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ABSTRACT 

The effects of various parameters, such as thermal properties of substrates, thermal interface materi-
als (TIMs) and heat sinks on the thermal performance of the light emitting diode (LED) light bars and 
backlight module are investigated experimentally and numerically in terms of junction temperature (Tj) 
and thermal resistances from junction to air (Rj-a).  The results show that the measured Rj-a of the light 
bars by powering-on five LEDs in the test is different from one by powering-on only one LED, result-
ing from the extra heat coming from the adjacent LED packages affecting the Tj for the case of power-
ing-on five LEDs.  For the modules, Rj-a is significantly reduced by using the heat sinks for all back-
light modules, and aluminum and iron heat sinks do not show any obvious difference in heat dissipation 
along with any substrates and TIMs.  Furthermore, both experimental and simulation results show that 
the thermal conductivity of the substrates are more important and dominant than TIM and heat sink for 
the Rj-a of the backlight modules concerned, and also demonstrate that the thermal field for the local 
model can represent the one in full-scale backlight module. 
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1.  INTRODUCTION 

The light emitting diode (LED), which features high 
color rendering index, environmental friendliness, 
low-power consumption, long lifetime, small form fac-
tor, and short response time, has been gradually replac-
ing the conventional cold cathode fluorescent lamp 
(CCFL) as a backlight source in TV and computer 
monitors industry.  However, the issues of the LED 
backlight bars (or modules) with high cost, high junc-
tion temperature, and low reliability have to be resolved 
before gaining full market penetration [1-4].  It is well 
known that high junction temperature in the LEDs 
would lead to the reliability problems, such as low 
quantum efficiency, wavelength shifts, short lifetime, 
and even catastrophic failures [4-7].  As a result, the 
heat dissipation for such LEDs becomes an important 
issue.  Many research efforts have been put to improve 
the heat dissipation of LED modules in the literature.  

The heat dissipation of LED array with and without fins 
and fan was analyzed using a finite element simulation 
[8].  Thick-film insulated aluminum substrates with 
optimum thermal via were proposed to outpace thermal 
performance of LED module with metal core printed 
circuit board (MCPCB) [9].  The copper-core MCPCB 
with thermal via design was adopted to lower the ther-
mal resistance of chip-on-board LED module [10].  A 
thermal analysis of a high-brightness LED array pack-
age assembly by various placement algorithms associ-
ated with experimental validation has been studied [11].  
An electrical-thermal-luminous-chromatic model was 
proposed to predict the color properties of a phos-
phor-converted white LED package under its working 
temperature [12].  The effects of chip distance, num-
ber of chips, and driving current on the thermal resis-
tance of LED module have been investigated [13].  
Aluminum nitride insulation plate structure, instead of 
MCPCB with the dielectric layer, was proposed for 
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improving heat dissipation of an LED module [14].  In 
this study, to tackle the heat dissipation problem with 
the LED backlight module, the thermal performances of 
the LED light bars and backlight module are investi-
gated experimentally and numerically in terms of sub-
strate thermal properties, thermal interface materials 
(TIMs) and heat sinks. 

2.  METHODOLOGIES 

2.1  Test Specimens 

The materials and configurations of light-bar speci-
mens are shown in Fig. 1 including LED light bar and 
cross sections of various LED substrates.  In the 
specimen fabrication, commercial LED packages with a 
size of 5.7  3  1 mm consisting of an LED die, a 
leadframe, PPA (Polyphthalamide) and an encapsu-
lant were mounted with a pitch of 8.5 mm on various 
8 mm-wide, 55 mm-long strip substrates, shown in 
Fig. 1(a).  It is specially noted that for measurement 
purpose the measured LED package (at the center) has 
to be independently powered with electrical wires, 
while the other four are connected in series with a jump 
wire.  Three types of substrates: aluminum, printed 
circuit board, and flexible substrate (denoting Al, PCB, 
and Flex, respectively) shown in Fig. 1(b) are evaluated. 
Note that the flexible substrate is similar to PCB, but  
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Fig. 1 Detailed materials and configurations of (a) 
LED packages on light bar and (b) with vari-
ous substrates. 

