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This paper presents a thermal analysis and experimental validation of natural convective heat transfer
of a high-brightness light-emitting diode (LED) package assembly. The substrate materials used in the
LED package assembly were filled and doped using boron nitride (BN) filler. The thermal conductivity of
the BN-filled substrate was measured. The temperature distribution and heat flow of the LED package
were assessed by thermal profile measurement using an infrared (IR) camera and thermocouples. In
addition, the heat transfer process of the LED package assembly in natural convection was also simu-
lated using the computational fluid dynamics method. The optical performance of the LED package was
monitored and investigated with various filler contents. The heat conduction mechanism in the substrate
was analyzed. IR thermogram showed that the BN-doped substrate could effectively lower the surface
temperature of the LED package by 21.5°C compared with the traditional FR4 substrate. According to
the IESNA LM 80 lifetime testing method, reduction in LED temperature can prolong the LED’s lifetime
by 19,000 h. The optical performance of the LED package assembly was also found to be improved
significantly in lighting power by 10%. As a result, the overall heat dissipation capability of the LED
package to the surrounding is enhanced, which improves the LED’s efficacy. © 2013 Optical Society

of America
OCIS codes:
http://dx.doi.org/10.1364/A0.52.008484

1. Introduction

Over the past few years, high-brightness light-
emitting diodes (LEDs) have penetrated into a num-
ber of lighting applications, including indoor lighting,
street lamps, advertising displays, backlights for LCD
TV, traffic lights, and decorative lighting. LEDs that
use from 500 mW to as much as 10 W in a single
package have become standard and researchers
expect that even higher power levels will be used in
the future. The luminous efficiency of LEDs has also
improved to a certain extent in response to the various
applications. At first, gains were made in efficiency so
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that 20 Im/W had been achieved quickly. Efficiency
has slowly risen in the past few years to around
100 Im/W and the trends indicate that 150 Im/W
and higher efficiency will occur in the next few years.
Even though these high-brightness LEDs have a high
energy efficiency of around 15%—25% from power to
light versus 10% in traditional lighting, there is still
a significant amount of heat being generated. Heat
management is thus an important issue for high-
brightness LEDs. Narendran and Gu [1] demon-
strated experimentally that the life of LEDs decreases
in an exponential manner as the junction tempera-
ture increases. Therefore, a low operating tempera-
ture is essential for LEDs. The use of LED lighting
in a given region requires a uniform luminous
flux, also known as illuminance [2]. Therefore, it is
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necessary to adopt the form of an LED array and
increase its brightness and light-emitting area, to
improve the uniformity of illumination.

To overcome the poor heat dissipation problem of
a conventional LED package assembly, current
trends of encapsulating heat-dissipating electronic
components with epoxy resins have stimulated inter-
est in the thermal conductivity of particulate-filled
epoxy resins. The low thermal conductivity of epoxy
resin can be enhanced by addition of inorganic
particles with high thermal conductivity. Electrical
insulation is maintained if these particles are electri-
cally insulating [3—6]. Since the thermal conductivity
of inorganic filler is much larger than that of the
resin matrix, the magnitude of thermal conductivity
of the imbedded particles plays a minor role com-
pared with the role of the geometrical arrangement
of the particles. Experimental and theoretical inves-
tigations [7,8] indicate that the temperature within
each particle is approximately uniform, but depends
on the location of the particle. It is also found that
microsized inorganic filler—epoxy composite usually
has much lower breakdown strength [9].

