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Effects of some factors on the thermal-dissipation characteristics of high-power LED packages
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Decreasing the thermal resistance is the critical issue for high-brightness light-emitting diodes. In this paper, the effects of
some design factors, such as chip size (24 and 35 mil), substrate material (AIN and high-temperature co-fired ceramic), and die-
attach material (Ag epoxy and PbSn solder), on the thermal-dissipation characteristics were investigated. Using the thermal
transient method, the temperature sensitivity parameter, Ry, (thermal resistance), and junction temperature were estimated.
The 35-mil chip showed better thermal dissipation, leading to lower thermal resistance and lower junction temperature, owing
to its smaller heat source density compared with that of the 24-mil chip. By adopting an AIN substrate and a PbSn solder,
which have higher thermal conductivity, the thermal resistance of the 24-mil chip can be decreased and can be made the same

as that of the 35-mil chip.
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1. Introduction

Light-emitting diodes (LEDs) as the replacement of incan-
descent lamps are widely applied in many areas, such as
in signaling, illumination, narrow-band light sensors, and
non-visible applications. With their advantages of high effi-
ciency, long life span, flexible fabrication, and environment
friendliness, LEDs are currently popular among the con-
sumers. For the development of high-brightness LEDs, both
high performance and high reliability are required [1]. To
attain these, the dissipation of heat by the LED itself is
one of the obvious challenges. Much of the power is con-
verted into heat, which will raise the junction temperature of
the LED chip, will reduce the power conversion efficiency,
and will finally affect the LED reliability (e.g., lifetime and
color shift). At the same time, high temperature and heat
will produce mechanical stress in the LED package struc-
ture and may lead to a series of reliability problems. The
heat generation from the p—n junction of the LED chip has
been identified as being responsible for a number of failure
mechanisms, such as delamination at the interface, resin
crack, active-region degradation [2], phosphor degenera-
tion [3], bonded-wire failure, and detachment. Therefore,
thermal management is the top priority in improving LED
reliability and performance.

The thermal management of LEDs improves the thermal
performance of LEDs by optimizing the material or struc-
ture. In general, thermal management can be divided into
internal and external thermal management. Internal ther-
mal management handles the thermal resistance from the

junction to the package case, while external thermal man-
agement handles the thermal resistance from the package
case to the ambient. Internal thermal management should
be done during the structure design process, and it plays
a significant role. External thermal management includes
the selection of the cooling mode, heat sink design, and the
selection of a substrate, chip, and die-attach material [4,5].
The die-attach material, also called thermal-interface mate-
rial (TIM), connects the different parts by filling the
contact interface between them as a thermal-management
solution.

The common parameters that are used for evaluating the
thermal performance of LEDs are junction temperature and
thermal resistance. Junction temperature is the temperature
ofthe active-region crystal lattice, which has a vital effect on
the thermal characteristics of LEDs [6]. Thermal resistance
is also an important performance parameter that indicates
the obstruction of the heat flow from the p—n junction to
the ambient during operation. Thermal resistance, whose
symbol is Ry, can be calculated using the following:

ATy ATy
Rpn=—=—-, €]
P IeVE
where AT is the junction temperature rise, P is a given
power, Ir is a forward current, and ¥ is a forward voltage
on the LED [7].

There have been many technical reports that have used
thermal resistance to analyze the thermal behavior of the
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Figure 1. (a) Schematic structure and (b) photograph of the LED package that was used in the experiment in this study.

electronic packages for semiconductors or LEDs. Lalith
Jayasinghe et al. investigated the influence of the changed
current and ambient temperature on the thermal resistance
of LEDs by estimating the junction temperature and mea-
suring the board temperature [8]. Liangiao Yang et al.
investigated the effect of different thermal vias in ceramic
packages on the thermal resistance of LEDs [9].

