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ABSTRACT

In this paper we report on the mechanism of delamination
in light-emitting diode (LED) packages and its effects on
thermal characteristics of LEDs. The LED samples were
subjected to moisture preconditioning treatments
followed by heat block testing. Transient thermal
measurements were performed for the investigation of the
thermal behavior of the delaminated LEDs. Increase of
thermal resistance with the degree of delamination was
observed from the transient measurement test. Thermo-
mechanical stress and hygro-mechanical stress in the
LED package were obtained by coupled-field analysis
using FEA. The calculated thermo-mechanical and
hygro-mechanical stress distributions agree well with the
micrographical evidence. It was found that the thermo-
mechanical stress plays more important role than the
hygro-mechanical stress for the development of
delamination in the LED packages. Moisture
preconditioning for 3 hrs and 6 hrs under 85°C/85RH
conditions was found to make little contribution to the
delamination between the chip and lead frame.
Significant delamination was expected for the samples
experienced the moisture preconditioning for 24 hrs.

1. INTRODUCTION

The research efforts on GaN-based light-emitting diodes
(LEDs) are kept increasing due to their significant
impacts on illumination industry. One of key factors
possibly limiting them from such an important application
is the life time of LED packages which experience several
thermal cycles during the surface mounting process.
Delamination is frequently observed in LED packages
and directly responsible for mechanical reliability
problems and thermal problems for LED packages. So
delamination is believed to be critically harmful to the life
time of LED package, but there have not been found any
theoretical analysis on delamination in LED packages so
far. This paper reports on thermal measurement and
mechanical analysis of the delamination in GaN-based
LED packages.
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Surface Mount Technology (SMT) is widely used to
mount the LED packages for practical application. In
surface mount soldering both the device body and leads
are intentionally heated. The heat from soldering causes a
buildup of additional stresses within the device that were
not present from the manufacturing process. Thermal
stress as well as moisture absorbed by the packages is
considered to be the main cause for the delamination in
electronic package delamination [1]-[2]. The LED
packages are molded with polymer plastic materials. The
moisture can diffuse into the package. The package will
swell after absorbing moisture. The mismatching
coefficients of moisture expansion (CMEs) will induce
hygro-mechanical stress in the package [3]. The
mismatching coefficients of thermal expansion (CTEs) in
LED packages induce thermal stress when the package is
heated in the reflow soldering process. And the presence
of moisture in packages reduces interfacial adhesion
strength [4]-[S5] and leads to delamination. All these
contribute to the delaminations in LED packages.
Delaminations are directly responsible for the lateral
popcorn failure in reflow soldering process [6].
Delaminations in LED packages block the thermal pass.
This is critical for LED thermal performance.

In this work, the delamination in surface mounting LED
packages is studied by simulation with hygro-mechanical
stress modelling and thermo-mechanical stress modelling.
The effect of hygro-mechanical stress and thermo-
mechanical stress on the development of delamination in
LED packages is evaluated. Transient thermal
measurement was performed for the quantitative
comparison of thermal characteristics of samples with
different preconditions, which presumably affect the
degree of delamination.

2. EXPERIMENT

Blue LED packages with the same chip and package
structure were divided into 4 groups depending on the
degree of pre-conditioning and were labelled as group 1,
group 2, group 3, and group 4. Samples of group 1 were
as-packaged without any preconditioning and can be
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assumed as free of delamination.. Samples of group 2
through group 4 were preprocessed in two steps. First,
samples were subjected to 85°C/85RH moisture condition
for 3, 6, and 24 hours for group 2, group 3 and group 4
respectively. Secondly, these samples were heated in heat
block at 270°C for 20 seconds. This moisture
preconditioning process refers to a set of standardized
procedures to expose an electronic package to such
conditions that make it possible to simulate the actual
stresses it will experience during shipping and second
level mounting [7]. After preprocessing, the macrographs
for the lead frame with delamination were obtained from
microscope. Thermal transient measurement was done in
the  following  procedures.  Transient  thermal
measurements with Transient Thermal Tester (T3Ster,
MicReD Ltd.) were used to investigate the thermal
behavior of the delaminated LEDs. T3ster captures the
thermal transients real-timely, records the cooling
/heating curve and then evaluate the cooling / heating
curve to derive the thermal characteristics. Based on the
thermal R-C network and structure function theory, the
heat path can be determined quantitatively. The first step
was to get the K factor, a constant defining the
relationship between the junction temperature change and
temperature sensitive parameter (TSP). For compounds
LED, TSP is the forward voltage drop of the diode. In the
K factor calibration, 0.5 mA sensor current in the
temperature range of 20 °C to 50 °C was used. Transient
measurement was started to record the cooling curve after
driving the samples with 30 mA current for 10 minutes at
the ambient temperature of 25 °C to reach the thermal
stabilization.

