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INTRODUCTION



2 1. INTRODUCTION

1.1. RESEARCH MOTIVATION

rapid growth of the light-emitting diodes (LED)-based lighting applications has
A revolutionized the lighting industry over the past 10 years. In some particular ap-
plications, such as automobile taillights, flash lights, high-power white LED has gained
a remarkable success. In the other markets, like that of indoor/outdoor general illu-
mination, there is still an expecting revolution [1]. In the indoor/outdoor market seg-
ment, mid-power white LEDs have been considered as the potential candidate [2, 3].
They have been widely utilized in many indoor lighting products, such as TLED, bulb
and PAR. For outdoor illumination applications, manufacturers are making efforts to
develop robust, cost competitive mid-power LEDs which meet the demanding reliabil-
ity requirements in this environment. The strong growth of the LED lighting market is
mainly due to the continuous improvements on the lumen per Watt Im/W) and lumen
per dollar (Im/$). Over the past decade, most of the improvements in materials and de-
vice design have enabled the evolution of efficiency of quantum well (EQE) from 25%
in the early 2000s, to over 70% today [4]. As the excellent candidate for next generation
light source, 303 Im/W for white-light LEDs has been obtained in labs, and 200 Im/W
already commercially available at present [5, 6].

According to a report made by the U.S. Department of Energy (DOE) [7], LED light-
ing is projected to gain significant market penetration. It is expected to represent 48% of
lumen-hour sales of the general-illumination market by 2020, and 84% by 2030. Though
these energy savings are impressive, there is a huge opportunity for even further savings
by accelerating investment in cost and efficacy improvements. However, many prob-
lems have to be resolved when using LEDs. There are seven challenges that lighting
designers face when using LEDs, that is: (i) LED glare and shadowing, (ii) LED dimming
not as smooth as claimed, (iii) lack of color and (iv) measurement standardization, (v)
thermal management, (vi) interchangeability, and (vii) need for lower costs [8]. Among
these challenges, (ii) to (v), and (vii), are related to reliability. For example, bad thermal

management will seriously decrease the lumen output of an LED package [9, 10].

A significant amount of studies have been performed on the reliability of high-power
white-light LEDs [11-19], while fewer studies were found on the reliability of mid-power
white-light LEDs [20-22]. This is probably because mid-power white-light LED is a rela-
tively new type of LED packages [23-29]. Mid-power white-light LEDs are basically good
for low- to medium-cost general lighting applications because mid-power white-light
LEDs match the output, in terms of both luminosity and light quality of this target mar-
ket. However, as the strong demands increase continuously for mid-power white-light

LED products which have lower cost while higher luminosity, the reliability is becoming
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a critical issue.

1.2. PROBLEM DESCRIPTION

In applications, LED products may suffer from serious lumen degradation [30], color
shift [31], electrical deterioration [32], and so forth, depending on their usage condi-
tions [33-35]. It has been indicated that the reliability of a white-light LED package can
be attributed to a combination of chip-related and package-related mechanisms [36-
39]. A comprehensive review has also summarized the possible degradation modes and
degradation mechanisms which may be triggered during operating life [40]. Specifically,
for a mid-power white-light LED package, the lumen degradation can be attributed to
an increase of non-raditaive and Ohmic contact resistance [39-43], the degradation of
the LED package housing materials [44-46], the yellowing of the encapsulant [47, 48],
or contamination of silver-coating lead frames [49]. In order to clearly understand the
degradation mechanisms, some researchers have made great efforts to separate the ma-
jor degradation mechanisms into contributions of the individual package components
[50]. However, until now, it is still unclear that which one is the major degradation for

mid-power white-light LED packages during operating conditions.

On the other hand, although many degradation mechanisms are triggered during
operation conditions, the optical degradation of the white-light LEDs is very slow, and
the lifetime is very high. The typical lifetime is as high as 50,000 hours at room temper-
ature [51]. Thus, the temperature operating degradation test (e.g., IES LM-80-08 test)
is very time-consuming, which needs at least 6,000 hours to perform the lifetime pre-
diction. This is unacceptable with respect to the rapid growth of the LED market. As
a result, it is imperative to develop an efficient accelerated degradation test method.
And corresponding to LM-80-08 test, the IES standard TM-21-11 provides a methodol-
ogy by using the average normalized lumen maintenance data and performs non-linear
regression for lifetime modeling. This method, however, cannot capture dynamic and
random variation of the degradation process of LED devices. In addition, this method
cannot capture the failure distribution, although it is much more relevant in reliabil-
ity analysis. This may not be effective for maintenance decision making by either LED
manufacturers or designers. To overcome these drawbacks, a more accurate lifetime
model should be developed for the white-light LED packages.




1. INTRODUCTION

1.3. RESEARCH OBJECTIVE

According to the problem description above, the purpose of this thesis is to understand

the degradation mechanisms of the mid-power white-light LEDs under various stress

conditions. By comparing the degradation mechanisms, a lifetime testing method will
be developed to replace the test standard, — LM-80-08, which is widely used in the LED

industry while it needs 6,000 hours to perform the lifetime prediction. Furthermore,

based on the new testing method, a new model for the lifetime is also proposed. Com-

pared to the widely used standard TM-21-11, this model provides more accurate lifetime

prediction for the LEDs. Spefically, we propose the research objective as follows:

ey

2)

3

To study effects of material degradation — The degradation of package materials in-
cluding lead frames, blue chips, package housing, silicone encapsulant, and phos-
phors are considered to affect the lumen output of the LED package. An optical
simulation model can be used to understand the degradation kinetics of an LED
package, which is induced by the material degradation. The simulation model also
can be used to separate the total lumen degradation into contributions of the indi-

vidual package materials.

To study optical degradation mechanisms — To perform a series of experiments to
explore the optical degradation mechanisms of the LED packages. The degradation
mechanisms may involve all kinds of materials in the package, and may vary when
different stresses are involved. The objective is to identify the major degradation
mechanisms of the LED packages. On the one hand, by comparing the degradation
mechanisms among all these test conditions, an alternative is expected to replace
the LM-80-08 test, which is very time-consuming for lifetime prediction for the LED
packages.

To develop a more accurate lifetime model for the LED packages — A lifetime model
is developed by using the theories of stochastic processes. Compared to method
provided by the standard TM-21-11, the lifetime model can be used to capture the
dynamic and random variations of the degradation process of the LED devices. This
model also can be used to describe the failure distribution, which is important for

reliability evaluation.

1.4. RESEARCH STRUCTURE

The research structure is schematically depicted in Fig. 1.1.

As indicated in Fig. 1.1, the research can be divided into 3 parts:
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)

)

3)

[l aTOL (Temp. only)

/ r | Blue chip >
1

: - ) Phosphor :
1 Material degradation | | !
; Kkinetics analysis Lead frame |
1 1
- L | Encapsulant/housing :
| |
1 1
1 1
1 1
1 1
1 1
\ 1

and accelerated reliability
evaluation for LED packages

Optical degradation mechanisms

LED package -
— degradation <4 | WHTOL (Temp. & humid.)

S mechanism analysis HAST (Highly accelerated) ,
! @ r| IES TM-21-11 (Benchmark) | |
1 1
: Lifetime prediction i Normal Wiener process .

. 1
i modeling Modified Wiener process !
\ | Step stress analysis ’:'

Figure 1.1: Research structure

Material degradation kinetics analysis. A detailed simulation model will be estab-
lished by using Lighttools [52], a commercial light tracing software. The efficiency
decrease of the blue chips and phosphors, the reflectivity degradation of the lead
frame and package housing, the transmissivity of the silicone encapsulant, is ob-
tained respectively by a series of experiments which are performed on the material
samples. These samples are specially prepared to obtain input parameters for simu-
lation modeling. Then these experiment data are included in the simulation model.
The spectra of the LED package are extracted to analyze the lumen degradation ki-

netics due to material degradation.

LED package degradation mechanism analysis. The optical degradation mecha-
nisms will be investigated by performing high temperature operatinglife tests (HTOL),
wet-high temperature operating life tests (WHTOL), and highly accelerated temper-
ature humidity stress test (HAST). After the accelerated degradation experiments on
the LED packages, the optical and electrical characteristics are carefully analyzed.
Detailed failure analysis is also performed by using C-mode scanning acoustic mi-

croscope (CSAM), scanning electronic microscopy SEM/EDX, and so forth.

Lifetime prediction modeling. Based on the theories of the Wiener process, lifetime
models will be developed for both the constant stress accelerated degradation test
(CSADT) and step stress accelerated degradation test (SSADT). In order to obtain

more accurate lifetime prediction, an estimator is proposed by including more in-
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formation of the degradation data. Experiments are then performed to validate the
feasibility of our models.
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2.1. THE DEVELOPMENT OF WHITE-LIGHT LED PACKAGES

2.1.1. TYPES OF WHITE-LIGHT LED PACKAGES

CCORDING to the theory of three primary colors, the white light can be produced by

mixing the blue, green, and red lights together. Based on this method, the white-
light LEDs can be manufactured by two different technologies. The first one is the so-
called RGB LEDs, in which the red, green and blue lights are emitted by different dies [1,
2], as shown in Fig. 2.1(a). These lights are mixed together to produce white lights. The
other one is the phosphor-converted LEDs (pc-LEDs) [3, 4], as shown in Fig. 2.1(b). The
blue lights pumped from LED chip are down-converted to yellow lights by the phosphor
powders. These down-converted lights mixed with the rest blue lights to produce white
lights. These phosphor-converted white LEDs (PC-LEDs) can be also achieved by using
UV LED plus the combination of red, green, and blue phosphors [5], or using blue LED
and the combination of green and red phosphors [6]. The pc-LED is the most popular
method in realizing a white-light LED packages, due to its advantages of color tuning,

and electrical control.

(@) RGB LED
300 400 500 600 700 800
n ﬂ Wavelength (nm)

(b) conventional phosphor-based white LED

A A L

GaN or InGaN LED
—_

Phosphor Ce:YAG

\ \ |\ i 4

300 400 500 600 700 800
Wavelength (nm)

Figure 2.1: Two types of white-light LED packages [7]

On the other hand, according to the input electrical power, the LED packages can
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be also categorized as 3 groups, i.e., lower-power, mid-power, and high-power LEDs, as

shown in Table 2.1.

Table 2.1: Definition of power LED packages

LED Type Power
Low-power LEDs P<02W
Mid-power LEDs 02W<P<1W
High-power LEDs P>1W

However, the definition of the power LEDs always changes time to time, due to the
rapid development of the LED illumination industry. A special case is that, for instance,
an LED product packaged with 2 mid-power LED chips which are connected in series.
The power of this LED product will exceed 1 W if the driving current were higher than
160 mA. In this situation, it is difficult to say it is a mid-power LED or a high-power LED
according to the definitions in Table 2.1. In general, it is still considered as a mid-power
LED.

2.1.2. STRUCTURE OF WHITE-LIGHT LED PACKAGES

Silicone Die Plastic Silicone&phosphors

Phosphors Wires / / Di /

Ceramic wafer Metal pattern Ceramic wafer Metal pattern
(a) COB package (b) MCOB package

ie Wires

DA Wires Dyje EMC

Phosphors L/F

“

LED dies Heat sink Solder

\
Plastic Solder pad Dielectric Al plate

(¢) SMD: mid-power package (d) PLCC: high-power package

Figure 2.2: Structures of the LED packages
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The structures of the LED packages can be different, depending on the types of pack-
ages. Fig. 2.2 shows several types of LED packages. In general, the LED package is com-
posed of five components, i.e., blue dies, lead-frames, silicone, phosphor powders, and
package housing [8]. The LED dies are connected either by metal wires [9, 10], or in
forms of flip chip [11, 12]. Besides, vertical-structured GaN-based blue LEDs are devel-
oping, which is considered as a promising technology for realizing high-efficiency and
high power LEDs [13, 14]. As a result, the pumped blue lights propagating through the
silicone encapsulant, are down-converted to yellow/red lights by the phosphors. These
down-converted lights, mixed together with the rest blue light, emitting white-lights out
of the LED packages. Table 2.2 lists the components and corresponding materials of the

white-light LED packages.

Table 2.2: Package materials of a white-light LED package

Component Material Function
LED die GaN, InGaN, etc. Blue lights
Phosphors YAG, nitride-based, etc. Yellow/red lights
Mechanical ion,
Package housing  PPA, EMC, SMC, etc. . ec anlca.protectlon
light reflection
Heat dissipation, electrical
Lead frames SiC, AIN, Copper, etc. connection,

mechanical protection
Light extraction,
mechanical protection
Wires Gold, aluminum, copper, etc.  Electrical connection

Encapsulant epoxy, silicone, etc.

2.1.3. WORKING PRINCIPLES OF WHITE-LIGHT LED PACKAGES

The LED is a diode that restricts the direction of movement of charge carriers. The cur-
rent can flow from the p-type side (the anode) to the n-type side (the cathode), but not
in the opposite direction. In a diode a n-type semiconductor is brought into contact
with a p-type semiconductor creating a p-n junction [15].

When a p-n junction is first created, mobile electrons from the n-doped region dif-
fuse into the p-doped region where there is a large population of holes (places for elec-
trons in which no electron is present) with which the electrons “recombine”. As re-
combination proceeds and more ions are created, an increasing electric field develops
through the depletion zone which acts to slow and then finally stop recombination. At
this point, there is a “built-in” potential across the depletion zone. If an external voltage
is placed across the diode with the polarity opposing the bult-in potential, recombina-

tion can once again proceed resulting in substantial electric current through the p-n
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Figure 2.3: Working principles of the LED chip [16]

junction. As a result of the recombination, photons are released and lights are emitted
from the LED dies, as indicated in Fig. 2.3. In order to produce blue lights, the LED
die is carefully doped with specific dopants, so that it can emits short-wavelength lights
with a peak wavelength in the range between 450 and 470 nm. Then, a phosphor layer
(usually yttrium aluminum garnets doped with rare earths) is used to convert the short-
wavelength radiation emitted by the LEDs into a broad yellow-green spectrum [15]. The
sum of the blue peak emitted by the devices and of the luminescence of the phosphors
is perceived as white light. The chromatic properties (color rendering index and corre-
lated color temperature) of the white-light source can be tuned by varying the compo-
sition of the phosphors. For instance, phosphors based on aluminates can be used to
achieve green emission, whereas phosphors based on nitrides generate a luminescence
signal in the red spectral region. In an LED based light source, phosphors can be placed
some centimeters away from the blue LEDs (remote phosphors) [17, 18], dispersed into
the package cup (uniform phosphors/in-cup phosphors) [19], or directly deposited on
the LED chip (conformal phosphors/direct phosphors) [20], as indicated in Fig. 2.4.
The first approach significantly increases the dimensions of the light source but has the
important advantage of minimizing the self-heating of the phosphors, while the last ap-
proach generates the most heat dissipation due to self-heating of the phosphors.
Basically, a white-light LED can be characterized by color temperature, color render-

ing, and luminous flux.

(1) Color temperature. The light source color temperature is determined by compar-
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Figure 2.4: Three types of phosphor-converted LED packages

ing its spectra with that of a black body heated between 2000 K and 10000 K, as
indicated in Fig. 2.5. For multi-chromatic fluorescent or electroluminescent (LED)
sources, which have an irregular spectrum and thus resemble less than the spec-
trum of a black body, a Correlated Color Temperature (CCT) is calculated. White
LEDs have appeared with the development of phosphors that convert blue into a
large spectrum or by adding a yellow phosphor and a red phosphor to the blue LED
that reduces the color temperature between 2500 K and 5000 K.

Color rendering. The color rendering index gives the capacity of a source to restore
the colors of an illuminated object with regards to an ideal source. The color render-
ing depends on the spectra of lights emitted. The more this spectrum is conditions
and thereby closes to that of sun light, the better shall be its rendering. A light source

may be used for general lighting as soon as its color rendering exceeds 80%.

A white LED produced from a blue LED covered with yellow phosphor generally
had bad color rendering (< 80), as the emitted light lacked red and did not restore
this color correctly. Today, with the improvement of phosphors, LED manufacturers
have successfully developed white LEDs with a color rendering index greater than
80.
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Figure 2.5: The CIE 1931 x,y chromaticity space, also showing the chromaticities of black-body light sources
of various temperatures (Planckian locus), and lines of constant correlated color temperature.

(3) Luminous efficiency. The efficiency of a light source is determined by the luminous
flux (Im) emitted per unit of power consumed by the light source (W): lumen/Watt
(Im/W). The luminous efficiency also takes into account the perception of light by

the human eye. This perception varies with the wavelength.

2.2. DEGRADATION OF WHITE-LIGHT LED PACKAGE

2.2.1. EPI-LAYER DEFECT AND DISLOCATION
It is widely reported that crystal defect formations and motions, which exist in the epi-
taxial layer structure, induce light output degradation during operation [21-25]. Crystal
defects such as dislocations reduce the internal quantum efficiency of an LED as they
can act as non-radiative recombination centers, thus reduce the light output from active
layer [26, 27].

Several models have been developed to describe the degradation of LEDs [28]. Yet
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the most popular model for compound semiconductors is based on the multi-phonon
emission model [29, 30]. It assumes that during non-radiative recombination the re-
combination site is adiabatically decoupled from the rest of the lattice and the energy
liberated during recombination has no chance to dissipate uniformly via phonon cou-
pling to the whole lattice. Instead, large lattice relaxation occurs. As a consequence
of the lattice relaxation, defect reactions such as defect dissociation, creation or migra-
tion could take place. Each of these reactions can be thermally activated but the usual
thermal activation energy is high — of the order of electron volts — i.e., their probabil-
ity is extremely low at normal operational temperatures. However, the energy liberated
during recombination lowers the thermal barrier to such an extent that the above de-
scribed defect reactions become viable at operational temperatures. This is why these
mechanisms are called recombination enhanced defect reactions. The energy liberated
in a recombination process depends on the depth of the recombination site. The energy

liberated usually increases with increased band gap.

Defects introduced during crystal growth are classified into two types: interface de-
fects and bulk defects [31]. Defects belonging to the former type are stacking faults,
V-shaped dislocations, dislocation clusters, micro-wins, inclusions, and misfit disloca-
tions, and the latter group includes precipitates and dislocation loops. Moreover, ex-
tended defects such as threading dislocations and micro-pipes gathering point defects

were reported [32]. Defects in the substrate can also be propagated into the epi-layer.

The degradation rate related to dislocation motion seems to be high. Such degrada-
tion is attributed to defect motion enhancement by non-radiative recombination at the
defects [33]. During the LED operation process in which an amount of heat assembled
in the active region, the dislocation generated defects can rapidly propagate through the
crystal via climbing or gliding processes and become a network of non-radiative regions
[34]. The dislocation climb motion is caused by point defect multiplication, which is
led by the recombination enhancement effect. It is known that dislocation glide mo-
tion in semiconductors is dominated by the Peierls mechanism and that the dislocation
velocity (V;) of semiconductors depends on applied shear stress as the driving force
of dislocation glide motion (7) and dislocation mobility (i), as shown in the following
equations [33, 35]:

Va=tu (2.1)

w=Wltoexp(—E4/kT) 2.2)

In the above, V; is the activation energy of dislocation motion, T is the temperature,

W is a constant, and 7 is a constant (1 MPa). The dislocation mobility is defined as the
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dislocation velocity under an applied shear stress of 1 MN/m?. The applied shear stress

(7) is caused by internal misfit strain, thermal strain, and external mechanical strain.

Degradation modes of defect generation in LED dies are divided into 2 types: rapid
degradation and gradual degradation [36]. Rapid degradation was found to be related to
the generation or growth of dark spot/line defects. Two primary causes for the dark spot
defects were identified as precipitation of host atoms and the migration of electrode
metal into the semiconductor, respectively. The generation of dark spot defects occurs
associated with an increase in leakage current. The gradual degradation, as reported
by Cao et al. [37], is attributed to defect generation in the active layer or the cladding
layers. These defects act as non-radiative recombination centers and carrier tunneling
channels. Slow generation or reaction of defects in the space-charge region, especially
point defects such as vacancies and interstitials, which result in more carrier tunnel-
ing into the QW region [38]. Defect complexes associated with the deep levels could
be the original source of the point defect reaction [31]. Gradual degradation then pro-
ceed as follows: (1) non-radiative recombination occurs at some defects, which causes a
point defect reaction and fresh point defect generation; (2) the new defects can also act
as non-radiative recombination centers, thus we have positive feedback for these two
processes; (3) the generated point defects migrate and condense at some nucleation
centers; (4) defect clusters and/or micro-loops are formed as byproducts [31]. Typical
characteristics of gradual degradation are slow decrease of output power, uniform dark-
ening of the active region or formation of dark-spot defects (DSDs), and an increase in
deep levels. The increase of defect density due to aging is observed most clearly in the
low bias I — V characteristic of LED. The overall light emission intensity decreased due
to aging, can be explained with use of the continuity equation for the injected electron

density n [39], which is shown as follows.

At steady-state conditions dn/dt = 0, the light emission intensity L at low forward
current where non-radiative recombination of carriers is dominating. This implies that
Eq. (2.3) holds if ANy(£)n(t) > Bn?(1).

L=Bn?(t) ~ (B/A>)(J/ed) (2.3)

where n = (1/A)(J/ed), derived from continuity equation at steady-state condition by
considering AN, () > Bn2(t). Lis quadratic with current density J, representing the
low current region. As the current density increases the radiative recombination of car-
riers start to dominate, i.e., ANy (£)n(t) < Bn?(t), and the light intensity L increases lin-

early with current density. The non-radiative recombination coefficient A can be ex-
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pressed by the Shockley Hall Read recombination rate [40]:
A= Ny(t)vo

where N;(f) is the defect density of traps, v;j the carrier thermal velocity and o the
electron capture cross section. An increased defect density N,;(#), will reduce the total
light intensity L for a certain value of the forward current.

Based on the continuity equation, it can be concluded that the generation of defects
in the active region during the aging process reduce the light output from the LED in
the low current region of the L — I characteristic. At higher current values these non-
radiative recombination channels are saturated, so their effects have disappeared. That
is, the positive stress effect becomes evident in the luminescence spectrum [38]. With
the increasing of injected current into an LED, the luminescence efficiency can reach a
higher value and maintain the same efficiency at higher current densities until current
induced thermal effects play a significant role in the luminescence efficiency. However,
David S. Meyaard et al. [41] reported that the drop in light output being attributed to
two different mechanisms: the increase in Shockley-Read-Hall recombination and the
increase in the electron leakage from the active region. Either of these effects alone can-
not explain the downward shifting trends of external quantum efficiency (EQE) at both
high and low current levels. Under normal operating current densities, a combination
of increased SRH recombination and the increase in the electron leakage are shown to
contribute to reduced light output from the device at high temperatures. Therefore, in
order to improve the high temperature performance of LEDs, two issues must be con-
sidered: reducing dislocation density to minimize Shockley-Read-Hall recombination

and eliminating the cause of the electron leakage.

The light output degradation of LEDs is highly dependent on drive current and tem-
perature [30, 42, 43]. The degradation was a result of an increased non-radiative re-
combination in the active region during ageing test. The mechanism is related with the
generation of defects in the active region and cladding regions due to the high current
flow through quantum well structure and the increase of light emitting diode chip tem-
perature [40].

2.2.2. DOPANT DIFFUSION FROM P-LAYER TO EXPI-LAYER

Sufficient control of p-type conductivity is one of the most important subjects to im-
prove the performance of LED devices using III-V nitrides. In order to improve the p-

type conductivity, Mg has been commonly used as the acceptor dopant for III-V ni-
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trides [44]. However, Mg diffuses to the quantum wells (QWs) during the growth of
p-GaN layer, may result in a decrease of the emission efficiency of multiple quantum-
well (MQW) because the Mg can act as the non-radiative recombination center [45]. In
addition, the non-radiative transition of carriers from the conduction band of multi-
quantum wells (MQWSs) to an acceptor level of the deep donor acceptor pair (DDAP) is
possible since the acceptor level of the DDAP bands in the p-GaN layer is located above
the valance band of the MQW in UV LED [46]. This parasitic carrier transition process
can compete with the main radiative emission process in the MQWs, leading to a further
decrease in the quantum efficiency of the LED.

