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h i g h l i g h t s
� Precise die-bonding thermal paths were reconstructed on X-ray transmission images.
� The filling states of bonding materials were taken into consideration in our models.
� The temperature uniformity was analyzed in chip-scale with hotspots located.
� The reconstructed model is a method to predict the LED performance accurately.
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a b s t r a c t

This paper proposed a half-experimental model to reconstruct the die-bonding thermal path of high-
power light-emitting diodes (HP-LEDs). In this model, the partially insufficient filling of bonding
materials and their directional/random distributions (“filling state” for short) have been taken into
consideration. Both the silver-paste structure and the Au/Sn-eutectic structure were analyzed and
compared. Finite element analysis (FEA) indicated that qualified die-bonding with uniform filled areas
would lead to much better thermal performance. Hotspots have been observed above the insufficiently
filled regions. The simulated thermal resistances of the defective bonding were 5.4 times and 2.1 times
higher than those of the qualified samples under conditions of Au/Sn-eutectic and silver-paste, respec-
tively. Transient thermal resistance measurements further demonstrated that the devices with different
filling states would result in distinct thermal resistances. Interestingly, it was noted that although the
qualified silver-paste bonding had a larger filled area, the measured thermal resistance remained higher
than that of the defective Au/Sn-eutectic bonding because of the high contact thermal resistance caused
by poor wetting properties. Furthermore, defectively bonded LED devices revealed a poor maintenance
of luminous flux after 500 h of aging, which was consistent with the results of thermal performance
analysis on the reconstructed die-bonding models.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

With the development of high-power light-emitting diodes
(HP-LEDs) [1,2], the move to replace general lighting fixtures with
solid-state lights (SSLs) has become widespread. To reduce the
cost of the rebuilding investment of lighting systems, the power
density of LED chips is becoming increasingly higher, reaching a
value of 125A/cm2 in the latest Cree� products [3]. This contin-
uously increasing injection current has led to remarkable heat
generation in the active layer of LEDs, and overheated pen
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junctions have led to a decrease in luminosity [4,5], as well as
premature failure after aging [6e8]. Therefore, thermal manage-
ment has become one of the most important issues with respect
to energy efficiency and reliability. In practice, LEDs are manu-
factured into single components or compact chip-on-board (COB)
packaged devices. Regarding the former, a surface mounting as-
sembly of components on metal-core print circuit boards
(MCPCBs) is necessary. This assembly introduces several sources
of thermal impedance into lighting systems. COB packaged de-
vices have been reported as an effective solution to this problem,
exhibiting a significantly lower thermal resistance by reducing
the distance of the thermal path [9,10]. In both cases, LED chips
are inevitably die-bonded to a large leadframe substrate with
high thermal conductivity by using a layer of bonding material.
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Nomenclature

A surface/cross-sectional area [mm2]
Cp specific heat [J/(kg K)]
F view factor
P pressure [Pa]
q heat flow [W]
_q heat flux [W/m2]
R thermal resistance
T temperature [K]
u x-component of velocity [m/s]
n y-component of velocity [m/s]
u z-component of velocity [m/s]

Greek symbols
g reflectivity
d thickness [mm]

ε emissivity
l thermal conductivity [W/(m K)]
m dynamic viscosity [N/m2s]
r density [kg/m3]
s Boltzmann’s constant

Subscripts
atm atmosphere
bond die-bonding layer
c chip
e element
Gan gallium nitride
i the surface i
j the surface j
l leadframe substrate
out emit out
N ambient
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Moreover, from the optical point of view, a roughened leadframe
substrate was preferred for improving light extraction [11,12].
Therefore, it is easily understood that it was difficult to form a
perfect contact with the die-bonding material [13,14]. Although
die-bonding materials such as silver-paste [14,15], carbon nano-
tube (CNT)-embedded silver-paste [16], SAC305 solder [15e17],
and Au/Sn-eutectic [14,15,18] have been studied as potential so-
lutions, the die-bonding layer is still one of the greatest
conductive barriers in the thermal path of LED devices.

