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Abstract: This report investigates the thermal performance
of light-emitting diodes (LEDs) using a heat sink structure
based on an optimized design and a sprayed cuprous oxide
(Cu,0) coating. An orthogonal array of 18 aluminum plates
with various heat-dissipated structures was created. The
optimal junction temperature of the LED package is deter-
mined by using the signal-to-noise ratio (S/N) of the heat-
dissipated structure based on Taguchi’s method as well as
the heat dissipation coating. According to the analysis of
variance, the most important factors that influence the junc-
tion temperature can be obtained as the depth of groove, the
layout of holes, the layout of LEDs, and the number of Cu
block. These significant factors constituted approximately
91.06% of the variation in the experiment. The results
show that by optimizing the structure of the LED heat sink
based on the heat-dissipated coating, the efficiency of the
junction temperature is increased by 23.88%. Also, a gain of
1.30 dB corresponds to a 9.67% reduction in variance, which
indicates the improvement through the optimal setting
by 1162 times of variance, showing good reproducibility.
Overall, the coating is based on the optimized design of
the structure of the heat sink that has good heat transfer
capability, which can provide a good solution to the heat-
dissipated problem of LED and further give guidance to the
future development of LED.
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1 Introduction

Recently, a lot of attention has been paid to energy con-
servation and improvement of the environment due to the
depletion of oil resources as well as high oil prices and the
warming of the earth’s population [1-3]. A large number of
countries are looking at green energy like light-emitting
diode (LED) lighting as an efficient solution toward energy
saving and carbon emission mitigation [4,5]. Right now,
high-power LEDs in the global lighting market are handi-
capped by higher prices and a lack of industry standards,
as well as problems with quality and skill, such as dimness,
light color, durability, and flexibility, most of which are
linked to thermal problems of the parts [6]. LEDs are a
kind of semiconductor that serves as a light-emitting com-
ponent. In contrast to traditional sources of light, such as
gaseous emission lamps, vacuum lamps, and white lights,
they possess a much longer working life. The light source
made by LED does not have such environmental pollutants
as mercury, lead, etc., which do not pollute the environ-
ment. Therefore, LED is known as the fourth-generation
lighting source with no pre-heat time, high-speed response,
smaller size, less power consumption, lower energy con-
sumption, less environmental impact, and more reliability.
Furthermore, it can be further made into minimal or series
devices for various applications, such as automobiles, compu-
ters, traffic lights, telecommunication industry, backlighting of
liquid-crystal display (LCD) panels, LED displays, etc. [7]. How-
ever, LED lights can also raise huge heat problems such as
high temperatures and lack of heat dissipation that can lead to
serious lighting failures and a shortened lifetime. Yet, LEDs
use only approximately 20% of the energy, while about 80% of
the energy is produced at the junctions of the LED modules
with high heat [8]. Namely, most of the energy is converted
into heat, not light. As a result, the heat dissipation of LEDs is
insufficient, which results in reduced luminous efficiency and
lifetime of LED lights. Thus, it is significant to improve the LED
heat sink temperature of the substrate. In addition, thermal
control of LED modules, which makes sure that the heat cre-
ated in the LED chip is rapidly removed by the heat sink, has
aroused the attention of many researchers. Many solutions
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have been proposed. Bera et al. [9] have studied the relation-
ship as observed between LED luminous efficiency and junc-
tion temperature. It was shown that the thermal resistance
impedance increases with the increase in the supplied power
and the heat accumulated on the junction surface increases.
Shatalov et al. [10] conducted a thermal analysis using a chip-
packaged 280 nm nitrogen-based UV LED in an attempt to find
an effective solution to the thermal problem of this LED. The
experimental results show that the bottleneck of heat dissipa-
tion lies in the bonding area of the LED. LEDs with a small
bonding area have high heat accumulation on the bonding
surface, and the LED package produces lower thermal effi-
ciency. Arik et al. [11,12] used SiC and sapphire wafers in
two devices that were compared using thermal simulations
with finite elements from ANSYS. It was found that the SiC
packages exhibited much more homogeneous temperature
distribution and lower joint temperature, which is related to
the high heat transfer coefficient of SiC. Ngo et al. [13] studied
the thermal performance of surface mounted device-LED
chips under the influence of wire patterns and LED arrange-
ments in an experiment. The results show that the printed
circuit board of the wire pattern not only induces LED tem-
perature but also impacts the difference in temperature
between LEDs, as well as non-uniform distribution of tem-
perature. Sui et al. [14] use integrated thermocouple cooling
device to improve LED performance. This study offers a solu-
tion for LED heat dissipation as well as examines the influence
of thermoelectric cooler (TEC) temperature on the optical per-
formance of LEDs. It provides a basis for tuning the optical
performance of LEDs by TEC. As mentioned in the literature
earlier, the problem of high heat generated by LED lamp
junctions is a serious challenge that must be overcome
[15-22]. In order to solve the thermal problems of a consid-
erable number of manufacturers, the creative solution of
introducing novel ideas is warranted by the heat dissipation
technology [23-25]. However, many of the different struc-
tures of the heat sink have been utilized, but there are few
studies on the use of structural models of heat sink as well as
a Cuy0 coating by electrostatic spraying [26-28]. As a result,
the integration of highly conductive materials and the optimal
heat dissipation structures as an alternative for solving the
high heat problem of LEDs is an attractive solution [14,29-34].
Taguchi design, which is known as an orthogonal array, is a
technique for the design of experiments using only a few
factors overall [35,36]. The method enables to obtain the
optimal experimental results. Taguchi’s method is a simple,
high-efficient, and systematic approach to assess the quality
of characteristics with less time and cost. This method imple-
ments an orthogonal array where each factor is systemati-
cally evaluated, as well as provides reasonable predictions
of the response. In this study, heat sink structures and Cu,0
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coatings were utilized based on Taguchi design, and then,
the parameters of the heat sink system were optimized,
and the junction temperature was subsequently improved. In
a further study, the pattern of heat dissipation structures, the
morphology of Cu,O films, and the heat behavior were exam-
ined [37-45]. Optimization of the heat dissipation structure with
Cu,0 coating can be accomplished, and satisfactory results are
expected compared to experimental results.

