytical (momentum
equation)

� Filling time prediction � The filling time was obtained analytically by solving
the momentum equation with the fluid’s viscosity
modeled by the power-law.

[75]

2010 Experiment Flow visualization � Small bump pitch lengthens the filling time and has
slower filling rate.

[81]

� FEM simulation � Filling time prediction/
measurement

� Low bump density in the middle region of package
and the adoption of flow channels can improve the
uniformity of flow front and increase the filling time.� Design optimization (bump

pitch)
2010, 2011 �Microparticle image veloc-

imetry experiment
� Flow visualization � The detailed meniscus behaviors of underfill flow

advancement in bump array were studied while
observing the contact line jump for the first time.

[27,28]

� Filling time measurement � The meniscus flow velocity was in-phase with the
dynamic contact angle.

� Design optimization (bump
pitch)

� The filling time over a fixed distance decreases with
the increase in the bump pitch.

2011 � Analytical (Darcy’s law
and porous media
approach)

� Flow visualization � The viscosity and velocity profiles of non-Newtonian
underfill fluid across the gap were studied at different
pitches and heights.

[78,79]
� Filling time prediction

� FEM simulation with con-
trol volume

� Determination of underfill
parameter—permeability of
flip-chip domain

� The filling time increases with the power-law index of
non-Newtonian fluid.

� Design optimization (bump
pitch and gap height)

2011 � FVM simulation (ANSYS
FLUENT)

� Flow visualization � The decrease in pitch size slowed the underfill flow. [19]

� Experiment � Filling time prediction � No edge effect was observed in the bump-free
regions.� Design optimization (bump

pitch)
2012 � FVM simulation (ANSYS

FLUENT)
� Flow visualization � Decreases in gap height increase the filling time, and

this applied for both Newtonian and non-Newtonian
underfill fluids.

[55,56]
� Filling time prediction
� Design optimization (gap
height)

2013 � FEM simulation � Filling time prediction � The permeability of flip-chip can be increased by
increasing the bump pitch and bump height or
decreasing the bump diameter and power-law index.

[82]
� Analytical (Darcy’s law) � Determination of underfill

parameter—permeability of
flip-chip domain

2014 � Analytical (Darcy’s law) � Filling time prediction � A new analytical filling time model was proposed by
averaging the capillary pressure based on the mass
conservation and also incorporating entrant and exit
contact line jumps, which the flip-chip’s permeability
was computed numerically.

[21,76]
� FEM simulation

2016 � Analytical (Darcy’s law) � Filling time prediction � An analytical filling time model was introduced with
new formulations on the averaging of driving pressure
and effective permeability.

[77]

2016 � FVM simulation � Flow visualization U-type dispensing gives the fastest underfill flow, fol-
lowed by L-type and finally I-type

[30]

� Scaled-up imitated
experiment

� Filling time measurement � Perimeter bump array registered shortest filling time,
followed by middle empty and finally full array� Design optimization (bump

arrangement and dispensing
type)

2016 � LBM simulation � Flow visualization � LBM numerical approach based with the generalized
interparticle-potential model was developed to the
model the capillary flow of underfill fluid in flip-chip
package, which performed better than continuum sur-
face force model in representing the capillary force
for the simulation.

[17]
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(continued)

Year Research method Research goal Highlight on main finding Reference

2016 � LBM simulation � Flow visualization � LBM simulation can predict voiding formation. [45]
� FVM simulation � Filling time prediction � The middle empty bump arrangement most prone to

void formation.
� Design optimization (bump
arrangement)

� Voiding can be reduced using underfill fluid of higher
Bond number and higher viscosity.

� Package’s reliability on
voiding

2016 � LBM simulation � Flow visualization � The increase in bump count reduces the pressure and
flow velocity of underfill fluid.

[46]

� FVM simulation � Filling time prediction/
measure ment

� LBM can simulate the void formation at higher preci-
sion than FVM.

� Scaled-up imitated
experiment

� Design optimization (bump
arrangement)

Package’s reliability on
voiding

2016 � FVM simulation with FSI
using ANSYS System
Coupling

� Flow visualization � In the newly introduced thermocapillary assisted
underfill of multistacks BGA, the implementation of
thermal gradient along the package layer can promote
the underfill flow and reduce the filling time.