The bonding layer was usually simplified as a regular contact
structure in conventional design or analysis models. Thus, the
thermal resistance directly calculated based on these models was
much lower than the measured values [19,20]. Different mech-
anisms have been reported in the literature to explain such in-
consistencies. From the thermal properties point of view, the die-
bonding thermal resistance could be decomposed into one
component representing the bulk thermal resistance and another
component representing the contact thermal resistance [13,14].
Some researchers believed that the thermal conductivities of die-
bonding materials were significantly lower than the theoretical
values (effective thermal conductivity argument with respect to
the bulk thermal resistance) [19e21]. Others have indicated that
the increased thermal impedances observed were mainly caused
by poor contact conditions (contact thermal resistance argu-
ment) [14]. Generally, voids exist in the die-bonding layer in the
forms of top/bottom, middle, and through modes [22]. Only in
the bonding layers, wherein there is a large amount of middle
voids, the thermal conductivities of bonding materials would
notably decrease. However, in a real LED device, the die-bonding
layer is extremely thin and not too large. In addition, die-
bonding materials are prepared under sufficient deaeration
conditions. It is reasonable to assume that the die-bonding ma-
terials are dense. Accordingly, it is believed that the contact
thermal resistance argument is the most appropriate in these
cases.

T. Chung et al. calculated the thermal resistance based on an
improved model with periodical stripe-like voids embedded in
bonding structures, which was based on the real filled area ratio of
bonding materials observed in ultrasound images [14]. Clearly, in
his calculations, the material distribution was neglected, whereas
in recent works, it was observed that the filling states with distinct
distributions of die-bonding materials would not only affect the
overall thermal resistance [22] but also create a significantly
nonuniform junction temperature [23]. This paper extends the
previous investigations and proposes a novel half-experimental
model based on X-ray transmission images. The models are sub-
mitted to finite element analysis (FEA) as well as thermal resistance
networks analysis and finally utilized to discuss the luminous
properties of LED devices. This work presents a more precise
method for predicting HP-LED die-bonding quality compared with
other previously reported methods.

2. LED device structure specification

Vertical HP-LED chips with Si submounts were used in the ex-
periments. Fig. 1 reveals a schematic of the components (Type
3535), which consists of a high-temperature co-sintered ceramic
(HTCC) leadframe substrate with top/bottom-layer copper films, an
LED chip bonded with Au/Sn-eutectic or silver-paste, a phosphor
coating, and a dome-shaped silicone lens. Roughening processes
were applied to the surface of the leadframe to form a diffusely
reflecting surface that would significantly improve the out-
coupling of rays, as shown in the FAM image of Fig. 1. The mid-
pad of the leadframe was reserved as a heat-dissipating path. The
Au/Sn-eutectic and silver-paste bondings were performed via
reflowing and oven-curing, respectively. Fig. 2 shows the recom-
mended reflowing temperature profile. Themaximum temperature
in this experiment was set to 310 �C and held for 5 s. The reflowing
process was continued for 4 min. After reflowing, ultrasonic and
plasma cleaning were used to remove the residual flux. For the
silver-paste bonding, the components were cured in an oven at
150 �C for 2 h, and the cleaning procedure was not necessary. Also
worth mentioning is that no external force was applied to the chip
during reflowing or oven-curing to avoid damages on the epitaxial
layer. The thermal conductivities of the materials are listed in
Table 1.

3. Die-bonding thermal path reconstruction

As shown in Fig. 3, the Au/Sn-eutectic-bonded samples exhibits
a better appearance than those bonded with silver-paste. The
bonding material was extruded from the side wall in the latter
case because the thickness of the silver-paste bonding layer was
up to 7.5 mm, considerably larger than that of the Au/Sn-eutectic
bonding layer which was only 3 mm. Fig. 4(a) shows typical X-
ray transmission images of the two die-bonding structures



Fig. 1. Schematic of the 3535 packaged LED device.
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nondestructively identified using a micro-focus X-ray apparatus, in
which samples A and C represent the qualified devices and sam-
ples B and D are the defective ones. The images show that the
bonding quality cannot be fully guaranteed because it was affected
by the bonding materials, interface structures, and bonding con-
ditions. The dark areas of the images indicate the boundaries of
materials with better filling states (because it is difficult for X-rays
to penetrate through the metallic compound or silver particles),
whereas the white areas denote voids [21]. It is observed that the
qualified device with the Au/Sn-eutectic die-bonding structure
Fig. 2. Recommended reflowing temperature profile for the Au/Sn-eutectic-bonding
procedure.
exhibits a more uniformly filled area compared with the qualified
silver-paste structure, especially at the corners of the LED chip.
Moreover, the bonding material in the defective Au/Sn die-
bonding structure shows a directional distribution, whereas the
defective silver-paste structure only shows a random distribution,
which indicates that the microstructures of the leadframe sub-
strate strongly affect the wetting properties of the Au/Sn materials
and drive the materials to wet along the grinding valleys. The
above discussed features of the die-bonding structures, including
the insufficient filling of chip corners and the directional or
random distribution of the bonding materials (filling state), should
be taken into consideration for modeling to reconstruct a more
accurate thermal path for analysis.