2 Experimental design and layout

2.1 Materials and measurement

In this experiment, Cu,0 showed good thermal conductivity,
photocatalysis, and corrosion resistance which became pop-
ular for degrading materials, but was not used for heat
dissipation coating. Therefore, an attempt was made in
this experiment to make Cu,0 available for heat sink coating
of LEDs. The Cu,0 powder has a diameter of about 50 ym
with a uniform surface distribution, which is helpful for
gaining a high-quality deposit. In addition, the heat transfer
surface between the LED heat sink and the copper dioxide-
coated aluminum substrate using different coefficients of
thermal paste (0.9, 1.85, 4.6 W-m K™) was analyzed experi-
mentally. The Cu,O coating is deposited on the heat sink
using an electrostatic spray system. The parameters and
levels of electrostatic spraying are as follows: the baking
temperature of 150°C, the spraying time of 25 s, the spraying
speed of 55 mm-s ", the flowrate of Cu,0 powders of 3 cc's ™,
and the ratio of Cu,0/Resin of 3:1 and the baking time of
30 min. In this study, the junction temperature was used to
assess the thermal performance of the LED package. The
case temperatures at different locations were measured
using a thermal imager (IRI-4010) and thermocouple sen-
sors. A thermal imager is a device that converts the invisible
infrared energy emitted by an object into a visible thermal
image. In addition, the thermocouple is the most widely used
contact temperature measurement device in the industry. A
three-dimensional optical profiler (S]-301) is used to measure
surface roughness dimensions (Sa). The microstructural evo-
lution was analyzed using a field emission scanning electron
microscope (JEOL JSM-6700F). As shown in Figure 1, a fish-
bone diagram of the junction temperature of the LED module
in the heat sink structure is achieved by using the technical
route of the heat sink structure of the LED module as well as
Cu,0 coated with Al substrate by electrostatic. The structures
of the heat sink as well as Cu,0 powders in the experiment
are shown in Figure 2, including the back side of the Al plate
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Figure 1: A fishbone diagram of the junction temperature of LED modules during the structure of the heat sink.

with a parallel type (Figure 2a), Cu,0 powder with a size of 2.2 Experimental layout and factors

25-60 um (Figure 2b), the Al plate with Cu,O coatings (Figure

2¢), and the LED chip being mounted on the Cu,0 surface of The factors affecting the LED junction temperature in this
the aluminum substrate(Figure 2d). experiment are shown in the fishbone graph in Figure 1.