consists of two copper foils and one relatively thin FR4 
layer.  The configurations of LED backlight module 
are shown in Fig. 2(a) with various substrates, TIMs 
and heat sinks (including Al, aluminum, and Fe, iron), 
and Fig. 2(b) with a full model and a local model 
measuring 740  420 mm (with total 60 LED packages 
in two 330 mm-long light bars) and 60  55 mm (with 
5 LED packages in one 55 mm-long light bar), respec-
tively, for testing and analysis.  The material thermal 
properties of the LED backlight modules are listed in 
Table 1. 
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Fig. 2 (a) Schematic of LED backlight modules with 
various substrates, thermal interface materials 
(TIMs) and heat sinks, (b) a full model and a 
local model with the size of 740  420 mm 
(with total 60 LED packages along both sides) 
and 60  55 mm (with 5 LED packages), re-
spectively. 

 

Table 1 Thermal conductivities of materials used in the 
simulation. 

Material Properties Termal Conductivity k 
(W/mK) 

LED Chip 42 
Sapphire (Chip Sub.) 35 

Silicone 
(Die Attach and Encapsulant) 

0.3 

PPA 0.3 
Copper 

(Lead-Frame and Copper Foil) 
380 

Solder 49 
Solder Mask (Substrate) 0.3 
Aluminum (Substrate) 160 

FR4 0.3 
Iron 59 

2.2  Junction Temperature Measurements 

The chip junction temperature (Tj) was measured in 
this study by a junction temperature tester, which was 
developed on the basis of the principle of the electrical 
property of a diode with the linear relationship between 
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the electrical forward current and voltage [15].  The Tj 
measurement [16, 17] used here is in accordance with 
this principle by applying a small current (0.1 mA) to 
the LED.  The calibration constant (β) in linear rela-
tionship in the LEDs can be determined in an oven cal-
ibration and then be used for correlating voltage change 
to temperature change.  The pulse-current input is re-
quired for measuring the Tj.  Before the Tj measure-
ment, the driving current has to maintain the LED in 
power for about 30 minutes so as to ensure that the 
LED reaches a thermal steady state.  The pulse current 
(0.1 mA) applied for temperature measurements is with 
only 1-msec duration for generating the LED voltage 
drop.  This 0.1-mA current with 1-msec period of time 
is to avoid the current-induced thermal effect on the 
LED diode.  During the measurement, the voltage 
drop between the initial-state voltage (VMi) and meas-
urement-state voltage (VM) is caused by the increase of 
Tj.  Then the Tj can be described and determined by 
the following equations:  

 j a j aT T T    (1) 

 ( )j a Mi MT V V      (2) 

where β is a calibration factor, Ta is air temperature, and 
Tj-a is a temperature difference between the junction 
and air temperatures.  The Tj tester was designed by 
the aforementioned principle.  For easy interpretation 
of heat dissipation capability, the parameters of thermal 
resistances (Rj-a and Rj-sub) are presented and defined as:  

 ;j a j sub
j a j sub

T T T T
R R

P P
 

 
   (3.1; 3.2) 

where P is an electrical input power. 
The setup of the temperature measurement system is 

based on the JEDEC (the Joint Electron Device Engi-
neering Council) specification [18] in which the trans-
parent box is for avoiding excessive airflow that might 
cause measurement errors.  As the LED light bar or 
backlight module reaches the thermal steady state, the 
surface temperatures are measured by the thermocou-
ples attached on their substrate surfaces.  There are 
three input powers (0.18 W, 0.26 W, and 0.4 W, corre-
sponding to I = 60 mA, 80 mA, and 120 mA, respec-
tively) used in the experimental measurements of both 
light bars and modules. 