Preliminary report has demonstrated that the efficiency of GalnN QW LEDs is very
sensitive to the Mg concentration in the AlGaN/Mg barrier [47]. Too high Mg concen-
trations in close vicinity to the GaInN QWs tend to increase nonradiative recombination
rates, whereas a too low Mg concentration results in an insufficient hole injection into
the active region. K. Kohler et al. [45] claimed that the actual Mg profile close to the
active region was found to be influenced by segregation as well as by diffusion during
growth. Starting from low growth temperatures an increase in Mg concentration close
to the active region results in an improved hole injection and thus increased electrolu-
minescence (EL) efficiency. However, for a too high growth temperature, an excessive
spread of the Mg atoms into the active region leads to non-radiative recombination in
the QW active region and thus a reduction in EL output. Min-Ki Kwon et al. [48] inves-
tigated the effect of Mg concentration in the p-layer by comparing LEDs with different
doping profile- gradually doped p-GaN:Mg layer (GD p-GaN) and uniformly doped p-
GaN:Mglayer (UD p-GaN) and concluded that the improved performance of former one
could be attributed to the decrease in diffusion of Mg into MQWs and the suppression
of electron transport from the conduction band of the MQW to the acceptor level of
the deep donor acceptor pair bands in the p-GaN layer by a gradient doping of Mg in p-
GaN layer. Improper annealing condition may cause the degradation of the p-GaN layer.
Thermal treatment was usually conducted on Mg doped post-grown GaN to activate Mg
dopant. It has been reported that by increasing the annealing duration under certain
temperature, the monotonic decrease was found in the trap center concentration, acti-
vation energy and capture cross section, indicating Mg activation during the annealing
process [49]. In the case of thermal annealing, it is supposed that Mg activation occurs
through thermal dissociation of Mg-H complexes and the removal of hydrogen. Ther-
mal release is impeded by the high stability of the passivated state, and this can cause
retention of the H to temperatures where degradation of the semiconductor may occur

[50]. Furthermore, a significant dependence of the semiconductor resistivity on the du-
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ration of annealing in O, was also observed [51]. The resistivity increased slightly after
longer activation times. The reason for the increase in resistance of the GaN with pro-
longed activation is not known, but penetration of oxygen into the p-GaN is a possible

cause.

It was considerd that the metastable dopant behavior could be triggered at high
temperature or high injected current [52]. M Pavesi et al. found thermal quenching
of InGaN/AlGaN/GaN LED over 200 K from the spectral and spatial homogeneity of the
device emission verified by acquiring CL spectra. It suggests a donor-to-acceptor pair
nature for the optical transition, related to native donor levels and to shallow accep-
tor levels resulting from the formation of Mg related metastable complexes (possibly
Mg-H>) due to a combined electrical and thermal effect [32]. G. Meneghesso et al. [53]
reported the apparent carrier density increases and reduction of the junction depletion
width in GaN LEDs under long term DC aging test. The authors attributed this to the de-
composition of Magnesium (Mg) complexes, Mg reactivation and to the non-radiative

recombination centers.

2.2.3. ELECTRICAL CONTACT METALLURGICAL INTER-DIFFUSION

The increase in contact resistance is thought to be caused by thermally activated metal—-
metal and metal-semiconductor inter-diffusion [54, 55]. M. Meneghini et al. [56] identi-
fied that emission crowding and series resistance increase, was attributed to the thermally-
activated indiffusion of hydrogen from the passivation to the p-layer, and subsequent
p-doping compensation. A reduction of the active acceptor concentration, due to the
interaction between hydrogen and magnesium, can worsen the properties of the an-
ode contact, changing its transport characteristics, and vary the resistivity and injection
properties of the p-layer, thus leading to the measured I — V modifications. The degra-
dation process is thought to take place mainly out of the pad region. Therefore, after
stress, current should have a preferential path under the pad, and emission should be
mostly concentrated in this region. This may be the mechanism concentrating the emis-

sion near the contact, and reducing the overall output power.

High injected current into the LED or high ambient temperature is considered as
the causes which result in the increase of contact resistance. Matteo Meneghini et al.
[57] studied thermally activated failure mechanisms of unpackaged InGaN/GaN LEDs.
The authors found decrease of the optical power (OP) after thermal treatment. The OP
degradation was found to be more prominent for high measuring current levels. The
OP degradation is attributed to the significant crowding of the light emission around

the central pad of the devices, resulting in a significant reduction of the effective con-
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duction and emission area. G. Meneghesso et al. [53] studied the reliability of blue LEDs
submitted to DC aging test and found that the increase of the parasitic series resistance,
is attributed to degradation of the semi-transparent ohmic contact on top of the p-layer,
and induces increasingly severe current crowding effects at increasing the current dur-

ing tests.

2.2.4. DIE CRACKING

A few researchers reported light output degradation induced by die cracking during life
test [58]. The crack propagated through the p-contact and the active layer thus isolating
part of the LED from the electrical stimulus and reducing its light output accordingly.

One of the possible causes is that, during die manufacturing, silicon wafer is sub-
jected to several stressful steps, i.e. backside grinding and wafer cutting (dicing), before
dies can be used for packaging [59]. At the grinding stage, radial grinding marks are
generated on the wafer backside face as a result of wafer thinning via coarse and fine
grinding wheels. Furthermore, micro-cracks are induced along the edges of dies after
stringent cutting processes. Possible residual stresses are also built up along with the
addressed geometrical defects. In general, these die defects will degrade the strength of
a silicon die and serve as the origins of cracks initiation and propagation during sub-
sequent assembly steps such as die attach, epoxy curing, molding, and post mold cure.
Micro-cracks from improper cutting process serving as crack initiator and further re-
duces the die strength.

Die damage is also caused during wire bonding process. If the bonding pressure is
bigger than the limit pressure that the die can endure, the die will be damaged [34]. Frac-
ture of silicon dies occurs not only in the package assembly phase, but also at various
stages of reliability tests necessary for package qualification.

With these micro-cracks resulting from manufacturing, extreme thermal shocks can
break the dies of LEDs. Due to the mismatch of thermal expansion coefficients of the
package materials, high thermal stresses arise at operating temperatures and micro-
cracks propagate, finally lead to failure of the device [60]. On the other hand, LED pack-
ages can be subjected to mechanical stress when a high drive current is applied (which
causes Joule heating at a fast rate) or when high ambient temperature conditions are

suddenly applied [61].

2.2.5. ENCAPSULANT CARBONIZATION
Some researchers reported that the carbonization of encapsulant was mainly due to a

combination of Joule heating and the elevated ambient temperatures [62], which was
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often found in high-power white-light LED packages during high temperature bias test.
The most apparent evidence is the blackening of encapsulant, near the top surface of
the blue chip, or near the lead frame [63]. A significant Joule heating due to the high
resistances of the Ohmic contacts [64], the n-type and p-type cladding layers [65, 66],
and the degradation of heat conduction materials [67, 68] were reported during oper-
ation applications [69, 70]. Self-heating induces serious carbonization if the junction
temperature is higher than the critical temperature of encapsulant carbonization. Un-
der the applied current, the short wavelength emission could make the plastic pack-
aging material close to the chip surface degraded. The working chip will give rise to
the ambient temperatures and the high temperatures may accelerate the degradation
process. At the same time, because of the oxygen existing on the surface of the plastic,
some chemical reactions occurred on the interface between the chip and the plastic on
the high temperatures. The plastic encapsulation material on the diode surface could
be carbonized. Then the carbonized plastic deposited on the chip surface equably and
formed the black stains at last [71]. In turn, carbonization decreases the encapsulant’s
insulation resistance, significantly inhibiting its ability to provide electrical insulation
between adjacent bond wires and leads. This phenomenon can initiate a runaway pro-
cess in which current through the plastic increases as its insulation resistance decreases,
leading to joule heating of the plastic. This Joule heating further decreases the insulation

resistance and can eventually cause combustion of the encapsulant [72, 73].

Another potential carbonization mechanism is the phosphor self-heating [74, 75].
For white-light LEDs, green/red phosphors are applied to down-convert the blue light
spectra to a longer wavelength, i.e., green/red lights. Unfortunately, not all absorbed
blue lights are transferred to green/red lights. Due to non-radiative transfer and Stokes
shift, part of the absorbed blue lights is released in terms of heat [76]. Due to low quan-
tum efficiency, during the light conversion, localized heating of small particles of phos-
phor occurs [77]. The heat accumulation increases rapidly at higher operating ambient
temperature [78], because of the thermal quenching characteristic of phosphors [79, 80].
This results from the enhancement of cascade multi-phonon relaxation, a temperature
dependent energy transfer or crossover process [81]. Based on this analysis, some re-
searchers reported a much higher temperature inside silicone than the junction tem-
perature of blue chip. Results showed that as small as 3-mW heat generation on a 20-um
diameter spherical phosphor particle might lead to excessive temperatures which can
be a major source of light output degradation and reliability concern for high bright-
ness LEDs. The temperature inside the silicone volume varied from 195 °C to 316 °C
[74, 82-84], depending on the LED products.
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In addition to the effects of Joule heating and phosphor self-heating, shorter wave-
length irradiation damage is considered as another possible root cause of encapsulant
carbonization. For a practical LED package under the blue light radiation, high temper-
ature and a small amount of oxygen, epoxy resin will be gradually discolored. This is due
to the opening of C-O and C=0 bonds, and the dissociative C and O atoms occurring on
the die surface. Finally a large amount of carbon or carbon oxide could accumulate on
the interface between die and encapsulant, resulting in a black zone and darkening of
the die surface [85].

The carbonization acts as a barrier that stops any light reflection from the plastic
ring that covers the outer edge of the copper cup that hosts the chip [86]. Either high
drive current or excessive ambient temperature can induce encapsulant carbonization.
Daniel L. Barton et al. [62] conducted tests with various driving currents, in correspond-
ing to different junction temperatures. The author stated that the rapid degradation ob-
served at higher currents was correlated to carbonization of the plastic encapsulation
material on the diode surface, which leads to the formation of a conductive path across
the LED and subsequently to the destruction of the diode itself. Their test result showed
that the temperature where the degradation begins to affect the encapsulant in a time
frame important to LED is thought to be between 135 °C and 145 °C. Zhou et al. [85]
studied the reliability of a high power LED packaging and found that the thermal over-
stress on the epoxy along the interface owing to the high junction temperature is the
main factor to degrade the epoxy gradually. EDAX results illuminates that the percent-
age of C and O elements in failed samples is higher than that in the normal one. The
presence of oxygen observed on the surface of degraded LED die is associated with the
darkening. As a result, a darkening area made up of carbon as well its oxide occurs on

the LED die surface and depresses the luminous efficiency.

2.2.6. POLYMER MATERIALS YELLOWING

Except for carbonization which is observed at extreme conditions, yellowing of the poly-
mer materials was reported during long-term operating [87-89]. The yellowing can be
frequently observed at the packaging materials, including polycarbonate [90], epoxy
[91], and silicone [92]. Yellowing increases light output degradation because it reduces
the package transparency/reflectivity, and finally decreases light extraction from the
package [58, 62]. Either thermal ageing or UV/blue lights exposure induces packaging
materials yellowing [90].

Mehr et al. [93] found that formation of oxidation products is identified as the main

mechanism of yellowing for the polycarbonate which was aged by thermal stress. Ther-
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mal ageing of polycarbonate lens could significantly deteriorate the optical properties of
LEDs. It was postulated that side chain and ring oxidations are likely to take place during
thermal degradation [90, 94]. Rearrangement and oxidation in polycarbonate could re-
sultin discoloration and yellowing of polycarbonate encapsulant materials [95-97]. Dis-
coloration due to the formation of oxidation products and rearrangement (Fries) prod-
ucts or a combination of them could result in a decrease in the transmission of poly-
carbonate plates. Depending on the temperature the degradation mechanism could be
altered. It is believed that the higher the temperature, the more important the influence
of rearrangement products on yellowing is [96]. Factor ef al. [98] showed that the main
reason for discoloration and yellowing of thermally-aged polycarbonate is the formation

and subsequent oxidation of phenolic end groups.

The degradation of the polycarbonate under UV/blue lights exposure, has been at-
tributed to two different mechanisms: photo-Fries rearrangement and photo-oxidation
[99-102]. Rivaton et al. [99] reported that the photo-Fries rearrangement reaction is
more likely to occur at wavelengths shorter than 300 nm, whereas photo-oxidation re-
actions are more important when light of longer wavelengths (> 340 nm) is used. On
the other hand, Diepens et al. [103] argued that the photo-Fries rearrangement prod-
ucts are also formed, when wavelength longer than 300 nm are used. Mehr et al. [104]
indicated that there are two stages in the yellowing of polycarbonate plates when aged
under blue lights exposure. The first stage induces very slow rate of yellowing, and then
the second yellowing stage, where the yellowing is accelerated and the rate of yellowing
is comparatively faster. Both photo-Fries and photo-oxidation products are identified
as the mechanisms of photo-degradation. However, photo-Fries reactions could have

more important influences on the yellowing, compared to the oxidation reactions.

Severe yellowing have been found in high-power LED packages with epoxy encap-
sulants [105]. The yellowing issue of optical grade epoxy occurs during the exposure of
the epoxy encapsulant to blue or UV light. Yellowing of epoxy encapsulant also occurs
when the encapsulant material is subjected to large amounts of heat. In high-power
LED packages, there are large amounts of heat generated and accumulated inside the
package, especially around LED chips, resulting in yellowing of epoxy encapsulant sur-
rounding LED chips. The yellowing of the epoxy results in a significant loss of light out-
put over time. Typically, this phenomenon is due to the aromatic group or free radical
in the epoxy encapsulant [106]. Hsu et al. [107] found that the epoxy can have disso-
ciated easily to form free radicals at high temperatures. As a result, epoxies form many
different types of chromophoric structure, including the yellow quinone structure [108].

The presence of free radicals enhances the formation of these types of chromophoric
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group. Furthermore, a very small amount of chromophoric group can cause a dramatic

yellowing of the polymer.

Because of the heat generated during LED operation, siloxane-based encapsulants
have recently been preferred as an alternative to epoxy-based encapsulants [109, 110].
In particular, a siloxane containing methyl groups shows high thermal stability and low
refractive index, a phenyl-siloxane has an improved refractive index due to the high po-
larizability of the phenyl groups [111]. However, at high temperatures, the transparency
of the phenyl-siloxane encapsulant can be reduced by yellowing, since the phenyl groups
are susceptible to thermal oxidation and cleavage from the siloxane backbone [112]. Bae
et al. [113] observed the yellowing of the siloxane-based encapsulants at an elevated
temperature (180 °C) due to its high catalyst content (200 ppm) and the presence of
unreacted groups, probably due to the thermal oxidation and cleavage from the silox-
ane backbone of the un-crosslinked vinyl groups or phenyl groups. The linear siloxane
bonds are cut during thermal pyrolysis, forming ring structures. During the pyrolysis
process, the phenyl radical is cleaved from the siloxane chain and causes the discol-
oration to yellow [114]. Moreover, the authors also indicated that high non-polymerized
methacrylate groups, can lower the optical transmittance and thermal stability. This be-
havior is interpreted by thermal degradation of methacylate groups in the silicone hy-
brimers. That is, non-polymerized methacrylate groups can be the source of yellowing
in thermal degradation [115].

2.2.7. LEAD-FRAME DETERIORATION

As anon-hermetic LED package which uses silicone for encapsulants, it cannot prevent
toxic chemical elements (S, Cl, etc.) and moistures from the package. As a consequent,
the lead frames are easily contaminated during use operations [116]. As a typical fail-
ure in the mid-power LED packages, silver—sulfur compounds have been detected at the
internal lead frame of several commercial plastic packaged white LEDs [117]. The sul-
fur contamination resulted all electrically open or degraded at the switching-on after
mounting on the final boards. The authors attributed the failure to the in-diffusion of
S-rich moisture from the surrounding atmosphere, possibly in a highly contaminated
environment. Moreover, Zhang et al. [118] concluded that the failure process under-
went delamination between lead frame and reflector polymer composites followed by
chemical penetration, composite corrosion, silver migration, and finally caused black-
ening failure. Delamination and corrosive de-flash agent were considered as the key

factors for the failure mode. The possible chemical reactions can be listed as follows
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[119]:

4Ag +2H, + 0y — 2Ag28 +2H,0 (2.4)

2A8+S02+ 0y — A SOy (2.5)

The other degradation mechanism of the lead frame is copper diffusion during ther-
mal ageing test [120]. During thermal storage, Ag plating layer recrystallization first
takes place, and Cu diffusion through Ag layer initializes at the same time. The time
that Cu appears on lead frame top-surface depends on the thickness of the plating layer.
Meanwhile, the contamination ions (mainly chlorine) in the air can react with the lead
frame surface. Thermodynamically, the diffused Cu can nucleate as particles after reach
certain supersaturation degree. The particles pile up when more nuclei generate. Under
thermal aging condition, the particles are very active, which can react with the oxygen
in atmosphere. Finally, these particles can form as bands so as to decrease the surface
energy. The optical reflectance decrease is consistent with the formation and growth of

the Cu particles, as well as the transformation of the surface morphology.

2.2.8. PHOSPHOR THERMAL QUENCHING AND DEGRADATION

In white LEDs, light is generated through the combined use of a blue semiconductor
chip, and a phosphor layer, which emits radiation in the yellow-green spectral region.
The choice of the material system used for the realization of the phosphors allows one

to tailor the emitted spectrum [121].

Thermal quenching is one of the important technological parameters for phosphors
used in white LEDs [122-124]. Phosphor thermal quenching induces light output degra-
dations, include a decrease in light output, color shift, and the broadening of full width
at half maximum (FWHM). With increasing temperature, the non-radiative transition
probability by thermal activation and release of the luminescent center through the
crossing point between the excited state and the ground state increases and then quenches
the luminescence. The electron phonon interaction is enhanced at high temperature as
a result of increased population density of phonon, which broadens FWHM. The inte-
gral emission intensity, proportional to the quantum efficiency, decreases slightly less
than the peak intensity. To better understand the temperature dependence of photolu-
minescence and to determine the activation energy for thermal quenching, the Arrhe-
nius equation was fitted to the thermal quenching data [59]:

Iy

I(T) = (2.6)

1+cxexp(;—$)
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where I is the initial intensity, I(7T) is the intensity at a given temperature 7, c is a con-
stant, E is the activation energy for thermal quenching, and k is Boltzmann’s constant.
Except thermal quenching, literature also found remarkable degradation of phos-
phor, when exposure to long-term stress tests at moderate/high temperature levels [121].
Degradation mainly consists in a decrease in conversion efficiency and in worsening of
the chromatic properties of the light-emitting diode-phosphor system. Samples expo-
sure to high temperature stress (T > 85 °C) can lead to a remarkable degradation of the
efficiency of the phosphor plates, which maintain a linear response even after stress.
As a consequence, the chromatic properties of the LED-phosphor systems can be sig-
nificantly compromised: at the highest stress temperatures, the correlated color tem-
perature can show a remarkable decrease. On the other hand, Tan et al. [125] detected
phosphor degradation and dissolution, and diffusing of Zn activator for LED packages

aged at high temperature-humidity conditions.

2.2.9. DELAMINATION

Delamination was reported as one of factors which cause light output degradation of
LED packages [126]. Delamination may occur between chip surface and silicone en-
capsulant, between die and die attach, between lead frame and silicone encapsulant,
between encapsulant and lead frame [127-129]. The light output degradation might be
caused either by random scattering of phosphor [126] or by contamination of the LED
package [117].

Thermal stress as well as moisture absorbed by the packages is considered to be
the main cause for the delamination in electronic packages [130]. The mismatching
coefficients of moisture expansion (CMEs) will induce hygro-mechanical stress in the
package. The mismatching coefficients of thermal expansions (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 and leads to
delamination.

Luo et al. [131] reported that the moisture-induced stress was much lower than the
thermal-induced stress in the same LED package, because the temperature of a LED
module can reach steady after 1.5 minutes while its moisture field needs 46 days to reach
balance. While E. H. Wong et al. [132] studied the mechanics and impact of hygroscopic
swelling of polymeric materials in electronic packaging and found that the hygroscopic
stress induced through moisture conditioning was significant compared to the thermal
stress during solder reflow. It is because differential swelling occurs between the poly-

meric and non-polymeric materials, as well as among the polymeric materials consti-
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tuting the electronic packages. This differential swelling induces hygroscopic stress in
the package that adds to the thermal stress at high reflow temperature, raising the sus-

ceptibility of package to popcorn cracking.

The simulation results [126] show that voids and delaminations in the die attach-
ment would enhance the thermal resistance greatly and decrease the LED’s light extrac-
tion efficiency, depending on the defects’ sizes and locations generated in packaging.
The authors also stated that delamination between die and phosphor layer decreases
the LED’s relative light extraction efficiency when the ratio of the delamination length
to the chip’s length increases. However, the tendency of the decrease is small, and only
4% of light is lost at most even when the ratio of delamination length to chip size reaches
65%.

2.3. RELIABILITY TESTING METHODS

The reliability of LED packages has been studied by using a variety of accelerated test-
ing methods, depending on the research objectives [13, 133-135]. It is known that the
luminescence efficiency drops by about 15% and the lifetime shortens by half when the
LED junction temperature increases by 10 °C. The increased LED temperature results in
lower quantum efficiency, a shorter lifetime, and a color temperature shift due to a tran-
sition of the emission wavelength [136]. As a result, thermal performance has become a
popular topic in the LED reliability [24, 27, 137, 138]. On the other hand, the humidity
effect on the plastic LED packages has also attracted many concerns [139-142]. Fan et al.
[143] demonstrated that WHTOL test could be used for prediction of LED lumen main-
tenance with rather short testing time, and life testing (HTOL) data for each mid-power
LED under same testing condition show they follow the trend of WHTOL data as well.
Recently, LED manufacturers are making efforts to improve the sulfur resistance, be-
cause silver-coating lead frames are widely used as the reflecting surface, which is very
sensitive to sulfur and its compounds [117]. Sulfur test has been implemented by the
LED industry, though few publications were found about the effects of sulfur on LED
reliability [144-146]. However, as a new type of products, there are few test standards
for the white-light LED packages [147]. Instead, LED manufacturers refer to the JEDEC
standards, which are generally used in the reliability testing for IC products. Table 2.3
shows the reliability test plan for one type of mid-power white-light LED packages.
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Table 2.3: Reliability test plan for the white-light LED packages

Test Teststandard  Stress condition
TPOL Internal test 85°C @ 120 mA, 10% duty cycle, 1 ms On/9 ms Off.
LTOL JESD22-A108  -40°C @ 100 mA.
HTOL JESD22-A108 85°C @ 100 mA.
WHTOL JESD22-A101 85°C/85%RH/latm. @ 100 mA, 1 hour ON/OFE
-40 °C to 85 °C @ 100 mA, 10 min dwell, 20 min transfer,
PIMCL JESD22-A105 with current 5 min ON, 5 min OFE
TMCL Internal test no bias, -40 °C to 100 °C, 5 min dwell, 10 min transfer,
2 cycles/hour.
LTSL JESD22-A119 no bias, @ Tb =-40 °C.
HTSL JESD22-A103 no bias, @ Tb =100 °C.
WHTSL Internal test no bias, @ Tb =85 °C / 85%RH.
TMSK Internal test no bias, air-to-air, -40 °C to 100 °C, 30 min dwell, 10
seconds transfer, 1 cycle/1 hour.
Moisture sensitivity level 3: preconditioning at 30 °C
and 60%RH for 192 hours, followed by 260 °C Pb-free
MSL JSTD-020D reflow solder profiles. Reflow needs to be completed
between 15 minutes and 4hrs after precondition.
ESD/HBM  JESD22-Al14 HBM, 1 kV
Salt Spray = JESD22-A107 Tb = 35 °C, pH = 6.0-7.5, 30 gm/m?/day.
Concentration: 10+1 ppm HjS, temperature: 25+2 °C,
H»S IEC60068-2-43  relative humidity: 75+3%; exposure time: 4, 7, 14, or 21
days.
12 sweeps = 4 sweeps per XYZ axis, 20-2000 Hz log sweep
VVF JESD22-B103 in 4 minutes (1 decade/minute), 80 Hz crossover, 1.5 mm

displacement below & 20 G acceleration above crossover.