The junction temperature measurement methods can be
divided into direct and indirect measurement methods. The
direct measurement method measures the junction temper-
ature with a thermocouple or an infra-red (IR) camera. As
the junction temperature changes constantly, however, and
as the measurement tool that is used has low precision,
researchers often use the indirect measurement methods,
such as the forward-voltage, peak-wavelength-shift, and
high-energy-slope methods [6]. In the experiment in this
study, the forward-voltage method was used. After mea-
suring the junction temperature, the thermal resistance was
tested. There are two methods for estimating the thermal
resistance of an electronic package: the steady-state and
transient methods. The steady-state method uses a ther-
mocouple to determine the temperature change between
the LED chip and the ambient (A7), with the LED chip
on, which is divided by the input power to determine the
thermal resistance using Equation (1). This method looks
simple, but it is actually not easy to measure the tem-
perature of an LED chip accurately, and it is impossible
to obtain information on the thermal-resistance values for
each layer. To investigate the thermal-dissipation behavior
and the evolution of the temperature over each layer in the
experiment in this study, the transient method, in which the
junction temperature is monitored indirectly by measuring
the change in the forward voltage when the LED chip is off,
was used. The purpose of this experiment was to investi-
gate the thermal-dissipation behavior of a high-power LED
package. Of course, a large LED chip is needed, with the
increase in input power applied on the LED chip. The use of
alarge LED chip will result in an increase in the price of the
device and will be an obstacle to a compact design. Thus,
in this paper, the thermal-dissipation characteristics of two
different-sized chips, 24- and 35-mil chips, were compared
to determine the restrictive conditions for increasing the
chip size in connection with the die-attach and submount
materials.
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Figure 2. Configuration of the transient thermal measurement
system.

2. Experiment

As can be seen in the schematic structure and photograph of
an LED package in Figure 1, the LED package consists of
a chip, a die attach, a bonding wire, an electrode, a package
ceramic substrate, and an epoxy lens. Blue chips with 35 and
24-mil dimensions and with a vertical structure are mounted
on a ceramic substrate, as shown in Figure 1(b). In this
experiment, to investigate the influence of the chip size and
substrate and die-attach materials separately, the other con-
ditions (e.g., ambient temperature and input power) were
set as constants.

As shown in Figure 2, the total LED package is located
on the chamber. Below the cooling plate of the chamber is
the ambient temperature sensor, which is utilized to test the
ambient temperature (7 ) and helps the temperature con-
troller to regulate the temperature in the chamber. As the
ceramic substrate has good insulation, high thermal con-
ductivity, and a low cost, it is widely applied as a submount
in LED packages. Two kinds of ceramic substrates, AIN
(aluminum nitride) and high-temperature co-fired ceramic
(HTCC), were used as submounts in the experiment in this
study. For the die-attach material, Ag epoxy (product name:
Ablestik) and PbSn solder were compared as the exper-
imental factors. The materials and thermal properties of
the ceramic substrate and die attach that were used for this
experiment are given in Table 1.

3. Determination of the thermal resistance

A thermal-resistance tester (Metasystem™) was used to
measure the thermal resistance of the LED package.
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Table 1. Material and thermal properties of the ceramic substrate and die attach.
Specificheat
Component Material Length x width Thickness k (W/m°C) Rn (°C/W) (J/kg°C)
Ceramic substrate AIN 5 x 5 mm? 0.64 mm 180 0.1 740
HTCC 17 1.5 795
Die attach Ag epoxy (Ablestik ™) 610 x 610 wm (24-mil chip) 30 wm 2.5 32
880 x 880 jtm (35-mil chip) 16.7
PbSn Solder 610 x 610 wm (24-mil chip) 30 um 28 2.9 290
880 x 880 wm (35-mil chip) 1.5
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Figure 3. Determination of thermal resistance using the measurement system.
Metasystem™ uses a three-step sequence to determine the N
thermal resistance, as described below. Thear +lpias B
ke A C
, , I
3.1. K-factor calibration 0- t
In the first step in the determination of the thermal resistance g
of the LED package, the temperature sensitivity param- Vi e
eter (TSP) was measured, which is called the K-factor. Ve W { |
. . . Fi ~ -
As shown in Figure 3, the device under test was located " D
in the chamber to be tested. The forward voltage of the o i

LED diode was measured at different temperatures and was
expressed as TSP. It has been reported that the relation-
ship between the forward-voltage drop of a junction and the
temperature of that junction is nearly linear, in which the
K-factor is regarded as a constant [10]. Thus, in this exper-
iment, the K-factors were calculated using Equation (2).
For K-factor calibration, 1 mA bias current (/j,s) was used
in three thermal-equilibrium environments, respectively,
25, 40, and 55°C:

ATy

K j—

RN 2

where ATy is the change in the LED’s junction temperature
and A V% is the change in the LED’s forward voltage [11].