First, the printed circuit board (PCB) material on
which the LED package is to be mounted is a concern.
Metal-core PCBs (MCPCBs) are normally used as
substrates for heat dissipation in LED package units
and LED array systems [10,11]. They incorporate a
base metal as an integral part of the circuit board,
which acts as a heat spreader. The metal core is
usually made of an aluminum alloy sandwiched
between two dielectric layers for electrical insulation.
These dielectric layers become a bottleneck for effi-
cient heat dissipation and can even have thermal con-
ductivity 4-16 times higher than that of traditional
FR4 dielectric. FR4 is still used commonly in LED
circuit boards due much lower material cost than that
of MCPCBs. In addition, it is commercially available
and suitable for use with large boards. The base
materials of FR4 are typically epoxy and woven fiber-
glass, which are the worst heat-conducting materials,
with thermal conductivity of approximately 0.2—
0.3 W/mK [12,13]. The intrinsic limitation of the
material thermal properties of traditional FR4 cannot
meet the heat dissipation requirements. Pure epoxy
substrates are nowadays the alternative materials
for LED arrays to be mounted by LED manufacturers
as they reduce the product cost, but the thermal con-
ductivity of traditional epoxy resin is much below
0.3 W/mK. For enhancing the thermal conductivity
of MCPCBs, FR4 and epoxy substrates, silicon carbide
(SiC) [14,15], alumina (Al;O3) [15,16], aluminum ni-
tride (AIN) [17-19], and boron nitride (BN) [20] are
added to a resin matrix to form a composite having
satisfactory properties. The dielectric constants of
SiC, Al;O3, and AIN are relatively high (>8), which
is not satisfactory for electronic encapsulation. BN
distinguishes itself by having the lowest dielectric
constant, ~4 [21]. In addition, the former three fillers
are more expensive than BN and AIN suffers the dis-
advantage of reactivity with water. BN has a crystal

structure similar to that of graphite, with lattice
parameters a = 0.25040, b = 0.66612, and a low di-
electric constant ¢; = ¢, = 4, except where there is
a difference in the stacking of the layers [21]. In its
powder form, BN is a naturally lubricious material
and is often called white graphite. It is also an elec-
trical insulator and exhibits excellent resistance
to oxidation, performs exceptionally well at high
temperatures (up to 3000°C), and is resistant to cor-
rosion. Its thermal conductivity can reach as high as
60-100 W/mK in powder form. Only BN has been
proved to be a good candidate for making filler—epoxy
composites, provided the required mixing content is
not too high (40%) since it lowers the mechanical
strength of the filler—epoxy composite [22]. Also, sev-
eral different grades of polycarbonate (PC), a type of
thermoplastic, have been optimized for use as LED
parts, including reflectors, diffusers, and lenses. PC
reflectors provide diffuse light from LED-based
troffers, while PC-based heat sinks and PC lenses
with ultraviolet (UV) protection can offer increased
design flexibility to the manufacturers of LED
replacement lamps and luminaires. However, its
low thermal conductivity of around 0.19-0.2 W/mK
affects the overall thermal management of the LED
package assembly. Thus, the thermal and optical per-
formance of a LED package assembly with MCPCB,
FR4, epoxy, and PC substrates under different
thermal conductivity conditions requires further
investigation.

The efficiency and reliability of solid-state lighting
devices greatly depend on successful thermal man-
agement, according to Weng [23]. This plays a key
role in controlling the cost effectiveness of LED sys-
tems [24-26] in expanding the market. Packaging
materials affect the optical efficiency of a LED pack-
age significantly. Reflectivity, transmissivity, and
index of refraction are all material properties that
could affect the lumens output. Thermal issues ac-
count for as much as 50% of the failures in lighting.
The stability of packaging materials such as encap-
sulants and lenses is also affected by exposure to
elevated temperatures, and UV and radiation of
other wavelength.

There is no standard LED package for assessing
thermal performance. The substrate material and
the environmental condition are critical factors in
controlling the thermal dissipation in the package.
A study of the heat transfer in a LED package
assembly that takes into account the two critical fac-
tors is lacking in the literature. In order to overcome
the technological gap in the above problem, a ther-
mal and optical study of the LED performance as
depicted in Fig. 1(a) is thus proposed. The following
work demonstrates the efficacy of the proposed
approach for heat dissipation from the LED package
assembly using filler material.

2. Experimental Method

High-power white LEDs were used in this study. The
total heat generation during the operation of a LED
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Fig. 1. (a) Schematic diagram of the LED package assembly.
(b) LED thermal model diagram.

by a DC power source was determined using the
power law equation and the control circuit. The
LEDs were connected together in series and a con-
stant current was supplied to each LED using the
constant current mode of an Agilent DC power sup-
ply. The thermal resistance model calculation using a
LED package on a heat sink [27] is shown in Fig. 1(b).
Different substrate materials doped with different
BN filler contents in weight were prepared and
studied. The experimental methods used in this
study are described in the following sections.