[16]

� Scaled-up imitated
experiment

� Filling time measurement

2017 � FVM simulation with dis-
crete phase model

� Flow visualization � The underfill fluid was modeled as a colloid suspen-
sion of epoxy and nanosilica fillers using discrete
phase model.

[5]
� Filling time measurement

� Analysis on the distribution
of filler particles

� The higher the filler content, the slower the underfill
flow, while the particles’ accretion and erosion rates
increase.� Design optimization (filler

contents)
2017 � FVM simulation with FSI

using ANSYS System
Coupling

� Flow visualization � BGA of larger scale size gives higher filling time at
specific filling percentage.

[47,70,85]

� Scaled-up imitated
experiment

� Filling time measurement/
prediction

� The combination of U-type dispensing method and
middle empty array gives the shortest filling time.

� Design optimization (scale-
size/gap height, bump
arrangement, and dispens-
ing type)

� The velocity distribution of underfill fluid invariant
with scaling, but the entrant pressure decreases upon
being scaled-up.

2018 � FEM simulation (COMSOL

MULTIPHYSICS)
� Flow visualization � Dynamic pressure boundary condition method with

surface force model was proposed to simulate the rac-
ing effect.

[62]

� The racing effect can be alleviated by decreasing the
dispensing length.

2018 � PIV experiment on scaled
imitated package

� Flow visualization � Washburn equation has been modified to model the
capillary underfill flow with triple inlet dispensing (U-
shape).

[39]

� FVM simulation � Filling time prediction/
measurement

� Small neck diameter, low sphericity, and high pad-to-
neck ratio are key factors for fast underfill flow; thus,
concave-shape bump gives the lowest filling time.� Analytical � Design optimization (bump

shape)
2018 � Scaled-up imitated

experiment
� Flow visualization � U-type dispensing is more likely to cause void forma-

tion than L-type dispensing.
[48]

� LBM simulation � Design optimization (gap
height, bump arrangement,
and dispensing types)

� Smaller void was formed in the middle empty array
compared to the full array.

Package’s reliability on
voiding

The size of void formed increases with the gap height.

2018 � Analytical (porous media
permeability)

� Determination of underfill
parameter—permeability of
flip-chip domain

� The analytical models for pore permeability and
superficial permeability of underfill flip-chip flow
domain were derived.

[88,89]

� An analytical permeability with the consideration of
actual specific surface and tortuosity was formulated
and comparable to the numerical permeability.

2019 � LBM simulation � Flow visualization � Pressurized underfill results in much shorter filling
time than capillary underfill.

[12]

� Scaled-up imitated
experiment

� Filling time prediction/
measurement

� The flow pressure near the inlet region is up to four
times of the inlet pressure, due to the reverse flow.

Package’s reliability on
voiding

2019 � Analytical (regional segre-
gation approach, and
momentum equation)

� Filling time prediction � A new analytical filling time model based on regional
segregation approach for non-Newtonian fluid was
developed by separating computing the filling times
at bump, exit CLJ, and bumpless regions.

[23]

2019 � Analytical (regional segre-
gation approach, and
momentum equation)

� Design optimization (gap
height, bump pitch, and
contact angle)

� A filling time chart was developed, which gives the
filling time at the different combinations of bump
pitch, gap height, and contact angle.

[31]
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Appendix B: Summary of Past Research Works on the Study of Underfilling Flow Stage in the Mold Encapsulation
Process

(continued)

Year Research method Research goal Highlight on main finding Reference

� Experiment (industrial
standard)

� Filling time prediction � There is a critical value of bump pitch which yields
the lowest filling time.

� The critical contact angle defined the variation trend
of filling time with bump pitch.

2019 � FVM simulation � Flow visualization � Shorter bump pitch gives slower underfill flow but
faster filling completion.

[57]

� Filling time prediction � The formation and propagation of voids in package
were simulated.

� Design optimization (bump
shape)

� The contact angle of underfill flow varies sinusoidally
with time.