3.2. Forward-voltage recording and junction
temperature calculation

In the second step, the forward-voltage transient data were
recorded to determine the junction temperature change
with the ambient temperature fixed at 25°. Figure 4 shows
the applied current pulse and voltage change during the

Figure 4. Applied current pulse and voltage change during the
measurement of thermal resistance.

measurement of the thermal resistance. A bias current (Zpias)
was applied during time 4, as shown in Figure 4, and then
the current level was quickly switched to a higher level
(Iheat + Ivias) for time duration B until the steady state of the
LED was obtained. Then, the driving current was replaced
with the bias current, and the voltage transient data were
recorded during the natural cooling (C in Figure 4). In this
experiment, lyj,s was 1 mA, and fpey, 199 mA. As the K-
factor is known from the first step, the junction temperature
transient data can be obtained from the variation of the for-
ward voltage in Figure 4, using the relationship between
ATy and AV in Equation (3).

3.3. Differential structure function

In the third step, the cooling curve was transformed into a
Foster R—C network, which is called network identification
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Figure 5. Differential structure function used for measuring the
thermal resistance.

by deconvolution. As the Foster network is theoretical, how-
ever, it was transformed into the Cauer network. The cumu-
lative and differential structure functions are the graphical
presentations of the Cauer R—C network [12—14]. The dif-
ferential structure function is defined as the derivative of the
cumulative thermal capacitance with respect to the thermal
resistance:

dCyx cAdx

KR2) = 4rs = dxjad

= cad?, (3)

where A is the area of the heat conduction path, ¢ is the
specific heat of a material, and A is the thermal-conductivity
coefficient.

In Figure 5, the peaks in the differential structure func-
tion show good conducting materials, and the valleys rep-
resent the bad heat conductors. According to Equation (3),
the differential structure function is a good tool for identify-
ing either the geometry or material changes (or both) inside
the package, as it is proportional to the square of the area
of the heat conduction path and the product of the material
parameters A and c. Figure 5 shows the thermal resistance
from the junction to the die attach (Ry,j—y) or the thermal
resistance from the junction to the ambient (R j-a). For the
investigation of the thermal-dissipation characteristics of
the LED packages in this experiment, the Ry, j-o value was
used.

4. Results and discussion

Figure 6 shows the data measured for thermal-resistance
(Rin,j-a), which is a line resistance between the junction and
the ambient, for the LED packages with different chip sizes
and die-attach and ceramic-substrate materials, which were
chosen as experimental factors in this study. Actually, R j-a
is the sum of each resistance component, such as the LED
chip, die attach, and ceramic substrate, which compose the
LED package, because they are connected in series with one
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Figure 6. Comparison of the thermal-resistance (Ry, j-») values
of the LED packages with different chip sizes and die-attach and
ceramic-substrate materials.

another in the direction of the heat dissipation toward the
heat sink.

It can be seen in Figure 6 that for the 24-mil LED
chip, the die-attach material and the ceramic substrate show
differences in thermal-resistance values. For the 35-mil
LED chip, however, the ceramic-substrate factor shows a
meaningful difference in thermal-resistance values, but the
die-attach factor does not. The thermal resistance of the bulk
material is defined as

R L 4

= “)
where L is the thickness, & is the thermal conductivity, and
A is the cross-sectional area of the component in the exper-
iment in this study, as thermal dissipation occurs through
the layers of the die attach and submount, outward from the
package. Note that the conduction resistance of a medium
in Equation (4) depends on the geometry and thermal prop-
erty of the medium. With the disturbance of the interface
resistance between different media, however, accurate eval-
uation cannot be achieved by investigating each medium
separately. In the experiment, the total thermal resistance
of the LED package, which includes the conduction resis-
tance, interface resistance, etc., was evaluated to identify
the factors that must be considered to improve the thermal-
dissipation characteristics of LEDs. To understand this
result, as shown in Table 1, the thermal resistance of each
component was calculated using the dimensions and the
thermal-conductivity values.

From the Ry, calculation given in Table 1, it was shown
that the difference in Ry, is large (greater than 10 times)
in the cases with different die-attach materials and ceramic
substrates. The difference in Ry, is only twice in the case
of different chip sizes, depending on the area of the chip
bottom. The measured Ry,j-, data, however, show larger
differences depending on the chip size, but no difference
was observed in the die attach in the case of the 35-mil chip
size. This can be explained as follows. The main role of
the die-attach material is to fill the gap between the LED
chip and ceramic submount, and the thickness of the die
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attach does not have any import because it is spread out by
the applied pressure at an elevated temperature. Therefore,
the effective thickness of the die attach is expected to be
less than 30 um, as indicated in Table 1. It is likely that
the thermal resistance of the die attach depends more on
the material than on the bonding condition. This is why
there is no difference in Ry j-, with the die attach in the
case of the 35-mil chip. For the 24-mil chip, however, there
exist differences in Ry, j-, with the experimental factors, as
follows.

