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Determination of the Filler Distribution 1n an
Epoxy Molding Compound Using High-
Resolution X-ray Computed Tomography

E. Topal*, J. Gluch, A. Clausner, A. Cardoso, E. Zschech

Abstract—In this paper, the filler distribution in an epoxy
molding compound (EMC), used in IC packaging, is studied across
a wafer using high-resolution X-ray computed tomography (HR-
XCT). It is widely assumed that the fillers are uniformly
distributed across the wafer. However, it is demonstrated that the
distribution of the filler deviates across the wafer, and that filler
sizes affect the distribution on edge and center of wafer too.
Quantitative HR-XCT of the filler distribution provides accurate
data for simulation. Based on this approach, the differences
between CTE and Young’s modulus values of the filler material
for the center and edge of the wafer is explained. Furthermore,
compression simulations are conducted applying an XCT-based
FEM model to understand the role of EMC for the mechanical
behavior of advanced IC packages. These findings are validated
by in-situ and stand-alone compression experiments. The accurate
simulation results demonstrate that the use of an XCT-based FEM
model provides insight into the mechanical behavior of the EMC
itself, and furthermore, of the whole IC package.

Index Terms—Computed tomography, Finite element analysis,
Semiconductor device packaging

I. INTRODUCTION

POXY molding compounds (EMCs) are widely used for

encapsulation of microelectronic products to protect them
from physical or chemical environmental effects such as
temperature, moisture, chemical agents, dust and stress [1], [2].
Semiconductor industry is intensifying its efforts to
functionalize the package because of an increasing demand for
highly integrated high-performance microelectronic products
with low power consumption [3], [4]. This trend includes
particularly 2.5D and 3D advanced packaging [5]-[7]. As one
of these new approaches, fan-out wafer level packaging (FO-
WLP) is a fast-growing advanced packaging technology mainly
due to its low cost, good electrical and thermal performance,
low profile package and easy-to-go for system-in-package (SiP)
and 3D IC packaging [6], [8]. A typical FO-WLP process
requires a reconstituted carrier for the known-good die (KGD),
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EMC, compression molding, and the fabrication of the
redistribution layers (RDLs). The EMC is one of the main
elements of FO-WLPs and it plays a critical role for a stable
chip performance. The EMC is a polymer matrix composite that
usually contains many components, such as organic resins,
micro-sized non-melting inorganic fillers, adhesion promoters,
ion traps and stress relievers. However, among these materials,
micro sized fillers made of amorphous SiO; are a major fraction
of the volume. The role of these fillers is to strengthen the epoxy
resin and to increase the Young’s modulus of the EMC [9], [10].
Thus, size and distribution of these fillers in the EMC affect the
mechanical properties of the EMC [11]. It was shown that a
smaller filler size might improve the reliability of the package
[12]. Wafer warpage after molding and EMC curing is a result
of mismatched coefficients of thermal expansion (CTE) and of
shrinkage caused by curing. Previous studies showed that a
higher filler quantity results in a lower CTE of the EMC and in
a decrease of the chemical cure shrinkage [13]. Both effects
reduce the warpage.

The FEM simulation is a commonly used approach to
understand the dynamic warpage behavior of the package,
particularly to accurately predict the package warpage and to
refine the process and design parameters [12]. Therefore, it is
critical to consider the process-dependent constitutive
behaviors of the packaging materials. An inhomogeneous filler
distribution across the wafer can significantly affect the wafer
warpage, which can have a significant impact on processability.
So far, all experimental studies, simulations and considerations
assume that the EMC is uniformly distributed across the wafer.
A systematic characterization of the filler distribution would
provide important input for simulation, and moreover, it would
help to explain the differences of CTE and Young’s modulus
values between the center and edge of the wafer. Since the filler
significantly affects the mechanical properties of the EMC, it is
especially important to characterize the filler distribution
quantitatively. Therefore, the focus of this paper is on analyzing
the variation of the filler distribution in EMC across the wafer.,
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Accurate 3D images of the filler material, based on laboratory
nano-XCT studies, are used as input for the calculation of the
filler distribution in EMCs. Furthermore, the measured 3D
volume is used to develop a FEM model for the investigation of
the mechanical behavior of the EMC, which considers the real
filler shape, size and distribution. The compression experiments
are conducted to acquire load-displacement curves for
validation of the FEM simulations. Finally, the simulation
results are validated with the data from in-situ nano-XCT
experiments.