A. Thermal Imaging

Infrared (IR) thermography (TH9100, NEC-San-ei
Co., Japan) was used for assessing the thermal per-
formance of the LED package assembly. In this sys-
tem, the surface temperatures of the LEDs were
determined by IR radiation (of 8-14 pm wavelength)
from the surfaces according to Stefan—Boltzmann
law. A close-up lens was also fitted to the IR camera
(TH91-386, NEC-San-ei Co., Japan). The minimum
detection temperature variation is 0.06°C and the
minimum spatial resolution is 95 pm x 95 pm.
The LEDs were encapsulated in plastic material.
The emissivity value was set at 0.95 by referring
to the thermal imaging emissivity table. Thermocou-
ples were also used for measurement and calibration,
even though the measurement points were limited.
Temperatures were recorded after their fluctuation
was minimized. The minimization is indicated by
the small voltage change across the thermocouple
leads. Temperature data were sampled for 10 min
at intervals of 1 min and the average was defined
as the temperature of each measurement point. To
reduce the thermal resistance between the contact
interface between the LED and the PCB, silver
flake-loaded epoxy was used. The epoxy has a high
thermal conductivity of 1.6 W/m°C.

B. Electroluminescence Spectra

Philips Lumileds LEDs were used in this test. They
employ a multi-quantum-well structure having
layers of InGaN/GalN on a sapphire substrate. The
LED die has a standard area of ~1 mm x 1 mm,
configured in a wire-bond manner [28], and is
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encapsulated with an epoxy lens/YAG fluorescent
substance/InGaN/GaN chip structure. The optical
outputs of the LEDs were recorded using a UV/vis
spectrophotometer (Lambda 650).

C. Thermal Conductivity Measurement

A thermal conductivity analyzer (Anter FLASH-
LINE 2000) was used to measure thermal conduc-
tivity using the flash light method. This involved
uniform irradiation of a small disc-shaped specimen
over its front face with a very short pulse of energy.
The time-temperature history of the rear face was
recorded through high-speed data acquisition with
a solid-state optical sensor with very fast thermal re-
sponse. Thermal diffusivity (mm?/s) was determined
from the time-dependent thermogram of the rear
face. Thermal conductivity, x, was automatically cal-
culated as the product of thermal diffusivity, specific
heat (J/gK), and density (g/cm?). BN—epoxy nano-
composites containing various volume percentages
of BN filler were cured and prepared in disc shape
of 12.7 mm diameter and 0.3-3.0 mm thickness,
depending on the actual thermal conductivity. The
lower this value, the thinner is the sample required
for a reliable value. For laminated BN-doped pre-
pregs, the circular shape was prepared by using a
Nd:YAG laser drilling system. The samples were
ground flat on both sides, and coated with a silver
layer on the bottom side and a graphite layer on
the front surface. The former layer was used to en-
hance the thermal contact and prevent direct trans-
mission of the flash light through the specimen,
whereas the latter layer optimized the absorption
of the flash light. Their weights and dimensions were
measured with a balance and a vernier caliper,
respectively. A standard copper block was used for
calibration.

3. Thermal and Optical Modeling

To predict the thermal and optical performance of the
LED package assembly, two commercial software
packages are considered. For the thermal simulation
models by Solidworks/Flow Simulation, the physical
system is simplified by arranging multiple LEDs as
the heat sources on a PCB surrounded by air. This
software system solves the Navier—Stokes equations
[29,30], which are the formulations of mass, momen-
tum, and energy conservation laws of fluid flows. The
equations in Ref. [31] are supplemented by fluid state
equations defining the nature of the fluid and by em-
pirical dependencies of fluid density, viscosity, and
thermal conductivity on temperature. The numerical
analysis is based on the first-order finite-difference
method. The computational domain has the same
size as the experimental models. It is discretized into
equilateral triangular grids with a standard element
size equal to 0.75 mm. The mesh height is finer than
the width and length of the LED and PCB configura-
tions. The convergence tolerance is set to be within
5% by the simulation software system. The initial
and boundary conditions are shown in Table 1. As



Table 1. Material Data and Standard Boundary Conditions

Data and Boundary Variable

Conditions

Substrate material
Material for solder pads

Epoxy/MCPCB/FR4 PCB/PC
35 pm Cu (1 Oz)