3. MODELS FOR THE SIMULATION
3.1. Thermal Modelling
The transient heat conduction equation without heat

generation shown in Eqn. (1) is used to obtain the
temperature distribution during our heat block test.

oO'T o'T &T 10T
+ _
axz 6)/2

=

where the property a=k/pC is thermal diffusivity of the
material, k is thermal conductivity, p is density, and C is
specific heat. T is the temperature, x, y and z are the
spatial coordinates. For the heat block test, the boundary
condition is to apply heat transfer coefficient combining
convection and radiation heat transfer to the external
surfaces of the LED package. The whole heat transfer
coefficient varies with the temperatures of different
surfaces of package, and the ambient temperature is fixed
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Fig. 1 Schematic of LED package structure: (a) is
internal view; (b) is top view.

at 270 °C. The thermal parameters of LED packaging
materials are listed in Table I.

TABLE I
Thermal Property of LED Packaging Materials
Material SiC die  lead mould PO*Y
attach frame lens

k(W/M-°C) 200 7.5 401 0.23 0.17
C({J/Kg-°C) 1000 300 385 1256 1173

p(Kg/m3) 2975 2400 8300 1300 980

The modeled structure has a dimension of 3.5 mm x 2.8
mm x 2.0 mm and the structure is composed of chip, die
attach, lead frame, plastic mould, and epoxy lens as
shown in Fig. 1. The investigated LED samples are non-
flip chip, so the SiC substrate is attached to the lead frame
by silver epoxy in the model. And the chip is modeled as
SiC for the material properties. Detailed structure of epi-
layer in the chip was simplified and the effect of gold
wire was not considered in modeling. Silver epoxy is
used for the die attach. And copper and silver alloy is
used for the lead frame, thermal plastic for the mould, and
epoxy is used for the lens. All the structural parameters
employed in the simulation have the same values as in the
real LED package investigated.

3.2. Thermo-Mechanical Modeling

As shown in Eqn. (2), thermal stress comes from the
expansion of material when heated.

o =Ea (T-T,y) 2)

where the constant, £, is elastic modulus. ¢, 7, and T, is
coefficient of thermal expansion (CTE), temperature and
reference temperature, respectively. The temperature
distribution obtained from the transient thermal analysis
for the heat block test is applied as temperature loads for
the model. The mechanical properties of materials are
temperature dependent, and the mean values for them are
listed in Table II. The bottom of LED package is simply
supported to limit the rigid displacement.
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TABLE II
Mechanical Property of LED Packaging Materials
. . Die  Lead epoxy
Material SiC Attach  frame mould lens

o, CTE (10%K) 14 30 18 45 45
Poison’sratio  0.31 0.35 0.34  0.35 0.49
E (GPa) 190 40 190 52 0.5

3.3. Moisture Diffusion Modeling

Moisture diffusion modelling is based on the analogy
between mass diffusion and heat conduction. Transient
heat conduction can be modelled by Eqn. (1). Transient
moisture diffusion can be modelled by Fick’s law of
diffusion as described in Eqn. (3).

o°’Cc o'C o'C 1acC
o o Dot

R (3)

where C is moisture concentration, D is the moisture
diffusivity of respective material. Most commercial FEA
programs are capable of solving heat conduction equation.
From the analogy with heat conduction, moisture
diffusion can be simulated by FEA. As the moisture
concentration is discontinuous across material interface [9]
Eqn. (3) can not be used in FEA programs for modelling
diffusion in multi-material packages. Moisture wetness
fraction, W, defined in Eqn. (4), is proved to be
continuous across multi-material interface [9].