First, the Ry, j-o value of the 24-mil chip is greater than
that of the 35-mil chip for all the conditions. This can be
easily explained by the fact that the bonding area of the 24-
mil chip is only half of that of the 35-mil chip; as such, the
die-attach material causes a difference in thermal resistance.
The input power is almost the same when driving with the
same current for the two kinds of LEDs. Heat source density
is defined as

=0, Q)

where Q is the transferred heat energy, 4 is the cross-
sectional area of the LED chip, and ¢ is the heat source
density. From Equation (5), it can be seen that ¢(24) is
greater than ¢ (35). Thus, the effect of the thermal-dependent
parameters related to thermal dissipation is greater in the
case of the 24-mil chip than in the case of the 35-mil chip.
As aresult, the Ry, j-, value of the 24-mil chip is greater than
that of the 35-mil chip.

Second, it can be seen that the change in the Ry, j-, value
of the 24-mil chip is greater for different TIMs (Ag epoxy
and PbSn solder). This can be explained as follows. Ag
epoxy includes a great portion of epoxy, but PbSn solder
contains only metal. It is generally accepted that the ther-
mal conductivity of a metal slightly decreases (or increases
in some cases) with the temperature, but the thermal con-
ductivity of epoxy decreases on a greater scale with the
temperature [15,16]. Therefore, it can be said that the Ry, j-a
value of the LED package with Ag epoxy is much greater
than that of the LED package with PbSn solder due to the
former’s poor thermal conductivity at a higher temperature.

Third, the difference in Ry j-o between Ag epoxy and
PbSn solder is greater in the case of the HTCC substrate
than in the case of the AIN substrate. This can again be
explained by the fact that the increase in package tempera-
ture, including junction temperature, was lower in the case
of the AIN substrate due to its high thermal conductivity, as
shown in Table 1.

Lastly, the inspiring result shown in Figure 6 is that the
Rih j-a value of the 24-mil chip can be reduced and made the
same as that of the 35-mil chip for the condition with an AIN
submount and a PbSn solder. That is, using the good contact
at the LED chip attachment and a good submount with high
thermal conductivity, the thermal dissipation of the 24-mil
chip can be enhanced and can be made the same as that of
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Figure 7. Comparison of the temperature rise values at the junc-
tion of the LED packages with different chip sizes and die-attach
and ceramic-substrate materials.
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Figure 8. Comparison of the K-factor values of the LED pack-
ages with different chip sizes and die-attach and ceramic-substrate
materials.

the 35-mil chip. This is meaningful because it shows that a
compact design can be made by using a smaller chip.

Figure 7 compares the temperature rise values at the
junction of the LED packages with different chip sizes
and die-attach and ceramic-substrate materials, showing the
same tendency as that of Ry j-, in Figure 6. This can be
explained by the fact that more heat is dissipated with the
LED package system that has a lower Ry, -, value.

Figure 8 compares the K-factor values of the LED
packages with different chip sizes and die-attach and
ceramic-substrate materials. The 35-mil chip shows a higher
K-factor than the 24-mil chip.

In the semiconductor basics, the I-V characteristic of
the diode is defined as

I = I/ — 1), (6)

where ¢ is the elementary charge, V is the driving voltage,
k is the boltzmann constant, 7 is the junction temperature,
and I is the reverse saturation current, defined as

DpNA+DnND e—qVO/kT’
L, L,

Iy =qA [ (7

where 4 is the cross-sectional area; D, and D, are the dif-
fusion coefficients of the holes and electrons, respectively;
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Np and Ny are the donor and acceptor concentrations at
the n- and p-sides, respectively; L, andL, are the hole and
electron diffusion lengths, respectively; and Vj is the con-
tact potential. Equation (7) provides an explicit exponential
dependence on the temperature and energy gap or con-
tact potential. Owing to the same calibration temperature
at 25° and the same fabrication material, it is considered
that 7y oc 4.
When V' > 0.1, Equation (6) can be deduced as

I =L/, (8)

By differentiating Equation (7), the following equation

can be obtained:
dv I\ k
— =1In <— -, 9
dr ]() q

As Iy o A, it is regarded that

Iy =Aa (x> 0). (10)

When Equation (10) is inserted into Equation (9), the
following equation can be obtained:

drv I\ k k k
dT Iy/) q q q

The fact that 4| = 35mil is greater than 4, = 24 mil
clearly explains the result.