Aluminum 5052 TC 150 W/m°C
Copper C1100 TC 385—400 W/m°C
Input current 0.1-2 A

Air velocity Still air (free convection)
Heat transfer coefficient 25 W/m?°C
Ambient temperature 25°C

for the optical models, the Solidworks/Tracepro
simulation package is used, which can provide
information such as light extraction efficiency, lumi-
nous efficiency, and color rendering index. The
properties of the light sources of the LEDs were
set in accordance with the specification provided
by the suppliers, and the model was used for evalu-
ating and predicting the illumination of the LEDs on
the target plane with the candela distribution of the
projected LED light sources. The model results of the
thermal and optical performance of the LEDs were
evaluated and compared with the experimental
results.

4. Results and Discussion

Prior to the study of different environmental condi-
tions for the LED array—PCB assembly, the effect of
current change on the electroluminescence (EL) of
the LED sample was first determined. A simple test
configuration was used to measure the EL of the LED
samples. Figures 2(a) and 2(b) show the EL spectra
obtained from a Philips Lumileds LED sample with
various currents passing through the LED sample
mounted on a MCPCB. There are two emission bands
in each curve: two blue emission peaks from the LED
chip at 440 and 463 nm constitute the first band, and
a yellow emission from the fluorescer centered at
517 nm is the second band. The spectral power dis-
tributions of the LED and the phosphor emission
overlap: bipartition of the spectra was measured at
a wavelength value A, = 488 nm. With increasing
current, the intensity of the yellow emission
increases at nearly the same rate as the blue ones,
which can be seen in the inset in Figs. 2(a) and
2(b). Linear increase of the 463 nm emission
with current is observed. The positions of the peak
wavelengths, 440 and 463 nm, are essentially the
same (£0.2 nm) for all the EL spectra. The peak
widths are also similar (full width at half maximum
of ~50 nm) in the current range. The position of the
yellow band does not change. The non-shifting blue
emission peaks suggest that there is no band-filled
effect [32].

To estimate the internal temperature of an operat-
ing LED, its surface temperature, as the case temper-
ature, is considered and measured by using an IR
camera and thermocouples. Case temperature is
lower than the junction temperature of the LED
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Fig. 2. Normalized electroluminescence (EL) spectra and case
temperatures from a high-power white GaN/InGaN LED for the
different currents indicated. The inset shows the amplitudes of
the three emission peaks at various currents. (a) 200—2000 mA,
(b) 2000-2800 mA, and (¢c) LED case temperature at different
currents.

[33,34]. If the junction temperature increases, the
case temperature will increase accordingly. Junction
temperature can be obtained by the following
equation [35]:

where T; = LED junction temperature, T¢ = LED
case temperature, P = drive power, and 6, is the
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thermal resistance between the junction tempera-
ture and case temperature of the LED. Therefore,
case temperature can be used as a parameter for
estimating the LED lighting performance. The
LED case temperatures for various currents were
measured and plotted as in Fig. 2(c). The LED case
temperature is directly proportional to the current.
The result implies that an increase in LED case tem-
perature will cause a shift in the color spectrum and
a change in the lighting intensity. A better heat
dissipation methodology from LED to PCB is
therefore critical for maintaining a reliable optical
performance.

A. BN-Epoxy Nanocomposites

The epoxy used in the study was a bisphenol-A
phenolic resin with the brand name AFG-90. It
was mixed with the hardener methylhexahydroph-
thalic anhydride (MHHPA) with structure in a ratio
of 1:1.2 by weight, at room temperature. Epoxy
based on this hardener improves thermal stability
and peel strength. Different amounts of BN, used
as the filler, were doped into the composite of the
resin and the hardener (different weight ratios).
They were then mixed by a magnetic stirrer for
2 h at a specific speed. Figure 3(a) shows the thermal
simulation and experimental results. A typical LED
is made of a die together with a lens as encapsulation
and is then mounted on an epoxy substrate. As
shown in the results, the thermal conductivity value
increases from less than 0.5 W/mK to around
3 W/mK and can significantly decrease the junction
temperature of a LED. Further increase in thermal
conductivity will have a lesser impact on LED junc-
tion temperature suppression. The size distribution
and scanning electron microscope (SEM) micrograph
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Fig. 3. Experimental and simulated thermal results for doped ep-
oxy substrate. (a) Effect of substrate’s thermal conductivity on
LED junction temperature. (b) Size distribution and SEM micro-
graph of the BN filler for 15 pm.
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of the BN filler are shown in Fig. 3(b). It should be
noted that the BN filler was platelet-shaped as ob-
served from the typical SEM micrographs. The size
distribution and SEM image of the BN filler for
15 pm are presented in the figure.