(©) (d)

Figure 2: (a) Parallel groove, (b) powders of Cu,0, (c) an Cu,0-coated Al substrate, and (d) the LED cores are mounted on a Cu,0-coated layer of Al
substrate.
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Table 1: Controllable factors and their levels based on the Taguchi method

Symbol Controllable factors Level 1 Level 2 Level 3

A Type of groove Parallel Vertical

B No. of groove 6 8 10

C Width of groove (mm) 1 2 3

D Depth of groove (mm) 1 2 4

E Layout of Hole 0 Neighbor Opposite

F Types of Heat dissipating paste (W-m™"K™") 0.9 1.85 4.6

G Layout of LED 5x5x1x1 3x3x3x3 5x3x3x1
H No. of Cu block 0 1 2

There are a large number of factors that affect the thermal
characteristics during the design of a heat sink, of which
eight are the key control parameters and the rest are preset
conditions. These eight control factors are type of groove
(A), number of grooves (B), width of groove (C), depth of
groove (D), layout of holes (E), types of heat dissipating
paste (F), layout of LEDs (G), and the number of Cu block
(H) as shown in Table 1. An orthogonal array suggests that
the layout is balanced, so the weights are uniform at all
levels of the factors. In this experiment, an orthogonal
array with eight factors A through H was used. Factor A
is a two-level factor, and seven factors B to H are three-
level factors, as shown in Table 1. All of the factor combi-
nations in all tests were experimentally implemented, and
a total of 4,374 experiments were required, which is very
time-consuming to run but only need to conduct 18 sets of
experiments in the Taguchi method, as shown in Table 3.

2.3 Thermal resistance

The thermal performance of LEDs is estimated by the
thermal resistance (R;,), which is determined by the differ-
ence in temperature between the junction and the environ-
ment, and the power generated by the LED under various
operating conditions. The following equation is typically uti-
lized to calculate heat resistance, as shown in equation (1).

_5-%

Ro= 2 (1)

where Rj, is the thermal resistance of the chip node to the
ambient, Tj is the chip node temperature at steady-state-
conditions, T, is the ambient temperature, and W is
the electrical power of the initiator in the chip. Figure 3
shows a schematic diagram of an LED lamp module that
includes a lens, an LED chip, a cooling block base, a

Table 2: Experimental layout of various tests and variables for heat-dissipated structures

No. of tests Control factors Junction temperature (°C) Signal/Noise (dB)
A B C D E F G H T T, Mean St.dev dB
1 1 1 1 1 1 1 1 1 58.0 61.1 59.55 2.19 -35.50
2 1 1 2 2 2 2 2 2 73.1 75.9 74.5 1.98 -37.44
3 1 1 3 3 3 3 3 3 66.2 68.2 67.2 1.4 -36.55
4 1 2 1 1 2 2 3 3 79.2 67.1 73.15 8.56 -37.31
5 1 2 2 2 3 3 1 1 56.9 62.3 59.6 3.82 -35.51
6 1 2 3 3 1 1 2 2 66.7 69.9 68.3 2.26 -36.69
7 1 3 1 2 1 3 2 3 67.2 69.7 68.45 1.77 -36.71
8 1 3 2 3 2 1 3 1 67.1 62.0 64.55 3.61 -36.20
9 1 3 3 1 3 2 1 2 65.2 63.8 64.5 0.99 -36.19
10 2 1 1 3 3 2 2 1 67.2 68.1 67.65 0.64 -36.61
" 2 1 2 1 1 3 3 2 71.6 70.7 76.65 8.41 -37.72
12 2 1 3 2 2 1 1 3 55.6 59.8 57.7 2.97 -35.23
13 2 2 1 2 3 1 3 2 89.8 82.2 86.0 5.37 -38.70
14 2 2 2 3 1 2 1 3 56.8 56.2 56.5 0.42 -35.04
15 2 2 3 1 2 3 2 1 67.3 63.6 65.45 2.62 -36.32
16 2 3 1 3 2 3 1 2 52.9 55.1 54.0 1.56 -34.65
17 2 3 2 1 3 1 2 3 721 73.2 72.65 0.78 -37.22
18 2 3 3 2 1 2 3 1 67.0 70.7 68.85 2.62 -36.76
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Table 3: Response table of SN on the junction temperature with various control factors and their levels

