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Abstract

The paper presents the steps for the parametric finite element model creation of the wafer, material
characterization of the adhesive tape, analytical and finite element study of the wafer warpage considering the
bifurcation, gravity effect on the wafer bow assessing the warpage of mold/Si bilayered structure under thermal
loading. The analytical results are compared to finite element analyses (FEA) considering the linear and
nonlinear deflection. Consequently, the FEA approach has been used to study the deformation of 12"
reconstituted wafers in their FOWLP fabrication process. By changing the temperature, the deformation of the
wafer shows a bifurcation point, at which the warpage changes between the spherical and cylindrical shapes.
The bifurcation region has been analyzed for the relevant range of overmold thicknesses in order to provide the
guidance to optimum wafer and process designs that avoid the excessive warpage. For different wafer
structures, the study determines also the effects of the gravitational force on the wafer bow as well as its
influence in combination with the thermal mismatch. Finally, the FOWLP process induced warpage has been
demonstrated by FEA incorporating the geometrical nonlinearity, gravity and ground support by means of

contact elements.
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Introduction

System-in-package (SiP) solutions based on
the fan-out-wafer-level-packaging (FOWLP) techno-
logies are getting significant attention for the
heterogeneous system integration offering the
shortest time-to-market, high reliability, functional
safety and low costs. One of the challenges is the
excessive wafer warpage, while going through
various fabrication process steps such as molding,
mold curing, carrier debonding, redistribution layer
processes and grinding. The wafer having different
components with different material properties warps
when it is subjected to the temperature change
during these processes because all the materials
involved have their specific and diverse properties
regarding the thermal expansion and stiffness. The
wafer warpage study is crucial to keep the warpage
within defined range to complete subsequent
processes for FOWLP packaging successfully.
Unfortunately, the physical assessments are costly
and particularly time consuming. The virtual
prototyping based on the numerical models offers an
attractive alternative allowing the warpage analysis
by varying the material and geometry parameters
like die or mold thickness, die occupation ratio,
Young’s modulus etc.

At first, the paper introduces an approach to
create fully parametric finite element models using

ANSYS™ 1] for the reconstituted wafer with many
components in a single package like multiple dies,
vias and integrated passives, which can cover full
portfolio of current and future SiP products based on
FOWLP. Using this approach, various FE models
for different wafer structures are created. Second,
the material characterization was performed using
the Dynamic Mechanical Analysis (DMA) tool to
obtain the viscoelastic material properties of the
adhesive tape. The wafer deformation behavior is
then studied using analytical solutions provided by
different authors for simple two layers plate system.
Next, the analytically calculated wafer deformations
for epoxy molding compound (EMC)/Si structure
are compared with the numerical simulation, which
shows very good agreement. It is then used to
understand realistic system such as the reconstituted
wafer having mold and dies. Simulating the
dependence of the wafer warpage on the overmold
thickness, a bifurcational behavior is found. The
shape of the warpage changes from the spherical to
cylindrical when the wafer is cooled from 150°C to
25°C. The bifurcation initiation points have been
identified for a range of overmold thicknesses,
which can further guide to design optimum wafer
maps and process flows that avoid excessive wafer
warpage.

The effect of constant gravitational force on
the EMC wafer warpage is investigated at different



temperatures and the influence of gravity combined
with the thermal mismatch is simulated for different
wafer structures including i) only EMC wafer,
ii) mold/Si wafer and iii) reconstituted wafer.
Finally, the total FOWLP process induced warpage
is analyzed by FE analysis considering the
geometrical nonlinearity, gravity and ground support
modelled by contact elements.

Parametric Finite Element Modeling

The process steps for creating the parametric
FE model have been outlined in Figure 1 with
corresponding example models, which starts by
defining the SiP geometry parameters, material
properties, element types and real constants. The
next parametric area modeling step has been adopted
from the fully parametric modular system of models
for SiP products based on FOWLP [2]. This step
provides flexibility to create FE model for any
combination of components like multiple dies, vias
and integrated passives in the package. The
intermediate steps create wafer areas, dies or
package area matrix according to the given wafer
map and assigns the real constants to the areas
according to the material properties to be assigned.
The last step generates the areas mesh, extrudes
areas to create volumes and assigns material
properties to volume elements according to real
constant numbers. Same strategies can be used to
create parametric FE model for the panel by
replacing the circular wafer areas with the
rectangular panel areas.