Theoretically, thermal resistance is caused by
phonon scattering; thus, it has to be minimized to in-
crease thermal conductivity. Materials with high
thermal conductivities can be obtained by using
fillers with high intrinsic conductivities. On the other
hand, the aspect ratio of the filler is more worthy of
consideration and it dictates the conductivities of a
composite, because fillers with large aspect ratios
easily form bridges between them, known as a con-
ductive network. The formation of random bridges
or networks from conductive particles facilitates
electron and phonon transfer, leading to high conduc-
tivities. Figure 4 cannot be used to determine quan-
titatively the thermal conductive pathway and
network; however, the SEM picture of the composite
fracture surface reveals good interfacial adhesion
between the BN filler and the epoxy matrix. The
smooth interfaces between the filler and the resin
is one of the significant contributions to the high
thermal conductivity values of their composites as
poor interfacial adhesion can lead to strong scatter-
ing of heat energy at the filler-matrix interfaces. It is
easy to understand that more BN particles help to
shorten the low thermal conductive path of the epoxy
matrix and establish a high thermal conductive
network for heat conduction. Therefore, a higher per-
centage of BN yields a higher thermal conductivity of
the dielectric, which agrees with our experimental
result. Comparing the SEM images of the variety
of filler content in Fig. 4, improvement of thermal
conductivity channels is significant when the BN

(d)

Fig. 4. SEM micrographs of BN-filled epoxy composite surfaces:
(a) pure BN, (b) 10%, (c) 20%, and (d) 30%.



content increases from 0% to 20%. Beyond 20%, the
difference is negligible when comparing 30% BN con-
tent with 20% content, in Figs. 4(c) and 4(d).

Identical high-brightness LEDs are selected and
mounted on a pure epoxy and BN-doped nanocompo-
sites having a particle size of 15 pm with 0, 20, and
30 wt. % content. The IR thermogram of the LEDs
mounted on the BN-epoxy nanocomposites after
BN content optimization is compared. All thermal
images are at the same temperature scale. The
LEDs are driven at 300 mA. In Fig. 5(a), the case
temperature of the LED was 94.3°C, the highest
among all three LEDs. BN—epoxy having a particle
size of 15 pm with 30 wt. % could effectively lower
the temperature by 21.5°C. It is strongly suggested
that the effect of BN particle size on increasing ther-
mal conductivity is significant for increasing the
heat transfer between the crystal lattices. These BN
particles result in a more effective way of improving
thermal conductivity than other micron-sized par-
ticles and hence are more effective for lowering the
LED case temperature.

Furthermore, the illuminance levels measured for
the LEDs mounted on the BN-doped nanocomposites
having a particle size of 15 pm with 0, 20, and 30 wt.
% contents are 839, 932, and 956 lux, respectively.
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Fig. 5. (a) Experimental and simulated results of LED package
for thermal and optical performance of different BN percentages
in the BN—epoxy nanocomposite. (b) Reliability evaluation of
the LED package on substrates in terms of lifetime analysis.
The dotted arrow line is for the traditional FR4 substrate, whereas
the solid arrow line is for the proposed BN—epoxy nanocomposite.

This indicates that the lighting power can be
enhanced by increasing the percentage of the BN
dopant in the composites.

