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bstract

In this paper we present thermal analysis of three kinds of ceramic package designs for high power LEDs. The analysis was made by transient
hermal measurement and thermal simulation using the Finite Volume Method. The three ceramic packages under investigation employ same
onfiguration of GaN-based chip, but they have different size and distribution of thermal vias. Three designs of LED packages resulted in
ignificantly different thermal behaviors. Thermal behaviors, described as thermal resistance, of the three packaging designs were compared and

valuated as functions of bulk thermal resistance, spreading resistance, and surface roughness. The deviation between the simulated results and
easured data were attributed to the different surface roughness in the interfaces between the packaging components. It was demonstrated that the

unction temperature decreases with the effective contact area ratio in the LED packages.
2006 Elsevier B.V. All rights reserved.
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. Introduction

High power GaN-based light emitting diodes (LEDs) keep
ttracting researchers’ interests due to their significant impacts
n solid-state illumination industry. However, thermal problem
s still a bottleneck to limit the stability, reliability, and life-
ime of LEDs [1–4]. Therefore, effective thermal design LED
ackages with low thermal resistance is critical to improve the
erformance of LEDs [5].

It is known that there are two general design rules for the high
ower operation of LED; one is the size and distribution of heat
lug and the other is the thermal conductivity and shape of pack-
ge mold. Changing heat slug size changes the heat path and the
preading/constriction thermal resistance has to be taken into
onsideration [6,7]. The package materials for the LEDs must
ulfill various requirements, including high thermal conductiv-
ty, high mechanical strength and stiffness, and high chemical
nertness. One of important package materials of LEDs is the
poxy resin with easiness of processing in mold [8]. However,
he disadvantages of the epoxy resin are lack of chemical stabil-

ty, moisture-proof ability, and relatively bad thermal properties
hich can limit inherent performance of LED chips. Ceramic
aterials with high thermal conductivity, good environment sta-
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ility, and high moisture-proof ability have been widely used
n modern electronic packaging [9] and can be regarded as a
rimary candidate for a package material of high power LEDs.

In this paper, we investigated the thermal behavior of three
ypes of ceramic package designs for high power LEDs with
ifferent size and distribution of thermal vias. The investigation
as made by the transient thermal measurement [10] and thermal

imulation with commercialized finite volume method (FVM)
rogram, FLOTHERM. The effective contact area in the package
esign was correlated with the thermal performance of the LED.
he simulation results were compared with the experimental
ata and the implication is discussed.

. Transient thermal measurement

Three types of ceramic package designs for the high power
aN-based blue LEDs were investigated. The schematic of the
ED packages is shown in Fig. 1. Type I has a single silver

hermal via with a diameter of 1.47 mm, type II has 16 thermal
ilver vias with a diameter of 0.43 mm. Type III has an upper
ayer with 16 thermal vias in a diameter of 0.26 mm and a lower
ayer with 9 thermal vias in a diameter of 0.5 mm. The two layers
re connected with Ag plate with a thickness of 0.02 mm.
Transient thermal measurements with Transient Thermal
ester (T3Ster, MicReD Ltd.) were performed to investigate the

hermal behavior of the LED packages. T3Ster captures the ther-
al transients in real time, records the cooling/heating curve. It

mailto:mwshin@mju.ac.kr
dx.doi.org/10.1016/j.tca.2006.11.019
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Fig. 1. Schematic of three types of ceramic package designs.
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Fig. 2. Schematic of experimental set up for calibration in a liquid bath.

valuates the cooling/heating curve to derive the thermal char-
cteristics. Based on the thermal R–C network and structure
unction theory, the heat path can be determined quantitatively
11,12]. The measurement was made in the following proce-
ures. The first step was to get the K factor, a ratio between the
orward voltage and the junction temperature change, which is
nown as a temperature sensitive parameter (TSP). All the ther-
al measurements were made in liquid bath as shown in Fig. 2.
or the K factor calibration, 10 mA sensor current was used in

he temperature range of 20–50 ◦C with an increasing step of
0 ◦C. The thermal resistance was measured after driving the
amples with 350 mA current for 10 min at the liquid tempera-
ure of 25 ◦C. The extracted input powers from experiment were
.139 W, 1.123 W, and 1.136 W for the package types I, II, and
II, respectively.