2.3  Thermal Simulations 

The CFdesign, a commercial computational fluid 
dynamic code, was used for thermal simulation in this 
study.  The three-dimensional computational fluid 
dynamic model shown in Fig. 3 was employed for 
eliminating the theoretical model limitations and itera-
tive calculations of the convection coefficients due to 
the usage of the semi-empirical equations [19, 20].  
The three equations of the fluid dynamics [21] from 
which the CFdesign code is derived, are applied to this 
numerical calculation by assuming the fluid is an in-
compressible flow, and expressed by: 
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Fig. 3 Thermal modeling of the LED light bar and 
backlight module used in CFdesign analysis. 
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Conservation of Momentum: 
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In the z-direction, 

 
2 2 2

2 2 2 w

w w w w T
u v w R

t x y z z

w w w
f

x y z




    
    

    

   
    

   

 (5.3) 
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 (6) 

where  is the density (kg/m3), R is the specific gas 
constant, T is the temperature (K), k is the thermal 
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conductivity (W/mK), u, v, w are components of the 
fluid velocity in the x-, y- and z-directions (m/s), fu, fv, 
and fw are the velocity sources, Cp is the specific heat 
(J/kgK), ST is the temperature source term and μ is the 
dynamic viscosity (N-s/m2).  Thermal properties of 
materials for the LED backlight modules are listed in 
Table 1, in which only the steady-state thermal analyses 
are all applied in this study.  For avoiding the ze-
ro-fluid-velocity boundary effect, the size of con-
structed air domain is in general about 5 to 10 times 
larger than that of the test specimen.  So the size of air 
domain used in this study is 400  400 mm (since the 
maximum length of the sample is about 55 mm).  On 
nature-convention boundary conditions, the top surface 
of air domain is assigned with zero pressure difference 
in the flow outlet, while the other five surfaces of the 
domain are specified by assuming room temperature of 
25C and zero fluid velocity in the x-, y- and 
z-directions.  The laminar flow within the domain is 
adopted in the steady-state analysis at initial tempera-
ture of 25C.  Three input powers (0.18 W, 0.26 W, 
and 0.4 W) with 75% conversion (which was deter-
mined with an integrating sphere optical system by 
separating optical and thermal powers from the electri-
cal input power) into heat are applied in the CFdesign 
analysis. 

The grid stability analysis of this thermal simulation 
was also performed and the convergence of data was 
evaluated.  The results indicate that if the element 
number is less than 100k, then obtained temperature 
field is not stable and convergent, due to averaging out 
the thermal gradient over the large size of the element.  
On the other hand, if a large element number, such as 
348k, is used, the calculation time increases signifi-
cantly.  Therefore, the optimally-adopted element 
number of this simulation in this study was a slightly 
larger than 100k for each backlight module.  As a re-
sult, the obtained Tj result is within only 0.5% differ-
ence from that with 348k elements. 

3.  RESULTS AND DISCUSSION 

3.1  Experiments 

Thermal behaviors of the light bars and backlight 
module were measured and discussed in terms of the 
junction temperatures and thermal resistances as fol-
lows: 

3.1.1  Thermal Behaviors of LED Light Bars 

The junction temperatures (Tj) and substrate tem-
peratures (Tsub) in various LED light bars with power-
ing-on only one LED with different input currents are 
shown in Fig. 4(a) from the measurements.  It is 
shown that both temperatures for those light bars in-
crease linearly with the input currents (or powers).  
And Tj in the light bar with the PCB substrate are rela-
tively higher than the ones with Al and Flex substrates, 
while Tsub shows no apparent difference with different 
substrates.  By using thermal resistance definitions in 
the equations (3.1) and (3.2), the Tj and Tsub data can be 

converted into thermal resistances, Rj-a and Rj-sub, as 
shown in Fig. 4(b).  It is worth mentioning that Rj-a 
includes heat conduction and convection, while Rj-sub 
only is responsible for heat conduction.  The results 
indicate that the light bars with Al and Flex substrates 
have the similar, lowest values of Rj-a and Rj-sub, while 
the one with PCB substrate has the highest values.  
This implies that the use of Al substrate can lower Rj-a 
by about 57%, compared with that using the PCB sub-
strate. 
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Fig. 4 (a)Tj and Tsub 
 
and (b)Rj-a and Rj-sub when pow-

ering-on one LED package on Al, PCB, and 
Flex light bars with various input powers, ob-
tained from local-model experiments. 