As a reliability evaluation, the lifetime analysis of
the LEDs placed on the conventional epoxy substrate
and the proposed doped epoxy substrate is compared.
For the conventional substrate, the measured LED
case temperature was 143°C for a current of 0.35
A. Using Eq. (1) with a thermal resistance value of
25°C/W and a power value of 1 W, the calculated
junction temperature is about 168°C. By fitting the
value into the LED lifetime graph in Fig. 5(b), the
lifetime is expected to be around 41,000 h. In this
lifetime curve, the B50 value for the LED denotes
the time by Which 50% of the population is expected
to fail and L70 is the time for the LED to maintain
70% lumen value. In comparison, for the LEDs
placed on the substrate by the proposed doped
method, a lower LED case temperature of ~124°C
was measured for the same drive current. The
junction temperature of the LEDs is calculated to
be 149°C and the corresponding lifetime is found
to be 60,000 h. In comparison, our proposed method
to suppress the increase of LED case temperature
would extend the LED lifetime by approximately
19,000 h over the conventional method. Accordingly,
the reliability of the application of high-brightness
LEDs would be improved significantly if the
proposed doped epoxy substrate is used.

B. BN-Dielectric Layers of MCPCB

As shown in Fig. 6(a), a LED is mounted on a typical
MCPCB. A dielectric layer is sandwiched between
the LED and the metal plate. Five dielectric materi-
als (Type A, Type B, Type C, Type D, and Type E)
having different thermal conductivities were made
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Fig. 6. Experimental setup and thermal and optical performance
results for the LED MCPCB module. (a) Schematic diagram of a
typical MCPCB and (b) experimental and simulated results of
the LED package for dielectric layers with different thermal
conductivities.
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by blending BN with epoxy with percentages
from 0% to 40% in weight, providing a flexible yet
resilient coating on the base plate. An important
characteristic of the dielectric layer is the amount
of electrical isolation it provides between the copper
on the topside and the metallic base plate on the
underside. The thickness of the dielectric layer
was 500 pm. A constant current of 0.4 A was sup-
plied. Five identical LEDs were mounted on the five
MCPCBs with different dielectric layers. The steady-
state temperatures taken by the IR camera are
shown in Fig. 6(b). The average case temperature
of the LED mounted on the Type-A dielectric layer
having a thermal conductivity of ~0.3 W/mK is
about 79°C, whereas the temperature of the LED
case on the Type-E dielectric layer having a thermal
conductivity of ~2.6 W/mK drops to 35.7°C. In com-
parison, the heat accumulated feature appears in the
thermal profile for the low-thermal conductivity di-
electric layer, whereas the high-thermal conductivity
dielectric layer does not exhibit this characteristic.
A high-power LED mounted on a MCPCB with a
dielectric layer having a higher thermal conductivity
therefore dissipates thermal energy more efficiently
through the PCB underneath (as the LED encapsu-
lation material is of lower thermal conductivity).
This allows heat to dissipate efficiently in all direc-
tions, as opposed to a slow-heat-dissipation MCPCB
with a dielectric layer having a lower thermal con-
ductivity. It should be noted that the voltage drops
across the LEDs on the MCPCBs (dielectric materi-
als with high thermal conductivity and low thermal
conductivity) are 3.245 and 3.1935 V, respectively, at
the constant current mode. As LED power is gov-
erned by voltage and current, the illuminance level
output of the LEDs on these two types of MCPCBs
will therefore be different for a given constant cur-
rent. This also shows that good heat dissipation from
the LED to the MCPCB with a better dielectric layer
could help to improve the optical performance.

In accordance with Fourier law, steady-state uni-
form heat conduction through a thin sample can
be expressed as follows:

qg__dT
AT Nax @)

where ¢ =heat flow rate (W), A =area of
sample (m?), « = thermal conductivity (W/mK),
x = thickness of specimen (m), and d7/dx =
temperature gradient through the sample (K/m).
The thermal resistance of the dielectric sample
(R) can be expressed as R = ((AT)/(q/A)) and
R = (Ax/x). It is clear that resistance is proportional
to the ratio of the material thickness to the material
thermal conductivity. As the test structures of these
kinds of MCPCB were exactly the same, except in the
dielectric layer region, the heat transfer mechanisms
in the regions between the LED chip and the MCPCB
were very similar but showed different behavior
within the MCPCB dielectric region. The thermal
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resistance of the dielectric layer varies due to a differ-
ence in the thermal conductivity in the test condition.
These results show better performance for a MCPCB
having the highest thermal conductivity, which
means that the junction temperature can be lowered,
giving the LEDs a longer lifetime.

