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Abstract

Light Emitting Diodes (LED) shows an important role in replacing traditional lamps due to their longevity, high
efficiency, and environment-friendly operation. However, a large portion of the electricity applied on LED
converts to heat, raising up the p-n junction working temperature, and lowering the output-light quality and the
LED lifetime as well. Therefore, thermal management for LED is one of the key issues in LEDs lighting
application. In order to investigate the impact of each component of the LED module on the junction
temperature of the LED, we have performed thermal simulations of a typical single LED module by using the
finite element method. Effects of thermal conductivity and thickness of each module’s components on junction
temperature were analyzed systematically. The results provided a detailed understanding of thermal behavior
of a single LED module and established a crucial insight into thermal management design for high-power white
LED lamp. Thermal-interface-materials (TIM) and the dielectric layer are proposed to have thermal
conductivity around 1 W/mK for system optimization. In addition, based on the thermal analysis of heat sink,
we have proposed and investigated a new configuration of plastic heat sink embedded with aluminum-alloy.
The thickness ratio between the embedded aluminum layer and the heatsink base is suggested to be around

0.1 to 0.15 for the optimal configuration.
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1. Introduction

High power light emitting diodes (LED) is one of
the modern solid-state lighting devices which recruits
semiconductor materials to generate light. LED
lighting has more advantages than traditional light
sources, i.g., high efficiency, long lifetime, fast
response time, robustness and environmentally
friendly. However, it converts a larger amount (75-
85%) of input electric power into redundant heat [1, 2].
This heat ultimately increases the p-n junction
temperature that causes many problems in optical
performances as well as shortens the LED lifetime [3].
Therefore, thermal management is crucial in
developing high power LED applications.

There are three parameters mainly impact the
junction temperature: the input power, heat transfer
performance of the system, and the ambient
temperature. Typically, the input power and the
ambient temperature are not controlled by thermal
management for the LED-based luminaire. Rather, the
heat transfer performance between the p-n junction
and thermal reservoirs is needed to be optimized to
minimize the junction temperature in use. There are
two popular commercial LED modules nowadays:
Chip-On-Board (COB) LED and Surface-Mount-Type
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(SMT) LED. Recently, the thermal performance of all
components of COB LED, including LED-chip, PCB,
TIM, and heat sink, has been systematically studied
using the finite element method (FEM) [1]. For
instance, the PCB, commonly known as RF4 and
MCPCB, have been studied about their heat
conducting behavior [4,5]. The relationship between
TIM’s thermal conductivity and junction temperature
has been investigated [6-9]. Heat sinks are also studied
for their thermal behavior by the mean of FEM
analyses (from the commercial FEA software).
Besides, the thermal phenomena inside the SMT LED
module have not been fully investigated. Thus, an
overall picture of thermal phenomena of SMT LED
module still remains in question.

In this study, we have symmetrically investigated
the thermal performance of a single SMT LED
module, including Osram Golden Dragon LED-chip,
TIM1, PCB, TIM2, and heat sink by FEM/FEA
software (shown in Fig. 2).

2. Modeling and Simulation

In this work, the single SMT LED module was
modeled by utilizing the commercial software Abaqus
6.10. The schematic structure of the LED module
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contains several components: LED, MCPCB, TIM and
heatsink, as shown in Fig.1. LED is modeled based on
the structure of the Osram Golden Dragon LED
including p-n junction layer, metallization layer, die,
die-attach and heat slug. The LED junction layer and
metallization layer are very thin, potentially inducing
numerous computational errors. Therefore, it is
acceptable to remove those two thin layers in the FEM
model. The MCPCB consists of three layers: a copper
layer, a dielectric insulator layer, aluminum alloy
layer. Next, the MCPCB connect to heatsink with the
filling thermally interface material (TIM) into the gap
between them.

Table 1. Dimension and properties of materials [1, 7]

Component Materials Thickness Conductivity
(mm) (W/mK)
LED chip GaN 0.004 130
Metallization | Au-Si 0.01 27
L bonding
E
p | Die Si 0.375 124
Die-attach Au-20Sn 0.05 57
Heat slug Cu 1.5 389
TIM Grease 0.05 2
Cu-layer Cu 0.127 389
E Dielectric Dielectric 0.075 1.1
B | Al-alloy Al-alloy 1 150
Base
Heat Sink Al-alloy 166
Die
LED .
Die-attach
Heat slug
TIM1
Copper
PCB —
Dielectric
Metal-base
TIM2
Heat sink

Fig. 1. Single LED module configuration.

