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composite in light emitting diode packages
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ABSTRACT: Silicone/phosphor composite is a functional material used in light emitting diode (LED) packages. In this article, effect of
phosphor settling on mechanical properties and microstructure of phosphor/silicone composite is investigated experimentally and
numerically. Test samples of silicones with various degrees of phosphor settling were prepared and uniaxial tensile tests were con-
ducted. The results indicate that, for specific volume fraction of phosphor, phosphor sedimentation tends to reduce the strength and
elongation of overall composite. And with increasing degree of sedimentation, the weakening effect becomes more significant. The
fractographs of the test samples indicate that cracks initiate around the bottom area where phosphor particles settle. Numerical inves-
tigations, which were conducted by random unit cell model with graded particle distribution, demonstrate that strain localization
and stress concentration are significant where phosphor particles concentrate. It can be concluded that, to reduce mechanical degra-
dation, phosphor sedimentation should be minimized in silicone/phosphor composite for LED packages. © 2015 Wiley Periodicals, Inc. J.

Appl. Polym. Sci. 2015, 132, 42006.
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INTRODUCTION

White light emitting diodes (LEDs) hold the promise for light-
weight, cost-effective and environmental-friendly lighting sour-
ces for the next-generation lighting technology and display
system."” In high-power phosphor-converted LED packages,
silicone/phosphor composite, which consists of silicone resin
and phosphor particles, serves as the key material for light con-
version. Nevertheless, as a particle-embedded polymer material,
silicone/phosphor composite is vulnerable to mechanical load-
ings.* The fracture of silicone/phosphor composite will result in
degradation or even failure of overall LED module.”™ Mechani-
cal stability of this material significantly affects the long-time
reliability of the LED packages.'®™? The lack of mechanical
properties of silicone/phosphor composite highly limits the
quantitative assessment of the reliability of the whole package.'*

In the state-of-art phosphor-converted LED packages, phosphor
particles are randomly dispersed in silicone matrix. Silicone/
phosphor composite are coated onto the LED chip for light
conversion. It is observed that the phosphor particles tend to
settle in the silicone encapsulant during curing process.'> The
graded dispersion of phosphor in the cured silicone matrix will
significantly affect the optical, thermal, as well as mechanical
properties of the composite. Recent researches involve effect of
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phosphor settling on optical and thermal properties of the sili-
cone composite.'®'” However, mechanical degradation of the
silicone encapsulant results from phosphor sedimentation has
rarely been covered. This topic is of great significance to the
material stability of silicone/phosphor composite and mechani-
cal reliability of whole LED packaging. In the light of this state-
ment, we are motivated to study the effect of phosphor settling
on mechanical properties of silicone/phosphor composite.

In this article, a multiscale hierarchical approach is introduced
to study the mechanical properties and damage evolution of sil-
icone composite with different degree of phosphor sedimenta-
tion. Macro-scale mechanical behavior of the material is
obtained by tensile tests, micro-scale fracture surface of the
composite is observed by scanning electron microscope (SEM).
A quantitative parameter named degree of sedimentation (DoS)
is introduced to characterize the settling of phosphor particles
in silicone matrix. Moreover, local stress—strain field and dam-
age evolution of the material are simulated with a multisphere
random unit cell (RUC) model.'"®'® In our experiments, silicone
composite with different degree of phosphor sedimentation
were obtained. Four groups of samples were prepared and sub-
jected to tensile loading. During the tensile tests, engineering
stress—stain curves of samples are automatically recorded and
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Material Property Value
Phosphor
Density 4.56 glem®
Diameter (13.0+1.5) pm
Silicone
Density 1.15 glem®
Viscosity (Uncured) 3.8 Pas

analyzed. Fractographs of samples are investigated using SEM
observations. In the simulation part, silicone matrix is simulated
with neo-Hookean hyperelastic constitutive model,>>*' and the
interphase region between silicone and phosphor is modeled
with cohesive law.**** For certain volume fraction of phosphor
in silicone, 20 RUCs with different degrees of sedimentation are
generated and simulated. The simulation findings from the unit
cell model are compared with experimental results for
validation.