C. BN-Doped FR4

The prepared BN-epoxy nanocomposite was
reinforced with E-Glass fiber cloth 7628 (plain,
0.2 mm, 200 g/m?) to form a prepreg layer. E-Glass
fiber 7628 was coated with the prepared nanocompo-
site. It was then put into an oven set at 60°C for 4 h
for pre-curing. For fabricating the PCB as shown in
Fig. 7(a), eight pieces of prepregs were placed on top
of each other and pressed by a pressing machine to
laminate them with copper foil on both sides, forming
the BN-filled FRA4.

Eight layers of 7628 prepregs were used for lami-
nating one sheet of 1.2 mm FR4. The laminated
boards were then cut to square shape of length
30 mm. The BN-filled laminated board having the
highest thermal conductivity, of 0.65 W/mK was
selected. Figure 7(b) shows a photo of the FR4 and
the laminated board having a LED mounted on
top, and also displays the corresponding thermal
images. The thermal image clearly shows that the
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Experiment 75.8°C and 921 lux 63.9°C and 1013 lux (>

72.4°C and 934 lux 62.1°C and 1026 lux
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Fig. 7. (a) Lamination workflow for the BN-doped PCB. (b) Ther-
mal and optical performance results of the LED package mounted
on the conventional FR4 PCB and the BN-doped PCB.



BN-filled laminated PCB can effectively lower the
LED case temperature from 75.8°C to 63.9°C. This
is a 15.7% decrease in LED case temperature. LED
luminance was measured with a lux meter and was
found to be 921 and 1013 lux for the LED mounted on
the FR4 PCB (x < 0.3 W/mK) and the BN-filled PCB
(x = 0.65 W/mK), respectively. This is a 9.9% in-
crease in lighting power. Generally, when LEDs are
lit continuously, an accumulation of heat is concen-
trated in the LED die if a traditional FR4 substrate
is used. By adding high-thermal conductivity filler
into the substrate material, its heat dissipation proc-
ess can be enhanced. The last issue would be the
additional material cost as to whether it can make
the overall substrate price competitive.

D. BN-Doped PC

As shown in Fig. 8(a), a LED package was mounted
on a commercial PC material blended with BN filler
with different thermal conductivities. The filling per-
centages varied from 0% to 30% in weight. A constant

65.0
=\ 605

Module A, pure 515
polycarbonate (PC), ~ Module B, ModuleC, Module D,
«~0.18 W/mK PC+10% BN, k~0.24 W/mK PC+20% BN, k~0.29 W/mK PC + 30% BN, k~0.45 W/mK

(a)

Result Module A Module B Module C
Experiment 64.4°C 62.8°C 60.6°C 58.7°C
Simulation 61.2°C 60.4°C 57.8°C 55.99C

Module D

(b)

Location Point | Point2 | Point3 | Point4 | Point5 | Point6 | Point7 | Point§ | Point9 | Point 10

Max Temp 'C
(Experiment) 242 2.8 250 374 284 362 293 524 449 41.0

Result Light bulb without enclosure
Experiment 1257 lux
Simulation 1292 lux

(C) (i) Enclosure without filler

(ii) Enclosure with filler

50mm 25

Location Point 1 Point2 | Point3 | Point4 | Point5 | Point6 | Point7 | Point8 | Point9 | Point10 |
Max Temp 'C
(without filler) -
Experiment 29 240 242 24.1 260 320 317 310 306 302
Max Temp C
(with filler) -
Experiment 238 238 239 240 249 292 289 285 8.1 27.8

Result (i) without filler  (ii) Encls
Experiment 636 lux 664 lux
Simulation 653 lux 682 lux

with filler

Fig. 8. Experimental and simulated results for the doped PC en-
closure of an LED light bulb in terms of thermal and optical per-
formance. (a) IR thermograms for LED package mounted on
different BN-filled PC substrates. (b) LED light bulb without en-
closure. (c) LED light bulb with enclosure [(i), enclosure without
filler; (ii), enclosure with filler].