Material definition,
wafer/panel map definition
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Figure 1: Parametric FE modeling workflow for
wafer.
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In this work, all the simulations are
performed with the quarter 3D FE models meshed
using 20 node solid elements with multilayered shell
option. The results are verified using the quadratic
solid elements without shell for some cases. The
symmetric boundary constraints are applied on the
symmetry planes due to the quarter symmetry of the
wafer. All the materials are assumed isotropic.

Material Characterizations

It is very important to have material
properties measured from the actual sample for the
accuracy of the finite element analysis. Therefore,

the viscoelastic properties of the adhesive tape is
characterized by DMA. In this measurement, the
frequency sweep is used to extract the material
response under the sinusoidal loading at different
frequencies for a certain temperature range.
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Figure 2: DMA measurement data for the
adhesive tape (solid lines represent storage
modulus).

The storage modulus and the loss modulus
extracted from the measurement are shown in
Figure 2 for the adhesive tape for the temperature
between 5°C and 200°C. The elastic modulus at
room temperature is approximately 2 GPa and the
glass transition temperature is 96°C. Similarly, the
measured material properties for the epoxy molding
compound are given in [3] which has the glass
transition temperature of 150°C. Finally, the Prony
series parameters calculated from the master curve
for both the materials are used in the FE simulations.

Analytical Approaches for Bilayer Wafer bow

A simple bilayer structure is considered in
order to understand the deformation behavior of the
system under the thermal loading condition.
Numerous authors have demonstrated the analytical
solution considering the linear deformation of the
multilayer structure [4-7].
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Figure 3: Comparison between the analytical and
simulated wafer deformation for different mold
thicknesses on 0.4 mm thick Si layer.

The quarter 3D FE model of 300 mm
diameter wafer made of mold compound and silicon



layer is modeled. The wafer is cooled down from
150°C reference temperature to room temperature in
2 minutes. Different cases have been simulated with
the constant 0.4 mm silicon layer thickness, varying
mold compound thickness from 10 pm to 2.5 mm
with linear elastic and viscoelastic properties of
mold compound. The FE results are compared with
the analytical solutions from Timoshenko [4],
Freund et. al [5] and Hsueh [6] as shown in the
Figure 3. For all the cases, the wafer warps
symmetrically in a spherical shape due to the
complete symmetry in geometry, material properties
and thermal loading. Considering the linear
deflection only, the maximum wafer bow calculated
at the edge of the wafer shows similar trend of an
increase initially for the mold/Si thickness ratio < 1,
interestingly reaching its maximum near ratio =1
and then decreasing for the higher ratios. The
highest difference of about 0.4 mm between the
three analytically calculated warpages is found at
ratio = 1. The best match is found for the calculated
wafer bow between the FE and analytical solution
from Hsueh. When we consider the viscoelastic
properties of the mold compound, the maximum
deformation is 9.24 mm, which is not at the ratio = 1
but shifted to the higher ratio.
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Figure 4: Comparison between the uniform and
nonuniform displacement over wafer radial
distance for ratio = 1.
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Figure 5: Analytically calculated wafer bow as
function of mold and Si thickness.

Considering the geometric nonlinearity, the
simulated maximum wafer bow is 3 mm at 1.8 mm

mold thickness for viscoelastic EMC. It is three
times smaller than the results with the linear
deflection assumption. This indicates that the 12’
diameter thin wafer shows highly nonlinear
behavior, which must be incorporated in the finite
element analysis. This is also visible in the form of
non-uniformity in the displacement (or curvature)
over the radial distance for the nonlinear case as
compared in Figure 4 with the uniform displacement
for the linear case. The difference between the wafer
deflections is small for the EMC with linear elastic
and viscoelastic properties.

The maximum warpage also depends on the
silicon layer thickness and the applied temperature
loading. Because of the excellent match between the
simulated and analytically calculated wafer bow
using analytical equation from Hsueh, the effect of
Si thickness has been presented in Figure 5 only
using analytical solution [6]. For thin Si layer, the
deformation is higher as compared to thick Si. Also,
the highest warpage is near the mold/Si thickness
ratio = 1 for all the cases.