2.4. DEGRADATION MODELING

Traditionally, reliability assessment of devices has been based on accelerated life tests
(ALT). However, for highly reliable products as LED packages, little information about
reliability is provided by either the high temperature operating life tests (HTOL), or the
wet-high temperature operating life tests (WHTOL), in which few or no failures are typ-
ically observed [143]. As the LEDs’ lifetime has been claimed as high as 35,000 hours
[148], for LED manufacturers, it is unacceptable to perform such an ALT to get enough
failure data. Fortunately, there are some characteristics that degrade over time, which
can be used as indicators of LED degradation. These characteristics includes lumen

output [149], color shift [150], electrical parameters [151, 152] , and so forth.

One alternative instead of the ALT-based lifetime modeling, is to monitor the LEDs’
lumen output for a period of time and assess its reliability from the changes in perfor-

mance observed during that period. According to this methodology, a standard of the
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lifetime prediction for LED packages/modules, was released and widely applied in the
LED industry in the year of 2011 [153]. However, this standard uses average normalized
lumen maintenance data and performs non-linear regression for lifetime modeling, so
it cannot capture the failure distribution, although the failure distribution is much more
relevant in reliability analysis. This may be not effective for maintenance decision mak-
ing by either LED manufacturers or designers.

Many efforts have been made to develop lifetime models by using degradation data,
and a few statistical methodologies were proposed [154-157]. Among them, the general
path model (regression model) [155, 158, 159] and the stochastic model [160, 161] are
two of the most popular models. Furthermore, Bayesian network was also introduced

into the models to obtain more accurate lifetime prediction [162-164].

2.4.1. REGRESSION MODEL

In a degradation test, measurements of performance are obtained as it degrades over
time for a random sample of test units. Thus, the general approach is to model the
degradations of the individual units using the same functional form and differences be-

tween individual units using random effects. The model is [165]:
vij=D(ij; @, B) +€;; 2.7

where D(f;;; a, B) is the actual degradation path of unit i at a pre-specified time ¢; ;
a = (a;az;...;a p)T is a vector of fixed effects which remains constant for each unit;
B=(B1;P2..;8 p)T is a vector of random effects which vary according to the diverse
material properties of the different units and their production processes or handing
conditions, and e is the associated random error of the i;j, unit at time ¢;;. The €;;(i =

1,...,n;j =1,...,m;) are assumed to be independently and identically distributed (iid)

2

with zero mean and unknown variance o7%.

Failure definition for the general degradation path models is that the performance
measurement y; ; exceeds (or is lower than) the critical threshold D rattime f, and pdf
is the probability density failure distribution of samples. The cumulative probability of
failure function F(¢) is given as follows:

F(t)=P(T <1 =PD(a,p)=Dy) (2.8)
when the degradation measurements are increasing with time or

F(t)=P(T<1)=P(D(;a,p) < Dy) (2.9)
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when the degradation measurements are decreasing with time.

To estimate the time to failure distribution, F(t) , based on the degradation data,
several statistical methods have been proposed by researchers, including the approx-
imation method [164], the analytical method [166], the two-stage method and others
[167]. These methods can be performed by involving two basic steps: (1) estimating the
parameters for degradation path model by using nonlinear least square regression; (2)

evaluating the time to failure distributions F(#) [158].

By using the general degradation path model, more accurate reliability results were
predicted through analyzing the lumen maintenance data collected from the IES LM-

80-08 lumen maintenance test standard [158, 159]. More literatures on LED lifetime

predictions by using regression methods can be referred to [168-171].

2.4.2. STOCHASTIC PROCESS MODEL

Most of the previous studies used regression-based methods to analyze the LED devices,
which do not capture the dynamic and random characteristic during degradation pro-
cess. The random nature of the degradation process reflects a close connection between
the system state and system reliability, and thus allowing us to better understand the
failure mechanisms of the product under study. Making use of the degradation infor-
mation in conjunction with the degradation characteristic allows us to accurately eval-
uate device reliability and predict the remaining useful life [172]. The dynamic degra-
dation can often be well described by some stochastic processes. Among the stochastic
processes, the Wiener process with a positive drift has nice mathematical properties
and physical interpretations, and thus received much attention. It has been applied to
model the degradation of light-emitting diode [173-178]. The Wiener process degrada-

tion model is written as follows [172]:
X(t)=pt+0B(1) (2.10)

where f is the drift rate, ¢ is the time, B(#) is the standard Brownian motion, and o is the

diffusion coefficient. The mean and variance of B(¢) are St and ot , respectively.

According to the property of the Wiener process, AX (f) = X(t+At)—X(t) isindepen-
dent of X (1), and AX ~ N(B(t+At—1),0%(t+At—1t); and if £ = 0, then X(£) ~ N(Bt,0°1).

If a failure is defined to be the event that the Wiener process crosses a critical bound-
ary/threshold C, then the failure time, also called the first passage time, follows an in-

verse Gaussian distribution (IG) with a probability distribution function (PDF) given by
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[179]:

A A (t—w?
fr(0) :\/%exp[—z—ﬂzT t>0,1>0,u=CIfA=C%0> @.11)

Given the degradation data, the unknown parameters 3, o can be obtained by the

method of maximum likelihood estimation (MLE) [180].

The Wiener process degradation model can be used to describe the dynamic degra-
dation process of devices easily. However, this model only applies to devices with lin-
ear degradation characteristic. In order to extend its application, researchers proposed
a variety of modified Wiener process models. These models were developed by time
scaling techniques [172, 181, 182], nonlinear drift coefficient [183-188], or an adaptive
parameter which can be updated dynamically [189-191]. These models can be used to
describe the nonlinear degradation behavior of the devices. For instance, it is widely
considered that LED package degrades exponentially with time when they were aged at
high temperature conditions [133].

In addition, some researchers also were interested in improving the parameter es-
timation accuracy. Park et al. [192] developed an estimator which includes both the
degradation data and the failure data. This estimator has been proven to be more ac-
curate than that uses only degradation data [175]. Huang et al. [193] proposed a new
estimator by including more information into the likelihood function while neglecting
the dependency between the degradation data. The mean time to failure (MTTF) has
been obtained and shows comparable result with IES TM-21-11 predictions, indicating
the feasibility of the proposed method. Some other researchers modeled the Wiener
process degradation model by considering the inherent randomness of degradation it-
self as well as measurement errors [194-196]. In this way, the estimation accuracy can

be improved.

Except for the Wiener process, Gamma process has been also widely applied to de-
scribe the degradation behavior of the devices [197-199]. Peng and Tseng [200] de-
scribed the nonlinear degradation characteristics of LED packages by using the gamma
process. An exact relationship between the lifetime distributions of the constant stress
accelerated degradation test (CSADT) and the step stress accelerated degradation test
(SSADT) was derived. It allows engineers to extrapolate the product’s lifetime distri-
bution under typical stress. Furthermore, Hao and Li [201] modeled the degradation of
LED packages by assuming that the lumen maintenance and the color shift are governed
by a random effects Gamma process, and the dependency of lumen maintenance and

color shift is described by a Frank copula function.
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2.4.3. BAYESIAN NETWORK MODEL

A Bayesian network (BN) is a probabilistic graphical model that represents a set of ran-
dom variables and their conditional or probabilistic dependencies by using a directed
acyclic graph (DAG). BN is often also referred to as a Bayesian belief network (BBN), be-
lief network, or casual probabilistic network. BN is a probabilistic approach that is used
to model and predict the behavior of a system based on observed stochastic events. A
Bayesian network consists of a set of nodes and directional arcs. Each node represents
arandom variable that denotes an attribute, feature, or hypothesis on the system under
study. Each directional arc represents the relationship between nodes. This relationship
is usually a direct causal relationship, and its strengths can be quantified by conditional
probabilities. Compared with traditional statistical models, the BN does not distinguish
between independent and dependent variables. Alternatively, it approximates the entire
joint probability distribution of the system under study. Recently, the Bayesian network
has been used in the reliability evaluation of LEDs [202-204].

The drawback is that BN cannot deal with time-dependent situations because the
directional arcs used are time-independent. In order to overcome this problem, Kalman
filter and particle filter were developed. Both of these methods were the so-called dy-
namic Bayesian network, which are useful for modeling time series data, such as LED
lumen degradation or color shift [205]. However, the applications of Kalman filter are
limited to linear systems with Gaussian noise. Therefore, extended Kalman filter (EKF)
[206] and unscented Kalman filter (UKF) [206] was introduced for degradation process
with nonlinear behavior and/or non-Gaussian noises. Compared to the EKE which uses
a first order Taylor approximation to linearize both the state and measurement models,
the UKF increases the estimation accuracy by considering at least the second order Tay-
lor expansion. Furthermore, the UKF eliminates the calculation of Jacobian and Hessian
matrices in EKE while develops an optimal sampling approach (sigma point sampling),

which makes the estimation procedure easier [89].

However, both EKF and UKF rely on the Gaussian approximation and use mean and
covariance to represent a probabilistic distribution. Therefore, they have difficulties in
dealing with non-Gaussian problems (i.e., multimodal distributions or probabilistic dis-
tributions with heavy tail). Compared to EKF and UKE the particle filter (PF) often pro-
vides better results for highly nonlinear/non-Gaussian systems [207]. PF is a class of
nonlinear filters which do not require any assumption to the probabilistic distribution.
It is based on the Sequential Monte Carlo (SMC) simulation method and uses a set of
particles to approximate the posterior distribution. And it is much more effective than
both EKF and UKF in solving problems with multimodal uncertainty distributions [89].
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Recently, it has been used in the lifetime prediction for LED devices [208-210].
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3.1. SIMULATION TECHNOLOGIES

3.1.1. THERMAL SIMULATION

HERMAL simulations play an important role in the design of many engineering ap-
T plications, including internal combustion engines, turbines, heat exchanger, pip-
ing systems, and electronic components.

A thermal simulation is performed based on the theories of heat transfer. That is,
conduction, convection, and radiation [1]. Thermal simulation includes: steady-state
thermal analysis and transient-state thermal analysis, whereas the first one in more
popular in LED industry. A steady-state thermal analysis can be used to determine tem-
peratures in an object that are caused by thermal loads that do not vary over time. Such
loads include the following: convections, radiation, heat flow rates, heat fluxes, heat
generation rates, constant temperature boundaries. In linear steady state analysis, ma-
terial properties such as conductivity and convection coefficient are linear. Temperature
and fluxes at the final thermal equilibrium state are of interest. The basic finite element
equation is:

([Ke] + [HDAT} = {p} (3.1

where [K,] is the conductivity matrix, [H] is the boundary convection matrix due to free
convection, {7} is an unknown nodal temperature, {p} is the thermal loading vector. The
system of linear equation is solved to find nodal temperature {T} [1].

Thermal simulation has been widely used in LED industry [2-4]. Thermal simula-
tion helps engineers to improve the performance and to evaluate the reliability of LED
packages. Available commercial softwares include: ANSYS, ICEPAK, FLOTHERM, and
so forth.

3.1.2. OPTICAL SIMULATION
If we consider light as an electromagnetic wave or a particle traveling through space, a
light ray can be defined as a line normal to the direction of wave propagation. A light
ray, or ray, obeys the laws of geometrical optics. A light ray can be transmitted, reflected,
and refracted through an optical system. The light paths can be determined by relatively
simple formulae. Ray tracing for optical design is based on a calculation of how rays
travel through the system, and can be broken into two major types, sequential and non-
sequential.

Sequential Ray Tracing — Image-forming systems, such as cameras, binoculars, and
the human eye, typically use sequential ray tracing. Systems are called sequential when

the exact order in which rays strike each surface in the system is exactly known. Ray trac-
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ing for sequential systems is relatively straightforward. Because the order of intersec-
tion is known for each surface, ray propagation can be calculated systematically. Also,
because sequential systems are concerned with imaging they are constrained to point-
to-point mapping. Any deviation from an object point mapping to an image point is
termed an aberration. A large portion of an optical engineer’s job in designing an imag-
ing system is to reduce or eliminate the effects of aberrations. Because imaging system
rays act in such a well-described manner, only a few of them need to be traced to ac-
curately describe the properties of the entire system. Tracing only two well-chosen rays
(the marginal and chiefrays) can tell you much about an imaging system; tracing several
hundred rays can almost completely define the optical characteristics of the system [5].

Non-sequential Ray Tracing — In a non-sequential system the order of ray surface
intersection is not known, and these systems are typically not concerned with image
formation. Non-imaging systems include fiber optics, light pipes, solar concentrators,
luminaires, and headlamps. Since in non-imaging systems rays do not act in a well-
prescribed manner, and there is no imaging constraint (points don’t have to map to
points), many rays need to be traced in order to analyze system performance. This
can be on the order of millions or tens of millions of rays. In fact, before the advent of
computerized ray tracing, non-imaging illumination system analysis was practical for
only a limited number of special cases. Instead of tracing a few well-chosen rays, non-
sequential analysis requires many rays to be started randomly from an extended source
(such as an incandescent filament) and traced through the system. Typically the random
location and direction of rays from a source are determined through Monte Carlo simu-
lation [6]. A detector is placed at the area of interest and rays are collected, binned, and
analyzed. From this analysis intensity, luminance, and illuminance can be determined.
A major source of statistical error, due to finite sampling, arises when simulating inco-
herent extended sources. The amount of error based solely on finite sampling can be
calculated. Using statistical analysis one can show that error, or signal-to-noise ratio, at

the detector for a system where each ray carries equal energy is

Sig—nal =/ Nger (3.2)
Noise
where Ng,; is the total number of rays that hits the detector. Since the signal-to-noise
ratio increases only as the square root of the number of rays hitting the detector, a large
number of rays must be traced to achieve acceptable error. Using the appropriate num-
ber of source rays ensures statistical accuracy while minimizing the computational time

[5].

Popular programs include Lighttools, TracePro, and so forth.
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In this thesis, Lighttools will be used to simulate the lumen degradation of an LED
packages due to the degradation of package materials, including chip, phosphors, pack-
age housing, encapsulant, lead frames, and so forth.

3.2. FAILURE ANALYSIS TECHNIQUES

Failure analysis is the process of collecting and analyzing data to determine the cause
of a failure, often with the goal of determining corrective actions or liability. It is an im-
portant discipline in many branches of manufacturing industry, such as the electronics
industry, where it is a vital tool used in the development of new products and for the im-
provement of existing products. The failure analysis process relies on collecting failed
components for subsequent examination of the cause or causes of failure using a wide
array of methods, especially microscopy and spectroscopy [7]. The failure analysis tech-
niques include nondestructive testing methods and destructive testing methods. The
nondestructive testing methods are valuable because the failed products are unaffected
by analysis, so inspection sometimes starts using these methods. The nondestructive
testing methods include followings: electrical analysis, X-xay, and C-SAM, etc.. The de-
structive testing methods include SEM/EDX, XPS, and so forth.

3.2.1. ELECTRICAL ANALYSIS

In failure analysis, electrical analysis can be used to detect circuit shortening/opening
and reverse current of the device. It is also used to measure electrical parameters shift-
ing, and to confirm malfunction of failed devices.

Leakage current is measured to verify the deterioration of LED chips during relia-
bility tests. It is because increase of non-radiative SRH recombination can be detected
in term of increase of leakage current [8]. When operating an LED device, the injec-
tion current is assigned into several processes including radiative recombination with
emitting photons, non-radiative Shockley-Read-Hall recombination (SRH), Auger re-
combination, and leakage current out of the active layer [9]. Then the rate equation can

be expressed as [10, 11]:
dnldt=Jled— An—Bn®*-Cn®-J.led; (3.3)

where n is the carrier density; J is the injection current density; e is the unit charge; d
is the active layer thickness; A, B and C are the coefficients of SRH, radiative, and Auger
recombination; Jj is the leakage current; d; is the minority carrier diffusion length in

the p-type confining layer.
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In Eq. 3.3, the term is given by the non-radiative SRH recombination rate as
1
A= ENTUV (3.4

where N7 is the defect density, o is the capture cross section, and v is the thermal veloc-
ity. Increase of the defect density, causes the degradation of the lumen output, as well

as electrical performance.

On the other hand, the I — V characteristic is often used to detect series resistance
increase and shift of ideality factor of the LED chip. For an LED which is operated at
high injecting current, it follows following relationship [12]:

(InI-InIg)nKT
VE=Rsl + —MMM— (3.5
q
where [ is the forward current, Vr is the forward voltage, Rg is the series resistance, 7 is
the ideality factor, k is the Boltzmann constant (8.6173 x 10°eV/K), T is the measure-

ment temperature, and ¢ is electron charge.

Except for leakage current and I — V characteristic, C — V characteristic is also fre-
quently used to monitor chip deterioration [13], because C—V characteristic reflects the
apparent charge concentration of the active layers.

3.2.2. X-RAY INSPECTION

X-rays are a form of wavelike electromagnetic energy carried by particles called pho-
tons. X-rays can be generated by using an X-ray machine. X-ray imaging provides direct
visualization of devices’ superficial and internal structures, typically with little need of
sample preparation or modification. X-ray imaging systems play a critical role in fail-
ure analysis laboratories. The nondestructive nature of x-ray technique avoids sample
destruction and helps users save time, reduce cost, and diminish the risk processing er-
rors [14]. The heart of an X-ray machine is an electrode pair — a cathode and an anode
— that sits inside a glass vacuum tube. The cathode is a heated filament. When passing
current through the filament, it is heated up. Electrons are sputtered off of the filament
surface due to heat generated in the filament. These electrons are then drawn by the
positively-charged anode, a flat disc made of tungsten.

Basically, the voltage difference between the cathode and anode is extremely high,
so the electrons fly through the tube with a great deal of force. As indicated in Fig. 3.1,
when a speeding electron collides with a tungsten atom, an electron in one of the atom’s

lower orbitals is knocked loose. An electron in a higher orbital immediately falls to the
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lower energy level, releasing its extra energy in the form of a photon. It’s a big drop, so
the photon has a high energy level — which is called as X-ray photon [15].

High voltage
Cathode -
AN |- Anode

N i

Evacuated glass tube

-
-~

Electrons X-rays

Figure 3.1: Working principle of an X-ray machine

Due to their ability to penetrate certain materials, X-rays are used for a number of
nondestructive evaluation and testing (NDE/NDT) applications. When the sample lo-
cation cannot be inspected using external appearance related metrology tools, X-Ray
imaging can be used to detect the internal structure of the sample due to its intensity
change as a function of material density. This contrast image can show the internal
structure of the sample without any physical destruction to the diagnosed region. The

major applications are [16]:

— Defectinspection in IC packaginglayer delamination, burst crack, void, and bond-

ing inspection.

- Potential defects in the PCB manufacturing process e.g.: mis-alignment, bridge or

open circuit.
— SMT soldering void inspection and measurement.
— Defect inspection of open, short or abnormal connections in the interconnects.
— Solder ball array inspection in BGA packaging and flip chip packaging.
— Inspection of crack in high density plastic material or void in metal.

— Chip dimension measurement, wire arc measurement, solding percentage mea-

surement.
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3.2.3. SAM INSPECTION

Scanning acoustic microscopy (SAM) is a well-established and useful technique for imag-
ing and investigating the properties of materials such as metals, ceramics and compos-
ites, as well as integrated circuits and biological samples [17]. The SAM is based on the
interaction between ultrasonic waves and matter. The presence of inhomogeneities and
discontinuities along their propagation paths inside the matter causes modifications in
the amplitude and polarity of ultrasonic waves. As the pulses travel through the sam-
ple, reflections occur at defects or not bonded interface due to difference in acoustic
impedance. Practically, an acoustic microscope is based on a source of pulsed ultra-
sonic waves of fixed frequency, produced by a piezoelectric crystal transducer equipped
with an acoustic lens to focus the waves in a spot. The transducer mechanically scans
over the selected portion of the object so as to cover an entire area of inspection. The
transducer and sample are immersed in a fluid coupling medium. De-ionized water is
typically used since it is a safe, non-hostile environment for most packages. The acous-
tic microscope transducer is capable of %, y, and z-direction movement. The z-axis is
used to focus the ultrasonic pulse at particular depths within a sample while the x and
y axes permit acquisition at various locations in the plane of focus, analogous to using
a high powered optical microscope [18]. Fig. 3.2 shows a schematic diagram of a typical
SAM.
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Figure 3.2: A schematic diagram of a typical SAM [18]
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Depending on their scanning modes, SAM can be broken into 4 types: A-scan, B-
scan, C-scan, and T-scan. C-scan, an image of the x-y plane, is the most common acous-
tic image. In the C-scan, images are formed by the sound waves reflected from the inter-
faces within the packages. They could be the sound waves reflected from the interface
between the mold compound and die, the mold compound and lead frame, the mold
compound and die attach pad or the die and die attach pad. The interface of interest
can be selected by placing the data gate at the signal reflected from that interface in
the A-scan. C-scans are capable of showing the condition of a bonded surface by ana-
lyze the reflected wave’s phase and amplitude. C-scan is widely used in the detection of

delamination and pop-corn effect. The major applications are [19]:

Normally used to detect delaminations or cracks inside the package, SAT is capa-

ble of detecting micro gaps down to 0.13 um.

IC package level structure analysis.

IC package quality on PCBA level.

PCB/IC substrate structure analysis.

Wafer level structure analysis.

WLCSP structure analysis.

— CMOS structure analysis.

3.2.4. SEM/EDX

Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX)
is one of the most widely-used surface analytical techniques. The analysis of the char-
acteristic x radiation can yield both qualitative identification and quantitative compo-
sitional information from regions of a specimen as small as a micrometer in diameter
[17]. High resolution images of surface topography, with excellent depth of field, are
produced using a highly-focused, scanning (primary) electron beam. The primary elec-
trons enter a surface with an energy of 0.5 — 30 kV and generate many low energy sec-
ondary electrons. The intensity of these secondary electrons is largely governed by the
surface topography of the sample. An image of the sample surface can thus be con-
structed by measuring secondary electron intensity as a function of the position of the
scanning primary electron beam. High spatial resolution is possible because the pri-
mary electron beam can be focused to a very small spot (< 10 nm) [20]. SEM/EDX has a
typical analysis depth of 1-3 ym.
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In addition to low energy secondary electrons, backscattered electrons and X-rays
are generated by primary electron bombardment. The intensity of backscattered elec-
trons can be correlated to the atomic number of the element within the sampling vol-
ume. Hence, some qualitative elemental information can be obtained. The analysis of
characteristic X-rays (EDX or EDS analysis) emitted from the sample gives more quanti-

tative elemental information. Such X-ray analysis can be confined to analytical volumes

as small as 1 cubic micron [20].
SEM, accompanied by X-ray analysis, is considered a relatively rapid, inexpensive,
and basically non-destructive approach to surface analysis. It is often used to survey

surface analytical problems before proceeding to techniques that are more surface-sensitive

and specialized. Fig. 3.3 shows a schematic of the SEM/EDX system.

Electron gun——%/
Electron beam (~ 10 kV)
i

Externalpower supply with
| Isolation transformer

Au or Pt film thickness: 600nm

Figure 3.3: A typical schematic of the SEM/EDX system [21]

The major applications of the SEM/EDX are [22]:

Imaging of a corroded copper surface.

EDX analysis and mapping of dust from Beijing.

Microstructure of a sputter-deposited silver film.

Composition of a metallic brake pad.

Pinhole in paint caused by cracks in the steel substrate.