The X-ray transmission images were zoomed to the standard
scale. The die-bonding area was divided into a 40 � 40 mesh. The
size of the mesh element in this study was 25 mm, with a void
resolution of 12.5 mm, which allowed for the accurate identification
of most of the insufficiently filled areas in the bonding structures. If
the dark area in each mesh element occupied more than half of the
element, the entire element was recognized as having been filled
with Au/Sn or silver-paste materials, and vice versa. Thus, the die-
bonding layer was decomposed into filled elements and void ele-
ments, as shown in Fig. 4(b). Based on the mesh information, for
samples A, B, C, and D, the void ratios were 19.9%, 70.5%, 16.7%, and
58.8%, respectively. In addition, it was assumed that the generated
heat was only conducted from the LED chip to the leadframe sub-
strate, and the heat dissipation through the dome-shaped lens was
neglected because of the sufficiently low thermal conductivity
(0.25 W/m-K) of silicone. Therefore, heat was transferred to the
leadframe substrate via the thermal path consisting of a group of
filled or void elements representing thermal resistances connected
in parallel.



Table 1
Thermal conductivities of materials in 3535 packaged LED devices.

Materials GaN Wafer-bonding Si submount Die-bonding HTCC Al2O3 Cu Silicone

Au/Sn-eutectic Silver-paste

Thermal conductivity (W/m-K) 130 58 148 58 13 15 387 0.25
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4. Thermal performance analysis

4.1. FEA simulations and thermal transient measurements

Detailed three-dimensional device models with the recon-
structed die-bonding thermal paths were established in ANSYS�

Icepak for FEA simulations. It was assumed that the filled elements
formed perfect contacts between the chip and the leadframe sub-
strate, and the void elements were restricted to a sufficiently low
thermal conductivity (w0.026 W/m-K referring to air or flux). The
devices were mounted on a 50� 50 mmMCPCB with a thickness of
2 mm, as shown in Fig. 5. The simulated ambient temperature was
55 �C (referring to standard LM-80-08 [24]), and the LED devices
were operated under natural convection with a heat consumption
of 1 W. The air flow was three-dimensional, laminar, and steady.
The fluid properties were independent of temperature, except for
the density, which was calculated from the ideal gas law. Radiation
heat transfer was calculated. The governing equations are as
follows:

For the air side:
Mass conservation equation:
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Fig. 3. Bonded LED devices with (a) the silver-paste bonding
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where rN and r are the air densities at ambient temperature and
near heated surfaces, respectively. The densities of air are calcu-
lated as follows:

r ¼ MPatm
RT

; (5)

where M is the molecular weight of air (28.966 kg/kmol) and R is
the universal gas constant.

Energy conservation equation:
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For the solid side:
Energy conservation equation:
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Radiation heat transfer:

qout;i ¼ εisT
4
i þ gi

XN
j¼1

Fijqout;j: (8)

The following boundary conditions were applied in the
simulations:

(1) The solution domain was a 150 � 150 � 50 mm cabinet
whose surface type was set to opening (pressure inlet/outlet
condition) along the gravity direction.
structure and (b) the Au/Sn-eutectic bonding structure.



Fig. 4. (a) X-ray transmission images of Au/Sn-eutectic bondings (samples A and B) and silver-paste bondings (samples C and D). (b) Reconstructed filled/void elements of Au/Sn-
eutectic bondings (samples A and B) and silver-paste bondings (samples C and D).
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(2) Except for the air, all of the cell zone conditions were solid
with specific thermal conductivities, as listed in Table 1.