SN A B C D E F G H
Level 1 -36.46 -36.40 -36.58 -36.60 -36.29 -36.59 -35.35 -36.15
Level 2 -36.40 -36.60 -36.41 -36.73 -36.19 -36.56 -36.83 -36.79
Level 3 0.00 -36.29 -36.29 -35.96 -36.80 -36.13 -37.10 -36.34
Effect 0.06 0.31 0.29 0.77 0.60 0.46 174 0.64
Rank 8 6 7 2 4 5 1 3

dissipated layer (Cu,0), a substrate, and a block of heat
sink. In this experiment, the four LED modules with three
kinds as 5W-5W-1W-1W, 3W-3W-3W-3W, and 3W-1W-1W-
5W yield a 12W power output.

2.4 Analysis of variance (ANOVA)

To determine how control factors influence junction tem-
perature, an ANOVA was carried out to assess the effects of
different variables on the response. Based on ANOVA, the
factors that have the strongest influence on the junction
temperature were decided. Further experiments were con-
ducted to highlight these factors of heat dissipation. The
ANOVA table includes sum of squares, random error,
degrees of freedom, mean square, F-value, and the percent
contribution. The percent contribution is used to calculate
the relative importance of the comparison in terms of the
contributions of the control factors. In the experiment,
greater contributing factors were ranked higher in impor-
tance. That is, they provide a significant impact on the
quality characteristics, which can be further used to explain
the overall performance.

3 Experimental results and
discussion

3.1 Evaluation using the signal-to-noise ratio
(S/N) based on the Taguchi method

According to the Taguchi design, quality characteristics are
measured by their S/N, which originally came from the
field of communication and is used to assess the quality
of sound or graphics. A decibel value, together with the
mean and standard deviation of the experimental data, is
obtained. In the case of smaller and better characteristics,
such as the junction temperature of LEDs. A logarithmic
function is employed. The S/N based on the loss function,
Z;, denoting the S/N ratio, is formulated as

n

1
Zyiz

7= -101og|~
ni=1

l, @

where y; is the junction temperature value obtained in the
ith test. n is the total number of tests. For more details, Z; is
also denoted as

n

Y@ +SDH

i=1

Z; = -10log , ©)

where Y; represents the mean and S; represents the stan-
dard deviation of the junction temperature values of the
repeated trials for each experimental test. The Taguchi
method basically is aimed at maximizing the S/N ratio,
which is the key to the standard of performance. The
higher the S/N, the better the quality characteristics. In
this study, each test was repeated twice to obtain its S/N
in order to reduce cost and time.

3.2 The factorial effects and optimization
based on the orthogonal array

The response tables are estimated by combining the control
factors in the orthogonal array experiments. The effects of the

Lens Ti Q@
J

Seal ing boxes Ts E;
H

Cu0 coai%‘
C

T, Substrate - L
LTTLTTTH EQ;I
) wITTTTTTT

Block

LED chip

Tj

Cooling block

Figure 3: Schematic diagram of an LED lamp module including a lens, an
LED chip, a cooling block base, a dissipated layer (Cu,0), a substrate, and
a block of heat sink.
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mean values can reflect the importance of the relative perfor-
mance between each of the control factorial levels. The level of
each factor is calculated by equation (4). Examples of factor B
in the L18 array are B1, B2, and B3, respectively.