� Package’s reliability on
voiding

2020 � LBM simulation � Flow visualization � The adhesive force between fluid and solid was
affected by the density ratio of the fluids, while wall
adhesive is affected by solder bump.

[66]

� FVM simulation � LBM simulation gives better adhesive force predic-
tion than FVM.� Scaled-up imitated

experiment
2020 � LBM simulation � Flow visualization � Hourglass-shaped bump gives shorter filling time

upon compared to the truncated sphere bump.
[67]

� Scaled-up imitated
experiment

� Filling time prediction/
measurement

� Further refinement on the curve profile of hourglass-
shaped bump can reduce the filling time.

� Design optimization (bump
shape)

2020 � FVM simulation � Flow visualization � Filling efficiency was introduced to quantify the pro-
ductivity of underfill process.

[20]

� Analytical (regional segre-
gation approach, and
momentum equation)

� Filling time prediction/
measurement

� The scaling of test vehicle for modeling the capillary
underfill process is viable and yields similar flow
behaviors, provided that the scaling factor is less than
the scaling limit.� Scaled-up imitated

experiment
� Design optimization (bump
pitch)

2020 � Optimization statistical
approaches (Taguchi
method, gray relational
analysis, and technique for
order of preference by simi-
larity to ideal solution)

� Design optimization (pre-
heat temperature, dispens-
ing type, dispensing
volume, and interval state)

� All four process operating parameters were optimized
to attain the best underfill quality in terms of solder
ball count, spread distance of residual underfill, and
completion time.

[90]

� Experiment
2020 � FVM simulation � Flow visualization � The meniscus evolution and contact line jump were

numerically simulated using micromesh unit-cell
technique and analytically visualized for underfill
flow in flip-chips of different bump pitches.

[71]

� Analytical � Package’s reliability on
voiding

� A voiding mechanism was generated based on the
spatial characteristic of underfill meniscus and its
interaction on the bump during entrance contact line
jump.

� Design optimization (bump
pitch)

Year Research method Research goal Highlight on main finding Reference

1998 � FEM simulation with Hele-
Shaw model

� Flow visualization � Molding pressure was affected by compression speed
and stroke.

[91]

� Filling time measurement/
prediction

� At fast injection melt speed, the compression mold
reduces the molding pressure more than the injection
mold.

2000 � Experiment (industrial
standard)

� Flow visualization � The mold transfer process of TQFP was simulated
and studied experimentally.

[25]

� Plastic integrated circuit
encapsulation-computer
aided design simulation

� Filling time measurement/
prediction

� The resin conversion time is insufficient at the normal
and high fill rates.

2010 � FVM simulation (ANSYS
FLUENT)

� Flow visualization � The viscosity of the encapsulant decreases with tem-
perature, while the shear rate increases with
temperature.

[37]

� Experiment (industrial
standard)

� Filling time prediction/
measurement

� The optimum temperature range of molding process is
200–260 �C.

� Design optimization
(temperature)

2010 � FVM simulation (ANSYS
FLUENT)

� Flow visualization � The number of void count increases with the number
of vertical stacked dies and the row of stacked dies.

[38]
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(continued)

Year Research method Research goal Highlight on main finding Reference

� Experiment � Filling time prediction/
measurement

� Package’s reliability on
voiding

2011 � Fluid–structure interaction � Flow visualization � The stress and strain on die increase with the inlet
pressure.

[59]

� FSI simulation with FVM
(ANSYS FLUENT) and FEM
(ABAQUS)

� Filling time prediction/
measurement

� Incomplete filling was observed near the corner and
outlet region, while the percentage of voiding
increases with the inlet pressure.

� Experiment � Design optimization (inlet
pressure)

� Package’s reliability on
deformation

2011 � FVM simulation (ANSYS
FLUENT)

� Flow visualization � The usage of multigate inlet in TQFP mold encapsula-
tion can reduce the filling time and the voids
occurrence.

[58]
� Filling time prediction/
measurement

� Package’s reliability on
voiding

2012 � FSI simulation with FVM
(ANSYS FLUENT) and FEM
(ABAQUS)

� Flow visualization � The edge and middle regions of chip were deformed
by the flow.