Co 12W=>0 (4)

where C,, is the saturated moisture concentration of
material. By using wetness fraction Eqn. (3) can be
reconstructed as Eqn. (5).

ow ow ow 1w
o o & Do
Y (5)

For the modelling of moisture diffusion in LED packages,
the initial condition is W = 0 for the whole package as the
package is considered to be dry initially. And the
boundary condition is W=1, for the external surfaces of
LED package as exposed to moisture. The chip and the
lead frame were assumed not to absorb any water.
Therefore, the diffusivity and saturated moisture
concentration for the chip and lead frame were set to zero.
The parameters for moisture properties for other materials
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Fig. 2 Forward voltage vs. temperature plot for the

calculation of the K factor in LED package.

Forvard Voltage (V)

used in LED package under 85RH/85°C moisture
condition are listed in Table III.

TABLE 111
Moisture Property of LED Packaging Materials
Material die attach mould epoxy lens
D (m%/s) 12.5e-12  1.886e-12  1.886e-12
Cyo (kg/m?) 6.20 4.88 4.88
B, CME (m’/kg) 0.445¢-3  0.210e-3  0.210e-3

3.4. Hygro-Mechanical Modeling

The sorption of moisture can induce hygroscopic swelling
in the LED packaging materials such as molding polymer,
die attachment and epoxy lens. The hygroscopic swelling
linearly increases with moisture content [3]. The
mismatching coefficient of moisture expansion (CME), £,
will cause hygroscopic swelling stress in the package.
This is analogous to the expansion induced by
mismatching of CTEs. By substituting o and T in Eqn. (2)
with £ and C, respectively we can obtain the hygroscopic
stress Eqn. (6). The CME and C,,; used for calculating
hygroscopic stress in LED package are listed in Table III.

o =EB (C-C,.p) (6)
4. RESULTS AND DISCUSSION

4.1. Thermal Measurement

K factor is calibrated based on Eqn. (7) as shown in Fig.2.

The obtained K factors are 2.69 mV/K, 1.67 mV/K, 1.62

mV/K, and 1.64 mV/K for group 1, group 2, group 3, and
group 4, respectively.
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Fig. 3 The differential structure function for the
LED packages with different degree of delamination.
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Fig. 4 Temperature distribution of LED packages:
the calculation was made by FEA.

117.

sanple modeling

K= AT, | AVg 7
where AT is the change junction temperature of LED,
A Vg is the change of forward voltage in LED.

The differential structure function [10]-[11] is defined as
the derivative of the cumulative thermal capacitance with
respect to the cumulative thermal resistance (Eqn. 8). And
Eqn. (8) can be further transformed to Eqn. (9).

a’Cz
k&)= dR
* (8)
cAdx 5
K(R,)= =clA
dx/ AA (9)
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Fig. 5 Distribution of thermo-mechanical stress in
LED package: (a) chip stress, (b) die attach stress.

where ¢ is the volumetric heat capacitance, A is the
thermal conductivity, and A4 is the cross sectional area of
the heat flow. So thermal resistance change causing by c,
A or A can be observed in the plot of differential structure
function [12].

The recorded cooling curve in the transient measurement
was evaluated in T3Ster to extract the thermal
characteristic parameters. We utilized the differential
structure function obtained from the evaluation to identify
the partial thermal resistance of different sections in the
heat conductance path [12]-[13]. From the differential
structure functions shown in Fig. 3 we can find that the
thermal resistances change with the moisture
preconditioning time. Samples with preprocessing for 3
hours and 6 hours have nearly the same value of thermal
resistance (about 52.2 K/W) from the chip to lead frame,
which corresponds to the initial range in the K vs. R
diagram. The pre-conditioning time of 6 hrs is regarded
as too short for the moisture to diffuse to the die attach
and cause delamination and this can be observed from the
lateral diffusion simulation. Samples with preprocessing
for 3 hours and 6 hours have smaller thermal resistance
from the chip to lead frame than the samples with
preprocessing for 24 hours, which thermal resistance
from the chip to lead frame is 70.9 K/W. However, all the
samples with preprocessing have larger thermal
resistances from chip to lead frame than the un-
preprocessed samples presumed to be without
delamination, which thermal resistance from the chip to
lead frame is 41.7 K/W. So we can figure out that
delamination between the chip and the lead frame is
developed as the processing time increases.