 
Furthermore, for the case of the light bars with pow-

ering-on five LEDs with different input currents, the Tj 
and Tsub are shown in Fig. 5(a) and the corresponding 
Rj-a and Rj-sub are presented in Fig. 5(b) from the meas-
urements.  These data of temperature and thermal re-
sistance of the light bars for powering-on five LEDs 
share the similar trend with those from the case of 
powering-on one LED, except with an improvement of 
Rj-a by only about 27%, rather than 57%, by using Al 
substrates instead of PCB substrate.  The detailed 
comparison of Rj-a for light bars with powering-on one 
and five LEDs is shown in Fig. 6 for closer examination.  
It indicates that for powering-on five LEDs (which 
would be more likely to be represented in a real appli-
cation) the increase of Rj-a for all light bars could result 
from the extra heat coming from the adjacent LED 
packages, which are neglected for the case of power-
ing-on only one LED. 

https://doi.org/10.1017/jmech.2016.80 Published online by Cambridge University Press

https://doi.org/10.1017/jmech.2016.80


Journal of Mechanics, Vol. 33, No. 3, June 2017 335 
 

250

350

200

300

150

100

50

Th
er

m
al

 R
es

is
ta

nc
e 

(°
C

/W
)

0

~27%

PC
B

Flex

A
I

Rj-a Rj-sub

(b)

PC
B

Flex A
I

160
140

120

120

80

80
Input Current (mA)

 (a)

100

Tsub

60

60

40

Te
m

pe
ra

tu
re

 (°
C

)

20 (0.18W) (0.26W) (0.4W)

Tsub

PCB

PCB

Flex

Flex
AI

Tj

AI

 

Fig. 5 (a)Tj and Tsub
 
and (b)Rj-a and Rj-sub when pow-

ering-on five LED packages on PCB, Flex and 
Al light bars with various input powers, ob-
tained from local-model experiments. 
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Fig. 6 Comparison of Rj-a with powering-on one and 
five LED packages on PCB, Flex and Al light 
bars, obtained from local-model experiments. 

 

3.1.2  Thermal Behaviors of LED Backlight Modules 

The Tj and Tsub in various LED modules with pow-
ering-on five LEDs with different input currents are 
shown in Fig. 7(a) from measurements in the local 
model with a TIM of k = 0.3 W/mK.  It is shown that 
both temperatures for those modules increase linearly 
with the input currents (or powers).  And Tj data in the 
module with the PCB substrate are relatively higher 
than the ones with Al and Flex substrates, while Tsub 
data show no apparent difference with different sub-

strates.  Besides, there is no obvious dissimilarity ei-
ther for Tj or Tsub between the modules with the Al and 
Fe heat sinks.  The Tj and Tsub data can be converted 
into thermal resistances, Rj-a and Rj-sub, as shown in Fig. 
7(b).  It is noted that Rj-a includes heat conduction and 
convection effects, while Rj-sub is only responsible for 
heat conduction.  The results indicate that the back-
light modules with Al and Flex substrates have the sim-
ilar, lowest values of Rj-a and Rj-sub for both with Al and 
Fe heat sinks, whereas the one with PCB substrate has 
the highest values.  This implies that, whether Al or Fe 
heat sink is applied, the use of Al or Flex substrate can 
lower the thermal resistance (Rj-a) by about 43%, com-
pared with that using the PCB substrate. 
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Fig. 7 (a)Tj and Tsub and (b)Rj-a and Rj-sub of LED 
backlight modules with powering-on five 
LEDs with different substrates and heat sink, 
obtained from local-model experiments. 