(3) A 1 � 1 mm source was placed on top of the chip with con-
stant heat flux:

_q ¼ �lGan
vT
vn

����
source

¼ 1� 106W=m2:
(4) The properties at the air-solid interfaces were as follows:
Tair ¼ Tsolid;
Fig. 5. FEA models with reconstructed die-bonding thermal paths: (a) a magnified view of th
structure, and (d) a magnified view of the die-bonding structure.
_q ¼ �lair
vT
vn

����
interface

¼ �lsolid
vT
vn

����
intererface

:

(5) The emissivity of the surfaces was 0.8.

The FEA results are listed in Table 2. As indicated by the simu-
lated junction temperature data, the qualified Au/Sn-eutectic-
bonded LED device exhibits the best thermal performance,
whereas the defective silver-paste-bonded device performs the
worst. The maximum epitaxial layer temperatures are 74.5 �C,
e LED component, (b) the component without a dome-shaped lens, (c) the die-bonding



Table 2
FEA results of typical LED devices with reconstructed die-bonding thermal paths.

Samples Locations Minimum
temperature (�C)

Maximum
temperature (�C)

Mean
temperature (�C)

Standard
deviation (�C)

Sample A Epitaxial layer 73.69 74.52 74.23 0.19
Die-bonding chip side 71.86 73.48 72.95 0.30
Die-bonding leadframe side 71.30 73.30 72.81 0.35

Sample B Epitaxial layer 74.59 76.48 75.22 0.41
Die-bonding chip side 72.54 75.86 73.86 0.67
Die-bonding leadframe side 70.94 73.52 72.83 0.52

Sample C Epitaxial layer 74.57 75.13 74.92 0.16
Die-bonding chip side 72.84 74.10 73.57 0.25
Die-bonding leadframe side 71.06 73.17 72.60 0.40

Sample D Epitaxial layer 77.27 80.33 78.31 0.51
Die-bonding chip side 72.05 79.65 77.17 0.88
Die-bonding leadframe side 70.72 74.04 73.17 0.60
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76.5 �C, 75.1 �C, and 80.3 �C for samples A, B, C, and D, respectively,
as shown in Fig. 6. It is noted that the temperature uniformities of
the qualified devices are much better than those of the defective
ones. The thermal map of the epitaxial layer shows a highly similar
distribution to that of the reconstructed die-bonding filling state.
For example, in sample B, the reconstructed filled elements are
concentrated in the central area and present a directional distri-
bution along the diagonal of the chip. Such a distribution of die-
bonding material has resulted in a non-uniform thermal map of
the epitaxial layer, on which hotspots can be observed above the
insufficiently filled area. As a consequence, the standard deviation
of the epitaxial layer temperature in sample B is approximately
116% higher than that in sample A. We may infer that the hotspots
represent weaknesses of the chip where failure might occur.

The capacity of the die-bonding layer to remove heat can be
properly quantified by its thermal resistance, which is defined as
the temperature difference between the two sides of the bonding
divided by the heat flow [25].
Fig. 6. Simulated thermal maps of LED devices showi
Rbond ¼ Ts1 � Ts2
q

; (9)

where Ts1 and Ts2 are the mean temperatures on the two sides of
the bonding and q is the heat flow through this layer. The results
indicate that the FEA die-bonding thermal resistances are 0.14 K/W,
1.03 K/W, 0.97 K/W, and 4.0 K/W for samples A, B, C, and D,
respectively. It is observed that the FEA thermal resistances of the
defective die-bondings are 5.4 times and 2.1 times higher than
those of the qualified ones under the conditions of the Au/Sn-
eutectic and silver-paste bondings, respectively. Although the
void ratio of the defective silver-paste bonding layer is 11.7% lower
than that of the defective Au/Sn-eutectic bonding layer, the FEA
thermal resistance is still 189% higher. Fig. 7 shows the thermalmap
of this layer (on the chip side) in sample B, in which hotspots are
observed above the void elements. Clearly, the void area represents
a great thermal barrier, and the filled elements function as a narrow
conductive bridge for heat dissipation from the submount to the
ng the epitaxial layer’s maximum temperatures.