4.2. Thermal and Thermo-Mechanical Simulation
In the transient thermal analysis it was observed that the

temperature of chip increases from initial temperature
25°C to about 102°C in the 20 seconds heating process.
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Fig. 6 Comparison of (a) simulated distribution of
thermo-mechanical stress with (b) micrograph of
delaminated lead frame.
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Fig. 7 Distribution of wetness fraction in LED
package: the simulation was made by FEA.

High temperature gradient exists in the package as shown
in Fig. 4. This high temperature gradient and the
mismatching CTEs have induced high thermo-mechanical
stress in the package. As shown in Fig. 5 high stress
exists at the interface of the chip and die attach. The
maximum Von. Mises stress is 255 MPa and 121 MPa for
the chip and silver epoxy die attach, respectively. This
stress can lead to interface breaking between the chip and
die attach.

Lower stress is observed at the interface between the lead
frame and mould. The higher stress appears at the outer
edge of the lead frame, which agrees well with the
observation from the micrographs as shown in Fig. 6.

4.3. Moisture Diffusion and Hygro-mechanical Stress

The simulated moisture distribution in the LED package
(section view) for the samples with preprocessing for 3
hours, 6 hours and 24 hours is shown in Fig. 7 and Fig. 8
for wetness fraction and moisture concentration,
respectively. From the plot we can find that the wetness
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Fig. 9 Hygroscopic stress for (a) chip (b) die attach.

fraction is continuous in the whole package. However, the
moisture concentration is discontinuous. That is why we
have to use wetness fraction in FEA modelling. For
samples with preprocessing for 3 hours and 6 hours we
observe that there is little moisture in the die attach area
as the maximum moisture concentration in the die attach
is 0.01662 kg/m3 and 0.141 kg/m3 respectively. So we
can figure out that moisture’s effect is little for the
delaminations between the chip and lead frame for the
LED samples with preprocessing for 3 and 6 hours. This
agrees with our thermal measurement data: the thermal
resistances from chip to lead frame are same for the
samples with preprocessing for 3 and 6 hours. However
for the samples with preprocessing for 24 hours, the
maximum moisture concentration in the die attach is
3.253 kg/m3 this cause further delaminations and make
the thermal resistance from chip to lead frame is much
larger than the samples with moisture preprocessing for 3
and 6 hours.

The simulated hygroscopic stress is shown in Fig. 9 and
Fig. 10. The maximum Von Mises stress is 97.8 MPa and
59.9 MPa for the chip and die attach, respectively. And
for the lead frame the higher stress areas, shown in Fig.
10
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mechanical stress  distribution with (b)

micrograph of delaminated lead frame.

(a), are nearly same with the stress distribution induced
by mismatching CTEs. So the resultant stress caused by
mismatching CTEs and CMEs agree with what we

observed for the delamination of lead frame, shown in Fig.

10 (b). The maximum hygroscopic Von Mises stress for
the whole LED package is 97.8 MPa. This stress is much
less than the maximum Von Mises stress caused by
mismatching CTEs, 255 MPa. So for the delaminations in
the LED package the thermal mechanical stress induced
by mismatching CTEs has the decisive effect.

5. CONCLUSION

In this paper, processing parameters were investigated
using simulation and experiments for the clear
understanding of the delamination mechanism in LED
packaging. For the investigated LED samples,
85°C/85RH moisture preprocessing for 3 and 6 hours do
not show significant effect on the delaminations.
85°C/85RH moisture preprocessing for 24 hours causes
further delaminations between the chip and lead frame.
This was verified by the thermal measurement. The
thermo-mechanical stress contributed much more than the
hygro-mechanical stress to the delaminations in LED
packages. The delaminations between the chip and lead
frame have blocked the heat path, and increase the
thermal resistance from the chip to lead frame. This will
result in much higher junction temperature, which is
critically harmful to the life time of LED package.
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