3.2.5. XPS

X-ray photoelectron spectroscopy (XPS) is also known as electron spectroscopy for chem-
ical analysis (ESCA) [23]. It is one of the most widely used surface analysis technique
because it can be applied to a broad range of materials and provides valuable quantita-

tive and chemical state information from the surface of the material being studied. The
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average depth of analysis for an XPS measurement is approximately 5 nm. Spatial distri-
bution information can be obtained by scanning the micro focused x-ray beam across
the sample surface. Depth distribution information can be obtained by combining XPS
measurements with ion milling (sputtering) to characterize thin film structures. The
information XPS provides about surface layers or thin film structures is important for
many industrial and research applications where surface or thin film composition plays
a critical role in performance including: nanomaterials, photovoltaics, catalysis, corro-
sion, adhesion, electronic devices and packaging, magnetic media, display technology,
surface treatments, and thin film coatings used for numerous applications [24].

XPS is typically accomplished by exciting a samples surface with mono-energetic Al
ka x-rays causing photoelectrons to be emitted from the sample surface. An electron
energy analyzer is used to measure the energy of the emitted photoelectrons. From the
binding energy and intensity of a photoelectron peak, the elemental identity, chemical

state, and quantity of a detected element can be determined [24]. XPS instruments func-
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Figure 3.4: A typical schematic of XPS [25]

tion in a manner analogous to SEM/EDS instruments that use a finely focused electron
beam to create SEM images for sample viewing and point spectra or images for com-
positional analysis. The size of the x-ray beam can be increased to support the efficient
analysis of larger samples with homogeneous composition. In contrast to SEM/EDS
which has a typical analysis depth of 1-3 um, XPS is a surface analysis technique with a
typical analysis depth of less than 5 nm and is therefore better suited for the composi-

tional analysis of ultra-thin layers and thin microscale sample features [24]. A typical of
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the

XPS system is shown in Fig. 3.4.
XPS analysis applications include [26]:

Oxidation analysis of specimen (oxidation depth and oxidation state).

— Depth profiling of multi-layer membrane.

Surface composition analysis.

Surface staining/coloration ingredients analysis.
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OPTICAL DEGRADATION KINETICS
CAUSED BY PACKAGE MATERIALS

A degradation mechanism analysis methodology is proposed for the mid-power white-
light LED packages in this chapter. Based on the degradation data obtained from a series
of ageing tests which are performed on the individual packaging material, the degrada-
tion kinetics of lumen output and spectral power distribution (SPD) of the LED pack-
ages are investigated by using optical simulation. As a result, although the reflectivity
of the packaging materials decreased severely for the blue lights (i.e., 450 nm), simula-
tion showed that lights at this wavelength were little absorbed in the LED package. More
specifically, it is found that, (1) the degradation of the blue lights is mainly due to blue
chip deterioration, while rarely affected by degradation of the silicone encapsulant and
other packaging materials; (2) the degradation of the down-converted lights is signifi-
cantly attributed to degradation of the blue chips, the phosphors, the lead frames and the
package housing and; (3) the degradation of the silicone encapsulant, contributes about
1.35% to the total lumen degradation within 168 hours, while has no more contribution
to the lumen degradation with further ageing duration. The simulation results have been
validated by experiments and successfully applied to the degradation mechanism analy-
sis of LED packages in LM-80-08 tests.

Parts of this chapter have been published in IEEE Transactions on Electron Devices 63, 2807 (2016) [1].
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4.1. INTRODUCTION

ID-POWER white-light LED package is a relatively new category of LED products
M which are typically driven within a range of 0.2 W to 1 W. Recently, due to their
good performance, cost attractiveness and, low energy consumption as compared to
conventional lighting solutions, the mid-power white-light LEDs have been widely uti-
lized in many indoor lighting products, such as TLED, Bulb, and Par lamp.

Generally, the mid-power white-light LED package is composed of four components,
i.e., blue dies, silicone/phosphor component, copper-based lead frames, and plastic
package housing. For such type of LEDs, blue lights are pumped by the dies and then
converted into white lights when passing through the silicone mixed with phosphors
that are dispersed into the package housing. The target correlated color temperature
(CCT), is achieved by carefully tuning the concentration of the phosphors during man-

ufacturing. A schematic of the mid-power LEDs is illustrated in Fig. 4.1.

Package housing Silicone Blue chip Phosphor Lead frame

T

Figure 4.1: The structure of a mid-power white-light LED package

Recently, driven by demands of cost-down, manufacturers have successfully devel-
oped mid-power white-light LEDs which can be powered up to 1.5 W by means of inte-
grating more chips inside one package and overdriving the package with higher forward
currents. The trend in smaller package size and more compact integration imposes new
challenges that are commonly found in LED packages. As a consequence, degradation
of the LED package housing materials [2-4], as well as the yellowing of the encapsu-
lant [5, 6], are frequently reported by researchers. Side chain and ring oxidation as well
as the formation and subsequent oxidation of phenolic end groups were postulated to
be the main reasons for discoloration and yellowing of the plastic materials [7, 8]. In
addition to the yellowing, due to bad hermetic protection of the silicone encapsulant,
contamination of silver-coating lead frames was also reported [9]. Actually, several stud-
ies demonstrate that even a very little percentage of H, S in the atmosphere can produce

silver sulphides on the parts being in contact with environment [10, 11]. On the other
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hand, blue chip deterioration is also considered as one of the degradation mechanisms
in LED packages [12-15]. Recently published literature has reported a decay of about 5%
of the total lumen output is attributed to the chip deterioration even though no deteri-
oration in the p-n junction is observed [16]. All these degradation could result in poor
lumen maintenance, leading to shorter LED life and chromaticity shift. A summary is

also referred as in [17] for the reliability issues involved in the mid-power LED packages.

In spite of many studies on the degradation mechanisms of the LED products, there
are few researchers focusing on the lumen degradation kinetics induced by package ma-
terial degradation. However, the degradation of different package materials may induce
different lumen degradation kinetics. Understanding the degradation kinetics can help
the researchers to decouple the degradation mechanisms, which are generally a combi-
nation of chip-level deterioration and package-level degradation. This is very important
for failure analysis, because only knowing the major degradation mechanism can it help
engineers and researchers to improve the reliability of the LED products. For this pur-
pose, Tan et al. [18] proposed a statistical methodology in which the Akaike information
criterion (AIC) is used to verify the number of failure mechanisms in the given set of data
and the Bayes’ posterior probability theory is utilized to determine the probability of
each failure data belonging to different failure mechanisms. This method has been suc-
cessfully used in decoupling the degradation mechanisms of a type of ultra-bright white
LEDs [19]. On the other hand, by comparing temperature-dependent output degrada-
tion with the modification of chromatic properties or the evolution of leakage currents,
different contributing factors that predominantly determine the reliability characteris-
tics of an LED products was estimated by Jung et al. [20]. Recently, Song et al. [21]
proposed an analytical/experimental hybrid procedure to quantify the effect of each
mechanism on pc-LED degradation. The model decomposes the spectral power distri-
bution (SPD) change into the contributions of individual package material, making it an
attractive methodology in failure analysis. This methodology, however, confronts diffi-
culties when involving in LED package with more complicated structures. For example,
amid-power LED which is packaged with phosphor-dispensing silicone encapsulant, as
illustrated in Fig. 4.1. For this type of LED packages, the SPD changes were contributed
to deterioration of chip and phosphor, yellowing of package housing and silicone en-
capsulant, as well as deterioration of the lead frames. It is not easy to study the optical
degradation by using the analytical/experimental hybrid procedure to separate the con-
tributions of all these package components. Instead, optical simulation is a much easier
way to separately see the optical degradation kinetics induced by each individual pack-

aging component.
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In this chapter, a numerical model is presented to explore the lumen degradation ki-
netics of one type of mid-power white-light LEDs. At first, package material ageing tests
are performed. At this step, the reflectivity of the package housing and the silver coating
lead frames, and the transmissivity of the silicone bulk are obtained. Secondly, a sim-
ulation model is established by using the commercial light tracing software Lighttools
[22]. After a series of simulations, the SPD of the LED package is collected correspond-
ing to different degradation amount of the package materials. Finally, by comparing the
degradation trends of the SPD, the contribution of chip-level degradation and package-
level degradation to the total lumen degradation is decoupled.

4.2. PACKAGE MATERIAL DEGRADATION TESTS

Thermal ageing tests are respectively performed on the package housing, and the sili-
cone encapsulant. The objective is to explore the degradation of surface reflectivity of
the package housing, as well as the transmissivity of the encapsulant. For convenience,
the package housing and the encapsulant are prepared as round plates with a diame-
ter of 30 mm. However, due to lack of equipment, the lead frames are directly obtained
from the production line. An illustration of the samples can be referred to Fig. 4.2. It
should be noticed that there are a plenty of etching holes on the lead frames. These
etching holes will affect the actual reflectivity of the silver-coating surface. In order to
obtain the exact reflectivity, a black plate with very low reflectivity (5%) is utilized as the
background of the etching holes during reflectivity measurement. With the assumption
that the thickness of the lead frames is small enough such that the lights will not be re-
flected or absorbed by the side walls of the lead frames, how the actual reflectivity of the
lead frames can be calculated is explained in the following paragraph.

Figure 4.2: An illustration of the package housing, the encapsulant and the lead frames
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At first, assume the total area of the etching holes and the surface of the lead frames
are A; and A , and the reflectivity of the background behind the etching holes and
the silver coating surface of the lead frames are R; (1) and R»(A) respectively. It is also
assumed that the intensity of the incident lights and reflected lights are I; (1) and I,(1)
respectively. Then the total reflectivity of the measured sample is:

L) A Ay

R(A):m_ Al‘*‘l‘llem)+ A1+ Ay

Ry(N) (4.1)

where A is the wavelength of the lights. According to Eq. (4.1), the reflectivity of the lead
frames can be calculated as:
(A1 + A))RN) - A R ()

Roy(A) = m (4.2)

In most applications, the highest temperature that the LED package may experience
during operation is about 130 °C, which is also the maximum junction temperature that
chip supplier guaranteed. However, to accelerate the degradation process, the package
housing samples are placed into a climate chamber in which the ambient temperature
is set as 170 °C. For comparison, several package housing samples are also aged at an
ambient temperature 130 °C to show the actual degradation of the package housing.

Similar to the ageing tests for the package housing samples, the silicone encapsulant
samples are also placed into a climate chamber for high temperature storage test. How-
ever, the ambient temperature is set as high as 200 °C. This temperature is much higher
than that the silicone encapsulant may experience in the LED packages. However, the
silicone-based encapsulant shows excellent thermal stability even though the ageing
temperature has exceeded the junction temperature of the blue chips during operation.
As the objective of this study is to understand the relationship between lumen degra-
dation and packaging materials, it is reasonable to accelerate the material degradation
process by ageing them at temperatures that higher than that in application conditions.
These data are not available for lifetime prediction.

The lead frames are aged by hydrogen sulfide (H,S) with an ambient temperature
of 25 °C during ageing test. Actually, temperature is not the major stress factor for the
degradation of the lead frames. However, harmful elements in the atmosphere, such
sulfur and chloride, should be the main reason which induces deterioration of the lead
frames.

All samples are taken out for optical measurement after a series of pre-defined peri-
ods. The reflectivity of the package housing samples, the reflectivity of the lead frames,

and the transmissivity of the transparent encapsulant are collected. Due to incomplete
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surface layout, the reflectivity of the lead frame was then calculated according to Eq.
(4.2). Finally, the measurement data are presented in Fig. 4.3, Fig. 4.4, and Fig. 4.5

respectively.
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Figure 4.3: Reflectivity of package housing aged at 130 °Cand 170 °C

On the other hand, the emission spectra of the blue chip, is directly obtained from
chip supplier, as indicated in Fig. 4.6(a). The emission spectra, the excitation spectra
and the emission spectra of the phosphors also are provided by phosphor suppliers, as
can be seen from Fig. 4.6(b). Ageing tests are not performed for the blue dies and the
phosphor materials. Instead, a series of pre-assumed emission efficiency of the blue
dies are used to indicate the chip-level degradation which may be triggered during elec-
trical operation of the LED packages. The same strategies apply to degradation of the
phosphors.
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Figure 4.4: Reflectivity of lead frames exposure to H,S atmosphere
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Figure 4.6: Emission spectra of the blue chip and phosphors

4.3. OPTICAL SIMULATION MODELING

4.3.1. SIMULATION MODEL SET-UP

As indicated in Fig. 4.7, a type of mid-power white-light LED package, with 3 mmx3
mmx0.52 mm in dimensions, is created by using the 3-D modeling software Lighttools
[22]. The package cup is ¢2.6 mmx0.32 mm in dimensions. For this type of LED pack-
age, two blue dies are attached at the center area of the package cup and connected in
series with gold wires. However, the effects of the gold wires are considered to be neg-
ligible, so the gold wires are not created in the simulation model. Silicone is used as
a encapsulant, which protects the LED dies from mechanical damage, while still offer
excellent light extraction from the package at the same time. In mid-power white-light

LED packages, the silicone encapsulant is generally mixed with phosphor powders and
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dispensed into the package cup.

Figure 4.7: LED package model used for optical simulation

A commercial light tracing software Lighttools [22], is used for the optical simula-
tions. The optical property of the lead frames, the package housing, and the silicone
encapsulant are defined respectively. Smooth optical is used for optical property defini-
tion of the lead frames. Then the wavelength-dependent reflectivity, which is measured
in previous section, is input into the simulation model. The settings of the package
housing are similar to that of the lead frames. The surface optical property of the sil-
icone is also set in terms of smooth optical mode. For simplicity, lights transmitting
through the silicone surface are assumed to be 100%, implying that Fresnel loss is not
considered in the simulation model. This is reasonable because interface deterioration

between different materials is not accounted for in this study.

The material property of the phosphor-mixed silicone encapsulant is defined by us-
ing the user material definition tab in Lighttools. The input parameters include the exci-
tation spectra, the emission spectra, the absorption efficiency, the emission efficiency,
and the Mie particle size distribution of the green and red phosphors, and bulk trans-
missivity of the silicone encapsulant. Then the SPD of the LED package is calculated by
carefully adjusting the mean free paths of both the green and red phosphors, until the
desired color coordinate is obtained, as shown in Fig. 4.8. In this figure, the SPD of an
LED package with a correlated color temperature (CCT) of 2700 K is presented. The SPD
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is with a peak wavelength of 450 nm for the pumped blue lights, and a peak wavelength

of 610 nm for the down-converted lights.

0.0010

0.0008
0.0006
0.0004 4

0.0002 -

Spectral power (W)

0.0000 +————rLt—TF—"—"F—""T"T"—"T"—T—TT
300 350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Figure 4.8: Spectral power distribution of an LED package

In order to understand the lumen degradation kinetics of the LED package, optical
parameters are adjusted successively according to data measured in the previous sec-

tion. These parameters are listed as follows:

(1) Emission efficiency of the blue dies;

(2) Emission efficiency of the phosphors;

(3) Bulk transmissivity of the silicone encapsulant;
(4) Reflectivity of package housing;

(5) Reflectivity of the lead frames.

4.3.2. SIMULATION RESULTS

Uniform degradation of the SPD was observed at wavelength range from 380 nm to 780
nm when the emission efficiency of the blue dies is reduced from 100% to 85% of their
initial values, as presented in Fig. 4.9. Without loss of generality, the spectral power at
wavelength range from 440 nm to 460 nm and wavelength range from 600 nm to 620
nm are averaged respectively. Then the averaged values are employed to represent the
degradation of the blue lights and the down-converted light. As a consequence, the

degradation of the blue chip efficiency induces exactly the same amount of degradation
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of the blue lights and the down-converted lights, as indicated in Fig. 4.10. The result is
exactly in line with that reported in [21].
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Figure 4.9: Spectral power distribution of the LED package at different chip emission efficiency
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Figure 4.10: Chip degradation: Degradation of spectral power versus chip efficiency

Contrast to that in blue chip degradation, the degradation of the phosphors shows
only SPD degradation at the wavelengths of the down-converted lights, as presented in
Fig. 4.11. The simulation result showed no decrease for the pumped blue lights, even
though a large decrease has been found for the down-converted lights and the lumen
output. In this case, the down-converted lights decreased from 100% to 80.4%, and the
lumen output decreased from 100% to 82.5%, as indicated in Fig. 4.12.
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Figure 4.11: Spectral power distribution of the LED package at different phosphor conversion efficiency
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Figure 4.12: Phosphor degradation: Averaged spectral power versus lumen degradation

It is found that silicone degradation contributes to about 1.35% of lumen degra-
dation within 168 hours, as shown in Fig. 4.13. However, further ageing the silicone
plate induces very little lumen degradation, although gradual degradation of the blue
lights is observed. After ageing for 1500 hours, the normalized spectra power of the blue
lights degrades to 98.82% of its initial value. The result indicates excellent thermal sta-
bility of the silicone material in our LED products. It is worth noticing that the silicone
plate is aged at an ambient temperature of 200 °C. It is expected that, for LED products
with lower ambient temperature, the degradation of the blue lights should be much less

than the simulation result. In fact, after an initial degradation, the degradation of the
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Figure 4.13: Silicone degradation: Normalized spectral power versus ageing time

blue lights should be neglected if the ambient temperature is as low as 120 °C [23]. On
the other hand, it is found that the down-converted lights are not sensitive to silicone
degradation after a sharp decrease at the initial ageing duration, even though the sili-
cone samples are aged at the ambient temperature which is as high as 200 °C. The early
degradation is also found in [23]. The reason is probably due to shrinkage or continuous

cross-link reaction of the silicone during ageing test, which is still unclear until now.

It is interesting that, though 5.2% of the lumen output has been triggered in the sim-
ulation model by using degradation data of the housing material, which were aged at 170
°C for 840 hours (see Fig. 4.3(b)), the blue lights of the LED package have little degrada-
tion, as compared to about 6.8% degradation of the down-converted lights, as indicated
in Fig. 4.14. It indicates that the degradation of the package housing affects only the
down-converted lights, even though blue lights are much more sensitive to the package
housing degradation, as can be seen from Fig. 4.3(b). The same degradation kinetics is
also observed in lead frames, as shown in Fig. 4.15. This phenomenon can be explained
by the theory of transmission path of light rays in LED packages and the theory of the
Bouger-Lambert-Beer law [24].

As described in our previous publication [24], because of high absorption coefficient
of the phosphors, most of blue light was down-converted to longer wavelength when
propagating through the silicone. Based on this fact, blue lights which were finally ex-
tracted out of the package were mainly composed of lights which never hit the phosphor
particles. On the other hand, the down-converting light were not absorbed by phos-

phors, because this light was not in the range of the absorption spectra of the phosphors.
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Figure 4.14: Package housing degradation: Normalized spectral power versus ageing time
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Figure 4.15: Lead frame degradation: Normalized spectral power versus ageing time

As a consequence, the down-converting light would be scattered by phosphor particles

and reflected by the package housing/lead frames and propagated through the silicone

plate randomly. The scattering and reflection might occur many times before lights fi-

nally leave the package. It is, therefore, obvious that converted light went through a

much longer path than the blue light before exiting the package.

On the other hand, it is well-known that lights propagating through medium follow
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Bouguer-Lambert-Beer law, which is stated as
—=e 4.3)

where Iy and I are the intensity of the incident light and emergent light, L is the dis-
tance of transmission path, « is an exponential constant, which is related to material
properties, such as transmittance of silicone plate, reflectivity of package inner surface,
absorption efficiency of phosphor particles and so forth. Suppose the light output de-
grades from I to I’ after a certain period of ageing, the degradation rate can be calculated
as

I :
—=ele®tk 4.4)

1
Based on equation above, it is clear that longer transmission path L of the down-
converting light, than that of the blue light, leading to higher degradation rate before
outgoing the package.
In summary, several conclusions are obtained as follows:

(1) Blue chip deterioration induces the same degradation trend of the blue light and
down-converted light output;

(2) Silicone degradation only induces initial lumen degradation within a few hundred

hours during thermal ageing test;

(3) Silicone degradation may affect the blue light output of an LED package, while the

degradation amount should be very limited;

(4) Degradation of phosphor emission efficiency, package housing and lead frame re-
flectivity has very few effects on the blue light output of an LED package, while has
significant effects on the down-converted lights, as well as the lumen output.

4.3.3. VALIDATION AND APPLICATION

The simulation model can be validated by performing two experiments. The first one
is to stimulate chip deterioration by applying instantaneous electrostatic human body
model (HBM) discharge (ESD) to one LED package [25]. After discharge stimulating,
the LED package’s lumen output is measured and then sent back for further discharge
stimulation. These steps may be repeated several times until comparable lumen degra-
dation is observed. The discharge stimulation destroys the LED chips only while does
not induce degradation of the package materials. As a result, the lumen degradation is

only attributed to the degradation of emission efficiency of the chip. As presented in
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Fig. 4.16, the degradation of the blue lights and down-converted lights are much close
to each other. A gap of 0.4% between them should be due to the measurement accuracy
of the optical measurement system, as the spectrometer is much less sensitive to degra-
dation of shorter wavelengths (blue lights in this experiment). The other experiment
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Figure 4.16: Spectral power degradation due to chip deterioration
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Figure 4.17: Spectral power degradation due to lead frame degradation

is H,S gas ageing test. This test reduces the reflectivity of the silver-coating lead frames
rapidly. In this test, ambient temperature is 40 °C, relative humidity is 80% RH, and con-
centration of the H,S gas is kept constantly at 15 ppm. As a result, the down-converted
light output decreases to 80% of its initial value, while the blue light output is not de-



4.3. OPTICAL SIMULATION MODELING 87

graded after ageing for 630 hours, as indicated in Fig. 4.17. The slightly increase of the
blue lights is probably due to the silicone curing effect at the initial stage of the ageing
test.
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Figure 4.18: Spectral power degradation in LM-80-08 tests

It is difficult to validate the simulation results of package housing degradation, sili-
cone degradation and phosphor degradation due to lack of equipments. However, the
validation experiments for chip deterioration and lead frame degradation have provided
promising results, indicating the usefulness of the simulation.

Attempts are also successfully made to analyze the lumen degradation mechanisms
of the mid-power white-light LED packages, which are stressed for 6000 hours by LM-
80-08 tests [26]. Fig. 4.18 shows the normalized spectra power distribution of the LEDs
at the stress condition of 55 °C/220 mA and 105 °C/220 mA respectively. In Fig. 4.18(a),
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it is found that both the degradation of the blue lights and the down-converted lights
show parallel trends with the ageing time, though a gap of 1.6% has already observed
after 1000 hours. The gap is considered as early degradation of the LED packages, as it
is almost consistent from 1000 hours to 6000 hours. Based on the simulation result, the
early degradation is speculated to be induced by silicone degradation, as a gap of 1.35%
is also observed in the simulation model. Though in the simulation model, the ageing
temperature of the silicone is much higher than that in the LM-80-08 ageing chamber,
the lumen degradation in both simulation model and LM-80-08 test is comparable, be-
cause the initial degradation of silicone encapsulant is not sensitive to temperature. It
is worth noticing that a gap of 1.5% of the blue lights and down-converted lights is also
observed for LED samples aged for 1000 hours at 55 °C/220 mA. The gap in this stress
condition is much close to that observed at 105 °C/220 mA, so the early degradation
is non-temperature sensitive. This is well in agreement with the simulation result, as

indicated in Fig. 4.13.

On the other hand, parallel degradation of the blue lights and down-converted lights
in LED samples aged at 105 °C/220 mA, indicates the lumen degradation is mainly due
to chip deterioration. As a consequence, the major degradation mechanisms for LED
samples aged at 105 °C/220 mA should be chip deterioration, as well as the early degra-

dation of the silicone encapsulant.

For LED samples aged at 55 °C/220 mA, the degradation mechanisms are much more
complicated than LED samples aged at 105 °C/220 mA. It seems that silicone encap-
sulant degradation contributes to the first 1.5% lumen degradation after 1000 hours.
From 1000 hours to 3000 hours, the lumen degradation is mainly induced by packag-
ing materials, such lead frames, and package housing. It was also reported that phos-
phor degradation might occur for LED packages aged at high temperature and humidity
combined stress conditions [27]. However, the phosphors has been reported to be very
stable during thermal ageing, thus eliminating any significant nonradioactive quench-
ing processes that existed in the aged samples [28]. On the other hand, Hu et al. [29]
reported highly thermal-stability of the Nitride phosphors after ageing for 30 minutes at
1000 °C. Moreover, Cheng et al. [30] reported the highly thermal-stability of a broadband
glass phosphors which were fabricated by sintering the mixture of multiple phosphors
(including YAG, LuAG, and Nitride) and SiO,-based glass. The samples showed only
around 1% lumen degradation after ageing for 1008 hours at 150 °C. All these evidences
indicate low possibility of the phosphor degradation in high ambient temperature con-

ditions.