Fig. 7. The thermal map of the die-bonding layer (on the chip side) of typical sample B
with hotspots in the regions above the void elements.
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substrate, which leads to a notably reduced temperature in the
filled regions. To further understand the effect of thermal conduc-
tivities and bonding thicknesses, various thermal conductivities of
bonding materials were simulated using the reconstructed models.
It is found that the thermal resistances are sensitive to the bonding
thickness, resulting in distinct sensitivities at different thermal
conductivity levels, as shown in Fig. 8. For low thermal conduc-
tivities, especially for thermal conductivities less than 20 W/m-K, a
small bonding thickness is preferable to reduce the thermal resis-
tance. However, at high thermal conductivities, the thermal re-
sistances at different bonding thicknesses are similar. Therefore, a
general guideline is obtained: the die-bonding layer should be as
thin as possible when silver-paste is used as a bonding material,
whereas a large thickness is acceptable for Au/Sn-eutectic. These
FEA results, which offer precise temperature distributions and
thermal resistances, would be valuable in analyzing the quality of
die-bondings.

From a practical point of view, the die-bonding thermal resis-
tance is affected by four factors: 1) the thermal conductivity of the
bondingmaterial; 2) the bonding thickness; 3) the actual filled area
Fig. 8. Simulated die-bonding thermal resistances with various thermal conductivities
of bonding materials.
ratio and its distribution (filling states); and 4) the contact thermal
resistance of the die-bonding layer, especially along the roughened
leadframe substrate [13]. The die-bonding thermal resistance is
decomposed into one component representing the bulk thermal
resistance (referring the former three factors) and another
component representing contact thermal resistance (referring to
the fourth factor):

Rbond ¼ Rbulk þ Rcontact: (10)

Although the FEA simulations are based on a precisely recon-
structed die-bonding thermal path, the calculated thermal re-
sistances can only be considered as bulk thermal resistances due to
the assumption of a perfect contact achieved by filled elements.

Currently, evaluations of the real die-bonding thermal re-
sistances of LED devices are still complex problems. Transient
thermal resistance analysis is one of the most popular methods
used to this end [26e28]. Fig. 9 shows the measured thermal
transient characteristics of the LED samples under a drive current of
350 mA. The samples were tested three times. The heating current
and themeasurement current in the experiments were 347mA and
3 mA, respectively, yielding a sufficiently high power-switching
step to obtain good accuracy [29]. Initially (turn-on time <1 s),
the junction temperature increases rapidly, especially in sample D.
The heating rates of samples A, B, C, and D are 14.01 �C/s, 15.05 �C/s,
14.85 �C/s, and 20.02 �C/s. After 10 s, the temperatures reach a
steady state. The thermal transient characteristics of the samples
follow the order sample A/ sample Besample C/ sample Dwith
temperature increases of 17.2 < 17.8e18.0 < 23.5 �C, respectively.
The corresponding total device thermal resistances are 8.9 K/W,
9.6 K/W, 13.4 K/W, and 17.3 K/W, respectively. Fig. 10 shows the
differential structure functions extracted by T3Ster Master System,
with the optical power excluded. In these functions, the peaks
indicate entering new surfaces or materials in the thermal path;
more precisely, the peaks typically point to the middle of any new
region, and their distance along the horizontal axis represents the
partial thermal resistance between these surfaces [28]. Accordingly,
the distance between the origin and the first peak yields the
thermal resistance from the epitaxial layer to the middle region of
the submount. The distance between the first and the third peaks
represents the total thermal resistance of 1) the die-bonding layer;
2) one half of the Si submount (w0.74 K/W), and 3) one half of the
Fig. 9. Temperature responses of the typical devices under an injection current of
350 mA.



Fig. 10. Differential structure functions of typical devices, where ①, ②, ③, and ④

represent the total thermal resistances of the die-bondings as well as half of the Si
submount (w0.74 K/W) and half of the top-layer copper film (w0.088 K/W) of samples
A, B, C, and D, respectively.
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top-layer copper film (w0.088 K/W), as shown in the inset of Fig.10.
The measured thermal resistances of the bonding layers are ob-
tained by subtracting the additional values, as listed in Table 3. The
results indicate that the qualified Au/Sn-eutectic bonding exhibits
the lowest thermal resistance, whereas the defective silver-paste
bonding shows the highest. By comparing the structure functions
of LED devices with the same bonding materials (referring to
samples A vs. B or C vs. D), it is noted that in the defective devices,
there is a downward shift in the K value (K¼ clA2) between the first
and the third peaks (where c is the volumetric heat capacitance, l is
the thermal conductivity, and A is the cross-sectional area
perpendicular to the heat flow). Because c and l are constants, a
reasonable explanation for this behavior is that the increase in the K
value is related to the cross-sectional area losses in the bonding
layer caused by the insufficiently filled regions. It can be further
observed that even though the qualified silver-paste bonding pos-
sesses a larger filled area, the thermal resistance is still higher than
that of the defective Au/Sn-eutectic bonding. This contradiction
between the FEA results and the measured results is attributed to
the contact thermal resistance of the die-bonding layer.