current of 0.3 A was supplied. The steady-state tem-
peratures taken by the IR camera are shown in
Fig. 8(a). The average case temperature of the
LED mounted on module A having a thermal conduc-
tivity of ~0.18 W/mK is about 64.4°C, whereas the
temperature of the LED case on module D having
a thermal conductivity of ~0.45 W/mK drops to
58.7°C. There is about 8.9% suppression in LED case
temperature when the thermoplastic material is
filled with BN.One potential application of this filler
mixing is on the enclosure cover of a commercial LED
light bulb, shown in Fig. 8(b). In this work, two kinds
of enclosure cover were molded. One was pure PC
whereas the other was PC filled with BN. A commer-
cial 3 W LED light bulb was used for the IR imaging
experiment as shown in Figs. 8(b) and 8(c). Thermal
images, with and without enclosure, were taken. As
marked in Fig. 8(b), there are 10 points along the
dashed line in the front LED view. The measured
temperatures of the points are shown in the figure.
Points 1-3 are around the surroundings of the
LED light bulb. Points 4-6 are close to the edge
of the heat sink. Point 7 is at the edge of the
PCB. Points 8-10 are on the surface of the PCB
on which the LEDs are mounted. By comparison,
Point 8 has a higher temperature than Point 10.
This is attributed to the higher heat accumulation
in the region closer to the LED. In Fig. 8(c)(i), it can
be observed from the thermal plot that there was
an accumulation of heat in the enclosure at the
top region, which is potentially damaging to the
LED package assembly. Overheating can shorten
the life expectancy of the LED system or lead to
catastrophic failure. Chimney effect pressures
around the LEDs inside the enclosure are gener-
ated by differences in air density due to tempera-
ture, i.e., hot air rises and cold air sinks. This
effect due to LED heat sources within a local ex-
haust enclosure produces convective air currents
with vertical velocities proportional to the rate of
heat transferred to the surrounding air and to
the height of the rise of the heated air. When
hot gases rise through an enclosure, the vertical
stack exit velocity is proportional to the square root
of the difference in density between the heated air
column and an equal column of the surrounding
ambient air. This can cause further heat accumula-
tion in the LED surroundings if high-power LEDs
are used. The temperature measured at points 5, 6,
7, 8,9, and 10 at the enclosure surface of the light
bulb without BN doping is about 3°C is higher
than that of the enclosure with BN doping in
Fig. 8(c)(ii). By comparison, the thermal distribu-
tion for the enclosure surface with BN doping
was more uniform and heat was dissipated better.
An enclosure material with higher thermal conduc-
tivity is suggested to be used to avoid hot air
being trapped in the light bulb enclosure. As less
heat was trapped in the enclosure material with
BN doping than in the enclosure without BN, the
measured illuminance level increased from 636
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to 664 lux, ie., 4.4% improvement in optical
performance.

In this work, there is about a 5% discrepancy be-
tween the thermal simulated and experimental re-
sults. The cause is suggested as being the change of
environmental conditions and variance of the LED
die quality. When the optically simulated and exper-
imental results are compared, discrepancy is about
10%. The cause of the higher discrepancy is sug-
gested to be the excessive heat generation from
the chips in the LED package, which reduces the op-
tical behavior due to various factors, such as
material degradation, contamination, and de-lami-
nations in the LED chips. As a constant current
mode of the LEDs was used in the test, the change
in voltage under different conditions indicated a si-
multaneous change in power consumption. The
above results demonstrate the use of BN filler on
LED package assembly by converting the minimum
electrical energy wastage into heat for benchmark-
ing the energy saving throughout the product
life cycle.

5. Conclusions

In this study, thermally conductive BN-filled nano-
composites were prepared successfully. The issues
of thermal management and optical performance of
a LED package assembly were addressed using these
BN fillers. The effects of the thermal conductivity of
the substrates on the temperature distribution of the
LED package assembly were analyzed systemati-
cally and optimized for producing higher lighting
efficacy and efficient heat dissipation. Using the pro-
posed approach, significant improvement in heat
dissipation was observed from the LED to the sub-
strate and the surrounding. In addition, the thermal
model developed facilitates electronic design with
minimum possible power dissipation and clarifies
the heat transfer mechanism in the LED package
assembly. The proposed polymer composite has been
demonstrated as being important for effective ther-
mal management of high-power LED packages on
substrates.

This work was funded by the Guangdong Provin-
cial Department of Science and Technology under
the Scheme of Emerging Strategic Industry (project
number 2012A080304007).
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