EXPERIMENTAL

In our experiment, four groups of silicone samples with differ-
ent degrees of phosphor sedimentation were prepared and sub-
jected to the uniaxial tensile loads. Tensile tests were conducted
for the silicone/phosphor composite according to ASTM D1708
standard.”* Dog-bone-shaped samples were prepared and
experiment was operated on MTS mechanical test machine.
Fracture surfaces of the samples were observed by scanning elec-
tron microscope (SEM).

Sample Preparation

For sample preparation, high transparency silicone from Dow
Corning, which is a typical encapsulant designed for LED pack-
aging, was selected as the matrix material. Ce’" doped
Y;Al501, (Ce : YAG) powder was adopted as the phosphor fil-
ler. Physical properties of silicone and phosphor are listed in
Table I.

Volume fraction is an important index that is widely used in
the realm of particulate composites.”” Volume fractions of phos-
phor in silicone, which indicate the content of phosphor par-
ticles in silicone matrix, can significantly affect the mechanical
properties of silicone composite. In this article, volume fraction
of phosphor in silicone was controlled as 7.05%, which equals
to the composite density of 1.39 g/cm’. This value is a typical
phosphor amount used in white LED packaging. In the process
of sample preparation, uncured silicone and YAG phosphor
powder were mixed and stirred for 30 minutes with laboratory
dispersing homogenizer. Subsequently, the material was placed
into a plane mold and put into the vacuum chamber to elimi-
nate bubbles. The silicone/phosphor raw material was divided
into four groups. One group of the sample was cured immedi-
ately, while other three groups of the samples were left to stand
for 1, 3, and 10 hours, respectively. Since phosphor particle
would settle in silicone matrix under gravity, and longer stand-
ing time could result in higher degree of phosphor sedimenta-
tion, this standing process was designed to prepare the silicone/
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Figure 1. (a) Dimensions of test samples. (b) Photograph of test samples.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

phosphor composite with different degree of phosphor settling.
Curing process was conducted at 150°C in thermal chamber for
1 hour. Cured silicone/phosphor composites were mechanically
cut to obtain dog-bone-shaped samples for tensile tests. All the
samples were carefully smoothed and conditioned according to
ASTM D1708 standard to eliminate visible flaws and imperfec-
tions, as shown in Figure 1.

Measurement

Tensile tests were conducted by MTS mechanical test machine,
which has a portal frame structure, provides a mechanical test-
ing platform with load range of 500 N and displacement resolu-
tion of 0.08 um. The testing machine was calibrated according
to ASTM D638 standard®® to guarantee accuracy and consis-
tency. Tensile tests of the samples were conducted at speed of
1.2 mm/min at room temperature. Tensile stress—strain curves
were automatically recorded by test machine. Fracture surfaces
of samples were observed by FEI Quanta 200 scanning electron
microscope (SEM) with resolution of 3.0 nm at 30 kV.

Degree of Sedimentation

In order to characterize the DoS of phosphor particles in sili-
cone matrix, an index of DoS is introduced. To obtain this
parameter, the region in silicone/phosphor composite is equally
divided into two parts: upper part and lower part. As described
in the below equation, DoS denotes degree of sedimentation,
Vipper and Vip,,, denote the volume of phosphor particles in
upper and lower regions, respectively:
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Figure 2. Typical unit cell models with different degrees of phosphor sedimentation. The DoS ranges from (a) 0.485 to (d) 1.000. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Viower _ Viower
Vupper + Viower Viotal

DoS= (1)
This parameter serves as the phenomenological characterization
of phosphor sedimentation. When the cross-section image of
the composite is obtained through SEM, volumes of particles in
upper and lower regions can be calculated. Thus DoS can be
obtained subsequently.

NUMERICAL SIMULATION

RUC Model

Multisphere RUC model is utilized to simulate the effect of
microstructure on mechanical properties of silicone/phosphor
composite. In this three-dimensional RUC model, original com-
posite is regenerated with Monte Carlo method, by which ran-
domly dispersed particles are embedded in a statistically
representative volume. Twenty RUCs with various degrees of
phosphor sedimentation are simulated for a specific volume
fraction of phosphor. In the multisphere RUC model, spheres
are randomly located inside a unit cube. Phosphor particles are
characterized by random dispersed spheres while silicone matrix
is represented by the unit cube. Coordinates of centers of par-
ticles are generated randomly within the range of the cube.