Up to this point, we have calculated the bulk thermal resistances
through the FEA simulations and separated the total die-bonding
thermal resistances from the transient measurements. Conse-
quently, the contact thermal resistances of the die-bonding layers
of samples A, B, C, and D are 2.6 K/W, 2.7 K/W, 5.7 K/W, and 7.5 K/W,
respectively, according to Equation (10). It is clear that the contact
thermal resistances are more than 50% of the total bonding thermal
resistances. In addition, the contact thermal resistances of the
Table 3
Die-bonding insufficient filling void ratios and FEA andmeasured thermal resistance
values.

Samples Insufficient
filling void
ratio (%)

Bonding
thickness
(mm)

FEA thermal
resistance
(K/W)

Measured thermal
resistance (K/W)

Sample A 19.9 3 0.14 2.78
Sample B 70.5 1.03 3.70
Sample C 16.7 7.5 0.97 6.65
Sample D 58.8 4.00 11.54
silver-paste bondings are much higher than those of the Au/Sn-
eutectic bondings. These results again suggest that the Au/Sn ma-
terial exhibits better wetting properties than the silver-paste. In the
silver-paste structures, heat transfer is possibly blocked in the
valleys of the roughened surface profile under poor wetting con-
ditions [13].
4.2. Thermal resistance networks analysis

The thermal resistance networks consist of the thermal re-
sistances of the epitaxial layer, the wafer bonding layer, the Si
submount, the die-bonding layer, and the leadframe substrate, as
shown in Fig. 11. In these networks, the thermal resistance of the
die-bonding layer is composed of a group of filled or void elements
connected in parallel with serially connected contact thermal re-
sistances. The total thermal resistances of the LED devices are
calculated according to the following equation:

Rbond ¼ d1
l1Ac

þ d2
l2Ac

þ d3
l3Ac|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

REpþRWBþRSi

þ 1
n1l4Ae

d4
þ n2l5Ae

d4|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
n1�Rf==n2�Rv

þRcontact

þ 2
d5
l6Al

þ d6
l7Al|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

Rl

: (11)

where dk (k¼ 1e6) and lk (k¼ 1e7) are the thicknesses and thermal
conductivities of the layers (see Fig.11 and Table 1) and Ac, Ae, and Al
are the chip area, filled or void element area, and the leadframe
substrate effective area (referring to the heat-dissipation path of
the pad), respectively. The former three summands on the right-
hand side of the equation are due to the LED chip. The fourth
summand and Rcontact depend on the die-bonding quality, whereas
the last two items are the thermal resistances of the leadframe
substrate. By substituting the parameters into Equation (11), the
thermal resistances of the LED devices are 9.1 K/W, 9.3 K/W, 13.1 K/
W, and 15.8 K/W for samples A, B, C, and D, respectively. It is
observed that there is an approximately 8.7%maximum error in the
calculations compared with the measured results, which is prob-
ably due to the two-dimensional heat diffusion inside each layer
and the small amount of heat dissipated through the silicone lens.
However, such thermal resistance networks are sufficiently accu-
rate in engineering predictions.
5. Luminous measurements and long-time aging

Spectral measurements show that the LED devices emit
dichromatic white light, including a component of blue light that
emits through the phosphor coating without being absorbed and
another component of down-converted light ranging from yellowe

green to orangeered wavelengths, as shown in the inset of Fig. 12.
The correlated color temperatures (CCTs) of the samples are
approximately 6200 K. A series of drive currents from 30 mA to
750 mA with a step of 30 mA was applied to the devices. Fig. 12
plots the luminous flux versus drive current, which indicates that
LED devices with different die-bonding qualities exhibit similar
light-output performance under low-drive-current conditions.
However, the effect of the die-bonding qualities on the luminous
flux becomes notable as the drive current increases, leading to a
maximum difference of 14% emitted flux at 750 mA between
samples A and D. This behavior is because when the devices were
driven under high currents, the accumulated heat in the active layer
significantly decreased the quantum efficiency, which seriously
reduced the light-out power of LEDs [5,30]. Briefly, the silver-paste



Fig. 11. Thermal resistance networks of the LED devices with the reconstructed die-bonding thermal path.
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die-bonding is acceptable for LED devices under low rated currents
in view of cost-effectiveness, and the Au/Sn-eutectic die-bonding is
necessary when the devices are designed for high-current-density
applications.