Il. MATERIALS AND EXPERIMENTAL SETUP

A. Sample Preparation

Two wafers with two different, commercially available EMC
types with identical resin but different filler sizes and filler size
distributions, named as EMC1 and EMC2, were processed
using the FO-WLP technology [14] at identical process
parameters. After the compress molding process, both wafers
were cured, initially at 150°C and subsequently at 200°C.

After wafer dicing, separated dies were picked up from the
wafer. Afterwards, the samples with 4 dies were sawed using a
wafer saw. In order to investigate the EMC samples using
laboratory nano-XCT at a photon energy of 8 keV, the samples
were flipped and thinned down from the backside to 50 pum.
Ultimately, cuboids with a size of 50x60x90 pm?® were picked
up from the die and mounted on a sample holder. The scheme
that visualizes the sample preparation steps is given in Fig. 1.

Sample with 4 dies

Picking

Backside

grinding l Bawing

EMC sample

Sawed and thinned down sample

Picking

1]
] 4

Fig. 1. The workflow used for preparation of the samples for nano-XCT studies.
The marked regions show the locations samples are picked from.

In order to investigate the filler distribution in EMC across the
wafer, cuboid samples were selected from the scribeline at the
center and at the edge of the wafers. These samples were named
as EMC1/2-C and EMC1/2-E, respectively.

B. Structural Characterization and Nano X-ray Computed
Tomography Data Acquisition and Reconstruction

The laboratory nano-XCT tool (Xradia Ultra 100) was used
in high-resolution mode at a photon energy of 8 keV. The field
of view was 66.5x66.5 um? with 512x512 pixels, resulting in a
voxel size of 0.13 um. The tilt series for tomography consisted
of 401 images covering an angular range of 180°. The exposure
time per image was 210s and 180s for EMC1 and EMC2,
respectively.

The acquired radiographs were reconstructed using an in-
house developed reconstruction software based on the Filtered
Back Projection (FBP) algorithm [15], [16]. This reconstruction
methodology provides highly accurate 3D data of the
microstructure of materials, considering corrections for
imaging artefacts in high-resolution XCT caused by tool
misalignments and motions of samples and tool components
using Al algorithms [16], [17]. Eventually, the reconstructed
images were segmented to visualize and to calculate the filler
distribution of the EMC samples using the Avizo software [18].

C. Mechanical Characterization

A triboindenter tool (Hysitron Tl 950) was used to
investigate the mechanical behavior of EMC materials through
stand-alone compression experiments. A diamond flat punch
indenter with a cylindrical tip of 54 um radius was used and a
load of up to 1400 mN load was applied. The same experiment
was replicated using an in-situ indenter setup that was
integrated into the nano-XCT tool to observe in-situ
compression experiments (see Fig. 2). The same tip was used
and a load of up to 800 mN load was applied. This experimental
setup enables to measure the local material response that is
characteristic for the micromechanical behavior of the EMC.
The radiographs were recorded during the compression
experiment, and the load versus displacement data were
extracted.

Flat-punch
indenter tip

Sample stage

I Load

Fig. 2. The setup of in-situ compression experiment. The setup allows to
record radiographs during the experiment.
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D. Finite Element Analysis

The 3D reconstructed XCT data were used as input to create
a “digital twin” of the mechanically investigated one. The
workflow for the simulation of the EMCs is provided in Fig. 3.
The reconstructed image stack was segmented and converted
into a surface mesh using the Simpleware Scanlp software [19],
which enables to preserve all features of the EMCs.
Subsequently, a reverse engineering approach using Ansys
SpaceClaim tools [20] was applied to generate the geometry of
the EMC samples. This approach provides a high flexibility for
building different models that might require different
simulation setups. Finally, a tetrahedral mesh was generated
using the finite-element software ANSYS [21], and a nonlinear
geometry solver was implemented to capture large deflections
of the structure. The final mesh consisted of 1.2m nodes and 7m
elements with an average aspect ratio of 2.11 and an average
mesh quality of 0.76. The compression tests are replicated in
the FEM framework in order to understand the effect of the
fillers on the mechanical behavior of the EMC. The load-
displacement data obtained in the in-situ and stand-alone
compression tests were used to validate the FEM simulations.
The studied EMCs consisted of three components: SiO; filler,
metal filler, and epoxy. The respective material models are
given in Table 1.