1

S/Ng; = E(S/Nl,Z,B + §/Nio,11,12),
1

S/Np; = g(s/ Nys6 + S/Niz14.15), @
1

S/Np3 = g(S/N7,3,9 + §/Nig17,18),

where S/Np; is the average value at the first level of factor B. S/
Nj 3 are the average values at the first level of the three tests
for factor B. The optimum value of factor B is the maximum
of the signal-noise ratio at the third level. The S/N was
applied according to equation (4) in Table 3, and the average
response and ranking of effects in the experimental results
were evaluated. Table 3 shows the average SN and the result
of the ranking of the response table. The maximum value is
the highest SN for each level in which the factor is used. Each
of the factors is prioritized based on the distance between the
maxima and minima. The larger the linear distance, the
stronger the response that corresponds to the control factor,
ie, the greater the temperature impact on the junction. The
maximal SN for each level of the factors can be determined
in the response table. The optimal value for each factor is
obtained based on the maximal value of the SN for every
factorial level. The optimal setting for the factorial levels is
A2B3C3D3E2F3G1H1. That is, the optimal conditions of the
factors are as follows: the type of groove is the parallel
array; the number of grooves is 10; the width of the grooves
is 3mm; the depth of groove is 4 mm; layout of hole is
neighbor in each other; the type of thermal dissipating
paste is 4.6 W-m™K™; layout of LED is 5W-5W-1W-1W, and
number of Cu block is 0. According to Table 3, the influence
of each factor on the junction temperature can be ranked as
G, D, H, E, F, B, C, and A. However, there is no way to
determine the degree of influence of each factor on the
quality. Therefore, it needs to be analyzed further.

4 Experimental results and
discussion

4.1 The heat dissipation properties of Cu,0
cladding based on the heat sink

The results of the orthogonal array experiments are given
in Table 3, which shows that most of the tests display much
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lower junction temperatures than the non-structural tests,
which indicates excellent thermal management. For Table 3,
in all the tests, the junction temperature measured with an
infrared thermometer was computed, where the distribu-
tion of the junction temperature varied from 54 to 86°C. In
comparison, the average value of junction temperature is
67 and 70°C, respectively, between parallel and vertical
types. This shows that the two types do not differ much
but the vertical type yields a larger change in the junction
temperature. Overall, there was no significant difference in
the average value of junction temperature between the par-
allel and vertical types throughout the 18 experiments.
As shown in Table 3, Test 1 exhibits the lowest junction
temperature T; value of 59.55°C. The microstructure contains
few micro-mounds, fewer voids, and valleys, which corre-
sponds to a surface roughness of 1.25pm and its S/N of
-35.50 dB. While Test 2 with a surface roughness of 2.81 um had
high T values of 74.50°C where microstructures included
high mounds, large voids, and contamination. The signal/
noise ratio was —37.44 dB. As shown in Table 3, Test 16
showed the lowest value of junction temperature at 1.01 um
surface roughness, where the small grains generated in the
microstructure were uniformly distributed with micropor-
osity in this region. In contrast, test 13 showed a higher value
of junction temperatures at 3.01 pm surface roughness where
the coarser grains in the microstructure were unfairly dis-
persed with a considerable number of large pores. Neverthe-
less, there exists a pattern in the discussion above that the
temperature of the junction under the LED lamp is closely
related to the surface roughness value of the coating. This is
mainly attributed to the small surface roughness value,
namely the large surface contact area, which implies that
heat can be carried away very quickly. As shown in
Figure 4, the scanning electron microscopic (SEM) pattern
is the graph measured by the roughness instrument. The
maximum diameter of Cu,0 porosity in test 1is 3 um, which
is smaller than 5 pm in test 2. In addition, for the vertical
type, the maximum diameter of Cu,0 pores of test 13is 6 um,
which is larger than that of test 16, which is 2.5 um. So the
contact resistance is reduced, which leads to a better
thermal junction. The above result is confirmed by the
junction temperature; i.e., low surface roughness is accom-
panied by low junction temperature. Overall, the structure
on the coating surface affects the heat flux along with heat
resistance and thus is critically important for the junction
temperature distribution of the LEDs. Obviously, some defects,
such as microscopic hills, voids, valleys, and poor surface
flatness at the solid—air interface, can easily cause the genera-
tion of heat transfer barriers. In short, the junction tempera-
ture is influenced very closely by the roughness of the
coating surface. As shown in Figure 4, the maximal and



DE GRUYTER

Heat management of LED-based Cu,O deposits on the optimal structure of heat sink

—_—7

(©)

(d)

Figure 4: OM Patterns with a 400x of Cu,0-coated Al substrate on the surface roughness (Sa) of LED heat sink: (a) trial 1of Sa:1.362 ym, (b) trial 2 of
Sa:1.889 pm, (c) trial 13 of Sa:2.807 pm, and (d) trial 16 of Sa:1.248 pm using an SJ-301 instrument.

minimal trial values for the parallel and perpendicular
types in the 18 orthogonal arrays were selected. The surface
pattern of the captured Cu,O coatings, such as roughness,
was checked as they were part of all the obtained trials. The
surface texture of the sprayed Cu,0 coating was examined
with an optical microscopy, as shown in Figure 4 and was
also examined by SEM. Compared to the full results in the
L18 array, it is notable that the surface roughness of the
coating is better than most results with finer texture types
under optimal conditions. Therefore, the surface roughness
of the coating under optimal conditions is better than most
results with finer texture types based on orthogonal arrays.