The LED devices were finally submitted to an aging test under an
accelerated drive current of 700 mA @ 85 �C. The test lasted for
3000 h. Fig. 13 shows that the qualified Au/Sn-bonded LED devices
exhibit the highest luminous flux maintenance of 99.9%. The
defective Au/Sn-bonded and the qualified silver-paste-bonded de-
vices show similar performance during the life-time test with a
luminous flux maintenance of approximately 95.0%. However, a
few of the defective silver-paste-bonded devices present a fatal
decrease of luminous flux after 500 h, and themaintenance of these
devices is only 22.7%. It is noted that there is a shadow area on the
epitaxial layer when the devices are driven under low current,
which is probably damaged by the overheated junction tempera-
ture [31,32] due to the insufficiently filling states in the die-bonding
Fig. 12. Luminous flux measurements versus drive currents and a typical spectrum of
the LED devices.
layer, as shown in the inset of Fig 13. Therefore, a general guideline
is obtained: the defective die-bonding structures, especially those
based on silver-paste, should be eliminated in the mass production
of LEDs. These findings are consistent with the results of the ther-
mal performance analysis on the reconstructed die-bonding ther-
mal path.

6. Conclusions

A considerably improved half-experimental model based on X-
ray transmission images has been proposed to reconstruct the die-
bonding thermal path of HP-LEDs. Both silver-paste and Au/Sn-
eutectic structures were modeled and analyzed. Due to the effects
of the bonding materials, interface structures, and bonding condi-
tions, the die-bonding quality could not be fully guaranteed, which
Fig. 13. Luminous flux maintenance of LED devices over more than 3000 h at an
accelerated drive current and operation temperature of 700 mA and 85 �C,
respectively.
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caused the insufficient filling of chip corners when silver-paste was
used, as well as directional distributions of the bonding material in
Au/Sn-eutectic structures. This information regarding the filling
states was taken into consideration in the models developed in this
study. FEA simulations indicated that the qualified Au/Sn-eutectic-
bonded LED devices exhibited the best thermal performance with
the lowest junction temperature of 74.5 �C. Moreover, the tem-
perature uniformity of the epitaxial layer was highly similar to that
of the die-bonding filled area, leading to hotspots above the
insufficiently bonded regions. Transient thermal resistance mea-
surements demonstrated that the devices with different bonding
materials and qualities led to the generation of distinct thermal
resistances. Interestingly, it was noted that although the qualified
silver-paste bondings exhibited a larger filled area, the measured
thermal resistance was still higher than that of the defective Au/Sn-
eutectic bondings. By comparing the FEA results and the measured
values, this contradiction could be ascribed to the contact thermal
resistances of different die-bonding structures. This analysis indi-
cated that the contact thermal resistances constituted more than
50% of the total thermal resistances in the die-bonding layers,
especially in the silver-paste structures. Furthermore, LED devices
with different bonding structures were submitted luminous mea-
surements and long-term aging. The defectively silver-paste-
bonded LED devices showed a poor maintenance of luminous
flux, which was in agreement with the results obtained from
the thermal performance analysis based on the reconstructed die-
bonding thermal path. A useful finding is that the contact thermal
resistance is the major heat conduction barrier in LED die-bonding
structures. Improving the wetting conditions of die-bonding
materials at the contact interface is one of the most effective
approaches to resolve this issue.

Die-bonding thermal models for HP-LEDs play important roles
in components manufacture and failure analysis. To more closely
simulate real physical structures, more actual filling information
about the bonding layer must be taken into consideration, as
demonstrated in this study. Yet, the findings presented in this
report still have limitations. For example, the parasitic heat-
conduction path was neglected under the conditions of the cur-
rent measurement technology, which requires further study.
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