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Composites of silicone matrix filled with phosphor are widely used in light emitting diodes (LEDs) pack-
aging. Its thermal conductivity is one of the important properties for LED thermal analysis. In this paper, a
unit cell model (UCM) that includes interface resistance between phosphor and silicone matrix was built
and applied to predict the thermal conductivity of uncured silicone/phosphor composites at different
phosphor volume fractions. The thermal conductivities of seven uncured silicone/phosphor composites
samples were measured for comparison with modeling results. The comparison shows that the model
result matches to the experimental data within +6% at the low volume fraction from 3.8% to 25%. Both
the experiment and modeling results show that thermal conductivity of the composite has a sudden
increase when volume fraction increases to near 40%, which can be explained by the percolation theory.
For higher volume fraction, the effect of the interface resistance R, between the phosphor fillers and sil-
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icone matrix cannot be neglected.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, lighting emitting diodes (LEDs) have attracted
considerable interest due to their high efficiency, good reliability,
long lifetime, diverse color and low power consumption. They have
begun to play a significant role in many applications [1]. Compos-
ites of silicone matrix filled with phosphor, as a light converting
layer, are widely used in LED packaging. They are coated on LED
chip, when LED chip generates light and heat, part of the heat
transfers to the phosphor silicone layer, and then to the ambient.
The generated light also passes through the phosphor silicon layer
and part of them convert into heat. So, thermal conductivity of sil-
icone/phosphor composites has great influence on heat dissipation
of LED chip, which directly determine the reliability and lifetime of
the LED. Studying the thermal conductivity of the composite is
very important to the research and application of LED packaging.
So far, it has not been well analyzed in the literatures even people
are highly concerned on it. It is valuable to find an approach to
determine the thermal conductivity of this composite.

Past literatures abound with theoretical analysis of thermal
conductivity of structure composites. The Maxwell-Garnett (MG)
effective medium model [2] matches data for low filler volume
fraction. For high volume fraction, Bruggeman’s symmetric model
(BSM) [3] can be used to predict the electrical conductivity of com-
posites. However, it could not be considered a good model for pre-
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dicting the thermal conductivity. One of the biggest drawbacks of
BSM is that it does not contain the interface resistance R, which ex-
actly exists between the particle and the matrix [4]. Thermal inter-
face resistance is caused by the imperfect mixing of the particle
with the matrix, or due to the phonon acoustic mismatch, or a
combination of both [5]. Every et al. [6] established a modified
Burggeman model, which is known as the Bruggeman’s asymmet-
ric model (BAM). This model has the ability to predict the thermal
conductivity for high filler concentrations and it contains the effect
of Rp.

Apart from the theoretical models mentioned above, thermal
conductivity of composites can also be computed by numerical
methods. Kim and Torquato [7,8] studied the effective thermal
conductivity of particulate suspensions in regular and random dis-
tributions by Brownian motion simulation. This method was dem-
onstrated to accurately predict the effective thermal conductivity
with a comparatively fast execution time. Kanuparthi et al. [9] ap-
plied a hierarchical meshless computational procedure to simulate
the heat transfer in microstructures. This method has the ability to
analyze alternative configuration without remeshing. Tang et al.
[10,11] developed the uni-directional tow model to predict the
degradation in transverse thermal conductivity of laminate or
woven composites with complex geometries. They found that the
degradation of the conductivity was due to wake debonded cracks
for both the DLR-XT plain weave and HITCO 8-Hardness Strain
weave. Numerical techniques such as percolation models [12-15]
and the finite differences method [16] have also proven to be
powerful to compute the thermal conductivity of the composites.
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Nomenclature

Bi Biot number

h heat transfer coefficients, W m—2 K~

H composite thickness, m

Kefr effective composite thermal conductivity, W m~! K™!
ke filler thermal conductivity, W m~! K™!

K matrix thermal conductivity, Wm ! K!

Kmean mean composite thermal conductivity, Wm~! K~!

l element dimension (diameter of filler), m

I critical particle diameter, m

L composite width, m

m number of elements in the thickness direction
n number of elements in the width direction

ne total numbers of filler elements

Q total heat flow through the composite, W

R thermal resistance, m K W~!