From 3000 hours to 6000 hours, it is found that chip-level degradation has been trig-
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gered. This degradation mechanism has been verified by comparing the output power
of the blue lights of several non-stressed samples and stressed samples [31]. In or-
der to gain reliable comparison, the silicone encapsulant was removed prior to optical
measurement. A gap of 4.5% between the non-stressed and stressed blue chips, well
agrees with that observed in Fig. 4.18(a). Noticing that in Fig. 4.18(a) the spectra power
was measured without removing silicone encapsulant. This degradation mechanism,
combining with the package-level degradation mechanisms which are induced by ei-
ther degradation of the lead frames or of the package housing, contributes to the lumen
degradation of the LED packages. A detailed degradation mechanisms analysis has been

performed in our previous study [31].

4.4. SUMMARY

The effects of degradation of blue chips, decrease of conversion efficiency of the phos-
phors, yellowing of silicone encapsulant, reflectivity decrease of the silver-coating lead
frames and the package housing, are investigated thoroughly by using optical simula-
tion. The simulation results have been validated by experiments. As a consequence,
the simulation can be used to decouple the chip-level degradation mechanisms and
package-level degradation mechanisms of the mid-power white-light LED packages.
Furthermore, the silicone-induced degradation mechanisms are also decoupled with
the fact that silicone degradation induces only initial lumen degradation of the LED
packages. Finally, the simulation results are successfully applied to the degradation
mechanism analysis of the LEDs stressed in LM-80-08 tests.
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DEGRADATION MECHANISMS OF
MID-POWER WHITE-LIGHT LEDS

In this chapter, the optical degradation mechanisms of mid-power white-light LED pack-
ages has been studied by using high temperature operation life test (HTOL), wet-high tem-
perature operation life test (WHTOL) and highly-accelerated temperature-humidity test
(HAST). As a result, it was found that, (1) for LED packages aged under HTOL, the ma-
Jjor degradation mechanism is different for samples aged at 55 °C and ambient temper-
ature higher than 85 °C, with which lead frames deterioration is the major degradation
mechanism at 55 °C while Ohmic contact deterioration is the major degradation mech-
anism at 105 °C for the aged LED packages; (2) for LED packages aged under WHTOL,
both deterioration of the Ohmic contacts of the blue chip and yellowing of the package
encapsulant are considered as the major degradation mechanisms; (3) for LED packages
aged under HAST, the failure mechanism is considered as the result of blue light over-
absorption, which generates very high temperature inside the silicone bulk, resulting in
serious carbonization.

Parts of this chapter have been published in Microelectronics Reliability 55, 2654 (2015) [1], IEEE Transac-
tions on Device and Materials Reliability 15, 220 (2015) [2], and IEEE Transactions on Device and Materials
Reliability 15, 478 (2015) [3].
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5.1. INTRODUCTION

ID-POWER white-light LED is a relatively new category of LED products that are
M typically driven within a range of 0.2 W to 1 W. Fig. 5.1 shows two kinds of typical
mid-power LEDs in the market. Generally, the mid-power LED packages are composed
of four components: blue die, lead-frames, silicone/phosphor component and package
housing. More specifically, for samples used in our experiments, two pieces of 0.6-mm?
area blue dies were mounted onto the lead-frame by die attach, and gold wires were
bonded to connect both blue dies in series and then connect them to lead-frames. After
wire bonding, silicone mixed with phosphors was dispersed into the package housing
and was cured as the encapsulant of the package. Blue lights are converted into white
lights after passing through the silicone mixed with phosphors that are dispersed into
the package housing. The specified correlated color temperature (CCT) is achieved by
carefully tuning the concentration of the phosphors during manufacturing.

Figure 5.1: Typical mid-power white-light LEDs

Unlike high-power LED packages, mid-power LED packages use plastic package and
copper lead frames instead of the traditional ceramic material due to the lower require-
ment in heat dissipation [4]. Under high temperatures typically experienced by LEDs
used for lighting, the plastic packaging that reduces the cost of the device is also a source
of reliability issues, such as color shift and lumen degradation|[5, 6]. Recently, driven by
demands of cost-down, manufacturers have successfully developed mid-power white-
light LEDs which can be powered up to 1.5 W by means of integrating more chips inside
one package and overdriving the package with higher forward currents. The trend in
smaller package size and more compact integration imposes new challenges in rising
LED temperatures in packages. Under high ambient temperature and Joule-heating, it
has been found that LED packages might suffer from degradation of the Ohmic con-
tacts and active layer [7], deterioration of the lead-frame’s silver-coating [8—10], yellow-

ing of encapsulant [11, 12], silicone carbonization [13, 14], as well as phosphor thermal
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quenching [15].

Besides, LED packages may also suffer from serious reliability issues when operated
under environment with a high humidity and high temperature. This is often the case in
tropical countries. For instance, LED can be exposed to an average humidity of 83.4%RH
and temperature of 125 °C if it is a LED headlight in Singapore’s automotive [16]. In or-
der to understand the effects of moistures on the LED products, the industry conducts
qualification experiments, such as wet-high temperature operation life test (WHTOL)
[17, 18], highly-accelerated temperature and humidity stress test (HAST) [19, 20]. Re-
sults showed that the optical degradation of LED packages was mainly due to delamina-
tion of packages [21], lights scattering of water particles inside the silicone volume [22],
bubble generation in the encapsulant [19], and dissolution of phosphors [23].

These factors could lead to optical degradation of LED packages [24, 25] and finally
the shortening of their service lifetime. Reliability issues involved in the mid-power LED
packages have been summarized as in Table 5.1 [4, 26]. However, due to complex in-

teractions among multiple failure modes and limited data at the moment, the failure

mechanisms are still an opaque issue.

Table 5.1: Optical degradation mechanisms of mid-power LEDs

Failure mode Failure mechanism Triggered stress
Crystal defects, Thermal-mechanical
. - . dopant diffusion, stress,
Chip deterioration p . .
Ohmic contact electrical overstress,
deterioration thermal stress

Encapulsant carbor-

Decrease in

Thermal stress,
photo-degradation,

nization/yellowing transparency electrical overstress
Package Decrease in Thermal stress,
housing yellowing reflectivity photo-degradation
Thermal-mechanical
Copper diffusion, stress,
Lead frame metal recrystal- hygro-mechanical
deterioration lization, stress,
contamination corrosive elements
(S, Cl, etc.)
Quantum effic-
Phospho'r iency by thermal Thermal stress
degradation quenching of
phosphor

Based on the understanding that optical degradation of LED packages can be ac-

celerated if stressed under the combined effect of humidity and temperature, some
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studies have been conducted to develop new methodologies to replace the traditionally
temperature-only-based test, such as IES LM-80-08 [27]. Fan et al. [4] demonstrated
that wet-high temperature operation life test (WHTOL) could be used for the prediction
of LED lumen maintenance with shorter testing time (one third of LM-80-08 test time).
More aggressively, Liu et al. [28, 29] presented their results by highly-accelerated tem-
perature and humidity stress test (HAST). The authors claimed that this type of acceler-
ated tests could be applied for lifetime extrapolation from HAST to WHTOL. However,
our previous study [30] indicated that the degradation mechanisms in these two dif-
ferent conditions were much different. It was found that the rapid lumen degradation
during HAST was mainly due to serious silicone carbonization [30], while for WHTOL,
the degradation was due to chip deterioration and package housing yellowing [31]. Up
to now the failure mechanisms of silicone carbonization have not yet fully been under-

stood.

The objective of this chapter is to investigate the degradation mechanisms of the
the mid-power LED packages under various stress conditions. These stress conditions
involve current, temperature, moisture, and pressure. Specifically, the remaining parts

of this chapter are organized as follows.

In section 5.2, the reliability of mid-power white-light LEDs was investigated by
high temperature operation life test (HTOL). According to the test standard (IES stan-
dard LM-80-08) [27], the ageing duration lasted as long as 6000 hours. After finishing
the tests, optical and electrical characteristics of the aged samples were analyzed sub-
sequently. Furthermore, failure analysis of the LED packages was also performed to

further study the failure modes and failure mechanisms.

In section 5.3, the optical degradation of mid-power LED packages was studied
by wet-high temperature operation life test (WHTOL). Optical characteristics, spectral
power degradation, and electrical deterioration were studied. Failure analysis of the de-

graded samples was also performed to further investigate the degradation mechanisms.

In section 5.4, the failure mechanisms of silicone carbonization occurred during
highly-accelerated temperature and humidity stress test (HAST), were investigated through
the combined experiments, failure analysis and simulation. A series of experiments
as well as failure analysis were performed to separate or eliminate some possible root
causes. Blue chip Joule-heating, phosphor’s self-heating, and blue light over-absorption

in silicone were carefully analyzed.
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5.2. OPTICAL DEGRADATION MECHANISMS UNDER HTOL

5.2.1. EXPERIMENT SETUP

In order to reduce effects of sample deviation during testing, 28 pieces of MP-3030-EMC
LED packages (with 2 blue chips connected in series) were prepared for each stressing
condition. The sample size is enough for statistical analysis according to the standard
LM-80-08 [27]. The LED packages were soldered onto Metal-core Printed Circuit Boards
(MCPCBs). The MCPCBs have a thermal conductivity of 2.2 W/m-K, which guaranteed
the reliable heat-dissipation during testing.

After the initial measurement, samples were aged by using 3 climate-ageing cham-

bers, which were specially designed for IES LM-80-08 test. The samples were first mounted

onto an integrated thermal control system, which regulated the ageing temperature dur-
ing testing. Two thermal couples were used to monitor the test temperature. One was
mounted onto the center area of the MCPCB for case temperature monitoring, while
the other one was placed several centimeters away from the surface of the MCPCB for
ambient temperature monitoring. Based on the feedback of both thermal couples, the
case temperature was automatically adjusted by the integrated thermal control system
when the monitored temperature ran out of the specified limit. According to our test
condition, the case temperature was maintained within an error of +2 °C. In addition,
the driving current was also monitored. SpikeSafe Test System was used to provide and
record the driving current. The variation of the driving current is controlled within +3%
of its setting value. In addition to this, power protection was also pre-defined. When
the driving current is 60% higher/lower than the setting output, the DC supply would be
disconnected from the samples and test suspended. This assures no thermal runaway;,
power outage, surge in current due to unstable power lines if any, and so on. According
to the IES standard LM-80-08 [27], the samples were aged at temperatures of 55 °C, 85 °C
and 105 °C, combining with two driving currents (i.e., 160 mA and 220 mA) respectively.

On the other hand, thermal resistance was also measured on 3 pieces of LED pack-
ages by using T3ster system. As there is no auxiliary equipment for radiant power mea-
surement, the input electrical power was considered instead of total Joule power by de-
faultin the T3ster system. The thermal resistance from LED junction to the solder joints
was obtained, i.e., Rthj_s = 17 °C/W. As a result, the highest junction temperature for
LED packages aged at 105 °C/160 mA was calculated as in Eq. (5.1):

Tj=105+6.4%x0.16 x 17 =122.4 (5.1)

Similarly, the highest junction temperature is calculated as 129 °C for LED packages
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aged at 105 °C/220 mA. For LEDs aged at other stress conditions, the junction tempera-
tures were confirmed to be less than 125 °C, implying all samples were aged at normal
conditions.

After a series of predefined ageing period, the samples were taken out of the ageing
chambers for optical and electrical measurement. The measurement system is com-
posed of: (1) a constant current power supply, which not only provides constant driv-
ing currents, but also measure the voltage drop of each LED package at the same time;
(2) a half-meter integrated sphere, which is used to obtain uniform light distribution;
(3) a spectrometer with 1040 charge coupled devices (CCDs), which is responsible for
light spectra collection. In order to obtain accurate optical parameters, the system was
re-calibrated and discoloration of the MCPCB was compensated prior to each measure-
ment. In addition, 3 non-stressed samples were measured to monitor the stability of
the measurement system. These samples are used as reference. The measurement was
executed by driving the LEDs with a mono pulse current, which is finished within 35
milliseconds in order to avoid LED packages self-heating. The measurement current
is the same as the stressing current for the LED packages. An acquisition time of 20
milliseconds was provided to ensure enough light exposure. Parameters including for-
ward voltage, and spectral power, were collected. Fig. 5.2 provides pictures of the tested
samples, the test equipment and the measurement system. By using this measurement
system, optical and electrical measurement of the samples was performed at a series of
predefined time, i.e., 0 hours, 48 hours, 168 hours, 500 hours, 1000 hours, 2000 hours,
3000 hours, 4000 hours, 5000 hours, and 6000 hours.

After the end of the ageing tests, the data were fitted in terms of least square method,
based on the hypothesis that the optical output was exponentially degraded along with
ageing time. Only LED packages with gradual degradation was considered, and those
suffered sudden optical degradation were excluded as their degradation mechanisms
were different. As a result, the sample size used for data fitting is 26 pieces (the other 2
samples failed due to ESD attack) for the condition of 105 °C/220 mA, and 28 pieces for
other stress conditions. According to the IES standard TM-21-11 [32], the collected data
were first normalized at 0 hour for each individual sample tested; then performed an
exponential least squares curve-fit through the individual values for Eq. (5.2), all fitted

data were left-censored by eliminating measurement data obtained before 1000 hours.

(1) =Poexp(—at) (5.2)

where ®(¢) is the normalized optical output at time #, @ is the projected initial constant

derived by the least squares curve-fit, and «a is the decay rate constant which is related
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Figure 5.2: LED samples, reliability testing and measurement systems

to ageing stress level.

5.2.2. RESULTS AND DISCUSSION

OPTICAL DEGRADATION CHARACTERISTICS

The individual lumen values of all samples at different measurement point were nor-
malized to their initial values, according to the IES standard TM-21-11 [32]. As a result,
the normalized optical output was found to follow exponential degradation kinetics, as
shown in Fig. 5.3. Sharp optical degradation was observed after ageing for 1000 hours.
The phenomenon was more prominent at stress condition of 105 °C. At this stress con-
dition, 5% of optical degradation has been observed, which is much higher than the
normalized optical degradation for LEDs stressed at 55 °C and 85 °C.

The optical degradation does not seem to be temperature sensitive when the case
temperature was lower than 85 °C. For LED packages aged at 55 °C and 85 °C, almost
the same trend was sustained after ageing for 6000 hours, as plotted in Fig. 5.3. In addi-
tion, as can be seen from Fig. 5.4, the optical degradation was not current-sensitive nei-
ther by comparing optical output of LED packages aged at 85 °C/160 mA and 85 °C/220
mA. The difference of lumen maintenance is due to the initial degradation. However,
after ageing for 2000 hours, the lumen maintenance shows parallel trends. Similar op-
tical degradation kinetics indicated that the degradation mechanisms were not neither
temperature-activating dominant [2], nor current-activating dominant at 55 °C and 85
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Figure 5.4: Optical degradation of sample aged at different case temperatures

°C. For LED packages aged at 105 °C, as can be observed in Fig. 5.4, significant differ-
ence was observed between 160 mA and 220 mA, as the standard error bars of the lumen
maintenance at each readout point for these stressing conditions did not overlap each
other. Due to Joule-heating effect, the junction temperatures for LED packages stressed
by 105 °C/160 mA and 105 °C/220 mA is close to the maximum junction temperature
(125 °C) guaranteed by manufacturer. It can be easily concluded that the LED package

were much more sensitive to current stress when junction temperatures were around
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the upper limit of the blue chip’s capacity.

In order to further understand the optical degradation kinetics, activation energy
was calculated in terms of Arrhenius equation. The decay rate constant was calculated
by the least squares curve-fit outlined in IES TM-21-11. The correlation to Arrhenius
equation is in Eq. (5.3):

a:A-exp(—%) (5.3)

where A is the pre-exponential factor which is related to effects of uncertain stress, k
is the Boltzmann constant (8.6173x107° eV/K), T is the case temperature of the stress
condition, and E,, is the activation energy. According to the IES standard TM-21-11, the
current effect was considered in terms of thermal effect, as the current effect was mainly
transferred to Joule heating. The calculation was performed respectively for LED pack-
ages with different driving current. Table 5.2 listed the activation energy E, calculated
from different stress conditions.

Table 5.2: Optical degradation mechanisms of mid-power LEDs

Temperature 55°C-85°C 85°C-105°C
Current 160 mA 0.0005 0.214
220 mA 0.056 0.254

As presented in Table 5.2, the activation energy was close to 0 eV for LED packages
stressed in temperatures ranging from 55 °C to 85 °C. An activation energy of 0 eV in-
dicates that only temperature effect cannot appropriately describe the degradation ki-
netics of the LED devices. Except for temperature effect, the effects of other stress, such
as humidity, should be carefully accounted for. However, the calculated activation en-
ergy has been reached 0.254 eV when LED packages were aged in the range of 85 °C to
105 °C (driving current was held at 220 mA). Additional thermal ageing tests for the LED
packages from the same batch also showed consistent E,, , which was 0.273 eV (samples
were aged at 85 °C and 105 °C respectively, while driving currents were held at 240 mA).
This activation energy is similar to that reported value in [33, 34]. However, this activa-
tion energy is much lower than that reported in [5], in which the activation energy was
calculated as high as 1.5 eV for samples aged at 180 °C and 230 °C, indicating that an ac-
celerating degradation test at such a high temperature (180 °C to 230 °C) is not feasible
for reliability evaluation of LED packages which are operated at application conditions

(solder temperature ranges from 85 °C to 105 °C).
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SPECTRA ANALYSIS

To investigate and separate the effects of degradation due to chip and package related,
first, the silicone encapsulant was carefully removed from the stressed and non-stressed
LEDs, and then optical measurement was performed by using an integration sphere sys-
tem to obtain the LED source degradation directly. The spectra were collected by a spec-
trometer as described in previous section. 4 pieces of non-stressed LED packages and
4 pieces of stressed LED packages (randomly selected from samples aged at 55 °C/220
mA) were measured respectively.

The total spectral power of the emission wavelengths ranging from 440 nm to 460
nm (peak wavelength is 451 nm for the blue lights.) was averaged for both the non-
stressed and stressed LED packages respectively. After that, the average value of the
non-stressed LED packages was normalized to 100%, and the percentage of the averaged
spectral power of the stressed LED packages to that of the averaged non-stressed LED
packages was plotted in Fig. 5.5. As presented in Fig. 5.5, a decrease of the spectral
power was observed for those stressed LED packages, as compared to that of the non-
stressed LED packages, indicating the chip deterioration of the stressed LED packages.
The degradation linearly increases with the measurement current. As a consequence, a

measurement current of 220 mA, induces a degradation value of 4.5%.
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Figure 5.5: Degradation of blue light intensity vs. measurement current

Secondly, the spectra of the stressed LED packages collected at readouts from 0 hour
to 6000 hours, were also averaged and normalized. Similar to previous paragraph, the

total spectral power of the emission wavelengths from 440 nm to 460 nm (peak wave-
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length is 451 nm for the blue lights.), and down-converted wavelengths from 600 nm to
620 nm (peak wavelength is 610 nm for the down-converted lights.) obtained at each
individual readout, was averaged respectively for the individual stress condition. Then,
the average values obtained at 0 hour was normalized to 100%, and the percentage of
the averaged spectral power obtained at other readouts to that obtained at 0 hour was
plotted in Fig. 5.6.
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Figure 5.6: Degradation of light intensity at peak wavelengths

Asindicated in Fig. 5.6(a), for samples aged at 55 °C, it was found that degradation of
the blue lights’ normalized spectral power was about 4.7% at 6000 hours, which is quite
close to that measured by first removing the silicone of the LED samples. This finding
demonstrates that spectra directly collected from the aged LED packages can be used to
separate the effects of degradation due to chip and package related.
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Based on this conclusion, it is found that the rapid optical degradation for LED pack-
ages aged at 105 °C, was mainly attributed to the degradation of intensity of the blue
lights, as shown in Fig. 5.6(b). In details, blue chip deterioration attributes about 12%
and package-related degradation attributes 1.8% to the total lumen degradation. In ad-
dition, it is interesting that the package-related degradation has been triggered after
1000 hours, while no more contributions after that, as the difference between the nor-
malized spectral powers of the blue lights and down-converted lights is almost the same
from 1000 hours to 6000 hours.

While for LED packages aged at 55 °C, the spectral degradation showed much more
complicated degradation kinetics than that of LED packages aged at 105 °C. It was found
that the initial optical degradation was only attributed to the reduction of down-converted
light degradation because very little degradation was observed on the blue lights until
2000 hours. A difference of 1.5% was observed between the spectral power of the blue
lights and down-converted lights after aged for 1000 hours, indicating package-related
degradation has been triggered. As the percentage amount is quite similar to that of
LED packages aged at 105 °C, it is considered that this initial degradation is triggered
by stresses rather than temperature. An elevated temperature from 55 °C to 105 °C did
not induce higher package-related degradation at this readout. By ageing the samples
from 1000 hours to 6000 hours, the degradation of the blue lights and down-converted
lights increased from 0.3% to 4.7% and from 2% to 9.7% respectively, indicating chip de-
terioration attributes about 4.7% and package-related degradation attributes 5% to the
lumen degradation after 6000 hours.

CHIP DETERIORATION BY I-V CHARACTERISTICS ANALYSIS

Fig. 5.7 shows the I — V characteristics of the non-stressed and stressed LED packages.
In our previous analysis, we have found chip-related deterioration at 55 °C and 105 °C.
It has been found that the chip-related degradation of the LED packages is due to either
junction deterioration or Ohmic contact deterioration [7, 35]. In order to understand
the effects of blue chip degradation to optical performance, the I -V characteristics was
studied in terms of series resistance and ideality factors at high current region (forward

current > 1mA) by following equation [36]:
I—— =RgI+ —— (5.4)
q
where I is the forward current, Vr is the forward voltage, Rg is the series resistance, n

is the ideality factor, k is the Boltzmann constant (8.6173x107° eV/K), T is the measure-

ment temperature, and g is electron charge. The currents vary from 1x1073 A to 2x10~!
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A and corresponding forward voltages were collected for least square fitting.
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Figure 5.7: I -V characteristics of LED packages

Notice that the LED packages used in our experiments uses 2 pieces of blue chips
that were connected in series. As the equation above can only apply in one single chip,
the forward voltage Vr in the equation is only half of the voltage measured from the LED
package. This is reasonable because the blue chips are produced by not only using the
same materials and processes. They are also classified in the same bin. Furthermore,
the blue chips undergo similar stress condition, such as electrical and thermal stress. As
aresult, the performance and degradation kinetics of the blue chips in one LED package
should be similar to each other. The calculated ideality factor and series resistance are
shown in Table 5.3.

Table 5.3: Ideality factors and series resistance for samples stressed by 220 mA

Parameter n Rg

Non-stressed 2.16 3.40
55°C 2.01 3.38
85 °C 2.01 3.54
105 °C 1.95 3.71

For the non-stressed LED packages, it is found that the ideality factor n is calcu-
lated as 2.16, which is in line with that reported in [37], in which an ideality of 1.5 to
2.5 was found in GaN-based p-n structures grown on SiC substrates. For the LED with
an ideality factor higher than 2.0, Shah et al. [38] proposed a model in which the GaN-
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based p-n junction diode was modeled by a series of diodes, i.e., the actual GaN p-n
junction diode, unipolar heterojunction diodes, and a reverse-biased Schottky diode at
the metal/p-type GaN junction. According to Shah’s model, the LED in our samples
can be modeled by an actual GaN p-n junction diode, which is connected in series with
an unipolar heterojunction diodes which are assumed to be very leaky, so that Ohmic

rather than rectifying characteristics are exhibited [38].