Load-displacement curves

Segmentation
Surface Mesh
Solid Geometry

FE mesh

Fig. 3. The workflow used to create a FEM model of the mold compound

TABLE |
MATERIAL MODEL

Material Property Metal Filler  Silica Filler Epoxy
Young’s Modulus (GPa) 110 73 3.7
Bulk Modulus (GPa) 110 35 4.2

Poisson’s Ratio 0.34 0.155 0.35

I1l. RESULTS AND DISCUSSION

The virtual cross-sections from reconstructed nano-XCT data
of the EMC1 and EMC2 samples are shown in Fig. 4 and Fig.
5, respectively. The SiO- filler, the metal filler, and the voids in
the epoxy are visualized in 3D. The size of the reconstructed
volume for each sample was about 64x65x66 pum?.

Fig. 4. Virtual cross-sections from reconstructed nano-XCT data of the EMC1
sample from a) the edge of the wafer and b) the center of the wafer. Blue arrow:
SiO; filler, yellow arrow: void, and green arrow: metal filler.

Fig. 5. Virtual cross-sections from reconstructed nano-XCT data of the EMC2
sample at a) the edge of the wafer and b) the center of the wafer. Blue arrow:
SiO; filler, yellow arrow: void, and green arrow: metal filler.

A. Filler Distribution in an Epoxy Molding Compound

After the segmentation, the images were processed to
identify and to label every individual SiO- sphere filler within
the 3D volume, and thus, it was possible to quantify number,
diameter and volume of these spheres. The labels were
classified into groups according to their diameters, and they

were visualized with different colors in Fig. 6.

63.90%66,50%65.46 pm? 62.60%62.73x64.94 ym

Fig. 6. The reconstructed volumes for all four samples and their respective
classified filler diameter visualizations: a) EMCL1E, b) EMC1C, ¢) EMC2E,
and d) EMC2C

63.38x66.46x65.50 pm: 63.38x66.49x66.49 ym?
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Ultimately, in order to compare the filler distribution across
the wafer, histograms were used for EMC1 and EMC2, shown
in Fig. 7 and 8, respectively, and summarized in Table 2.

TABLE |
FILLER DISTRIBUTION

EMC1 EMC2
Location Edge Center Edge Center
Detected 149 401 277 154
number of
spheres
Average 29.3 28.5 6.3 1.7
diameter (um)
10-20 pm (%) 34.2 50.6 Not Not
relevant relevant
20-30 pm (%) 19.0 39.6 Not Not
relevant relevant
0-4 pum (%) Not Not 28.9 8.4
relevant relevant
4-8 um (%) Not Not 48.0 57.8
relevant relevant

For the EMC1E sample, 149 spheres were identified with an
average diameter of 29.3 um. 34.2% of these spheres have a
diameter in the range of 10-20 pm and 19% in the range of 20-
30 um. For the EMCI1C sample, 401 spheres were identified
with an average diameter of 28.5 um. 50.6% of these spheres
have a diameter in the range of 10-20 pm and only 39.6% in the
range of 20-30 um. That means for the EMC1 sample that the
EMC on the edge of the wafer has less filler compared to the
EMC on the center of the wafer, and the majority of filler has
slightly larger diameters.

.....
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Fig. 7. The distribution of fillers within the investigated volumes of the EMC1
sample: from a) the edge of the wafer and b) the center of the wafer.

For the EMC2E sample, 277 spheres were identified with an
average diameter of 6.3 pum. 48% of these spheres have a
diameter in the range of 4-8 um and 28.9% in the range of 0-4
um. For the EMC2C sample, 154 spheres were identified with
an average diameter of 7.7 pm. 57.8% of these spheres have a

diameter in the range of 4-8 um and only 8.4% in the range of
0-4 um. That means for the EMC2 sample that the EMC at the
edge of the wafer has more filler compared to the EMC at the
center of wafer. This result is different to the observations for
EMCL. That means, a smaller filler diameter - the average filler
diameter of EMC2 was significantly smaller compared to
EMCL1 - reduces the deviation of filler distribution across the
wafer.

0 [ 10 m
Crameter (pm)

3w 32 | W

Fig. 8. The distribution of fillers within the investigated volumes of the EMC2
sample: at a) the edge of the wafer and b) the center of the wafer.

B. Mechanical Characterization

An in-situ compression test using a flat punch indenter in the
nano-XCT tool [22] was performed for sample EMC2C to
analyze the behavior of the fillers under the load. The in-situ
experiment was conducted for continuous loading condition
with small step sizes. At each load step, two radiographs were
recorded with 120 seconds exposure time. This recording time
served as holding time for each load step. The load was
gradually increased up to 800 mN, and the displacements were
calculated from the acquired radiographs. The respective load-
displacement curve is shown in Fig. 9.