Ry thermal interface resistance, m?> K W~!
Reot total thermal resistance of the composite, m K W!
T temperature, K

Vp volumes of phosphor fillers, m>

Vs volumes of silicone matrix, m>

Greek

® filler volume fraction

Subscripts

1 upper surface of the composite

2 lower surface of the composite

ij indices for mesh

As to percolation models, they are strictly valid only near the per-
colation threshold and when the ratio of the conductivity of filler
and matrix, kqk, is infinite [4], however, to some composites, like
the silicone/phosphor composites, the volume fraction of the filler
is normally not as high as the percolation threshold and k/k, is not
large enough to meet the precondition of the percolation models.
The finite differences method by using a unit cell approach [16]
has been built only for theoretical research. The unit cell contains
typical properties of particles and matrix material, so the whole
elements can represent the actual composite well. Furthermore,
the method has much less number of elements than that in other
finite element modelings. Also in this approach, the value of ks
k., does not have any effect on the prediction of the thermal
conductivity.

In the past, few people have attempted to study the thermal
conductivity of silicone/phosphor composites. In our former work
[17], we measured the thermal conductivity of the cured sili-
cone/phosphor composites for different phosphor volume fractions
at different temperatures and also did the numerical simulation in
which the diameters of the phosphor were generated by the Monte
Carlo method. We found that the results by simulation and exper-
iment matched well. However, we still did not find an appropriate
approach to predict the thermal conductivity of the silicone/phos-
phor composites precisely and readily. Also, in the experiment and
simulation [17], the maximum phosphor volume fraction was only
30%.

In this paper, a unit cell model was built and applied to predict
the thermal conductivity of uncured silicone/phosphor composites.
This model includes the effect of thermal interface resistance R
and is not dependent on the value of k¢/k,. The comparisons be-
tween experimental and modeling results indicate this model pre-
dicts the thermal conductivity of silicone/phosphor composites
well at a certain volume fraction. Percolation phenomenon and
interface resistance between the phosphor fillers and silicone ma-
trix are also analyzed.

2. Unit cell model
2.1. Geometry in the model

According to the typical geometry of silicone/phosphor compos-
ite in high power LED packaging, a two-dimensional model is em-
ployed and shown in Fig. 1. All elements’ shape of the compound is
treated as square for simplicity. The white squares represent the
matrix elements with the thermal conductivity k,,, while the filler

elements with thermal conductivity kfare presented by the shaded
squares. The dimension of each square is | x [ and [ is equal to the
diameter of the filler. The thickness H is equal to the number of ele-
ments in the thickness direction multiplied by I, which is expressed
as m x l. The width L is equal to the number of elements in the
width direction multiplied by [, which is expressed as n x L.

2.2. Boundary conditions

The composite is configured to lie between a heat source at
temperature T; (upper surface) and a heat sink at temperature T,
(lower surface). The heat transfer coefficients at upper and lower
surfaces are h; and h,. The right and left sides of the composite
are regarded to be insulated. Generally, a thermal interface resis-
tance R, exists between the filler elements and any of their neigh-
boring elements.

2.3. Thermal resistance network

Fig. 2 shows a section of the network near the lower left-hand
corner of the composite. Each node represents the temperature
of one element in Fig. 1. The thermal resistances surrounding the
i, j node are marked in Fig. 2, where R;y is the upper resistance,
Rjr is the right resistance, R;jp is the bottom resistance, and Rjj;
is the left resistance. These resistances are determined by the
two adjacent nodal elements. For the i, j node, these resistances
are given by

Rju =Rij +Ri_1 (1)
Rij1 = Rij + Rij (2)
Rijp = Rij + R 3)
Rijr = Rij + Rij1 (4)

In Fig. 2, the i, j node is a matrix element, and the i, j + 1 node is a
filler element. There are following expressions.

1
Rij = 7%, (5)
and
R 1

where there are k;; = k;,, and k;j.+1 = k. We notice that the interface
resistance R, will appear when there is a filler element. The other
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Fig. 1. Thermal model of two-dimensional composite material. T; and T, are uniform surface temperatures, and h; and h, are heat transfer coefficients.

Fig. 2. Lower left-hand section of thermal resistance network.

resistances around the i,j node can be determined by the com-
pletely analogous way, and thus all the resistances in the network
can be determined except for the top (i = 1) and bottom (i = m) rows
of the network, where the resistances are determined by the heat
transfer coefficients shown in Fig. 2.

Based on Kirchhoff Current Law (KCL) [18], the algebraic sum of
all the heat flows of each node is zero. For example, for the i, j node
in the matrix shown in Fig. 2, we have

Tija —Tij _ 0 )

Ti1j— T n Tij1 — T n Ti;—Tij n
Rju Rijr Rijz Rii;

Such an equation can be written for each node. All the equations can
form a matrix equation BT = C, where B is an (m x n) x (m x n) coef-
ficient matrix, C is a vector of length m x n, and T is a vector of
length m x n, it contains the nodal temperature needed to be
solved.