For samples aged at 55 °C, significant reduction of the ideality factor n was observed
as compared with that of the non-stressed samples. At this case temperature, a value of
ideality factor around 2.0 was calculated, implying perfect space-charge recombination
and p-n junction improvements of the blue chip after ageing test [39]. An ideality factor
of 2.0 also indicates that Ohmic rather than rectifying characteristics are exhibited in
the unipolar heterojunction diodes after ageing test. The p-n junction improvement of
blue chip was due to annealing effect of the thermal stress, which had been proposed
by many researchers [40-42]. In addition, the series resistance of samples aged at these
case temperatures was similar with that of the non-stressed samples, indicating no ob-
vious deterioration of the Ohmic contacts of the blue chip. However, as already verified
in the spectra analysis, the degradation of the spectral power of the blue chip was found
as around 4.5% for LED packages aged at 55 °C after 6000 hours. As no junction deteri-
oration or Ohmic contact deterioration was observed at this condition, the degradation
was considered as being induced by either transmittance decrease of the indium tin ox-
ide (ITO), or refractivity deterioration of the multi-layer structure of the chip surface, as

reported in [43]. However, this needs to be further verified in the future.

On the other hand, for samples aged at 85 °C and 105 °C, significant changes were
found on the series resistance Rs , indicating Ohmic contacts deterioration was trig-
gered [41]. The increase of the series resistance, would affect the emission efficiency of
the blue chips, thus rendering the lumen degradation of the LED packages [7]. How-
ever, an ideality factor of 1.95 to 2.01 shows that the LED is in perfect carriers recombi-
nation in the space charge region, mediated by recombination centers located near the
intrinsic Fermi level [39]. The increase in series resistance is ascribed to the thermally
activated metal-metal and metal-semiconductor inter-diffusion [43, 44]. A reduction of
the active acceptor concentration, due to the interaction between hydrogen and mag-
nesium, can worsen the properties of the anode contact, and vary the resistivity and
injection properties of the p-layer, thus leading to the measured I — V modifications

[45] and optical degradation.
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PACKAGE DEGRADATION INVESTIGATION BY PHYSICS ANALYSIS

Fig. 5.8 shows the appearances of a non-stressed sample and a stressed sample aged
at 55 °C and 105 °C. No obvious difference was found between epoxy material com-
pound (EMC) appearance of the non-stressed samples and of samples aged at 55 °C,
while slight yellowing was observed on the outer surface of samples aged at 105 °C.

Figure 5.8: Appearance of samples before aging and after ageing for 6000 hours

Silicone carbonization was eliminated from the aged samples by observing the sil-

icone surface that attaches to the chip, as indicated in Fig. 5.9. However, silicone yel-
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Figure 5.9: Silicone of LED pakcages aged at 105 °C/220 mA

Table 5.4: Element content of silicone gel in Non-stressed LED packages

Element Weight% Atomic%
CK 53.25 67.29
OK 18.24 17.30
SiK 28.51 15.40
Totals 100.00

Table 5.5: Element content of silicone gel in LED packages aged at 55 °C

Element Weight% Atomic%
CK 55.68 66.90
OK 26.58 23.98
SiK 17.74 9.12
Totals 100.00

Table 5.6: Element content of silicone gel in LED packages aged at 105 °C

Element Weight% Atomic%
CK 49.50 63.01
OK 23.11 22.08
SiK 27.39 14.91

Totals 100.00
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lowing was found by analyzing the element content of the silicone gel near the upper
surface of the chip using by means of Energy Dispersive X-Ray Spectroscopy (EDX).
As presented in Table 5.4 to Table 5.6, the atomic% of the element C and O of the sil-
icone residuals, of the LED samples aged at 55 °C and 105 °C, is similar to each other,
while is about 5% higher than that detected from the non-stressed LED samples. Sim-
ilar atomic% indicates the change of the element C and O is not due to temperature.
The change of the element C and O also implies silicone degradation [46], which was
considered as a contributor of the initial lumen degradation of the LED packages, as the
silicone degradation was only observed at the initial ageing duration, as shown in Fig.
5.10.

Thermal stability of silicone under 190 °C
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Figure 5.10: Silicone transmittance vs. ageing time in high temperature storage test

As presented in Fig. 5.11 are the C-SAM results of LED packages aged at 55 °C. De-
lamination was not observed neither at the chip/silicone interface nor the silicone/lead
frames interface. Delamination was not observed at the interface of die/die attach gel
neither. Similar results were also observed on LED packages aged at 105 °C. However,
the picture was not shown here due to content limitation.

Energy Dispersive X-Ray Spectroscopy (EDX) analysis shows that there are no S, Cl,
Br, and I were found on the silver-coating lead frames, thus eliminating chemical con-
tamination as the root cause of the lead frame degradation [9], as indicated in Fig. 5.12
. However, shallow pits were observed at the lead frames of samples aged at 55 °C, as
shown in Fig. 5.13. It was speculated that, for samples aged at 55 °C, higher relative hu-

midity as compared that at 105 °C, leads to an osteoporosis structure of the silver coating
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Figure 5.11: No delamination was found in the aged packages by using C-SAM

due to internal stress induced by moisture penetration, resulting in the deterioration of
the reflectivity of the lead frames.

Actually, it is found that the relative humidity is still around 13% when case temper-
ature is 55 °C, as shown in Fig. 5.14. Same observation had also been observed by Fan
et al. [47]. The effect of moisture ingress into the electronic packages, though not LED
packages, had been reported as considerable even at a low relative humidity of 10%, as
in the case of the ageing chamber [48]. For LED packages aged at temperatures at 55 °C,
influence of moistures should be carefully taken into account.

The quantum efficiency of the phosphors was not detected due to lack of equip-
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Figure 5.12: No harmful elements were found by using EDX analysis

Figure 5.13: Morphology of the surface of the silver-coating lead-frame

ment. However, YAG-(Ce>*) phosphors had been reported to be very stable during ther-




112 5. DEGRADATION MECHANISMS OF MID-POWER WHITE-LIGHT LEDS

70%

60% [

W

<

=
T

Relative humidity

I
I
I
i

0% I " 1 n 1 " 1 1 " 1 T
20 30 40 50 60 70 80 90

Case temperature (C)

Figure 5.14: Measured relative humidity versus increase of case temperature

mal ageing, thus eliminating any significant nonradioactive quenching processes that
existed in the aged samples [49]. On the other hand, Hu et al. [50] reported highly
thermal-stability of the Nitride phosphors after ageing for 30 minutes at 1000 °C. More-
over, Cheng et al. [51] reported the highly thermal-stability of a broadband phosphors
which were fabricated by sintering the mixture of multiple phosphors (including YAG,
LuAG, and Nitride) on SiO,-based glass. All these evidences indicate low possibility of
the phosphor degradation in LM-80-08 tests as the highest temperature is only around130

°C in our experiments.

5.3. OPTICAL DEGRADATION MECHANISMS UNDER WHTOL TEST

5.3.1. EXPERIMENT SETUP

20 pieces of MP-3030-EMC LED packages (with 2 blue chips connected in series) were
assembled onto an Aluminum-based metal core printed circuit board (MCPCB) by us-
ing SAC305 lead-free solder paste. All LED packages were distributed uniformly and
connected in series on the MCPCB. At the same time, thermal pad was attached onto a
heat sink carefully, on which the MCPCB was then mounted with 5 screws. This ensures
good heat dissipation from LED packages to the heat sink. Total 4 pieces of MCPCBs
were prepared and only one MCPCB was aged per test condition.

The samples were placed into a climate chamber after finishing the initial optical
measurement. During ageing test, the ambient temperature and relative humidity of the
chambers were maintained at a constant value of 85 °C and 90%RH, 95 °C and 45%RH
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and, 95 °C and 95%RH respectively. For convenience, the test was named as WHTOL
85 °C/90%RH for the first test condition and the same strategy was applied to the rest.
Furthermore, the LED packages were also stressed by a constant driving current (160
mA per unit). Under these stressing conditions, the highest solder temperature of the
LED packages was measured to be 107 °C, and the corresponding junction temperature
was calculated as about 130 °C. Hence, over-stressing would be performed in our tests
since the nominal driving current is 120 mA according to the product specification. The
specification defines the maximum driving current as 240 mA at 25 °C (ambient tem-
perature) and 120 mA at 85 °C (ambient temperature) respectively. Furthermore, the
maximum junction temperature guaranteed is limited to 125 °C in the specification.

In order to analyze the differences of degradation mechanisms between environ-
ments with and without moistures, another group of samples was aged by means of
high temperature operation life test (HTOL). In this ageing test, the stressed current was
the same as that in the WHTOL test and the solder temperature was controlled at 105
°C until the end of the test. Both the solder temperature and driving current are almost
the same as that in WHTOL 95 °C/95%RH, so any difference of the degradation kinetics
between HTOL 105 °C and WHTOL 95 °C/95%RH could be attributed to the effects of
moistures.

The samples were taken out of the climate chambers for optical and electrical mea-
surement at a series of predefined readout points. In order to obtain accurate optical
parameters, the system was re-calibrated prior to measurement. After that, a Keithley
Digital Multimeter was used to light up the LED packages with a constant current and
integrated sphere was used to measure the light spectra. The acquisition time was 25 ms
to ensure complete exposure and integration. The complete measurement was finished
within 35 ms to avoid LED packages self-heating.

After finishing all ageing tests, the data were fitted in terms of least square method,
based on the hypothesis that the optical output degrades exponentially during ageing.
According to the IES standard TM-21-11 [32], collected data were normalized to a value
of 100% at 0 hour for each individual sample under test; then exponential least squares
curve-fit was performed through the individual values for the following equation:

O(1) =Dgexp(—at) (5.5)

where ®(¢) is the normalized optical output at time #, @ is the projected initial constant
derived by the least squares curve-fit, and « is the decay rate constant which is related
to ageing stress level.

Except for analysis of the optical degradation, several degraded samples were also
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analyzed by means of non-destructive and destructive analysis. I — V characteristics,
package materials discoloration, interface delamination, and contamination were care-
fully detected.

5.3.2. RESULTS

LUMEN DEGRADATION

According to the IES standard TM-21-11, the individual lumen values of all samples at
different measurement points were normalized to their initial values, and then aver-
aged, as mentioned in previous section. The average normalized data were plotted in
Fig. 5.15. As aresult, the lumen degradation showed very good exponential degradation
kinetics in all test conditions, regardless of conditions with or without humidity. The
degradation rate became faster as the relative humidity increased. As observed from Fig.
5.15, when the relative humidity rose from 0%RH (assume no humidity in HTOL 105 °C),
to 45%RH (WHTOL 95 °C/45%RH), and to 95%RH (WHTOL 95 °C/95%RH), the lumen
maintenance decreased to 97.7%, 96.3%, and 91.9% respectively after 1000 hours. As
both the driving current and the solder temperature were similar to each other among
all test conditions, the difference of the degradation rate was apparently induced by dif-

ferent relative humidity in the climate chambers.
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Figure 5.15: Average lumen degradation of LED packages in different stress conditions

On the other hand, the lumen degradation mechanisms were explored by using
statistics methodology. First of all, the degradation trend was fitted and extrapolated to
the time that the LED package’s lumen output reached 90% of its initial value (MTTF90%).
The MTTF90% of each individual sample was then collected for probability distribution
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Figure 5.16: Statistics distribution of the MTTF90% in all the stress conditions

analysis. The reason that MTTF90% but not MTTF70% (as defined in IES TM-21-11) was
used is because the projected MTTF90% was much closer to the testing duration as the
lumen maintenance was in the range of 90%~95% in our ageing tests. The analysis re-
sults were plotted in Fig. 5.16. Statistics analysis shows similar degradation mechanisms
among all stress conditions as the shape parameters of the lognormal distributions are
very closed to each other [52], indicating that WHTOL test could be applied as an effi-
cient accelerated life test method instead of the IES test standard LM-80-08 [27], which
only accounts for effects of temperatures and is very time-consuming for lifetime pre-

diction.

Based on the result of the statistics analysis, the Hallberg-Peck’s model was used to
describe the effect of temperature and humidity combined on LEDs’ life as follows:

ARy G
AF = exp||—|lz——-=
RH, k)\T, T,

where RH, is the humidity at testing condition, RH,, is the humidity at usage condi-

(5.6)

tions, n is the humidity factor, E, is the activation energy, and k is the Boltzmann con-
stant.

The activation energy was obtained as 0.47 eV, which was very similar to that re-
ported in [19]. The humidity factor n was also obtained and the value was calculated
as 1.21. The humidity factor was smaller than results reported previously by other re-
searchers. For instance, n was calculated as 1.6 in [4], 2.02 in [17], and 2.29 in [20] re-

spectively. The reason is probably because our LED packages were stressed by much
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higher current than that in [17, 20]. Higher current implies higher temperature inside
the packages than temperature outside the packages. Finally, the relative humidity in-
side the package decreases due to higher saturated vapor pressure inside the LED pack-
ages. In addition, higher temperature may drive part of the moistures outside the pack-
age due to effects of moisture expansion. All these reasons could reduce the effects of
the moisture, and, thus, yield a smaller humidity factor. The other reason is that the

moisture resistance may differ among different types of LED package.

COLOR SHIFT

Fig. 5.17 shows the average color shift of LED packages in each test condition. The color
shift was characterized in terms of u'v’, which is the distance deviating from the color
points measured before ageing test. As could be observed from the plot, the color shift
increased as a parabola along with ageing time. All samples showed slight color shift
(u'v' < 0.002), with the exception of the samples in WHTOL 95 °C/95%RH. The color
shift was similar for samples aged in HTOL 105 °C and WHTOL 95 °C/45%RH, indicating
that the package-related degradation mechanisms triggered by moistures was identical
when the relative humidity was lower than 45%RH. This conjecture was made under
the assumption that only package-related degradation mechanisms induced color shift,
which will be discussed in a latter section. On the other hand, a rapid color shift was
observed for those samples aged in WHTOL 95 °C/95%RH after 250 hours. The color
shift went up to 0.005 after 1000 hours, indicating that the LED packages were much
more sensitive in environment with high humidity and high temperatures than in envi-

ronment without moisture.
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Figure 5.17: Color shift of LED packages in different stress conditions
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Figure 5.18: Normalized spectral power degradation of LED packages in WHTOL 95 °C/95%RH and HTOL
105°C

The color shift was further analyzed in terms of light spectral power degradation.
Only samples aged in HTOL 105 °C and WHTOL 95 °C/95%RH were analyzed due to
similar color shift kinetics in other stress conditions. As shown in Fig. 5.18(a), for LED
packages aged in HTOL 105 °C, the normalized spectral power of blue lights increased at
the beginning, and then gradually decreased after 500 hours. The increase a of spectral
power was probably due to transmittance improvements of the silicone plate as silicone
was cured continuously until the crosslinking was completed during ageing test. The
spectral power of both blue lights and down-converted lights degraded proportionally
after 1500 hours (that is, the same percentage of degradation for the blue lights and red
lights), indicating that the chip-related deterioration was dominating in HTOL 105 °C.
On the other hand, for LED packages aged in WHTOL 95 °C/95%RH, as presented in Fig.
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5.18(b), the spectral power of blue and red lights showed different degradation kinet-
ics. The spectral power of blue lights decreased rapidly after 400 hours. The amount of
spectral power degradation had exceeded that of red lights after 600 hours, indicating
the blue lights were absorbed significantly during the ageing test, probably due to a de-
crease of reflectivity of the package encapsulant. The rapid degradation of blue lights
explained the sharp increase of color shiftin WHTOL 95 °C/95%RH.

ELECTRICAL CHARACTERISTICS

Fig. 5.19 shows the I — V curve of the non-stressed and stressed LED packages. A right-
shift of the curves was observed for LED packages aged in HTOL 105 °C and WHTOL 95
°C/95%RH.
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Figure 5.19: I -V Curve of LED packages in HTOL 105 °C and WTHOL 95 °C/95%RH

The reverse current measured at -10 V, and forward voltage measured at 10 pA were

also collected and presented in Table 5.7.

Table 5.7: Electrical parameters of I — V characteristics

. I,@10V V@10 uA
Stress Condition
(A) (V)
Non stressed 2.0x10708 4.8
WHTOL 95 °C/95%RH 4.0x10798 4.8
HTOL 105 °C 6.0x10798 4.79

It was found that the reverse current Ig, and forward voltage at small driving cur-

rent, was very similar to that of the non-stressed LED packages. All these parameters
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demonstrated that no obvious deterioration of the active layer. However, significant
changes of the forward voltage were observed in the stressed LED packages, especially
for samples aged in WHTOL 95 °C/95%RH, even though the ageing duration was much
shorter than that in HTOL 105 °C. Similar phenomenon was also reported in recently
published papers [52, 53]. It was reported that an increase of the forward voltage (in
terms of increase of series resistance) attributed to the first 5% lumen degradation in
temperature-humidity conditions even though no deterioration in the p-n junction is
observed [52].
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Figure 5.20: I — V curve measured at different positions

The increase of the forward voltage was mainly attributed to the deterioration of the
Ohmic contacts. This has been confirmed by measuring the I-V curves at different posi-
tions. More specifically, the degraded sample’s /- V curves in WHTOL 95 °C/95%RH and
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HTOL 105 °C were measured at the two ends of the solder joints of the package and the
gold pads of the blue chips, respectively. As presented in Fig. 5.20, similar trend of the
I-V curves measured at different positions eliminates the possibility of deterioration of
the solder joints and wire bonding on the lead frames, thus verifying the deterioration
of the Ohmic contacts indirectly. An explanation for deterioration of the Ohmic con-
tact was the thermally activated metal-metal and metal-semiconductor inter-diffusion
[43, 44]. A reduction of the active acceptor concentration, due to the interaction be-
tween hydrogen and magnesium, can worsen the properties of the anode contact, and
vary the resistivity and injection properties of the p-layer, thus leading to the measured
I-V modifications [45]. However, the reason is not yet clear for the phenomenon that

the forward voltage increased more rapidly in WHTOL than in HTOL.

FAILURE ANALYSIS

At first, several degraded LED packages were inspected by optical microscope. In or-
der to clearly emphasize discoloration, a non-stressed sample was used for compari-
son. Significant yellowing of the EMC encapsulant was found for LED packages aged in
WHTOL 95 °C/95%RH. For those samples aged in HTOL 105 °C, only very slight yellow-
ing of the EMC encapsulant was observed, even though a much longer ageing duration
than samples aged in WHTOL 95 °C/95%RH, as presented in Fig. 5.21. In contrast to
LED packages in HTOL 105 °C, it was obvious that moisture significantly affected the
stability of the package encapsulant in WHTOL 95 °C/95%RH. Furthermore, small and
dense cavities were observed in the inner surface of the package encapsulant, probably
due to the dissolution of EMC under combined humidity, temperature, and blue light
exposure.

Serious delamination was also observed at the interface of EMC encapsulant and
lead frames. Actually, delamination had been frequently reported and considered as
the main failure mode by researchers [18, 21, 52, 54, 55]. Due to delamination, foreign
materials ingress was found at the interface, as seen in Fig. 5.22. However, no foreign
material ingress was observed at the interface of silicone and lead frames, indicating
excellent adhesion of the silicone. For LED packages aged in HTOL 105 °C, neither de-
lamination, nor foreign material ingress was observed.

On the other hand, the surface of the lead frame was also inspected by optical mi-
croscope. No significant blackening was found on the silver-coating, as seen in Fig. 5.23.
It was further confirmed by X-ray photoelectron spectroscopy (XPS) that the element S
could not be found and the amount of Cl was negligible for the stressed samples in WH-
TOL 95 °C/95%RH, thus eliminating the contamination of the silver surface as the root

cause, as indicated in Table 5.8.
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Figure 5.21: Discoloration of the package encapsulant (EMC)

Figure 5.22: Small cavities was observed at the inner surface of LED encapsulant

Table 5.8: Lead frame XPS results for WHTOL 95 °C/95%RH

Position BE . Atomic Conc Mass Conc

Peak V) Atomic Mass %) %)
Cu2p™ 933.9 63.549 1.71 5.46
O1ls 531.2 15.999 20.51 16.5

Sn 3d 485.1 118.744 0.37 2.24
Ag3d 368.4 107.878 4.53 24.59
Cls 283.6 12.011 63.99 38.65
Cl2p 203.2 35.46 0 0
Si2s 152.7 28.086 8.89 12.55
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Figure 5.23: No obvious discoloration on the surface of silver-coating lead frame

5.3.3. DISCUSSION

OPTICAL DEGRADATION MECHANISMS — EFFECTS OF CHIP DETERIORATION

The chip deterioration had been widely reported since LED was invented in 1960s. The
degradation mechanisms of chip are very complex. Generation of crystal defects in the
multi-quantum wells (MQWSs) [56], dopant diffusion from p-GaN layer to active layer
[57], electro-migration inducing thermal runaway [58], as well as electrical contact met-
allurgical inter-diffusion [59], were the main mechanisms which result in optical degra-
dation during operation. Generally, the chip deterioration could be characterized in
terms of leakage current, parasitic resistance and ideality factor [5].

In order to understand the lumen degradation kinetics due to chip deterioration,
one single LED package was driven at a series of temperatures which started from 70 °C
to 100 °C to simulate the efficiency degradation of blue chip during ageing test. This is
because the efficiency of LED chip reduces as the junction temperature increases. The
spectral power of the blue and down-converted light was then normalized to the value
measured at room temperature. As a result, the spectral power of down-converted light
decreased proportionally as well as that of blue lights, as presented in Fig. 5.24. In other
words, chip deterioration results in the same degradation trend for blue and red lights.
The results demonstrated that the lumen degradation was mainly due to chip deteri-
oration in HTOL 105 °C, as proportional decrease of blue and red light was observed,
as shown indicated in Fig. 5.18. As no significant leakage current was detected, the
chip deterioration was only attributed to the p-contact deterioration, which induced
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the increase of the series resistance of the LED packages. The increase of series resis-
tance then resulted in the increase of the junction temperature when LEDs were driven
at constant currents. Finally, higher junction temperature rendered optical degradation
of the white-light LED packages due to the effect of “efficiency droop” of LED packages
[60]. An example of the “efficiency droop” characteristic was illustrated as in Fig. 5.25,

which shows linear optical degradation as junction temperature increased.
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Figure 5.24: Blue chip degradation kinetics
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Figure 5.25: “Efficiency droop” of LED packages due to increase of junction temperature

On the other hand, though many researchers reported that increase of leakage cur-

rents in LED packages may result in optical degradation during ageing test, the effects
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Figure 5.26: Lumen maintenance vs. reverse current

were limited only in lower driving current region. For mid-power LED packages driven
by high forward currents, only 1% of lumen decay (in ohter word, the lumen mainte-
nance is 99%) was found even though the leakage current had reached 1 mA, as shown in
Fig. 5.26, thus eliminating the effects of leakage current on the light output, as the mea-
sured reverse currents were much lower than 1 mA for LED packages aged in HTOL 105
°C and WHTOL 95 °C/95%RH. In Fig. 5.26, the leakage current was obtained by contin-
uously stimulating the LED packages with instantaneous discharge generated through

an electrostatic discharge generator.

OPTICAL DEGRADATION MECHANISMS — EFFECTS OF PACKAGE MATERIAL DEGRADATION
Package material degradation was the other degradation mode which not only influ-
ences the lumen maintenance, but also color shift. Silicone carbonization, package en-
capsulant yellowing, and blackening of silver-coating lead frames were considered as
the root causes of package-related degradation by researchers. In addition, phosphor
dissolution was also reported [23]. However, YAG(Ce3*) phosphors have been reported
to be very stable, thus eliminating any significant nonradioactive quenching processes
that existed in the aged samples [49]. Water resistance was also determined by mea-
suring the electrical conductivity. The phosphor powders showed no hydrolysis after
30 minutes. Furthermore, damp heat test showed little Au’v' after 1000 hours, demon-
strating the stability of the phosphors used in our LED packages.