FOWLP based Reconstituted Wafer Warpage
Simulation

After studying the bilayer plate structure, the
typical FOWLP based reconstituted wafer has been
modelled as shown in Figure 6 which has about
1900 silicon dies (size = 0.4x4.85x4.85 mm). Again,
the wafer deformation is simulated for different
overmold thicknesses considering the linear and
nonlinear deflection.

Figure 6: Quarter FE model of the reconstituted
wafer.

For the linear deflection, it is possible to
calculate the wafer bow analytically using the
effective material properties for mold and Si as
shown by various authors [7-9]. The simulated
results show similar trend like bilayer plate structure
(Figure 7) having the maximum bow of 7.36 mm at
overmold/die thickness ratio = 1.25.

Considering the geometrical nonlinearity, the
simulated wafer bow shows the bifurcation behavior
over certain range of overmold thickness e.g 0.1 to
1 mm as represented in the Figure 7. It means that
the wafer warps in a symmetric spherical shape upto
0.1 mm and after | mm thick overmold. For the
spherical shape deformation, the out-of-plane
displacement in one direction at the wafer edge is
same as the other direction, wx = wy. For the other
thicknesses, the wafer bifurcates and deforms
asymmetrically exhibiting a cylindrical shape, which



means that wy # wy. The maximum and minimum
wafer edge displacements are shown with the red
and blue lines for the asymmetric warpage.
Interestingly, the maximum displacement Wmax
follows the trend similar to the linear deflection case
upto certain overmold thicknesses. If we assume
symmetric deformation in the bifurcation region and
connect the black lines by drawing the trend line in
Figure 7, it will show similar behavior like shown in
Figure 3 for nonlinear case.
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Figure 7: Simulated wafer bow as a function of
overmold thickness considering the linear and
nonlinear deflection (Viscoelastic EMC).

The area under the red and blue line is called
bifurcation region where the wafer tends to show
sudden change in the shape after bifurcation point if
the overmold thickness is within this range. As seen
in the Figure 5, the strong dependence of the
warpage on the Si thickness, the bifurcation region
could also shift left or right in the x-axis
accordingly. The area under the bifurcation region
could also vary depending on various factors e.g die
thickness, overmold thickness, silicon occupation
ratio, material properties and expected process
temperature changes. If there are more layers like,
redistribution layers than they have to be considered
also for the study of bifurcation region. In order to
prevent excessive wafer warpage, it is useful for the
wafer map designer to know about this region for
optimizing these factors.

Figure 8: (a) Spherical shape wafer deformation
(Wmax=3 mm) for overmold/die thickness
ratio =2.5 and (b) cylindrical deformation of
reconstituted wafer for thickness ratio=1.25
showing Wmax = 6.43 mm and Wmin = 0.73 mm.

The reconstituted wafer warped in the
spherical and cylindrical shapes for nonlinear case

are illustrated in Figure 8 for different overmold/die
thickness ratios. For the ratio of 2.5, the wafer
warpage becomes symmetrical again having nearly
3 mm wafer bow. For the ratio of 1.25, the wafer
edge displacement is 6.43 mm in one direction and
0.73 mm in another.

The evolution of the wafer edge displacement
over the temperature change is depicted in Figure 9
for different overmold thicknesses. As explained in
the cited publications [11-14], it shows three
regions: linear stable spherical (wx = wy), nonlinear
stable spherical (wx=wy) and after bifurcation
stable cylindrical (wx #wy). After the bifurcation
point, the spherical shape is possible but it is
unstable. Despite that, the simulation shows the
stable spherical shape for some overmold
thicknesses. Therefore, the small perturbation force
is applied on one point at the edge of the wafer to
initiate the bifurcation.
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Figure 9: Wafer edge displacement as a function
of temperature change from 150°C to 25°C for
different  overmold  thicknesses  showing
bifurcation behaviour.