2.4. Determining the positions of the filler elements

The total numbers of filler elements n, is equal to the filler vol-
ume fraction ¢ multiplied by the total numbers of nodes, which is
expressed as ¢ x (m x n). Here we use the random number gener-
ator to determine which nodes are occupied by the filler.

2.5. Determining the thermal conductivity of the composite

After obtaining the temperature at each node, the total heat
flow Q through the composite can be determined by summing up
all the individual nodal heat flows at either the upper or lower
composite boundary [16]. Then, the total thermal resistance of
the composite can be calculated

T, — T,
Q

We can also have another expression for the total thermal resis-
tance between T; and T,

Rtot =

8)

1 H 1

Rmt:m‘f'@"rm 9)

Then the effective thermal conductivity of composite ke is deter-
mined by

H

Kefp = ————
T,-T: 1 1
L(ITZ)—E—E

(10)

We found that the average results of 300 iterations had just
0.3% deviation with the values of 1000 iterations. In order to get
an average value Kpean Of ke a total of 300 iterations were per-
formed to determine an acceptable value. Usually, the mean size
of phosphor particles in LED packaging is 13 pum in diameter, thus
lis fixed at 13 pum. The thermal conductivities of the uncured sili-
cone k;, and the phosphor ks are 0.16 Wm 'K ' and 13Wm ™' -
K-'. All calculations are performed for R,=0m?KW,
T =300K, and T, = 290 K. It should be noted that the composite
thermal conductivity has no connection to the differential of the
boundary temperatures in UCM. A matrix width and thickness
are 20 and 40 times of the particle diameter, respectively, meaning
that m =20 and n = 40. This was done because a matrix with this
size adequately represents a bulk material. Fig. 3 presents the ef-
fect of thickness on the thermal conductivity for different volume
fractions ¢ when any effect of interface resistance is neglected
by taking R, = 0 m? K W~'. As shown in Fig. 3, at large thicknesses,
the curves are close to horizontal lines. This indicates that k;eq, be-
comes independent of thickness at some points. With that size, the
matrix can adequately stand for a bulk material. Based on the
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Fig. 3. Effect of thickness on thermal conductivity at a constant width k;=13-
Wm 'K, kp=016Wm 'K, R,=0m?>KW).

above discussion, the number of elements in the thickness direc-
tion, m, is chosen to be 20 to guarantee the computation accuracy
and save the calculation time.

3. Experiments

The silicone/phosphor composites are prepared by mixing un-
cured silicone with phosphor powders at different volumetric con-
centrations. The phosphor volume fraction, ¢, is defined as
follows: [19]

Vo
v+ ()
where V), and V; are the volumes of phosphor fillers and silicone ma-
trix respectively. To aid in the wetting of the fillers and prevent the
re-agglomeration of the fillers, the phosphor powders are surface
treated. And then, in order to remove air bubbles, the mixture is
placed in a vacuum chamber until no bubbles emerge.

In the experiments, the thermal conductivities of uncured sili-
cone/phosphor composites are measured at 15°C by transient
hot-wire method. A schematic diagram of the test sensor is shown
in Fig. 4. The hot wire with extremely tiny diameter is coated by
Teflon. For the measurement of uncured silicone/phosphor com-
posites, a beaker was used to contain the samples which the sensor
was put into. After heating the hot wire, the samples have temper-
ature rise in a defined distance from the heat source. By measuring
the temperature change over a known time interval, the thermal
conductivity can be derived from the one-dimensional transient
heat conduction equation.

Hot-wire _ __

Teflon —

=
2

Signal to computer test

Lower sample :
and analysis

Fig. 4. Schematic of transient hot-wire sensor.
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Fig. 5. Comparison of modeling result with experimental data for R, =0 m? KW~

Table 1
Deviation analysis between modeling and experimental data at different volume
fraction.

Volume fraction of Model prediction Experimental data  Deviation
phosphor (%) data(Wm™' K1) (Wm K™ (%)
3.8 0.1697 0.1680 —-1.00
7.5 0.1810 0.1750 -3.31
15.8 02128 0.2200 3.38
25.0 0.2690 0.2850 5.95

In the experiments, all the samples were measured for five
times and the mean value of them were calculated.