In order to understand the optical degradation kinetics due to package materials
degradation, a series of optical simulation was performed to investigate spectral power

distribution output of the LED package. The materials include lead frames, package
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housing, silicone and phosphors. The degradation test of the phosphors was not per-
formed due to lack of experiment equipments. Except for the phosphors, the degrada-
tion data of the rest materials were obtained by performing ageing tests on the prepared
samples. For reference, effects of the chip degradation were also simulated by assuming
the emitting efficiency degrades from 100% to 85%. The simulation results have been
partly verified by a sulfur-corrosion test which stimulated the degradation of the lead
frames in the LED packages. A detailed description of the experiments and simulations
can be referred to Chapter 4. The results showed that degradation of package materials
mainly affected the spectral output of the down-converted light, while less impacted the
blue light, even though the blue light was more sensitive to the degradation of package
materials, as indicated in Fig. 5.27 to 5.31. The degradation of the silicone encapsulant,
however, triggered gradual degradation of the blue light spectral output, while rarely af-
fected the down-converted light spectral output after an initial degradation within 168
hours. The chip efficiency decrease induced the same degrading amount for the blue
light and down-converted light spectral outputs, which is in accordance with the ex-
periment result shown in previous section. The simulation results can be explained by
theory of transmission path of light rays in LED packages and the theory of the Bouger-
Lambert-Beer law. A detailed description of the model can be referred to Chapter 4.
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Figure 5.27: Chip degradation: Degradation of spectral power versus chip efficiency

As presented in Fig. 5.18(b), it was found that the blue lights degraded faster than
the down-converted lights in WHTOL 95 °C/95% RH, which was contributed to the sil-
icone encapsulant. Chip deterioration mechanism also induces decrease of the blue

light spectral output, but at the same time it induces the same degrading amount of the
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Figure 5.29: Silicone degradation: Normalized spectral power versus ageing time

down-converted light spectral output. If we consider the degradation effects of the lead
frames and package housing, a faster degradation of the down-converted light spectral
output than that of the blue light spectral output would be expected, which is in the op-
posite of the result observed in 5.18(b). In other words, both silicone encapsulant and
chip degradation contribute to the degradation of the blue light spectral output in WH-
TOL 95 °C/95% RH, and the degradation of the silicone encapsulant is the root cause of
the phenomenon that the blue lights degraded faster than the down-converted lights in
WHTOL 95 °C/95% RH. Due to phosphor self-heating effect, the degradation of silicone

encapsulant has been reported by some researchers. The temperature inside the sili-
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Figure 5.30: Package housing degradation: Normalized spectral power versus ageing time
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Figure 5.31: Lead frame degradation: Normalized spectral power versus ageing time

cone encapsulant varied from 195 °C to 316 °C [61-64], depending on the LED products.

However, the rapid degradation of the blue lights was mainly contributed to the large
color shift, while performed few effects on the lumen output. In a word, the lumen
output was mainly attributed to the degradation of down-converted lights, as well as to
chip deterioration in WHTOL, as shown in Fig. 5.32.
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Figure 5.32: Degradation kinetics of light output and spectral power density

5.4. OPTICAL DEGRADATION MECHANISMS UNDER HAST

5.4.1. MOTIVATION EXAMPLE

As reported in our previous study [30], a rapid lumen degradation was observed in LED
packages that were stressed by a constant current in HAST within 96 hours, even though
the ambient temperature was limited to 105 °C. Microscopy observation showed severe
carbonization in the bulk silicone, especially at the interface of the upper surface of blue
chip. Fig. 5.33 shows the cross-section of both the LED packages which were stressed
with and without driving current, respectively. It was found that silicone carbonization
appeared only when the current was applied. It was speculated that the silicone car-
bonization was due to either the self-heating of phosphors, or over-absorption of blue
lights, which may induce extremely high temperature in silicone volume. To fully un-

derstand the failure mechanisms, following studies have been conducted.

5.4.2. HIGH TEMPERATURE STORAGE

First, high temperature storage tests were performed in order to explore the thermal
characteristics of the silicone. Five pieces of silicone plate, with 30 mm in diameter and
1 mm in thickness, were prepared on quartz glasses. Before ageing, the transmissivity of
the silicone plates was measured for each sample. Then the silicone plates were placed
into a storage chamber and then aged successively according to a stressing sequence
until silicone carbonization was found. The stressing sequence is presented in Table
5.9: initially 336 hours at 190 °C, followed by 24 hours at 250 °C, and finally 24 hours at
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Figure 5.33: Cross-section of the LED packages after ageing test

300 °C, respectively.

Table 5.9: High temperature storage of the silicone plates

Temperature

°C) 190 250 300
Duration
(Hours) 336 24 24

It was found that the thermal characteristics of silicone plates were quite stable
when ageing at 190 °C. No discoloration was observed after 336 hours. Furthermore,
the normalized transmissivity remained as high as 98% of its initial value, as shown in
Fig. 5.34.

However, significant silicone yellowing has been found at the stress sequence of 250
°C, even though the test duration was much shorter than that in 190 °C. The yellowing
indicates molecular structure decomposition in silicone plates due to high storage tem-
perature. However, it is far less than carbonization. Fig. 5.35 shows the appearance of
the silicone plates at end of the stressing sequence of 190 °C and 300 °C, respectively. It
is obvious that the silicone plates aged with higher chamber temperature (300 °C) were
blacken rapidly, demonstrating that the silicone carbonization would be triggered only
if the temperature inside the silicone volume is higher than 300 °C.
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Figure 5.34: Silicone transmittance vs. ageing time in high temperature storage test

Figure 5.35: Appearance of silicone plates after storage ageing test

5.4.3. DISCUSSION OF THE ROOT CAUSE OF SILICONE CARBONIZATION

Some researchers reported that the carbonization of silicone plates was mainly due to
a combination of Joule heating and the elevated ambient temperatures [25], which was
often found in high-power white-light LED packages during high temperature bias test.
The most apparent evidence is the blackening of silicone, near the top surface of the
blue chip, or near the lead frame [44]. A significant Joule heating due to the high resis-
tances of the Ohmic contacts [65], the n-type and p-type cladding layers [41, 53], and the
degradation of heat conduction materials [66, 67] were reported during operation appli-
cations [68, 69]. Self-heating induces serious carbonization if the junction temperature
is higher than the critical temperature of silicone carbonization.
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Another potential carbonization mechanism is the phosphor self-heating [64, 70].
For white-light LEDs, down-converted phosphors are applied to down-convert the blue
light spectra to a longer wavelength, i.e., down-converted lights. Unfortunately, not all
absorbed blue lights are transferred to down-converted lights. Due to non-radiative
transfer and Stokes shift, part of the absorbed blue lights is released in terms of heat
[71]. The heat accumulation increases rapidly at higher operating ambient temperature
[15], because of the thermal quenching characteristic of phosphors [72, 73]. This results
from the enhancement of cascade multi-phonon relaxation, a temperature dependent
energy transfer or crossover process [74]. Based on this analysis, some researchers re-
ported a much higher temperature inside silicone than the junction temperature of blue
chip. The temperature inside the silicone volume varied from 195 °C to 316 °C [61-64],
depending on the LED products.

In addition to the effects of Joule heating and phosphor self-heating, shorter wave-
length irradiation damage is considered as another possible root cause of silicone car-
bonization. For a practical LED package under the blue light radiation, high tempera-
ture and a small amount of oxygen, epoxy resin will be gradually discolored. This is due
to the opening of C-O and C=0 bonds, and the dissociative C and O atoms occurring on
the die surface. Finally a large amount of carbon or carbon oxide could accumulate on
the interface between die and silicone, resulting in a black zone and darkening of the

die surface [75].

JOULE HEATING EFFECTS OF THE LED PACKAGES

A schematic diagram depicting the heat dissipation of the LED packages is shown in
Fig. 5.36. Due to low thermal conductivity and large length scale from lateral side,
heat dissipation to the ambient through the silicone encapsulant is neglected. Simi-
larly, heat dissipation through the silicone and epoxy material compound (EMC) can
also be neglected [66]. As a result, a 1-D schematic of the thermal resistance network
from junction to heat sink is shown in Fig. 5.37. Deterioration of any component in the
1-D model can increase thermal accumulation. First, the deterioration of the LED chips
were detected. For this purpose, I — V characteristics of the stressed LED packages were
measured by using a Keithley Digital Multimeter. The I — V curve of the stressed LED
package showed the similar characteristics as compared to the non-stressed sample,
demonstrating the excellent electrical performance of the stressed LED chip, as shown

in Fig. 5.38. Next, C-Mode Scanning Acoustic Microscopy (CSAM) was applied to the

in the die/silicone interface and lead frame/silicone. This delamination may lead to the

increase in the junction temperature of the LEDs. Hence, it is necessary to know the
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junction temperature of the degraded LEDs. Because all LED packages showed con-
sistent lumen degradation, only one degraded LED was measured. Fig. 5.40 shows the
differential structure function of thermal resistance measured by using T3ster. The ther-
mal resistance from the junction of the blue chips to MCPCB is about 17 °C/W.
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hi ° o ° ° oo lead frame
cnip — o ° ° og © o o
EMC —— ) © LIPS ° MCPCB
¥ S heat sink

pie -

Figure 5.36: Heat dissipation path of the LED packages
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Figure 5.37: Thermal resistance from junction to heat sink

On the other hand, the solder temperature of the aged LED package is monitored
during HAST test. An average value of 110 °C was recorded after monitoring for 2 hours.

Then the junction temperature of the blue chip can calculated as below:
Tj=Ts+Ry, P (5.7)

where T; is the junction temperature, T; is the solder temperature, Ry, is the thermal
resistance of aged samples, and is the electrical power. According to the thermal resis-
tance of the tested LED package, the junction temperature was obtained as T; = 127 °C.
The junction temperature is much lower than 300 °C, so it can be concluded that the

carbonization of silicone is not resulted from high junction temperature.
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SELF-HEATING EFFECTS OF THE PHOSPHORS

To investigate the effect of phosphor self-heating due to thermal quenching, high tem-
perature operation life test (HTOL) was performed. In this test, the solder temperature
of the LED packages was maintained at 105 °C with a variation of +2 °C. The solder
temperature in HTOL was similar to that of LED packaged aged in HAST. Then the LED
packages were stressed with a constant driving current of 220 mA for 6000 hours. The
images of silicone appearance before and after 6000 hours in HTOL 105 °C are shown
in Fig. 5.41. It is obvious that the self-heating effects of the phosphors cannot result in
silicone carbonization. The test also showed good thermal stability of the phosphors in

our LED packages.

Non-stressed sample 105 °C/220mA 6000 hours

Figure 5.41: Silicone appearance before and after 6000 hours in HTOL 105 °C

There has been a concern that hydrolysis may occur in phosphors due to their expo-
sure to high humidity environment. The hydrolysis lowers the quantum efficiency of the
phosphors, and finally accelerates the self-heating of the phosphors [71]. To study this
effect, we performed the following test. The phosphor powders were first dissolved in
de-ionized waters, and then the electrical conductivity of this solution was measured.
The test duration was about 30 minutes. The results are presented in Table 5.10. The
solution showed very stable electrical conductivity after 30 minutes, indicating there is
no hydrolysis in the phosphors.

Table 5.10: Solution conductivity for phosphors dissolved in water

Time 0 1 4 7 15 30
(minutes)
Electrical

conductivity 6.4 6.7 6.6 6.6 6.7 6.6

(uS)
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Table 5.11: Solution conductivity for phosphors dissolved in water

Time
(hours) 500 1000
Sample number Ax Ay Ax Ay
1 0.001 -0.002 0.001 -0.001
2 0.001 0 0.001 0
3 0.001 0 0.001 -0.001
4 0.001 0 0.001 -0.001
5 0.001 0 0.001 0

Furthermore, a long term WHTOL test was also performed to study the hydrolysis
stability of phosphors. The phosphor samples were placed into a climate chamber, in
which the ambient temperature is 85 °C and the relative humidity is 93% respectively.
The color shift was measured intermediately according to the CIE 1931 color space. The
results showed very little color shift appeared after 1000 hours, asindicated in Table 5.11.
These data were consistent with what were observed in the HAST test. In fact, for LED
packages aged without bias in HAST, a color shift of -0.001 in Ax , and 0 in Ay were ob-
served after 96 hours. In addition, only 3% lumen decay was found. Both package-level
and phosphor material experiments demonstrated that the phosphors did not degrade
significantly in high humidity environment.

The last concern is that the phosphor self-heating may increase significantly due
to blue light over-absorption. As the LED packages are placed in a high humidity en-
vironment, the blue lights emitted from the chip are trapped by water particles inside
the silicone volume, thus increase the absorption possibility by the phosphors. As a re-
sult, the self-heating of the phosphors may increase with the absorption possibility. It
is difficult to verify this hypothesis directly. However, a comparison experiment can be
performed to investigate this hypothesis. For this purpose, two groups of LEDs were pre-
pared. One group of LEDs was packaged by silicone dispensed with phosphors and the
other group of LEDs was packaged by silicone without phosphors. Both groups of LEDs
were stressed with a constant current in the HAST chamber. The results show that the
self-heating of the phosphors is not the major mechanism of the silicone carbonization,
because the lumen degradation of the LED packages encapsulated without phosphors
is much worse than that with phosphors, as presented in Fig. 5.42 and Fig. 5.43.

The phenomenon can be explained as follows. For the LEDs packaged with phos-
phors, because most of the blue lights are absorbed by the phosphors, the blue lights are
down-converted to a series of down-converted lights which have longer wavelengths.

These down-converted lights, however, are not easily absorbed by the bulk silicone, as
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Figure 5.42: Lumen degradation of LED packages with and without phosphors

Figure 5.43: Silicone carbonization was also observed in LED packages without phosphors

indicated in Fig. 5.44. As aresult, the silicone carbonization is expected to be less severe
than that in the LEDs packaged without phosphors.

On the contrary, for the LEDs packaged without phosphors, the blue lights emit-
ting from the blue chips, are either directly absorbed or scattered when propagating
through the package. The scattering of the blue lights, increases the absorption proba-
bility. Higher blue light intensity and higher absorption probability of the blue lights, in-
duces more severe silicone carbonization during the ageing test, thus resulting in lower
lumen maintenance of the LED packages. A detailed description of the degradation

mechanism will be provided in following sections.
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Figure 5.44: Silicone transmissivity versus lights wavelengths

BLUE LIGHT OVER-ABSORPTION BY SILICONE

Finally the root cause is limited to the over-absorption of blue lights by silicone bulk.
This degradation mechanism can be explained as follows. Due to the permeability of sil-
icone, water vapor ingress occurs when LED packages are exposed to high temperature-
humidity environment. When the water vapors reach to the saturated concentration,
they are condensed at the pore walls of the silicone bulk due to the adsorption effects.
As a result, blue lights emitting from the LED dies are scattered and randomly propa-
gate through the silicone bulk. The scattering may happen many times, until the blue
lights are absorbed by the silicone bulk. The absorption of the blue lights, increases the

temperature inside the silicone volume, finally leads to the carbonization.

It has been found that the light scattering and absorption behavior is very compli-
cated in the phosphor-converted LED packages. Based on the revised Kubelka-Munk
and Mie-Lorenz theories, Hu et al. [76] found that the output intensity of both the blue
light and down-converted light was significantly affected by the size of the particles mix-
ing in the silicone bulk. This is mainly due to the interaction mechanisms of light scat-
tering and absorption when lights propagate through the silicone encapsulant [77]. On
the other hand, a light scattering model was developed to qualitatively describe this
phenomenon by Tan ef al. [22]. In this model, the entrapped moisture in the silicone
volume is modeled as embedded particles which will scatter the emission light from
the LED die. The attenuated irradiance by the slab of water particles was obtained as
follows:

I; = Ipexp(—p0scart) (5.8)
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where Ij is the irradiance of the non-polarized incident light, p is the number of parti-
cles per unit volume, ¢ is the thickness of the water slab entrapped in the silicone vol-
ume, and 0 s4; is the cross section of light scattering. The cross section of light scatter-

ing can be expressed as [78]:

8m ( Nmed )4 6( (Nwar! Nmea)® —1 2 (5.9)

o =—|2n
seat Ao (nwut/nmed)z +2

where A is the vacuum wavelength of the emitting lights, n,,.4 is the refractive index
of the silicone, n,,4; is the refractive index of the water particles, and r is the particle

radius.
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Figure 5.45: Absorption of emitting lights by silicone volume

Tan et al. [22] found that the lumen output decreased immediately as the size of the
water particles inside the silicone bulk increased. According to [22, 79], the saturated
concentration of water particles in polymer materials is only dependent on the relative
humidity, while independent of temperature. Hence, the volume fraction of water in
silicone is about 0.0753% in saturated water vapors. According to the attenuated irradi-
ance model, the blue light absorption ratio with the pore size of the water particles can
be calculated using Eq. (5.8) and (5.9). Fig. 5.45 shows the calculated absorption ratio of
emitting lights by silicone volume with the particle size. It indicates that the absorption
of the blue lights has been found as high as 40.7%, when the size of the water particles
increases to 75 nm. This is reasonable because the pore size of the silicone volume is

large enough to accommodate such water particles, as indicated in Fig. 5.46. The pore
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Figure 5.46: Measured pore sizes in the silicone volume

size measurement was performed by using a scanning electron microscope (SEM), from

the silicone bulk of one aged LED package.

SIMULATION & VALIDATION

A finite element model is created to simulate the temperature distribution of the LED
packages due to blue lights absorption by silicone bulks. For simplicity, the simulation
model includes only one LED package, which is mounted onto a metal-core printed
circuit board (MCPCB). The simulation model is shown in Fig. 5.47. The detailed di-
mensions of all components and the thermal conductivity of the materials are listed in
Table 5.12.

In this model, the electrical power of the LED package is 1 W, and the radiation ef-
ficiency is set as 50% according to the optical measurement data. Two heat sources are
created. One is the blue chip, and the other one is the silicone bulk. Only the silicone
bulks above the blue chip are considered as heat source, which is in accordance with
the area of carbonization observed on the degraded LED packages. The internal heat
generation of the chip is calculated as 133 W/mm?3, which corresponds to 0.5 W of the
total heat dissipation. The internal heat generation of bulk silicone is 1.1 W/mm3 when
the absorption ratio is 40%. This means that there is about additional 0.2 W heat gen-
erated in silicone. In our thermal model, natural convection heat transfer is assumed.

The ambient temperature is set as 105 °C, which is in line with the ambient temperature
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Figure 5.47: Thermal transferring simulation model

Table 5.12: Component dimension and material thermal conductivity

Dimension Thermal

Component Material Conductivity
(mmxmmxmm)
(W/m-K)

Encapsulant Silicon $2.6x0.32 0.2
Housing EMC 3.0x3.0x0.52 0.36
Chip active layer GaN 0.76x0.66x0.01 140
Chip substrate Sapphire 0.76x0.66x0.13 46
Die attach Silicone 0.76x0.66x0.002 0.2
Lead frames Copper 2.2%x2.6x0.2 400
Solder SAC305 2.2x2.6x0.05 63.2
Solder pad Copper 2.2x2.6x0.07 400
Insulation Insulation 30x30x0.08 1.5
MCPCB Aluminum 30x30x1.0 237.5
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of the HAST chamber.

Figure 5.48: Temperature distribution inside the silicone volume

Fig. 5.48 shows the temperature distribution of the silicone volume. It is found that
the maximum temperature of the silicone volume is around 125 °C when no blue lights
are absorbed, which is in line with the junction temperature measured by T3ster, indi-
cating the validity of our simulation model. However, the maximum temperature in-
creases rapidly with the absorption ratio of the blue lights. In the worst case the tem-
perature is up to 300 °C with the absorption ratio of 80%. It is worth noticing that the in-
ternal heat generation in silicone bulk is assumed uniformly distributed. However, the
uniform distribution assumption can underestimate the maximum temperature. For
silicone materials that are close to the upper surface of the blue chips, the heat gener-
ation can be much higher. As a result, the carbonization may occur first in these areas
and then spread to other areas. For instance, when internal heat generation is 3 W/ mm?,
the maximum temperature will be 366.8 °C. Such high temperature will result in serious
carbonization of the silicone. On the other hand, the simulation model did not account
for the effect of delamination. The internal temperature of the silicone is expected to be
higher than the simulation result if this effect is included.
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5.5. SUMMARY

The optical degradation mechanisms of mid-power white-light LED packages were com-
prehensively investigated by using HTOL, WHTOL and HAST. It was found that the LM-
80-08 test methods triggered different degradation mechanisms, implying that lifetime
prediction based on this standard may be misused. In the other hand, the degradation
mechanism was found as silicone carbonization in the HAST test, which was consid-
ered to be a results of over-stressing on the LED packages. This mechanism was rarely
observed in the usage applications. Compared to the former test method, the WHOTL
was consider as an efficient accelerated life test method for the mid-power LED pack-
ages, as it triggered both the chip and package-related degradation mechanisms, which
are frequently observed in the usage applications. In addition, it enables much larger
optical degradation while uses only one third of the testing time in LM-80-08. A detailed

summary is presented as follows:

In Section 5.2, the degradation mechanisms are different at different stress condi-
tions for LED packages aged by the LM-80-08 test method. A series of data analysis
and failure analysis revealed that the optical degradation was triggered by degradation
of both the chips and lead frames due to humidity effect for LED packages aged at 55
°C. However, for LED packages aged at 105 °C, the degradation mechanism was mainly
related to chip deterioration due to the deterioration of the Ohmic contact. As the degra-
dation mechanisms are different in the LM-80-08 tests, the corresponding lifetime pre-

diction method in the TM-21-11 standard may have been misused.

In Section 5.3, we found that the yellowing of the LED package housing was mainly
triggered by the moisture rather than the temperature for mid-power LED packages
aged by WHTOL; and WHTOL is an higher accelerated test method instead of the LM-
80-08 method for the lifetime prediction of the mid-power LEDs. The optical degrada-
tion of the mid-power LED packages was found being contributed to both the serious
yellowing of the package housing and deterioration of the chips. By comparing to yel-
lowing of the LED packages aged by both HTOL and WHTOL, we concluded that the
degradation mechanisms of yellowing are triggered by moisture rather than tempera-
ture, as the yellowing of the packages aged by HTOL was negligible. The deterioration
of the chip, was contributed to the temperature and humidity effect, both of which in-
duced the Ohmic contact degradation. The WHTOL triggered both chip-related and
package-related degradation mechanisms, which is in accordance with what was found
in the applications. In addition, statistics analysis found that the failure distributions
are similar to each other for the LED packages aged by different WHTOL stress condi-
tions. Compared to the LM-80-08 method, the WHTOL used one third of the testing
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time, while triggered much larger optical degradation. In a word, WHTOL is a much
more efficient test method instead of the LM-80-08 method for the lifetime prediction
of the mid-power LEDs.

In Section 5.4, blue light over-absorption was found to be the degradation mech-
anisms of silicone carbonization for LED packages aged by HAST test, which can be
explained by the scattering effect of the water particles. Due to the permeability of sili-
cone, water vapor ingress occurs when LED packages are exposed to high temperature-
humidity environment. When the water vapors reach to the saturated concentration,
they are condensed at the pore walls of the silicone bulk due to the adsorption effects.
As a result, blue lights emitting from the LED dies are scattered and randomly propa-
gate through the silicone bulk. The scattering may happen many times, until the blue
lights are absorbed by the silicone bulk. Simulation showed that the temperature of
the silicone can be up to 300 °C due to the absorption of the blue lights, which leads to
the silicone carbonization. Analysis also showed that the blue light over-absorption is

strongly dependent on the water particle size.
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DEGRADATION MODELING OF
MID-POWER WHITE-LIGHT LEDS

In this chapter, a modified Wiener process has been employed for the modeling of the
degradation of LED devices. By using this method, dynamic and random variations, as
well as the non-linear degradation behavior of LED devices, can be easily accounted for:
The parameter estimation accuracy has been improved by including more information
into the likelihood function while neglecting the dependency between the random vari-
ables. Degradation model has been established for LED packages which are aged under
constant stress accelerated degradation test (CSADT). As a consequence, the mean time to
failure (MTTF) has been obtained and shows comparable result with IES TM-21-11 pre-
dictions, indicating the feasibility of the proposed method. The cumulative failure dis-
tribution was also presented corresponding to different combinations of lumen mainte-
nance and color shift. The results demonstrate that a joint failure distribution of LED de-
vices could be modeled by simply considering their lumen maintenance and color shift as
two independent variables. Finally, we also made efforts to extend the modeling method
to the range of step stress accelerated degradation test (SSADT).