It is evident that the bifurcation starting
temperature is dependent on the geometric design
parameters like the thickness of the overmold. In the
example analyzed, bifurcation starts when the
temperature change exceeds 117K, 87K, 71K,
75 K, 100 K, and 120 K for overmold thicknesses of
0.1 mm, 0.2 mm, 0.3 mm, 0.6 mm, 0.8 mm, and
1 mm, respectively. That means, there is a critical
overmold thickness between 0.3 to 0.6 mm, at which
the bifurcation starts at the temperature change of 71
to 75 K already, while it takes 50 K more for other
thicknesses. Similar trends exist for the material
properties like the magnitude of glass transition
temperature and process conditions like duration at
certain temperatures. Hence, the risk of excessive
warpage caused by the cylindrical deformation can
safely be prevented by choosing an optimum
geometric, material, and process design which can
be found upfront by the numerical simulations.

Mold Compound Wafer Deformation due to the
Gravitational Force

The 1.5 mm thick 300 mm diameter wafer
made up of only mold compound material is



modelled to study the effect of gravitational force on
the wafer warpage at different temperatures. The
wafer edge at the periphery is fixed in the out-of-
plane direction. The constant gravitational force is
applied keeping also the temperature constant.

The simulated wafer warpage results are
shown in the Figure 10. For -50°C and 0°C, the
wafer deformation is very small within -200 pm. As
the temperature increases, the wafer warps more for
given duration. For example, it reaches the
displacement of -0.7 mm and -1.9 mm in 60 minutes
at temperature of 100°C and 125°C.
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Figure 10: Wafer warpage due to the
gravitational force at different temperatures.

Due to the higher viscoelastic relaxation of
mold compound at higher temperature (150°C) near
the glass transition temperature, the wafer bows
initially upto -3.5 mm within the first hour. Then it
deforms with the constant rate and reaches -5.5 mm
after 11.5 days. This study is useful to understand
the wafer deformation when it is stored in the shelf
for a longer period or when the wafer deformation
changes from warped state to flat during the heating
on the vacuum chuck.

Gravity effect on the wafer deformation

Four different cases have been simulated to
understand the effect of gravity on the wafer
warpage for the assumed temperature profile as
given in Figure 11.

e Case 1: Only mold compound wafer

(thickness = 0.48 mm)

As we have seen in the previous section, the
wafer deforms very much during the first dwell
period of 4 minutes at 150°C. During the cooling to
room temperature and heating phase, the wafer stays
at the same warpage and again it deforms more at
similar rate during the second dwell time reaching
more than -3 mm.

e Case 2: 0.1 mm thick EMC and 0.38 mm
thick Si bilayer wafer structure

Similar to case 1, the wafer deforms during

first 2 minutes because of the viscoelastic relaxation

of mold compound but at lower rate reaching only

-0.33 mm due to the stiff Si layer. During the cool

down, the wafer warps more due to the thermal
mismatch between both the layers. Again, the wafer
recovers from -1.12 mm to -0.32 mm during the
heating phase. The change in the wafer deformation
is minor for further dwell period and the trend is
similar for the next cycle.
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Figure 11: The effect of gravity on the
deformation of 4 different types of wafer
structures.

e Case 3: FOWLP based reconstituted wafer
(Figure 6) with 0.38 mm thick dies
It is now obvious to have the average wafer
deformation between the previous 2 cases because
this case is combination of both the cases having the
silicon occupation ratio accordingly. It shows less
relaxation of EMC during the dwell time compared
to case 1 due to the presence of dies reaching -
1.6 mm, which is still large compared to case 2. For
the cooling and heating phase, the wafer deforms
according to the thermal mismatch similar to case 2
but shows less recovery in comparison. During the
second dwell time, the EMC relaxation increases the
warpage by 0.15mm. The next cooling further
increases the displacement to -2.35 mm, which is
higher compared to the previous cycle.

Ground support
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Figure 12: The wafer deformation for case 4 at
room temperature considering the ground
support.

e Case 4: same wafer as the case 3 but
simulated with the ground support
Previous three cases are simulated
considering the free deformation of the wafer in out-
of-plane direction, which is not the case in reality.
Normally, the wafer is placed on or held by vacuum
chuck during the FOWLP processes, which supports
the wafer and does not allow it to deform freely like
in the aforementioned cases. Since it is important to



include this support in the FE analysis as well,
contact elements have been used to provide a rigid
frictionless ground support as explained in [14]. The
wafer is held on the ground by the gravity without
any out-of-plane constraints. Now, the wafer stays
flat on the ground at high temperature during the
dwell time. During the cooling, the thermal
mismatch forces the wafer to deform which turn out
to be of 1.36 mm in the opposite direction (Figure
12) compared to 3 cases. After heating, the wafer
becomes flat again.