4. Comparison and analysis

Fig. 5 shows the comparison between the present model’s pre-
diction and experimental results at different phosphor volume
fractions. 0% volume fraction represents pure silicone. It is found
that the UCM predictions match to the experimental data within
+6% at the low volume fraction from 3.8% to 25%. The details of
the error analysis from 3.8% to 25% are given in Table 1. Consider-
ing that the volume fraction is normally lower than 20% in usual
LED packaging, UCM can provide good prediction for the thermal
conductivity of packaging materials in real applications.

Fig. 5 also indicates that at constant temperature, the higher the
volume fraction of phosphor is, the higher is the thermal conduc-
tivity. Until 35% volume fraction, the increase of thermal conduc-
tivity becomes slight. However, there is a sudden increase in
thermal conductivity when volume fraction increases to near
40%, which can be explained by the percolation theory.

Fig. 6 shows a case when percolation has taken place at a certain
percentage of phosphor particles, called percolation threshold. The
phosphor particles form a continuous chain from one surface to an-
other and make the thermal energy pass through the region more
easily than others, as a result, the conductivity of silicone/phosphor
composites increase rapidly [15].

Fig. 5 also shows that the experimental results at 35% and 45%
volume fractions are slightly larger than the model predictions.
Actually, when the volume fraction increases to near the percola-
tion threshold, there is the possibility for the phosphor particles
to form the continuous path as shown in Fig. 6 to make the conduc-
tivity high. In the experiment, at the percolation threshold, the
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Fig. 6. Percolation phenomenon occurring when a continuous chain is formed between the two surfaces by particles with high thermal conductivity.
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Fig. 7. Estimation of R, by present model.

phosphor particles in the composites are inclined to cluster [17],
the test equipment can catch this. But in the modeling, because
of the probabilistic nature of this approach, the differential of ther-
mal conductivities in different calculations at the same volume
fraction could be large. For example, at the 45% volume fraction,
the differential between the maximum and minimum thermal con-
ductivity in the model calculation is 0.3773 W m~! K™, but Kmean
at 45% volume fraction is 0.6148 Wm™! K~.. So in the modeling,
to get an acceptable average value, we operated the model 300
times for each volume fraction. Based on the above discussion,
we can see that the experiment can catch the particle cluster phe-
nomena, but the modeling uses the averaging calculation data, so
at the percolation threshold, the experimental results for thermal
conductivity is slightly higher than that by the present model.

Fig. 5 also illustrates the overprediction of the thermal conduc-
tivity at 55% volume fraction when neglecting the interface resis-
tance R, between the phosphor particles and the silicone matrix.
When discussing Rp,, the dimensionless variable called the Biot
number Bi is often used, which is defined as [20]

. Rbkm
T

where k;,, is the thermal conductivity of the base matrix, [ is the par-
ticle diameter, Ry, is the thermal interface resistance. It can be seen

that Bi is directly proportional to R,.The critical particle diameter I.
is defined by setting Bi=1 [20]:

le = Rk (13)

Bi

(12)

In order to estimate the R, at 55% volume fraction, we take a variety
of Bi numbers to plot the curves under different R, by using the
UCM.

Fig. 7 shows the dependence of thermal conductivities on vol-
ume fraction under different Bi numbers. It is found that the pre-
diction data under Bi=0.008 and R,=6.49 x 107’ m> KW~ fits
well with the experimental data at 55% volume fraction. In Fig. 7,
we can see that the interface resistance has little effect on the
thermal conductivity of this composite when the volume fraction
is very low. As the volume fraction is larger than 0.1, the thermal
conductivity decreases under the same volume fraction as R,
increases.

According to Eq. (13), when Bi number is equal to 1, the phos-
phor particles diameter [ is the same as the critical particle diame-
ter I.. For this case, the thermal conductivity of the composite is
nearly the same as that of silicone matrix. And if the phosphor par-
ticles diameter [ is smaller than the critical particle diameter I, the
thermal conductivity of silicone/phosphor composites is lower
than that of silicone matrix even the phosphor has a higher ther-
mal conductivity than that of silicone. Based on the above facts,
it can be seen that the critical particle diameter is an important
parameter to decide the thermal conductivity of composites.

5. Conclusions

A UCM model for predicting the thermal conductivity of un-
cured silicone/phosphor composites was proposed in this paper.
Experiments were conducted to prove this model. The comparison
proves that the UCM predicts well at the low phosphor fraction
below 25%. The comparison also shows that the effect of the ther-
mal interface resistance between the fillers and matrix cannot be
neglected at high filler volume fraction. The present model is also
able to reflect the percolation phenomenon and estimate the per-
colation threshold of the silicone/phosphor composites.
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