. Analytical and numerical simulations for LEDs

Thermal modeling of the LED packages was done in
LOTHERM. FLOTHERM includes a computational fluid

ynamics (CFD) solver, which carries out a full 3D solution of
he Navier–Stokes equations for mass, momentum and energy
onservation using the finite volume technique. The conser-
ation equations in the general form are as follows for mass,

p

K

able 1
hermal conductivity of LED packaging materials

Material

GaN chip Silicon die attach

hermal conductivity (W/m ◦C) 65.6 0.2
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omentum, and thermal energy, respectively [13]:

∂ρ

∂t
+ v · ∇ρ

]
= −ρ∇ · v (1)

[
∂v

∂t
+ v · ∇v

]
= −∇p + ρg −

(
2

3

)
· ∇(μ∇ · v)

+ 2∇ · (μS) (2)

cP

[
∂T

∂t
+ v · ∇T

]
= ∇ · (K∇T ) −

(
2

3

)
· μ(∇ · v)2

+ 2(μS : S) + βT · Dp

Dt
(3)

here ρ is the density, v the velocity vector, p the pressure, t the
ime, g the gravity, μ the viscosity, k the thermal conductivity,
the strain rate tensor, T the absolute temperature, and β is the

xpansiveness.
The modeled LED packages have the same dimensions as

he real packages. The package is composed of GaN blue chip,
ilicon die attach, lead frame, ceramic mold, silver thermal vias,
nd epoxy lens as shown in Fig. 1. Detailed structure of epilay-
rs in the chip was simplified and the effect of gold wire was
ot considered in modeling. Thermal conductivities of employed
ackaging materials are listed in Table 1. Thermal conductivities
re assumed to be independent of temperature due to relatively
mall temperature change during the whole experiment proce-
ure.

As a boundary condition during thermal simulation, heat
ransfer coefficient (h, W/m2 ◦C) is important to ensure the accu-
ate result [14]. In our simulation, heat transfer coefficient was
alculated by FLOTHERM based on CFD, and parameters of the
iquid oil, instead of air, using in the measurement was input in
LOTHERM. The thermal conductivity, viscosity, and density
f the liquid oil are 0.11 W/m ◦C, 3.88 mPa s, and 900 kg/m3,
espectively. The heating power extracted from the experiment
as used for the simulation process. The temperature of the

iquid oil was set to 25 ◦C as in the measurement.

. Results and discussion

The K factors were calculated based on Eq. (4) and the results
or the three types of packages are shown in Fig. 3. The obtained

factors are 1.543 mV/◦C, 1.485 mV/◦C, and 2.053 mV/◦C for

ackage types I, II, and III, respectively.

= �DTJ

�DVF
(4)

Ceramic mold Silver thermal via and lead frame Epoxy lens

3 400 0.68
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Fig. 3. Forward voltage vs. temperature plot for the calculation of the K factor.
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the heat path. Here we define contact area ratio as a/b. The term,
constriction, is used to describe the case where heat flows into
a narrower region (area ratio smaller than 1), and spreading is
Fig. 4. Differential structure functions for package types I, II, and III.

here �DTJ is the change of junction temperature of LED, and
DVF is the change of forward voltage in LED.
The structure functions obtained from the transient thermal
easurement were shown in Fig. 4. And the simulation result of
ype I obtained from FLOTHERM was shown in Fig. 5. Under
he same conditions, the measured thermal resistances were
8.9 ◦C/W, 61.8 ◦C/W, and 58.5 ◦C/W for the package types I, II,

ig. 5. Simulated temperature distribution of LED package (type I) at 350 mA.

u
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nd III, respectively. And calculated thermal resistances from the
imulation were 45.5 ◦C/W, 49.8 ◦C/W, and 57.2 ◦C/W, respec-
ively. From both the experiment and the simulation results, we
an find that the package type I exhibits the best thermal per-
ormance. However, different from the simulation result, the
xperimental results indicate a higher thermal resistance from
he type II than that from type III. The disagreement can be
xplained by a thorough analysis of structure of thermal vias
nd their effective contact areas with heat sink.

For the three kinds of package design, the main difference is
he size and distribution of thermal vias as shown in Fig. 1. The
hickness of the thermal vias are 0.44 mm, 0.56 mm, for type I
nd type II packages, respectively, and 0.23 mm and 0.31 mm
or the first layer and the second layer of type III package. The
otal areas of thermal vias are 1.70 mm2, 2.28 mm2 for type I
nd II, respectively, and 0.85 mm2 and 1.77 mm2 for the first
ayer and the second layer of type III. As the silver has much
igher thermal conductivity than ceramic mold and epoxy lens,
t is reasonable to regard the thermal vias as a main path for heat
issipation generated from the p–n junction of a chip. We may
xpect a decreasing thermal resistance from type III to type I
o type II if we only consider the thermal resistance of the bulk

aterial that can be calculated with Eq. (5).