4.2 ANOVA on the basis of Taguchi design

An ANOVA was carried out on the experimental results
with respect to the sources of variation in the junction tem-
perature of the LED heat sink structure. The ANOVA allows
you to determine which factors are most important in terms
of junction temperature characteristics. Therefore, these
important factors can be very carefully monitored during

the measurement of temperature to obtain consistent
results. Table 4 illustrates that the important control factors
are the depth of groove (D), the layout of holes (E), the layout
of LEDs (G), and number of Cu block (H). And yet the minor
control factors are (A) the type of grooves, (B) the number of
grooves, (C) the width of the grooves, and (F) the type of
thermal paste cream, which give weak effects on the var-
iance. Clearly, the contributions of important factors in
terms of the junction temperature characteristics are depth
of the groove (D, 12.28%), layout of the hole (E, 7.57%), layout
of LED (G, 63.56%), and number of Cu block (H, 7.65%).
In addition, the remaining less important factors, such as (A)
the type of grooves, (B) the number of grooves, (C) the width of
the grooves, and (F) the type of thermal paste, were also
obtained. These four important factors accounted for approxi-
mately 91.06% of the variation in the experiment. Hence, these
four parameters are representative of all the parameters that
can be used for further in-depth analysis of heat dissipation.
The observed results are in good agreement with those
reflected in Table 3. Furthermore, the contribution of the error
to the total variance is about 0.8%, indicating that the experi-
ment is quite successful and robust results.
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Table 4: An ANOVA for the junction temperature based on the Taguchi design

Control factors Sum of squares Degree of freedom Variance F-Value Contribution percent
A 0.016 1.0 0.016 0.246 0.10
B 0.291 2.0 0.145 2.195 1.75
C 0.253 2.0 0.126 1.906 1.52
D 2.042 2.0 1.021 15.405 12.28
E 1.259 2.0 0.629 9.495 7.57
F 0.794 2.0 0.397 5.986 4.77
G 10.569 2.0 5.284 79.729 63.56
H 1.273 2.0 0.636 9.600 7.65
Error 0.133 2.0 0.066 1.000 0.80
Total 16.628 17.0 0.978 — 100.00

4.3 Prediction of the optimal structure of the
heat sink

The prediction of Taguchi’s method demands a verification
run to verify the validity of the experiment and the repro-
ducibility of the experimental results. Before running the
validation, it is critical to predict the expected performance
under optimal conditions. The forecast of the S/N based on

the ANOVA under the optimum conditions can be com-
puted by the additive method as follows:
n
S/Nop = SN + Y (S/N; - S/N), (5)
i=1
where S/N, is the estimated S/N of the optimal setting.

Also, S/N; is the highest level S/N of the ith factor, S/N is
the overall average of S/N, and n is the number of factors.

(c)

(d)

Figure 5: An Isotherm plot of the junction temperature for the LED module at 700 mA when the cooling time of the LED module reaches 60 min for

various factors and levels: (a) trial 1, (b) trial 2, (c) trial 13, and (d) trial 16.
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Using the predicted optimal setting to perform the confir-
mation run, we use Test 1 as the initial test. The S/N is
obtained as = -36.46 dB according to Table 2. Based on
equation (5), the predicted S/N for the optimal settings
based on the Taguchi method is —34.43 dB, which is higher
than each of the S/N obtained from the 18 experiments. The
value of the S/N can also be evaluated under the optimal
setting. The measured average junction temperature for the
optimal factorial condition is 51.26°C, and its corresponding
S/N value is —34.20 dB, which is much lower than the initial
test. In addition, this also indicates that the predicted S/N
values generated by the additive method are closer to the
S/N of the experimental data. Unquestionably, Taguchi’s
method provides a robust prediction method because it
yields a higher S/N ratio, which implies a lower temperature
and thereby a higher quality.