We directly added the heat flux onto the Die
component surface. As in the design, this silicon-Die
is attached to the heat slug by a die-attach layer. The
second main part is the printed circuit board (PCB)
which includes three layers: the copper circuit layer,
the dielectric layer, and the aluminum-alloy (Al-alloy)
base layer. Third, with high thermal conductivity, the
heat sink was attached to the module for the heat
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dissipation purpose (Fig. 1) [10, 11]. These main parts
were connected together by the layers of thermal
interface material (TIM) which were also utilized to
reduce the thermal resistance at the interfaces between
the components. Details are shown in Table 1.

Heat Flux Adiabatic Surfaces

Effective
Convection

Fig. 2. FEA model of the single LED module.

The analytic element is assigned based on the
input boundary conditions. From that, the equation of
heat transfer, convection and thermal radiation in the
model will be solved. At the LED junction layer,
nearly eighty-five percents of the total electric power
were converted into heat [12-14]. To study their inner
heat dissipation phenomenon, we investigated the case
of input power dissipated. The chosen heat source for
the single LED module is 1W which is referred to
various commercial Osram Golden Dragon LEDs data
[1, 7].

The heat power was placed on the surface of the
Die in the form of a heat flux since the heat flux from
the junction layer technically flowed directly to the
surface of the Die. For boundary conditions, the
effective connectivity coefficient of 10 W/m?K [1], as
previously mentioned, was applied to heat sink
surfaces when the remains were set as adiabatic
surfaces (Fig. 2) [15-17]. For meshing, linear
hexagonal element shape was utilized for the whole
model [1, 5, 8]. The number of elements in this single
LED module model was set around 13500 for the most
efficient computations. The thicker meshing still
induced the unchanged results. The higher density of
mesh is focused on the parts of heat sources interfaces
such as Die and Die-attach.

The heat transfer used in simulations is governed
by steady-state heat transfer Eq.(1) [18, 19].

o'T o'T
k| —+—+
ox° Oy

where k is the thermal conductivity (W/mK), Q is the
heat generation per unit volume (W/m®), % is the
convective coefficient (W/m?K), 4 is the area (m?), T
is the temperature (°C).
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Fig. 3. Thermal distribution of single SMT LED
module with of 25 °C ambient temperature
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Fig. 4. The transient temperature of some of the main
components of the LED module.

3. Thermal Simulated Results

As mentioned above, because of the thin
thickness of the p-n junction and the metallization, we
assumed that the difference between p-n junction
temperature and the Die temperature is very small.

To validate this assumption, simulations with and
without these layers have been performed. The
temperature difference between the two cases was only
0.3 °C. Therefore, the p-n junction and metallization
layers were not modeled in our further simulations and
analyses. In running simulation, we first evolved with
the time-steady simulations.

Fig. 3 shows the temperature distribution of the
single SMT LED module with simulated condition
showing in Table I. The advantage of this time-steady
simulation is the fast-outcome results with a small
amount of calculation time. However, since the steady
simulation cannot show the time-dependent
temperatures of the system, we thus conducted
transient simulations in order to fulfill the research
purposes.
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Fig. 5. Die thickness versus junction temperature
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Fig. 6. Die-attach thickness versus junction
temperature

Fig. 4 demonstrates the transient temperature
distribution of our single LED module containing the
junction temperature (7;), the temperature of the
copper layer (Tcopper) and the average temperature of
the heat sink (Theatsink). The result fully illustrates the
behavior of any pointed local temperature of the
system. The running time for temperature equilibrium
is 800 seconds. In comparison, the results of the time-
steady (Fig. 3) and the transient simulations show the
consistency. Thus, we could use these both simulations
for analyses.

The effects of LED module’s properties on the
junction temperature (7;) have been systematically
investigated with every single component: LED-chip,
TIM1, PCB, TIM2, and Heat sink as following.

3.1. LED

Si and SiC materials are used for the Die of the
LED-chip. By using FEA analysis, we have
determined the relation between the change of the Die
thickness and the 7j. The similar analyses have been
also conducted for the Die-attach layer with the three
utilized materials: Sn-3.5Ag, Au-20Sn, and 100In.
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Fig. 5 and Fig. 6 present the tendencies that the
increase of 7j is linearly dependent on the thickness
growth of these layers. The role of material (thermal
conductivity) grows when layer thickness increases.
Thus, to avoid the must of use of a certain material, a
wise choice should be made on thickness design. For
example, a Die-attach in design, with a thickness
smaller than 30 pm, is mostly independent of
materials.