5. Conclusion

To consider the feasibility of using a smaller LED chip
for a compact design, the effects of some design factors,
such as the dimensions of the chip and the substrate and
die-attach materials of the high-power LED package, were
investigated using the thermal transient method. The results
are summarized as follows:

(1) The 35-mil chip showed better thermal dissipation,
leading to lower thermal resistance and lower junc-
tion temperature, than the 24-mil chip. This can be
explained by the smaller heat source density in the
35-mil chip than in the 24-mil chip.

(2) Byusing an AIN substrate, which has better thermal
conductivity than an HTCC substrate, the thermal
resistance of the 24-mil chip can be decreased.
This can be explained by the fact that more heat
is dissipated through a thermally high-conductive
substrate, leading to a decrease in Ry.

(3) By using a PbSn solder as a die-attach material,
the thermal resistance of the 24-mil chip can be
decreased and made lower than that of Ag epoxy.
Moreover, the amount of change in the thermal

resistance with the different substrate materials
(AIN and HTCC) was smaller in the case of the
PbSn solder than in the case of Ag epoxy. It is likely
that the thermal conductivity of the PbSn solder is
less dependent on the temperature change than that
of Ag epoxy, leading to a smaller change in the
thermal resistance.

(4) It is encouraging that with the adoption of an AIN
substrate and a PbSn solder, which have higher
thermal conductivity, the thermal resistance of the
24-mil chip can be decreased and made the same
as that of the 35-mil chip. This means that by using
the good contact at the LED chip attachment, and
a good submount with high thermal conductivity,
the thermal dissipation of an LED chip can be
enhanced, leading to a small chip and a compact
design.

References

[1] M. Meneghini, A. Tazzoli, G. Mura, G. Meneghesso, and
E. Zanoni, IEEE Trans. Electron Devices 57, 108 (2010).

[2] M. Lee, C. Hillman, and D. Kim, Mil. Aerosp. Electron.
(2005).  http://mae.pennnet.com/Articles/Article_Display.
cfm?ARTICLE_ID=230223&p=32&cat=Depar.

[3] S. Fujita, S. Yoshihara, A. Sakamoto, S. Yamamoto, and
S. Tanabe, Fifth International Conference on Solid State
Lighting, Bellingham, 2005.

[4] R. Prasher, Proc. IEEE 94, 1571 (2006).

[5] C.Deppisch, T. Fitzgerald, A. Raman, and F. Hua, C. Zhang,
P. Liu, and M. Miller, J. Miner. 58, 67 (2006).

[6] E. Fred Schubert, Light-Emitting Diodes, 2nd ed. (Cam-
bridge University Press, Cambridge, United Kingdom,
2003).

[7] D.G. Todorov and L.G. Kapisazov, ELECTRONICS’2008,
Sozopol, Bulgaria, 2008.

[8] L. Jayasinghe et al., Seventh International Conference on
Solid State Lighting, 2007.

[9] L. Yang, S.Jang, W. Hwang, and M. Shin, Thermochim. Acta
455, 95 (2007).

[10] S.Chhajed, Y. Xi, Y.-L.Li, Th. Gessmann, and E.F. Schubert,
J. Appl. Phy. 97, 054506 (2005).

[11] L. Yang, J. Hu, L. Kim, and M.W. Shin, IEEE Trans. Device
Mater. Reliab. 8, 571 (2008).

[12] V. Szekely and M.R. Rencz, IEEE Trans. Compon. Packag.
Technol. 25, 547 (2002).

[13] V. Szekely, Microelectron. J. 28, 277 (1997).

[14] V. Szekely, R. Marta, P. Andras, and C. Benard, Analog
Integr. Circuits Signal Process 29, 49 (2001).

[15] J.P. Holman, Heat Transfer, 10th ed. (McGraw-Hill New
York, USA, Korea, 2010).

[16] P.E. Shade and L.T. Jenkins, Thermal Characterization
Techniques (Books on Demand, Stoughton, USA, 1970).


http://mae.pennnet.com/Articles/Article_Display.cfm?ARTICLE_ID=230223&p=32&cat=Depar
http://mae.pennnet.com/Articles/Article_Display.cfm?ARTICLE_ID=230223&p=32&cat=Depar