th = t

(K · A)
(5)

here Rth is the thermal resistance, t the thickness, K the ther-
al conductivity and A is the cross-sectional area. We also

eed to investigate the contribution of spreading thermal resis-
ance to the total thermal resistance of package. When the heat
ows across an interface between two components with differ-
nt areas, constriction/spreading thermal resistance should be
onsidered [6,7] as was described in Fig. 6. The parameters “a”
nd “b” are radius or equivalent radius of two different parts
ith different sizes. The “q” is the heat flux passing through the
eat path from “a” to “b”, “t” the thickness of the bigger part in
sed to describe the opposite case. In this study, only constric-

Fig. 6. Thermal modeling of spreading resistance.
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ion resistance between the silver pad and via was considered,
ecause the spreading condition is the same for the three cases.

It has been known that the constriction/spreading thermal
esistance can be expressed in the following equation [6].

ave(ε, τ) = 4√
πε

∞∑
n=1

J2
1 (λnε) tanh(λnτ)

λ3
nJ

2
0 (λn)

(6)

here ϕave is the average dimensionless constriction resistance,
the dimensionless contact area ratio, a/b, τ the dimensionless
late thickness t/b, Ji(·) the Bessel function of the first kind of
rder I, λn the eigenvalue, a, b and t have the same meaning as
hey are in Fig. 6.

Type II package has 16 thermal vias, so the total constriction
esistance should be equal to one constriction resistance divided
y 16 since they are thermally in parallel. Type III package has
6 thermal vias in the first layer, and exhibits negligible spread-
ng resistance from first layer to the second layer, as the area
atio is 0.52 and there are 9 thermal vias in parallel. The area
atio between the thermal via and the silver pad are 0.317, 0.027,
nd 0.01 for package of types I, II, and III, respectively. The con-
triction thermal resistance from silver pad to thermal via can be
alculated by substituting the corresponding contact ratio values
nto Eq. (6) [6]. And the calculated constriction resistances are
.24 ◦C/W, 2.36 ◦C/W, and 2.41 ◦C/W for package of types I,
I, and III, respectively. As type I package has a single thermal
ia with a comparable size with the chip size, the constriction
hermal resistance of type I is much smaller than types II and
II. It is a main reason that type I package resulted in the lowest
hermal resistance both in simulation and experiments.

The package type II has a smaller constriction thermal resis-
ance than that of type III, which is a different result from the

easurement (Fig. 4). Observation of the contact area between
he chip and thermal vias explains the experimental results and
learly demonstrates the significant effect of it on thermal per-
ormance of LED package. Fig. 7 is a micrograph of thermal
ias in contact with chips for the three different packages. The
otted square is the contact area with chip. It is clearly shown
hat the contact surface of type II package is with significant
oughness compared with other packages. The four thermal vias
ere designed to be under the chip through thin layer of silver
ad with thickness of 80 �m. In addition, one of the thermal vias
oes not seem to make a physical contact with chip, which does

ot contribute to an effective heat path. It is worth while noting
hat the surface roughness is not considered in simulation and
esults in deviation from the experimental data.

Fig. 7. Micrographs of contact surface of three types of LED packages.
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ig. 8. Junction temperature as a function of effective contact area ratio (type
I package).

In order to verify the effect of surface roughness, additional
imulation was performed. It was assumed that the contact area
s perfectly flat and the contact area is proportional to the number
f thermal vias. The boundary condition was set to be same as the
arlier simulation. As shown in Fig. 8, the junction temperature,
nd thus thermal resistance, decreases with the effective contact
rea. The results demonstrate that the effective surface area is
ne of important design parameters that must be considered for
reliable thermal simulation for high power LED packages.

. Conclusion

In this paper, three types of ceramic packaging designs for
igh power LED were analyzed by transient thermal measure-
ent and simulation. The total thermal resistance is not just

etermined by the volume ratio of the high thermal conductivity
aterial. It was observed that the constriction thermal resistance

nd effective contact thermal resistance (related with surface
oughness) have great effects on the total thermal resistance
f the LED packages. The low constriction thermal resistance
y the good distribution of thermal via made the total thermal
esistance relatively low. High contact thermal resistance by
he rough contact surface induced in the manufacturing process

ade the higher total thermal resistance. It has been demon-
trated that the thermal contact resistance is one of important
esign parameters for a reliable thermal simulation of LED
ackages.
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