Heat slug is a metal block that conducts and
spreads heat produced from the junction. The
performance of a heat slug depends on its geometric
structure and thermal conductivity. Thus, we show the
comparison in using the five different materials for the
heat slug as for cooling T, in Fig. 7. Among the basic
materials used for heat slug, i.e., 46 W/mK of AL,Os,
59 W/mK of Fe, 201 W/mK of Al and 380 W/mK of
Cu, the copper heat slug facilitates the rapid heat
dissipation and effectively reduces the Joule heating
effect. As also shown in Fig. 7, the 7; drops rapidly
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Fig. 7. Junction temperature as a function of thermal
conductivity of heat slug of LED.
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Fig. 8. Junction temperature versus thermal
conductivities in various cases of TIM1 thickness.
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from approximately 67.5 °C to 61 °C when the heat
slug’s thermal conductivity (kneatsiug) increases from
46 W/mK to 166 W/mK. Further increase of Aneat-siug
plays an insignificant effect on 7; which is only about
1 °C. Thus, using a heat-slug with the thermal
conductivity greater than or equal to 150 W/mK seems
to be an appropriate design. The study has shown the
familiar behavior with other researches [1, 19] in
determining the relation between 7; and material
properties of the LED-chip. However, we focus more
on how to choose an effective material for each part of
the LED-chip.

3.2. TIM1

The heat spreading process inside the module and
the junction temperature are partly depended on the
thermal conductivity and thickness of TIM layers.

Fig. 8 shows a special point that 7; reaches higher
values  dramatically when TIMI’s thermal
conductivity (ktmv1) is smaller than 1 W/mK. However,
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Fig. 9. The junction temperature is dependent on
copper-layer thickness.
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Fig. 10. Junction temperature as a function of thermal
conductivities and thickness of the dielectric layer.
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these results also present the weak dependence on the
TIMI thickness (drmi) of 7; when krivi gets higher
than 1 W/mK. We thus suggest that the appropriate
value of the thermal conductivity of TIM1 should be
greater than 1 W/mK.

3.3. PCB

Fig. 9 to Fig. 10 show the weak contribution of
the copper layer, dielectric layer and aluminum-base
layers in cooling 7;. To be clear, the 7; gap between the
minimum case (1 pm) and the maximum case
(300 um) of the copper layer’s thickness (dcopper) 1S
only 1.2°C. Even though the copper layer has a
constant thermal conductivity, the subsequent layers
were still in full consideration of how their tested
thermal conductivity and thickness cool down the T;
(Fig. 10 and 11). Fig. 10 illustrates the slight decrease
of 7; undergoing the thickness reduction the dielectric
layer (ddictectic), except the Kdgiclecric from 0.1 to
0.5 W/mK. When Egiclectric 1 smaller than 1 W/mK, the
T; is in an accelerating increase. Thus, the optimal
value of Kdgiclectric fOr a suitably cool 7 is larger than
0.5 W/mK. Under the similar analysis for the dielectric
layer, the thermal conduction ability of the Al-alloy
base (kal-aloy) plays a poor effect on T;.

In conclusion, when the PCB’s analysis from
other research [1, 5] was achieved for the type of COB
module, our research has fully described how the T is
affected by every individual portion of the PCB of the
SMT module.
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Fig. 11. Junction temperature as a function of thermal
conductivities and thickness of TIM2.

Considering the five different thicknesses and the
interval of 100 to 200 W/mK of thermal conductivity
of the TIM2 layer, we can see how the TIM?2 affects
the 7;. As seen in Fig. 11, it is clear that 7} reaches high
temperatures when kv gets smaller than 0.5 W/mK.
Compared with the case of the TIMI, the suitable
materials for TIM2 could have a lower krv, i.g,
0.5 W/mK for TIM2 and 1 W/mK for TIMI. The
results can be useful for LED commercial applications.
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3.4. Heat Sink

In heat sink analysis, Fig. 12 shows the
dependence of the 7; on the thermal conductivity of the
heat sink (Kneat-sink), Which illustrates that the 7; is
almost stable when Aneacsink 18 higher than 75 W/mK.
However, the T; will get higher when Aneatsink gradually
decreases from 75 W/mK. Thus, the appearance of a
heat-sink with a Kheatsink higher than 75 W/mK is
necessary. On the other hand, the inserted graph in
Fig. 12 presents the strong effect of the convective
factor on cooling T;. It is almost 100°C of disproportion
when the effective convective coefficient rises from 8
to 20 W/m?K. Thus, in the role of cooling off T;, the
plate-fin heat sink is proved its two important
contributors: thermal conductivity and convective
factor, that are directly related to the heat sink
materials. Currently, plastic materials are commonly
used to make various kinds of heat sink [20].
Therefore, besides the driver-potting material option
[21], a study about the design of plastic heat sink
embedded with aluminum component seems to be a
potential solution for the thermal issue in LED lighting
engineering.
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Fig. 12. Junction temperature as a function of thermal
conductivities and convective coefficient (inset) of the
heat sink
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Fig. 13. Configuration of (a): plastic heat sink
(TYPEL), (b): plastic heat sink embedding aluminum
component (TYPE2)
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4. Case Study: Plastic Heat Sink Embedded with
Aluminum

The plastic heat sink (TYPE1) is potentially
replacing the aluminum heat sink in commercial
products because of its reasonable prices; however, its
thermal conductivity is normally low (from 1 to
24W/mK) [20]. In order to balance the use of plastic
and metal materials in producing an optimal heat sink,
we study a model of plastic heat sink embedded with
aluminum-component (called TYPE2) (Fig. 13).