Simulation of Phosphor Sedimentation

Since graded distribution of phosphor particles is mainly along
vertical direction, the modeling of phosphor sedimentation phe-
nomenon is focused on Z-coordinates of particles in the unit
cell. In order to simulate phosphor settling phenomenon in
RUC model, Z-coordinates of the particle centers are calculated
as random values distributed by the Gauss law.”” The mean val-
ues of the corresponding Gauss distribution of the coordinates
are in accordance with the coordinates of the bottom surface of
the unit cell. Standard deviations of random coordinates, which
can be regarded as the indicators of the inhomogeneous
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distribution, are set at specific values, to construct unit cell
model with different degree of phosphor sedimentation, as illus-
trated in Figure 2(a—d). Meanwhile, X- and Y-coordinates of
particle centers follow uniform distribution. In order to calcu-
late the DoS of the unit cell, the model is partitioned with the
middle plane that perpendicular to vertical direction, as shown
in Figure 2(e-h). Volumes of particles in upper half and lower
half are calculated, thus DoS can be estimated with eq. (1).

Material Properties

In the RUC model, phosphor particles are modeled as elastic
isotropic material. Silicone matrix is modeled as hyperelastic
material with neo-Hookean strain energy potential. Nonlinear
behavior of silicone can be characterized by this constitutive
model.”® In order to capture the interfacial debonding behavior
of the composite, the interphase region between silicone and
phosphor is modeled with cohesive law. A progressive damage
and failure mechanics model is introduced to simulate the
exponential traction-separation behavior of the interphase

region.””*"

RESULTS AND DISCUSSION

Microstructure of Test Samples

The fracture surfaces of different groups of silicone composites
were observed by SEM after tensile tests, as shown in Figure
3(a—d). The images were processed by digital image processing
software Image] V1.47 to identify the shape and location of
phosphor particles, as shown in Figure 3(e-h). The degrees of
sedimentation of the sample were determined by the area of
particles in the lower half over the total area of the particles. It
is observed that more phosphor particles concentrate around
bottom area of silicone as the DoS of silicone sample increases.
Further investigations of samples after tensile tests (Figure 4)
indicate that, for silicone composite with highly concentrated
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Figure 3. (a—d) Fracture surfaces of samples from group 1 to group 4. Images were taken by SEM. (e-h) Shapes and Locations of phosphor particles in

silicone matrix. Values of DoS are also presented. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

phosphor particles, the crack initiates around concentration
region and propagates with a radial pattern through the mate-
rial till final collapse. Highly localized phosphor dispersion and
thereby highly concentrated stress status contribute to the
reduction of strength of composite. Moreover, intact phosphor
particles and voids can be clearly identified, which demonstrate
that decohesion of the weak interface between phosphor particle
and silicone matrix may be considered as the main failure
mechanism. As the degrees of phosphor sedimentation increase,
the stress localization and interface decohesion may become
more intense, which result in the mechanical degradation of
overall silicone/phosphor composite.

Tensile Properties
Mechanical behaviors of different groups of silicone/phosphor
composite are presented in this part. Typical tensile stress—strain

curves of four groups of samples are shown in Figure 5(a).
Note that degrees of sedimentation of samples increase from
group 1 to group 4, the tensile curves indicate that higher DoS
results in lower tensile strength and shorter elongation of the
composite. It is worth noticing that nonlinear behavior of sili-
cone become significant at higher phosphor sedimentation. This
phenomenon may be explained by the fact that stress distribu-
tion in silicone composite with phosphor sedimentation is
affected by the highly graded phosphor dispersion, the nonuni-
form distribution of stress field in silicone result in a nonlinear
mechanical response of the material under exterior loadings.
Moreover, Young’s modulus increases with increasing DoS, as
shown in Figure 5(b). The concentrated phosphor particles with
high modulus stiffen the overall composite. Figure 5(c,d) dem-
onstrate that phosphor settling can dramatically reduce the
strength of the silicone composite, and meanwhile, shorten the

Figure 4. Fracture surface of silicone/phosphor composite. The cross section of the fracture surface is observed by SEM after tensile test. The critical location

is magnified to emphasize the location of crack initiation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Results of tensile tests. (a) Typical stress—strain curves of four groups of samples. (b) Young’s modulus, (c) tensile strength, and (d) elongation

of test samples. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

elongation of the material. As the degree of phosphor settling
increases, silicone/phosphor composite can be more vulnerable
to mechanical loadings.