4.4 Heat dissipation properties of thermal
heat sink with Cu,0 coating

In this experiment, the structure of the Al substrate that is
coated with Cu,0 material was used as a heat sink, which
was attached to a parallel circuit board to measure the
junction temperature on the device’s 12W LED lamp. The
observed cooling curves were recorded, but not shown in
the article, where the distribution curves for cooling to
room temperature were observed at 80 min. The increase
of junction temperature with time at 60 min intervals is
noticed in Figure 5a and b. The average junction tempera-
ture of test 1 was 59.55°C, with an increase from 32 to 66°C,

—31 7
—-32 -
—33
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—35 -

S/N(db)

—36
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and that of test 2 was 74.50°C, with an increase from 41 to
77°C, respectively. In test 1, the highest T; value of 59.55°C
was observed in the center as well as in the region of the
LED lamp. In addition, trial 2 with high-power LED chips
had high values of 77°C around the LEDs, but not in the
central area. As shown in Figure 5c and d, at the 60-minute
interval, the average junction temperature of test 13 was
82°C, while that of test 16 was 54°C. Trial 13 with high-
power LED chips had high values of 89.80°C around the
LEDs, but not in the central area. In addition, for test 16, the
highest T; value of 54.00°C was observed in the center as
well as around the LED lamp. This may be attributed to the
high heat generated by high-power LED chips concentrated
in the lamp holder area, resulting in increased thermal
resistance, which affects the efficiency of heat dissipation.
However, the rise and cooling curves are similar to those
shown in Figure 5c and d as shown in Figure 5a and b. This
figure gives another way to plot the Tj surface contour that
allows us to understand the heat distribution of a heat sink
structure on an Al substrate coated with Cu,0. It was found
that most of the LED modules in the central part of the heat
sink structure showed the highest T; values for the junction
temperature on the heat sink module of the LED lamp. This
may be due to the solid-air interface defect in the crystal
structure, which increases the air contact area, resulting in
a lower heat transfer coefficient and thus affecting the heat
transfer. Additionally, following equation (1), the Ave. Rj,
values tested above were 2.88 and 4.13°C‘W " for the parallel
grooves, and 5.08 and 2.41°C:W" for the vertical grooves.
The results show that the junction temperature of the LED
package increases significantly with the increase in the
value of Ry, at 700 mA drive current. There is no significant

l Prediction Experiment

—40 T T T T T T T T
1 2 3 4 5 6 7 8

No.

9 10 11

T T T T
12 13 14 15 16 17 18 19

of Trials

Figure 6: Comparison of predicted and actual values based on additive method.
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difference in the thermal resistance values of the heat sink
structures of Cu,O-coated aluminum substrates, regardless
of whether they are parallel or vertical, which is only

related to the roughness values.

4.5 Verification experiments

The confirmation experiments on the optimal factor set-
tings are typically required to verify that the obtained out-
comes are consistent with the analytical results according
to equation (5). Specifically, it verifies that the results of the
experiments that are obtained with the best parameters
actually provide the expected findings. In this study, a set
of confirmation tests were conducted and the thermal dis-
sipation structure module was successfully constructed

DE GRUYTER

and a series of tests were made. In addition, the improved
% variation, @, can be measured by equation (6).

1 (gain/6)

2

Winitial - ©)
That is, by increasing the SN ratio by 6 dB, the variance
is reduced to half of the original. Thus, a gain of 1.30 dB
corresponds to a 9.67% reduction in variance, which indi-
cates the improvement through the optimal setting by 1.162
times variance. Also, the histogram of the S/N ratio in
Figure 6 shows the predicted values and the comparison
with the actual values, which suggests that the predicted
and actual values are reasonably similar using the additive
method. As seen earlier, the predicted 0.23 dB is very close
to the actual gain of 1.30 dB. This indicates that the optimal

setting provides a strong enough resistance to the effects of
noise and leads to high reproducibility.
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Figure 7: The confirm run of the optimal control factors and levels (a) 10 vertical grooves, (b) a SW-5W-1W-1W module mounted on Cu,0-coated heat
sink structure, (c) the temperature distribution of linear graphs, and (d) the temperature distribution of 3D graphs.
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Figure 8: The junction temperature curves of the LEDs over 60 min at currents of 100, 200, and 350 mA by optimizing the heat sink of the aluminum

substrate.