Fig. 14. Cross-sectional thermal distribution of TYPE1
and TYPE2 (with thin Al-alloy layer) respectively, at
1 W/mK of kplastic.

110 - —=a—TYPE2 (k-AI=50W/mK)
5} —a—TYPE2 (k-Al=121W/nK)
g 100 1 ——TYPE2 (k-AI=201W/mK)
g 00 ——TYPEI
€ o |
£
o
=
= 80 -
=]
Z
5 7

60 : . ; :

0 5 10 15 20 25

Thermal conductivity of plastic (W/mK)

Fig. 15. Junction temperature depends on thermal
conductivity of plastic in cases of the plastic heat sink
(TYPEL1) and the embedding heat sink (TYPE2)

Fig. 14 presents the dramatic down of 7; and the
more uniform thermal distribution as a result when the
plastic heat sink (TYPEl) embedding an aluminum
component to become the TYPE?2 heat sink. That is the
interesting sign for deepening this case study.

Fig. 15 shows the relation between 7; and the
Kneat- sink Of the two heat sinks. The curve with red color
represents the 7; as a function of thermal conductivity
of plastic (kplasic) When using the plastic heat sink
(TYPEL). The green, blue, and orange curves represent
the change of 7; at the various cases of kplasiic used in
the TYPE2 with karaoy is 50, 121, 201 W/mK,
respectively. When the kplasiic decreases, the T; rises,
however, the rapid increase of 7; occurs when Kplasiic 1S
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smaller than 3W/mK. The largest 7; gap between the
TYPE2 and TYPE1 is 23.5 °C at 1 W/mK of the Aplastic.
This gap gradually decreases to 0.5 °C at 25 W/mK of
kplasic. Moreover, in the TYPE2, the use of different
kAl-alloy in the range from 50 to 200 W/mK engenders
no significant change in 7;. The use of one of the
cheapest Al-alloy materials here (kaiaiioy=50W/mK)
for the design is enough.

Focusing on the thickness of aluminum-
component in TYPE2, we calculus the new parameter
x with:

X = dai/dpase P (2)

where x is the ratio of aluminum thickness in the heat
sink base of the TYPE2 module, day, is the thickness of
the aluminum-component, and dpase is the total base
thickness.
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Fig. 16. Junction temperature versus thickness ratio of
the aluminum- component in the TYPE2 module.

Fig. 16 demonstrates how 7; depends on x. 7; does
not change much when x is in the range of 0.1 to 1,
however, rockets to a high value when x turns to be
smaller than 0.1. Therefore, even though the analysis
shows the weak dependence of 7; on the da, when x is
higher than 0.1, but once again proves the critical
presence of the embedded aluminum in the TYPE2
model. To summarize, the results of this case study
have indicated the weak dependence of 7; on ka; and
dan in all cases of TYPE2. However, for a particular
point, 7; will be very high when kpasic less than
3 W/mK or the ratio x is smaller than 0.1. Therefore,
the case study indicates that the TYPE2 is more
advanced than TYPE]1 in cooling T;, especially in the
use of a low kppsic model. And in case of using the
TYPE2, it is better if an aluminum component could
be embedded with a thickness just needed to be equal
or larger than 0.1 dase.

5. Conclusion

Both steady state and transient state simulations
have been performed to investigate the junction
temperature of our typical SMT LED module. The
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simulation was used to analyze the thermal
characteristics of each component in the module and
how they contribute to the junction temperature. Effect
of thermal conductivity and thickness LED module
components on junction temperature were analyzed
symmetrically. The main contribution of this work is
to point out that the junction temperature strongly
depends on the thermal conductivity of heat slug, TIM,
and heat sink. Convective coefficient of heat sink plays
an important role in heat dissipation of LED. Results
this work can be wused for effective thermal
management design of the LED module.

In addition, the case study of the new
configuration of the heat sink; aluminum embedded
plastic heat sink has been investigated via thermal
conductivity and  geometric  structure.  The
configurations are proved better than the pure plastic
heat sink. The results give us a suggestion of the
thermal design for use in the brand of low thermal
conductivity plastic heat sink.
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