Numerical Investigations

RUC models of silicone composite with different degrees of
phosphor sedimentation were generated and employed to inves-
tigate the homogenized modulus and distribution of local strain
and stress in silicone/phosphor composite. Twenty unit cells
were simulated, and DoS of each model was calculated.

Homogenized Modulus

The simulation results of effective Young’s modulus provided by
homogenization method®'™* are shown in Figure 6. The results
indicate that sedimentation of phosphor particles in silicone matrix
significantly increase the homogenized modulus of the composite,
especially in large DoS. Higher degree of phosphor sedimentation
leads to higher effective modulus of overall composite. This tend-
ency is consistent with experimental observations.

Local Strain and Stress

In the simulation model, phosphor particles are dispersed in
unit cells with various DoS. Figure 7 shows four typical patterns
of phosphor dispersion in unit cells and corresponding princi-
pal strain fields. When the particles are homogeneously dis-
persed in the model [Figure 7(a)], the maximum principal
strains in the silicone composite are relatively low. As the
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particles settle and concentrated around bottom region, the
maximum principal strains increase monotonically. Strain local-
ization becomes severe where phosphor particles accumulate.
The region with high phosphor concentration is exactly the
place with high principal strain. The maximum principal strain
and maximum von Mises stress, averaged from simulation

*
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Degree of Sedimentation

Figure 6. Homogenized Young’s modulus as a function of degree of phos-
phor sedimentation.
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Figure 7. Deformed patterns of unit cells with different degrees of phosphor sedimentation. The distribution of principal strain is plotted in the model.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

results of 20 unit cells, are also plotted as function of degree of
phosphor sedimentation in Figure 8. It is shown that strain and
stress fields in silicone composite are significantly affected by
inhomogeneous dispersion of phosphor particles. High degree

of phosphor sedimentation results in intensified strain localiza-
tion and stress concentration.

It is worth noticing that strain localization and stress concentration
are the main contributors to the interfacial delamination and crack
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Figure 8. Simulation results of (a) maximum principal strain and (b) maximum von Mises stress as a function of degree of phosphor sedimentation.
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Figure 9. Upper Row: Deformed patterns of unit cells with (a) DoS of 0.485 and (b) DoS of 1.000. Lower Row: Distribution of von Mises stress in unit
cells with (c) DoS of 0.485 and (d) DoS of 1.000. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

initiation. As illustrated in Figure 9, high degree of phosphor sedi-
mentation in unit cell leads to stress concentration in the bottom
region, which eventually results in interface delamination and crack
nucleation around concentrated phosphor particles.

CONCLUSIONS

In this article, effect of phosphor sedimentation on mechanical
properties of silicone/phosphor composite is studied by using a
multiscale hierarchical approach. Silicone composites with differ-
ent degrees of phosphor settling were prepared and subjected to
tensile loading. Fracture surfaces of the samples were observed
with SEM, while local stress—strain field and damage evolution
within the composite were investigated by using multisphere
RUC model. The results indicate that phosphor sedimentation
leads to increased Young’s modulus, reduced strength, and
decreased elongation of silicone/phosphor composite. Strain
localization and stress concentration are significant where phos-
phor particles settle, and delamination and cracks nucleate
around concentrated particles. With increasing degree of phos-
phor sedimentation, silicone/phosphor composites become more
vulnerable to mechanical loadings. The settling of the phosphor
particles in silicone encapsulant can greatly reduce the mechanical
stability of the composite, and eventually undermine the reliabil-
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ity of the LED package. Therefore, in order to enhance the
mechanical stability of the silicone/phosphor composite, phos-
phor sedimentation in silicone matrix should be minimized. An
increased heating rate can be adopted to minimize phosphor sedi-
mentation. Meanwhile, to reduce phosphor sedimentation with-
out increasing internal stress of LED package, the length of
cooling stage in curing process should be prolonged so that inter-
nal stress can be released at lower cooling rate. The reduction of
phosphor sedimentation should not raise other reliability issues
in order to produce reliable LED packages.
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