FOWLP process induced wafer warpage
simulation

Finally, the previous studies are used to
investigate the FOWLP process induced wafer
warpage using finite element analysis. The assumed
temperature profile is plotted in Figure 13, which
has the tape annealing, molding, mold curing and
carrier debonding (removal of steel and tape) steps.
During these processes, the wafer is hold on the
vacuum chuck and flipped for debonding step,
which changes the gravitational force direction. The
element birth and death technique is used to
replicate the processes like inclusion and removal of
the material similar to the molding and debonding
process. Three sets of boundary conditions are
applied in the simulation:

(1) without gravity and without ground support

(wafer is fixed in its center only),

(2) with gravity but still without ground support

(wafer is fixed in its center only), and

(3) with gravity and with ground support using
contact elements.
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Figure 13: The evolution of process induced
wafer warpage (temperature not scaled).

It should be noted that all the other
constraints are applied and removed as required
according to the process steps. The viscoelastic
properties are used for mold compound [3] and
adhesive tape (Figure 2). The geometric nonlinearity
is taken into account in all the sets. The wafer
warpage results are summarized in Figure 13 which
are extracted at the wafer edge for the first two sets.
Regarding the wafer warpage orientation, the
positive warpage values represent the convex shape
while the negative values indicate the concave shape

of the wafer bow for set 1 and set 2. With the change
in the gravitational force direction for the debonding
step, the warpage orientation also changes. For set 3,
it has always positive warpage in the concave shape.
The wafer shows small deformation before
the mold cure step due to the thermal mismatch
between the steel, tape and dies. For the first three
steps, the small effect of gravity is visible between
set 1 and set2. The wafer warps mainly after the
post mold cure and debonding steps. Here, the large
differences can be seen between the results of the
three sets of boundary conditions. First, the effect of
gravity is substantial at higher temperature due to
the viscoelastic relaxation of EMC. After debonding,
the resulting warpage is increased from 1.7 mm
(set 1) to more than 6 mm (set 2) when adding this
effect to the simulation. Hence, the gravity must not
be neglected. Second, the ground support is an
essential effect as well. Without considering the
ground support, the warpage magnitudes grow too
high. In reality, the fabrication process becomes
critical and needs corrective measures when the
warpage is beyond 2 mm. In the example chosen for
this analysis, no warpage problem was experienced.
However, the simulation using the set 2 boundary
conditions would overestimate the warpage.
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Figure 14: The wafer deformation at room
temperature after post mold cure (set3). The
wafer lift up from the center using the ground
support at the edges.

It has become evident that the only set 3 is
able to replicate the actual processes realistically.
Hence, the analysis had to apply these conditions
and to include the contact elements. This makes the
simulation  more  complex, computationally
expensive, and frequently causes fails due to
divergence. Applying the contact stabilization
measures to avoid the divergencies needs to be done
with care in order not to cause overdamping, which
might artificially lower the warpage magnitudes. In
this example, the resultant wafer warpage is 1.7 mm
after post mold cure (Figure 14) and 0.36 mm after
debonding. They are both below 2 mm threshold,
above which corrective actions would have been
necessary.

Conclusion

The analytical and FE study of the mold/Si
bilayered structure under thermal loading reveals
that there is a large difference in the wafer
deformation for the linear and nonlinear deflection.



Thin wafers show a highly nonlinear deformation,
which must be incorporate in the FE analysis.

The gravitational force as well as the ground
support has significant effect on the wafer warpage.
Both effects need to be considered in the numerical
models.

For the typical range of overmold
thicknesses, the FOWLP wafer may show a
bifurcation effect in the warpage resulting in an
excessive wafer bow where the shape changes from
spherical to cylindrical. The onset of this effect
depends on the chosen geometry, material, and
process conditions, i.e., it can be avoided by an
optimized configuration that can be determined
systematically upfront by simulation.

Finally, the FOWLP process induced
warpage is replicated by FE analysis incorporating
the geometrical nonlinearity, gravity and ground
support by means of contact elements.
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