800

oad [mN

400

0
‘ 0 0.39 0.55 0.78 1.05 1.13 1.29 1.65
Displacement [um]
Fig. 9. The load-displacement curve obtained from in-situ experiments. The
load is recorded through the in-situ tool and the displacements are calculated
from acquired radiographs at each load step.

The observed crack propagation during loading is shown in
Fig. 10. The cracks, initiated at the interface between epoxy and
filler at a load of 400 mN, propagated along the interface with
increasing load steps. At 600 mN, the crack became clearly
visible, and it propagated at 800 mN to neighbored interface.
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Fig. 10. The acquired radiographs during the in-situ compression experiment
for a load of a) 200 mN, b) 400 mN, ¢) 600 mN and d) 800 mN. The arrows
highlight the crack propagation.

After the in-situ compression test, the same sample was
investigated through stand-alone experiments in order to
compare the obtained displacement, which was calculated
through recorded radiographs, and also to provide input for the
FEM analysis. The load-displacement curves are shown in Fig.
11. The holding time for each loading step was 20s. These load-
displacement curves confirmed that the EMC shows an elastic-
plastic response under compression and a plastic deformation
of 0.57 um at a load of 800 mN. For a load of 1200 mN, the
behavior was similar, however, the plastic deformation was 1.2
pm, with an obvious creep behavior.

Depth [pm]

Fig. 11. The load-displacement curves for a load range between 400 mN and
1200 mN.

C. Finite Element Analysis

Finally, the reconstructed XCT data of sample EMC2C was
used to construct a model, and the compression test was
replicated within the FEM framework. The model and the
boundary condition are given in Fig. 12.

The simulation of the compression test was conducted for 3
load steps: 400 mN, 600 mN and 800mN. The load-
displacement values obtained from the simulation were
compared and validated with the in-situ and stand-alone
experiments, see Fig. 13.

400 mN
1FOFC8 600 mN
800 mN

Fixed support
Fig. 12. The XCT-based FEM model of EMC2C. The load used to compress
the EMC block from the top surface. A fixed support is applied to stabilize the
model. The final mesh consists of 1.2m nodes and 7m elements with an
average aspect ratio of 2.11 and an average mesh quality of 0.76.

acement [pm)

Displ

Load [mN]

Fig. 13. The comparison of load-displacement values obtained from XCT-
based-FEM compression simulation, in-situ compression test and stand-alone
compression test.

The displacement values calculated from obtained
radiographs were higher for the in-situ experiments compared
to the stand-alone experiments. The difference can be explained
by the longer holding time required for the acquisition of the
radiographs of in-situ experiments in nano-XCT, compared to
continuous loading for the stand-alone experiments. The
displacements obtained from the simulation are close to the
ones observed from the in-situ experiments, with a maximum
deviation difference of 0.27 pum at 800 mN between
experiments and simulations. This result proves the proposed
approach to use XCT-based FEM. The achieved similar
displacements allow to correlate the stress and strain fields with
the observed crack propagation. Furthermore, the simulation
results enable to calculate strain and stress fields together with
deformation as shown in Fig. 14. As expected, the deformation
field is dispersed by the fillers. In the in-situ compression
experiment, the crack initiation is observed around the larger
fillers. In the simulation, we observed a higher strain around the
largest filler in our model. Therefore, we conclude that crack
propagation can be explained with the high strain fields.
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Fig. 14. The compression simulation results of XCT-based FEM model under
at a load of 800 mN: a) total deformation, b) equivalent elastic strain, and c)
equivalent stress

IV. CONCLUSIONS

Nano-XCT images of EMC samples were applied to
visualize the filler size and the 3D filler distribution across the
wafer quantitatively. The filler distribution across the wafer is
affected by the filler size and it varies significantly from the
wafer center to the wafer edge. Since these 3D microstructure
data are directly correlated to CTE and Young’s modulus
values, which are different at the center and at the edge of the
wafer too, the data can be used to validate and to improve
modelling and simulation. Furthermore, the reconstructed 3D
volume itself can be used to construct a FEM model identical
to as-processed EMCs to obtain more realistic simulation
results compared to simplified models. This is a solid
precondition for the use of this approach for process control.
Future work will be directed on thermo-mechanical simulation
of EMCs for further understanding of the effect of the filler
distribution on wafer warpage.
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