In order to confirm the validity of the resulting values
obtained by optimizing the control factors and to provide a
good understanding of the performance of the junction
temperature of the Cu,0 coating mounted on the heat
sink, a visual representation of the optimized heat sink
structure is shown in Figure 7. The optimal factorial-level
results of the junction temperature of the structure of the
LED module based on Taguchi design are a vertical groove
(A2), the number of groove is 10 (B3), the width of the
groove is 3mm (C3), the depth of the groove is 3mm
(D3), two heat dissipation holes are drilled neighbor to
each other (E2), the heat dissipation cream coefficient is
4.6 Wm K™ (F3), the LED is a combination of 5W x 5W x
1W x 1W (G1), and there is no bump (H1) as shown in Figure
7a and b, which is the best factors based on the average
analysis of response and an ANOVA as shown in Tables 3
and 4. Notably, the optimal factor of Test 19 in Figure 7 still
yields the best S/N ratio of -34.20 dB when compared with
Test 13 in Table 3, which has the highest S/N ratio of
-34.65dB. That is, the average temperature of 51.26°C in
Figure 7c and d is more favorable than that of 54.0°C in
Test 13 in Table 3. This shows that the quality characteris-
tics obtained through the optimal setting of factors can be
obtained robustly and result in well reproducible.

Furthermore, for Figure 8, the temperature curves
were plotted over a period of 60 min by optimizing the
heat sink with Cu,0 coating on the aluminum substrate
at drive currents of 100, 200, and 350 mA. A comparison
of the temperature curves for different currents reveals that
as the time increased from 0 to 60 min at 100, 200, and 350 mA,
the temperatures remained around 50, 51, and 41°C, respec-
tively. For further comparison, the junction temperature for

the two different current values of 200 and 350 mA at time
around 60 min, the temperature was close to around 50°C and
did not drastically vary with the increase of time. It is clear
that in this experiment, when the current level is below
200 mA, the temperature curve increases with the increase
of current. However, between 200 and 350 mA, the tempera-
ture profile tends to be stable. It can be predicted from the
graph that the temperature curve at 350 mA is not sensitive to
time. In total, it is evident that the temperature of the LED
module is markedly reduced by the optimization of the heat
sink of the Al substrate that is coated with Cu,0. It was found
that the optimal heat sink structure with Cu,O-coated Al
substrate could yield lower junction temperature values
and further improve the thermal performance of the LEDs.
Overall, validation tests were improved after optimization,
and a satisfactory result was obtained.

5 Conclusions

In this study, the thermal performance of 12W LEDs was
investigated by electrostatic Cu,0 coatings based on Al sub-
strate heat sink structures according to Taguchi experi-
ments. The influence of the control factors on the junction
temperature of the LED module was further discussed. The
Ave. R, values are 3.5 and 3.75°C-W7, respectively. It can
be seen that the Rj, values of parallel substrates are not
significant compared to those of vertical substrates. This
may be due to the solid-air interface defect in the crystal
structure, which increases the air contact area, resulting in
a lower heat transfer coefficient and thus affecting the heat
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transfer. Using Taguchi’s method, the most important fac-
tors which influence the junction temperature can be obtained.
These significant factors constituted approximately 91.06% of
the variation in the experiment. Meanwhile, the error of the
significant factors contributed about 0.8% to the total variance,
which demonstrated that the experiment was considerably
effective and the findings were reliable. Through the optimiza-
tion of significant control factors according to an ANOVA, the
junction temperature in the optimal structure of Cu,0-coated
heat sink can be optimized. Microstructural examination of
Cu,0 coating by electrostatic spraying showed few micro
mounds, less voids and valleys, and little surface roughness.
In addition, the efficiency of the measured junction tempera-
ture of the 12W LED module is improved by 23.88% through
optimization when compared to the average value of the
overall experiments. Also, a gain of 1.30 dB corresponds to a
9.67% reduction in variance, which indicates the improvement
through the optimal setting by 1.162 times of variance.
Evidently, the heat dissipation results after the optimization
of the heat sink module proved to be greatly improved, and
these findings were verified in terms of junction tempera-
ture. Overall, it shows that the experiment was fairly suc-
cessful results, demonstrating an excellent reproducibility.
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