[29]

� Scaled-up imitated
experiment

� Filling time prediction/
measurement

� The flow mechanism of molding process was pre-
sented to visualize the air trap phenomenon.

� Package’s reliability on
deformation and voiding

2012 � FVM numerical simulation � Flow visualization � Unstable flow front can cause void formation. [40]
� Scaled-up imitated
experiment

� Filling time prediction/
measure ment

� The chips’ stacking further increases the voiding.

� Package’s reliability on
voiding

� Typical inlet gate causes less voids than diagonal and
top center inlet gates.

2012 � Statistical response surface
methodology

� Design optimization (bump
height, chip thickness, mold
gapwise, and inlet pressure)

� All parameters were optimized to minimize the pack-
age’s stress and deformation as well as the void
formation.

[92]

� FSI simulation with FVM
(ANSYS FLUENT) and FEM
(ABAQUS)

� Package’s reliability on
deformation and voiding

� Filling time was mainly affected only by the inlet
pressure.

2012 � FSI simulation with FVM
(ANSYS FLUENT) and FEM
(ABAQUS)

� Flow visualization � Increased in input/output count can reduce the dis-
placement and stress on the chip structure.

[42]

� Filling time prediction/
measurement

� Cylindrical bump shape yields the lowest stress on
bump and chip as well as minimizes the void
formation.� Package’s reliability on

deformation and voiding
� Design optimization (bump
shape and input/output
count)

2012 � FSI simulation with FVM
(ANSYS FLUENT) and FEM
(ABAQUS)

� Flow visualization � For the plastics ball grid array packages with stacked
dies, the increase in inlet pressure increased the wire
sweep, and the wires deformed easily due to the
increase in wire span.

[61]

� Scaled-up imitated
experiment

� Filling time prediction/
measurement

� Package’s reliability on
deformation

2012 � FSI simulation with FVM
(ANSYS FLUENT) and FEM
(ABAQUS)

� Flow visualization � The middle region of chip without the bump support
deformed downward with the highest displacement,
while the edge of chip bends upward.

[41]

� Scaled-up imitated
experiment

� Filling time prediction/
measurement

� Stacked-chip package has more void formation.

� Package’s reliability on
deformation and voiding

2013 � FVM simulation (ANSYS
FLUENT)

� Flow visualization � Smaller bump pitch causes slower filling rate, higher
pressure distribution, larger conversion rate, and more
voids’ formation.

[93]
� Filling time prediction
� Package’s reliability on
voiding

� Design optimization (bump
pitch)

2014 � FSI simulation with FVM
(ANSYS FLUENT) and FEM
(ABAQUS)

� Flow visualization � Both the displacement and stress of stacked-chip
structure increase with the number of stacking layers.

[44]

� Scaled-up imitated
experiment

� Filling time prediction/
measurement

� Package’s reliability on
deformation
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Appendix C: Summary of Past Research Works on the Study of Underfilling Flow Stage That Involved Alternative
Encapsulation Process, Other Than the Capillary and Mold Underfill Processes

(continued)

Year Research method Research goal Highlight on main finding Reference

� Design optimization (chip
stacking layer)

2014 � FSI simulation with FVM
(ANSYS FLUENT) and FEM
(ABAQUS)

� Flow visualization � Deformation was generally observed on the bumpless
region close to the inlet gate.

[43]

� Scaled-up imitated
experiment

� Filling time prediction/
measurement

� The highest deformation and stress were found on the
structure of the package with perimeter bump array.

� Package’s reliability on
deformation and voiding

� Design optimization (bump
arrangement)

2015 � FEM simulation � Flow visualization � Better vacuum quality (i.e., closer to 0 Pa) yields
voids of smaller size.

[14,94]

� Transparent imitated
experiment

� Package’s reliability on
voiding

� Aspect ratio, arrangement, and chip thickness affected
the mold underfill flow.

� Design optimization (vac-
uum quality, aspect ratio,
arrangement, and thickness)

� The addition of solid glue sticks in the gap of chip
array can reduce voiding.

2016 � LBM simulation � Flow visualization � The formation of microvoid (<100 lm) in the stacked
chips was simulated using LBM.