 
Moreover, the Rj-a of backlight modules with differ-

ent substrates, TIMs and heat sinks are shown in Fig. 8 
in comparison with that without heat sink.  The results 
indicate that Rj-a can be significantly reduced by using 
the heat sinks for all the cases; however, Al and Fe heat 
sinks do not provide any obvious difference in heat 
dissipation for any substrates and TIMs.  Therefore, 
whether TIM is a good thermal conductor (with k = 
3.8 W/mK) or bad one (with k = 0.3 W/mK) has no 
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apparent effect on the Rj-a for the cases with PCB, Flex 
and Al substrates. 
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Fig. 8 Rj-a of LED backlight modules with different 
substrates, TIMs and heat sinks, obtained from 
local-model experiments. 

 

3.2  Simulations and Verification 

To further gain more insights into thermal behavior 
of the light bars and backlight module, the thermal sim-
ulations by CFdesign have been carried out.  The sim-
ulation results will be compared with those from ex-
periments, and discussed in detail in terms of Tj and 
Rj-a. 

3.2.1  Thermal Behaviors of LED Light Bars 

The simulation results of Tj and Rj-a, as shown in 
Fig. 9(a) and (b) respectively, are compared with the 
experimental ones for the light bars.  Note that error 
bars in the simulation results are for showing the devia-
tion of the simulation results with three different input 
powers.  It is found that both results are reasonably 
consistent in both quality and quantity, except with 
slightly higher values of Rj-a predicted from the simula-
tion, due to neglecting modeling the power wires 
(which provide additional heat-dissipation path) used 
for powering-on the LEDs during the Tj measurement.  
Despite the minor difference, the simulation model, as a 
result, has been proved to be feasible to predict the 
thermal behaviors of the light bars, even with slightly 
higher systematic value of Rj-a. 

In order to improve the thermal behavior of the PCB 
light bar for cost reduction, the validated model associ-
ated with various thermal-via designs of PCB substrate 
shown in Fig. 10(a) was utilized and subject to the input 
power of 0.4 W per LED.  The obtained results of Tj 
are compared with Al light bar.  The results shown in 
Fig. 10(b) illustrate that the PCB substrate with ther-
mal-via design can lower the Tj of the light bar, and the 
decrease of Tj become less apparent until 9 vias used.  
The Tj of this PCB light bar with 9 thermal vias can be 
lowered to 114C by up to 31C, close to the one with 
108C for the Al light bar.  Furthermore, the detailed  
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Fig. 9 Comparison of (a) Tj, and (b) Rj-a of the light 
bars from simulation and experiments for 
powering-on five LED packages on PCB, Flex 
and Al substrates with various input powers. 

 
thermal fields shown in Fig. 11 indicates that thermal 
gradient is noticeable from Tj to Tbot for the PCB light 
bar without via (with the temperature difference of 
about 55C), but less obvious for one with 9 vias which 
has the temperature difference of only 12C.  It im-
plies that the thermal-via design could provide the ef-
fective heat-dissipation path to enhance heat dissipation 
and thus to decrease the Tj, similar to the observation by 
[10].  Therefore, the PCB light bar with thermal-via 
design has the potential to be substituted for the Al light 
bar for cost-down purpose. 

3.2.2  Thermal Behaviors of LED Backlight Modules 

The Rj-a of the modules with different substrates and 
heat sinks are shown in Fig. 12, obtained from experi-
ments and simulation.  Both consistent results imply 
the thermal conductivity of the substrates are more im-
portant and dominant than TIM and heat sink for the 
Rj-a of the backlight modules.  This mechanism can be 
further explained using Table 2, which shows thermal 
resistance for each layer, obtained from temperature 
gradient divided by a thermal power from the simula-
tion.  It is shown that, unlike from the substrate, ther-
mal resistances either from TIMs or heat sinks contrib-
ute a negligible amount to the total resistance.  The 
consistent results also indicate that the simulation mod-
el is good enough to be employed to predict the thermal 
behaviors of the LED backlight modules.  Since the 
above-mentioned results are limited to the local model,  
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Fig. 10 (a) New design of PCB substrate with various 
numbers of thermal vias, and (b) the effect of 
via numbers in PCB substrate on Tj for the 
PCB light bar from simulation (with power = 
0.4 W/LED), in comparison with Al light bar. 
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Fig. 11 Thermal fields for the PCB light bar without 
via and with 9 vias from simulation (with 
power = 0.4 W per LED). 

 
it is interesting to understand the difference between 
local model and full model (which represents a real 
case).  For checking whether the local model (with a  

200

160

120

80

40

R 
j-a

 (°
C

/W
)

R 
j-a

 (°
C

/W
)

0

200

160

120

80

40

0TI
M

 (k
=0

.3
)+

A
I h

ea
t s

in
k

TI
M

 (k
=0

.3
)+

Fe
 h

ea
t s

in
k

TI
M

 (k
=3

.8
)+

Fe
 

TI
M

 (k
=3

.8
)+

A
I 

PCB Flex

Experiment
Simulation

AI  

Fig. 12 Comparisons of Rj-a of LED backlight modules 
with various substrates on Al and Fe heat sinks 
with TIMs (k = 0.3 and 3.8 W/mK), from ex-
periment and simulation. 

 

Table 2 Thermal resistance of each layer exacted from 
simulation. 

Rth

Sub. 
Rpkg. Rsub. RTIM(0.3) RTIM(3.8) Rheat sink(A1) Rheat sink(Fe)

AI Sub. 28.4 4.3 1.76 0.1 0.011 0.11 

PCB Sub. 28.4 11.27 1.15 0.29 0.015 0.19 

Flex Sub. 28.4 4.7 1.15 0.22 0.015 0.12 

Unit: C/W 

 
 
 

5-LED light bar on a heat sink of 60  55 mm) could 
represent the full model (with a 30-LED light bar at 
each side on a heat sink of 740  420 mm), the tem-
perature fields were analyzed by CFdesign for both 
cases under P = 0.4W per LED for a module with PCB 
substrate, TIM (k = 0.3 W/mK) and Al heat sink.  The 
results shown in Fig. 13 indicate that temperature fields 
for both cases are consistent with each other either for 
Tj with less than 1% or surface temperatures with 2.5%.  
That implies the thermal field for the local model can 
successfully represent the one in a real case. 
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Fig. 13 Comparisons of simulation-obtained tempera-
ture fields of LED backlight modules between 
from (a) full and (b) local models under P = 
0.4W per LED, with PCB substrate attached 
on Al heat sink with TIM (k = 0.3 W/mK). 
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4.  CONCLUSIONS 

The thermal performances of the light emitting diode 
(LED) light bars and backlight modules with various 
substrates, thermal interface materials (TIMs) and heat 
sinks, have been investigated experimentally and nu-
merically in this study.  The related junction tempera-
ture (Tj) and thermal resistances (Rj-a) for these LED 
light bars and modules have been obtained from ex-
perimental measurements and simulations.  For the 
light bars, the increase of Rj-a for all substrates and less 
improvement of Rj-a using flexible or aluminum sub-
strate instead of printed circuit board (PCB) substrate, 
were observed by powering-on five LEDs in the test, 
compared with those by powering-on only one LED. 
Those phenomena are attributed to the extra heat com-
ing from the adjacent LED packages, which are ignored 
for the case of powering-on only one LED.  It was 
experimentally found that Rj-a can be significantly re-
duced by using the heat sinks for all backlight modules.  
And the use of aluminum or flexible substrate in back-
light modules can lower the thermal resistance (Rj-a) by 
about 43%, compared with that using PCB substrate.  
It was also seen that aluminum and iron heat sinks do 
not provide any obvious difference in heat dissipation 
for any substrates and TIMs.  Furthermore, the afore-
mentioned experimental observations have been con-
firmed by the simulation, and both results show that the 
thermal conductivity of the substrates are more impor-
tant and dominant than TIMs and heat sinks for affect-
ing the Rj-a of the backlight modules.  The PCB sub-
strate with thermal-via design, providing the effective 
heat-dissipation path to enhance heat dissipation, has 
proposed for replacing the aluminum substrate for 
cost-down purpose.  It has also been successfully dem-
onstrated that the thermal field for the local model can 
represent the one in full-scale LED backlight modules. 
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