[68]

� Filling time prediction � Stacking layout affected the microvoids formed in the
region of stacked chips.� Design optimization (stack-

ing layout)
� Package’s reliability on
voiding

2017 � FVM simulation with FSI
using ANSYS System
Coupling

� Flow visualization � The deformation and stress of chip, as well as the
void percentage, increase with its aspect ratio.

[63,95]

� Scaled-up imitated
experiment

� Filling time measurement/
predi ction

� The optimum aspect ratio is 2.

� Package’s reliability on
deformation and voiding

� The stacking layout of stacked chips influenced the
flow and structural aspects.

� Design optimization (aspect
ratio and stacking layout)

� The maximal stress occurred at the middle region of
the top chip.

2019 � Statistical response surface
methodology

� Design optimization (bump
height, chip thickness,
aspect ratio, and inlet
pressure)

� All parameters of bump height, chip thickness, aspect
ratio, and inlet pressure were optimized for the mold
underfill process to minimize the package’s deforma-
tion and voiding.

[69]

� FVM simulation with FSI
using ANSYS System
Coupling

� Package’s reliability on
deformation and voiding

Year
Type of underfill

process Research method Research goal Highlight on main finding Reference

1996 � Capillary � Analytical (Washburn
equation)

� Filling time measurement/
prediction

� The filling time increases with the
decrease of gap height

[13]

� Gravity assisted � Experiment (parallel plate) � Design optimization (gap
height)

� Vacuum is more effective than gravity to
promote the underfill flow.� Vacuum-

assisted
1997 � Pressurized � Experiment (industrial

standard)
� Filling time measurement � The pressurized underfill is about 1000

times faster than the capillary underfill.
[10]

� FEM simulation with Hele-
Shaw model

� The package cavity can be filled com-
pletely with pressurized underfill, so the
package’s reliability can be increased.

1998 � No-flow � FEM simulation (POLYFLOW) � Flow visualization � Both placement force and void occurrence
can be decreased with the increase in
bump pitch and size.

[83]

� Package’s reliability on
voiding

� Increased in the temperature can reduce
the placement force but causes extensive
void formation.� Design optimization (bump

pitch and bump diameter)
and operating temperature

2007 � Rotational-
assisted

� Analytical formulation
(momentum equation with

� Filling time prediction � A new variation of flip-chip underfill pro-
cess that is attached on the top of a rotating

[15]
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Type of underfill

process Research method Research goal Highlight on main finding Reference

rotational inertia term) disk was proposed to enhance the capillary
underfill flow and thus decrease the filling
time.

� Capillary

2008 � Capillary � FDM numerical simulation � Flow visualization � New numerical simulation approach was
introduced to simulate both capillary and
no-flow underfill process.

[72]
� No-flow

2010 � Pressurized � FVM simulation (ANSYS
FLUENT)

� Flow visualization � U-type dispensing gives shortest filling
time but is prone to void formation; thus,
L-type dispensing is optimum on the bal-
ance of filling time and voiding.

[11]
� Filling time prediction
� Design optimization (dis-
pensing type)

2016 � Thermocapillary � FVM simulation with FSI
using ANSYS System
Coupling

� Flow visualization � In the newly introduced thermocapillary
assisted underfill of multistacks BGA, the
implementation of thermal gradient along
the package layer can promote the under-
fill flow and reduce the filling time.

[16]

� Scaled-up imitated
experiment

� Filling time measurement

2019 � Capillary � LBM simulation � Flow visualization � Pressurized underfill results in much
shorter filling time than capillary underfill.
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� Pressurized � Scaled-up imitated
experiment

� Filling time prediction/
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� The flow pressure near the inlet region is
up to four times of the inlet pressure, due
to the reverse flow.� Package’s reliability on

voiding
2020 � No-flow � FVM simulation � Flow visualization � The no-flow filling times for all dispensing

methods are almost similar.
[60]

� Scaled-up imitated
experiment

� Filling time prediction/
measurement

� Combined (dot and cross) pattern yields
the best filling completion but prone to
void formation.

� Design optimization (no-
flow dispensing pattern)

� Dot pattern has the least void formation as
it gives high pressure underfill flows.

� Package’s reliability on
voiding
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