Parts of this chapter have been published in Optics express 23, A966 (2015) [1], in Reliability Engineering &
System Safety 154, 152 (2015) [2].
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6.1. INTRODUCTION

rapid growth of the LED-based lighting applications has revolutionized the lighting
Amarket from backlight, flash, and automotive lamps, to general lighting including
indoor and outdoor illuminations. Due to the fast evolution of the LED technologies,
LED packages were frequently claimed a lifetime as high as 36,000 hours [3-5]. Nowa-
days, it is normal for the LED products with a lifetime more than 100,000 hours in the
outdoor applications and 70,000 hours in the indoor applications. As highly reliable
products, LED devices may not suffer from mortal deterioration even if accelerated life
tests were applied. This implies that catastrophic failures of LED devices seldom oc-
curred in the usage period. Therefore, the reliability test has become an annoying diffi-
culty by using the traditional time-to-failure accelerated life test (ALT) and correspond-
ing statistics method.

Though failures were seldom observed during life tests, previous studies revealed
that LED devices could suffer from gradual performance degradation, such as lumen
decay, and color shift [6-8]. The gradual degradation mechanisms could be attributed
to deterioration of the Ohmic contacts and semiconductor chips [9], silver-coating lead
frame damage, encapsulant yellowing [10, 11], silicone carbonization [12, 13], as well
as phosphor thermal quenching [14]. Multiple failure modes and failure mechanisms
render the difficulties of describing the LED degradation by using a physic model. As a
consequence, the way in which a full set of the degradation data is used becomes im-
portant for accurate lifetime prediction of LED devices.

In fact, using degradation data for lifetime prediction was studied by statisticians a
few decades ago. As one of the pioneers, Nelson discussed a special situation in which
the degradation measurement was destructive [15]. After that, Lu and Meeker [16] de-
veloped a statistical method which was so-called “general degradation path model”, in
which degradation measures were used to estimate the time-to-failure distribution for a
broad class of degradation models. As one special case of the general degradation path
model, the IES standard TM-21-11 [17] proposed a detailed methodology to use lumen
degradation data for the lifetime prediction of LED devices. According to the standard,
an LED light source would be considered as failure as long as the lumen output drops to
70% of its initial value. However, the color shift, as another essential performance char-
acteristic of the optical degradation of LED devices, was not included in the standard.

The drawback of the IES standard TM-21-11 is that, it uses regression-based meth-
ods to analyze the average lumen degradation data, thus cannot capture the dynamic
and random characteristic of the optical degradation process [18]. The random nature

of the degradation process reflects a close connection between the LED device’s perfor-
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mances and its lifetime. So taking the random effects into consideration allows engi-
neers to better understand the optical degradation distribution and perform more ac-
curate lifetime prediction. Motivated by these advantages, a few researchers proposed
to use the Wiener process to deal with the LED device’s optical degradation [19-21]. The
proposed Wiener process model could be easily used to describe the dynamic and ran-
dom characteristics of the degradation process. The drawback of these stochastic mod-
els is that, they are only available for linear degradation behaviors, thus limiting the
applications in a more broad class of degradation processes. Over the past years, re-
searchers were making efforts to develop more flexible models for directly describing
the nonlinear degradation through a stochastic process [22-26]. More recent works can
be referred to the publications of Si et al. [27, 28], Wang et al. [29], Wang et al. [30, 31],
Wang et al. [32], and Huang ez al. [33]. In these papers, researchers have modeled non-
linear degradation by using time-scaling techniques [30-32], nonlinear drift coefficient
[22-27], or an adaptive parameter which can be updated dynamically [28-30]. While
these models have only been developed for the degradation process in CSADT, there are
few studies for the SSADT modeling, which use stochastic models to describe nonlinear

degradation processes [21, 34].

In fact, compared to CSADT, SSADT enables comparable lifetime prediction accu-
racy while using smaller sample size and less test resources [35, 36]. Therefore, the
SSADT has been widely applied in reliability tests for LEDs [37, 38], transistors [39], and
missile tanks [40]. Based on Nelson’s equivalent accumulative damage theory, Tseng
[35] and Yao [41], respectively, presented a segmented nonlinear accelerated degrada-
tion model (SNADM), which tackles the problem that the degradation rate of the prod-
ucts varies with time during SSADT. However, these models are regression-based and,
thus, cannot capture the dynamics or random variations of the degradation process. In
order to solve this problem, Kjell et al. [42], Liao et al. [34], and Tsai et al. [43] pro-
posed a stochastic-based SSADT model using Brownian motion and Gamma process.
The stationary and independent incremental property of the stochastic processes ren-
ders simplicity of the modeling of SSADT.

In this chapter, we first discuss the degradation modeling of mid-power white-light
LEDs (MP LEDs), which are stressed under CSADT. Firstly, the modified Wiener process
with a time-dependent drift parameter was presented and an improved likelihood func-
tion was proposed. Secondly, the Frank copula function was employed to characterize
both the lumen maintenance and color shift. The joint distribution of lumen mainte-
nance and color shift was obtained through this function. Finally, the LEDs’ cumulative

failure distribution at a specified usage condition was predicted by performing acceler-
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ated degradation tests (ADT).

After obtaining the degradation model for LED packages aged under CSADT, we also
made efforts to extend the modified Wiener process to the range of SSADT. At the first
step, a SSADT model was established by using the modified Brownian motion theory.
Secondly, a likelihood function was presented for the parameter estimation. At the end,
a set of experiments, including CSADT and SSADT, were conducted on one type of mid-
power white-light LED packages. After the experiments, parameter estimation was per-
formed on data obtained from both SSADT and CSADT in order to verify that.

6.2. DEGRADATION MODELING FOR CSADT TEST

6.2.1. THEORY OF WIENER PROCESS

The modified Wiener process {X(?), t = 0} was defined as following expression [30, 44]:

r
Ml:X(t):X(0)+f n(t;0)dt+opB(t) (6.1)
0

where 7(1) is the drift rate, o g is the diffusion coefficient, and B(%) is the standard Brow-
nian motion. Generally, the Wiener process is characterized by three basic properties as
below:

(P1) The increment AX(#) = X(t + At) — X(¢) is independent of X(#), which means
thatif0 < s) < 1) < sp < B, then X(#;) — X(s1) and X(£2) — X (s2) are independent random
variables, and the similar condition holds for n increments.

(P2) AX(1) ~ N(J ' n(;0)dt,0%t). Where N(f*'n(t;0)dt,0% 1) denotes the nor-

mal distribution with expected value | SSH

(P3) According to (P2), if s =0, X(¢) ~ N(fotn(t;H)dt, (7% 1).

n(r;0)dr, and variance 0'% t.

For this model, Si ef al. [27] obtained the closed form of the analytical approxima-
tion to the distribution of the first hitting time of a threshold level Cy by a time-space
transformation. Under a mild assumption, the authors gave a probability distribution

function (PDF) as follows:

fr(n= (6.2)

1 (Sg 1 S%(t))
VZmi\ 1 +03n(t’9))eXp( 21

where Sp(1) = é (Co— fy n(1;0)d7). As a special case, if f; n(t;0)dt = nt, X() becomes
the Wiener process with a constant drift, which is denoted as My, i.e.,

My : X(t)=X(0)+nt+opB(f) (6.3)
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In this case, the first hitting time to a critical threshold Cy, follows an inverse Gaus-
sian distribution IG(¢|u, A) with a PDF given by [45]:

A _L(t—u)z}
fr= o exp{ 2 1 (6.4)

where >0, u=Co/n>0,A=C2/0%.

6.2.2. MODELING FOR CSADT TEST

The parameter estimation of both the models My and M; was performed according to
the aforementioned properties of the Wiener process. Assume that X;;; was the jth
degradation readout of the i’ unit of the samples under the k" stress level. For any

0<tj<tj1,j=1,...,m—1, we have independent but not identical random variables:
Lj1 2
AXjjk=Xigj+nk— Xije ~ N f (60 dt, o5t — ) (6.5)
L
k=1,....,mj=1,...m—-Li=1,..., 1.

According to Eq. (6.5), the likelihood function was given by Liao et al. [20]:

n Il mp-1 1
o= 111111
, 2
((xi(jﬂ)k—xijk)_ft?ﬂnk(t;e)dt)

20% (tjs1 - 1))

(6.6)

-exp | -

The likelihood function in Eq. (6.6) considers only the independent increment prop-
erties of the Wiener process. This method does not make full use of the information,
thus resulting in inaccurate estimation. In order to obtain sufficient estimation accu-
racy, we proposed an estimation method which combines both the property (P2) and
(P3) into the likelihood function. By using this method, our likelihood function indi-
cated a much faster convergence and higher estimation accuracy compared to Eq. (6.6).

First, forany 0 < £ <... <ty <...< by, p=2,...,mp = 1,4 = 3,...,my; p < q,we have
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dependent random variables:

lek(tp (f ni(t;0)dt, O'Bl'p)

(6.7)
Xigr (tq) ~ (f nk(t;0)dt, ath)

For simplicity, we assumed the dependency between ¢, and ; was negligible. With
this assumption, the likelihood function was presented as

n I mp-1 1

L®) = H [1 H

=1i=1 p=1 \/Zna%tpu(tpu—tp)

2
((xi(pﬂ)k) - fotp+1 Nk (t; G)dt)

. eX —
P 205 (tp+1) (6.8)

. 2
((xi(p+1)k — Xipk) = ft;” "N G)dr)

205 (tp+1—1p)

.exp -

We would not try to provide a mathematical proof on the feasibility of this likelihood
function, but only give a comparison of the results estimated by Eq. (6.6) and Eq. (6.8),

which will be presented in section 6.2.5.

6.2.3. MODELING OF BIVARIATE DEGRADATION PROCESS
According to Sklar’s theorem [46], if H(x1, x2) is a joint distribution with margins G; (x;)

and Gz (x»), then there exists a copula C, such that for all (x;, x2)in the defined range,
H(x1,x2) = C(G1(x1),G(x2)). (6.9)

To solve Eq. (6.9), the most widely used copula is the Frank copula, which is a sym-

metric copula (for bivariate data) given by

Cq(u,v) = éln{l + [exp(~au) ~ 1] [exp(~av) - 1] }

exp(—a)—1

with the corresponding density as

coltt, V) = all —exp(—a)]-exp[—a(u+v)] (6.10)

{1-exp(-a) - [1-exp(-aw)]-[1- exp(—av)]}2

Assume that there exist two performance characteristics (PCs) governed by the Wiener
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process at each stress level and, X; ji and Y; j were the j th degradation readouts of the
two PCs (lumen degradation and color shift in this paper) of the i*" unit of the samples

under the k" stress level, then according to expression Eq. (6.5), we have

L1
AXijk = Xigj+nk = Xijk ~ N(f Ni(6:0)dt, 05 (tj41 - tj))
t‘,
! (6.11)

Ljv1
AYijk=Yi(j+1)k—Yijk~N(f nk(t;(?)dt,tf@(tjﬂ—tj))

Lj
Consider the joint distribution of AX; jx and AY; j as
H(AX;jk, AYjk)
ti ti
(Axijk_ftjﬁlnk(t;e)dt) (AJ/ijk_ t}.’“ﬁk(t;ﬁ)dt)
Ko

Oxy/tj+1—1j Oyy\/lji+1—1j

Similar to Eq. (6.8), the likelihood function is then given by:

(6.12)
=C|D

n lk mi—1
Lo =]11I 1
k=1i=1 j=1
Axijk—ftj.jHT]k(t;H)dt o AYijk_ft§j+l Br(1;60)dt
Ox /tj+1—tj ’ Oy\/lj+1—1j
Axijk—ft§j+l7’)k(t;9)dt Ayijk_./ltl;j+1 Bi(t;0)dt
ox\/Ti+1—1j Oy Lj+1 L

NEIS O ne0)de) (yige— Jy " Bl 0)dr
Oy\/Tj+1

c|®

(6.13)

Ox\/Tj+1
Let C; and C; be the threshold values of the two PCs, the reliability function under

the use stress S, is

R(t)zP{supX(slSu)sCI,sup Y(sISu)sCZ} (6.14)

s<t s<t

When ox and oy is small, Eq. (6.14) can be approximated by [47]:

R(t|S,) = P{X(t]S,) < C1, Y (£|Sy) < C}
= C(Rx(t1Sw), Ry (£1Sy)

(6.15)

where Rx(tS,) = P{X(¢|S,) < C1} and Ry (¢|S,) = P{Y (¢|Sy,) = C1}.
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Finally, the culmulative distribution function (CDF) of the first hitting time of the
threshold levels C; and C; is obtained as

Fr(t]Sy) =1-R(t|Sy) (6.16)

6.2.4. EXPERIMENTS

The LED device used for the ageing tests was one kind of commercially available mid-
power white-light LED packages - MP-3030-EMC LED packages (with 2 blue chips con-
nected in series) with a correlated color temperature (CCT) of 2700 K. As indicated in
Fig. 6.1, the mid-power LED packages are composed of four components: blue die, lead-
frames, phosphor-dispensing silicone and package house. More specifically, 1 piece of

0.6 mm?

area blue die was mounted onto the lead-frame by die attach, and gold wires
were bonded to connect the blue die to lead-frames. After wire bonding, silicone mixed
with phosphors was dispersed into the package house to convert the blue lights (with
the emission wavelength in the range of 450 nm — 470 nm) to green and red lights. Fi-
nally, the specified CCT was achieved by carefully tuning the amount of blue, green and

red lights.

° o
©0 0,59 o o ©°
° o o © oo oo
. o ofo A
) o o o
°, o\°
)
_ O a

Figure 6.1: The structure of the aged LED packages

Atfirst, the LED packages were assembled onto a metal-core printed circuit (MCPCB)
with the dimension of 13 cmx13 cm. Then the MCPCB was attached on a heat sink by
using thermal glues and fastened by 5 screws. After that, the test samples were placed
into 3 climate chambers respectively depending on the test conditions. In details, the
stress conditions were listed as in Table 6.1.

The samples were taken out of the climate chambers for optical measurement at a
series of predefined time points and then back to the chamber for further ageing. After
finishing all ageing tests, all collected lumen data were normalized to a value of 100% at
0 hour for each individual sample tested, and the color shift was calculated according

to the CIE 1976 color space. These data were then used for lifetime estimation based on



6.2. DEGRADATION MODELING FOR CSADT TEST 159

Table 6.1: Stress conditions for LED packages

Temperature  Relative = Current Sample Size

Chmaber (°C) Humidity (mA) (pieces)
WHTOL 85 °C/90%RH 85 90% 160 20
WHTOL 95 °C/45%RH 95 45% 160 20
WHTOL 95 °C/95%RH 95 95% 160 20

the aforementioned Wiener process models.

6.2.5. RESULTS AND DISCUSSION
DATA ANALYSIS

The lumen maintenance and color shift were presented in Fig. 6.2 and Fig. 6.3. Appar-
ently it was found that the lumen maintenance decreases exponentially, and the color
shift increases linearly after a sharp jump. In this paper, we employed the exponential
degradation model to describe the lumen maintenance as it was widely used and veri-

fied by researchers [17, 48-50]. The model was written as follows:

D(t;Sg) = D-exp(—at) (6.17)

where ®(t;Sy) is the normalized optical outputs of LED devices aged by the k'”
stress condition at time t, @y is the projected initial constant, and ay is the decay rate

constant which is related to ageing stress levels.

Though many results were reported on the modeling of color shift, there is no spe-
cific physic model for color shift of LED devices [51-53]. From the viewpoint of statistics,
Fan et al. [54] proposed a nonlinear dual-exponential model to describe the chromatic-
ity state shift process. The dual-exponential model, however, was too complex to extrap-
olate the relationship between degradation data and stress level. On the other hand, Koh
et al. [55] demonstrated that a linear model could be feasible for the color shift of LED
devices by analyzing both the experiment and simulation data. As shown in Fig. 6.3,
the color shift expressed by Au'v’, is nonlinear if we include the color shift calculated
from the first readout, because there is a sharp jump at this point. This phenomenon is
probably due to early degradation during ageing tests. The early degradation been ex-
tensively observed in mid-power LED packages. However, the rest readouts show very
good linear trend. From this point of view, it is reasonable to describe color shift as lin-

ear degradation. Therefore, by excluding the early degradation from the measured color
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Figure 6.2: Lumen maintenance of the stressed LEDs
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Figure 6.3: Color shift of the stressed LEDs
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shift, the model was presented as follows:
Au'V' (8 Ty) = A + Bt (6.18)

where Au'v/(t; Ty) is the color shift of LED devices aged at the k" stress condition
at time t, Ay is the projected initial, and By is the decay rate constant which is related to
ageing stress levels.

After determining the degradation models, the unknown parameters were estimated
by means of the modified Wiener process, as will be presented in coming paragraphs.

PARAMETER ESTIMATION
According to the analysis above, M; and M, was applied to describe the degradation
behavior of lumen degradation and color shift respectively.

Let Y(0) = @, and fotn(t;B)dt = @ exp(—at), then substituting them into Eq. (6.1),

the Wiener process of lumen degradation was expressed as:
O(t;Sy) = Orexp(—axt) +oyBy () (6.19)

Similar to the lumen maintenance, let x(0) = Ay, and fot n(t;0)dt = By t, then substi-
tuting them into Eq. (6.1), the Wiener process of color shift degradation was expressed
as:

AUV (;Ty) = A + Brt + 0 xBx (1) (6.20)

The parameter a and By are assumed to be dependent of the stress levels, such
as temperature and humidity. Here, the Hallberg-Peck’s model is used to describe the
effect of temperature and humidity combined on LED degradation as follows [56]:

_Eailumen 1 1 RH, \""-lumen
(== (7 %)) ()
—Eaiwlor 1 1 RH; n_color
=<7 ()

where RHj and T} are the relative humidity and temperature at testing condition re-

aj = apexp

(6.21)
Bk =By exp

spectively, and R Hy and Ty is the relative humidity and temperature at usage condition,
Ea jymen @0 Eq )0 N _jumen are the activation energies, and n_cojor are the humidity
factors, kj, is the Boltzmann constant. In this chapter, k = 1,2, 3, corresponding to WH-
TOL 85 °C/90%RH, WHTOL 95 °C/45%RH and WHTOL 95 °C/95%RH.

For simplicity, we assumed the diffusion coefficient ox and oy are independent

of the stress levels. Then the unknown parameters ®y, Ay, Eq ..., Eq 1000 T lumens
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1 _color» 0x and oy were estimated according to the likelihood function Eq. (6.8). The
parameters including the copula constant @ were also estimated according to the likeli-
hood function Eq. (6.13). Bayesian Markov chain Monte Carlo simulation (MCMC) was
performed because the model in such a situation is very complicated and analytically
intractable and becomes cumbersome. More details about the algorithm can be referred
to [57]. After 150,000 iterations, all parameters became convergent, as the Monte Carlo
error (MC error) for each parameter of interest is less than about 5% of the sample stan-
dard deviation (Std) [57]. Similar results were obtained from both methods, as could be
seen in Table 6.2 and Table 6.3.

Table 6.2: Parameter estimation results without copula

Parameter Mean Std MC error 2.5% Median 97.5%
[Of] 0.9898 0.001116 7.4E-06 0.9876 0.9898 0.9919
Dy 0.9959 0.001013 8.61E-06 0.9939 0.9959 0.9979
(OF 0.9957 0.00124 9.05E-06 0.9932 0.9957 0.9981
Eq lumen ~ 0.5469  0.04147  0.000443  0.4658 0.5469 0.6289
n lumen 1.107 0.06169  0.000814  0.9877 1.106 1.229
@ 2.15E-05 1.09E-06 1.57E-08 1.94E-05 2.15E-05 2.37E-05
oy 0.000345 9.16E-06 2.32E-08 0.000328 0.000345 0.000364
A1 0.000839 8.32E-05 5.38E-07 0.000676  0.000839 0.001002
As 0.000576  7.63E-05 7.87E-07 0.000426 0.000576  0.000726
Az 0.001055 9.31E-05 7.87E-07 0.000873 0.001055 0.001238
E, color 0.8235  0.08751  0.000987  0.6544 0.8226 0.9976
n_color 1.519 0.1448  0.002329 1.247 1.515 1.817
By 4.99E-07 5.93E-08 9.74E-10 3.9E-07 4.97E-07  6.22E-07
ox 2.63E-05 7.01E-07 1.77E-09 2.5E-05 2.63E-05 2.77E-05

Fig. 6.4 and Fig. 6.5 show the fitted models of LEDs stressed under WHTOL 85
°C/90%RH. For comparison, the scatter plot of the measured data, as well as the degra-
dation models fitted by both the likelihood function Eq. (6.6) and Eq. (6.8), were plotted
together. Obviously the model fitted by Eq. (6.6) seriously deviates from the measured
data while the one fitted by Eq. (6.8) matches the data very well. The results demon-
strate that significant improvements of the estimation accuracy have been obtained by
using the likelihood function in Eq. (6.8). The same results were also obtained in WH-
TOL 95 °C/45%RH and WHTOL 95 °C/95%RH. The results are not presented here due to
content limitation.

Fig. 6.6 shows the lifetime plots which are fitted by both the modified Wiener pro-
cess and the Wiener process (logarithm transformation was performed to linearize the
raw data prior to MCMC simulation) for LEDs stressed under WHTOL 85 °C/90%RH.

It is found that both models show very similar results, indicating the feasibility of the
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Figure 6.4: Fitted lumen degradation model by likelihood function Eq. (6.6) and Eq. (6.8)
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Figure 6.5: Fitted color shift model by likelihood function Eq. (6.6) and Eq. (6.8)
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Table 6.3: Parameter estimation results with copula

Parameter Mean Std MC error 2.50% Median 97.50%
[Of] 0.9898 0.001116 7.68E-06 0.9876 0.9898 0.9919
(02} 0.9959 0.001018 9.83E-06 0.9939 0.9959 0.9979
[OF} 0.9956 0.001246  9.79E-06 0.9932 0.9956 0.9981

Eg lumen 05467  0.04143  0.000461  0.4663 0.5465 0.6286

 lumen 1.105 0.06263  0.000921  0.9844 1.104 1.229
o 2.15E-05 1.10E-06 1.72E-08 1.94E-05 2.15E-05 2.37E-05
oy 0.000345 9.24E-06 2.53E-08 0.000327 0.000345 0.000364
Al 0.000844  8.33E-05 6.22E-07 0.000681 0.000844 0.001008
As 0.000579  7.68E-05 8.79E-07 0.000428 0.000579 0.00073
A3z 0.001052  9.25E-05 6.54E-07 0.00087 0.001052 0.001234

Eq color 0.8321  0.08831  0.000973  0.6635 0.8305 1.01

n_color 1.528 0.1465  0.002395  1.257 1.523 1.834
By 4,93E-07 5.94E-08 1.01E-09 3.82E-07 4.91E-07 6.15E-07
ox 2.63E-05 7.03E-07 1.85E-09 2.49E-05 2.62E-05 2.77E-05
a -0.1442 0.3203 0.000908 -0.7737 -0.1435 0.4806
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Figure 6.6: Lumen degradation models fitted by using both the modified Wiener process and the Wiener
process

modified Wiener process. It should be noticed that, although both the Wiener process
and the modified Wiener process show very closed results in describing the exponential

lumen degradation of the LED packages, the Wiener process needs dada linearization
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prior to parameter estimation, while the modified Wiener process does not need this
type of data transformation. This advantage extends the applications of the modified
Wiener process to the non-linear degradation behaviors for which the raw data cannot
be linearized by any type of data transformation.

LIFETIME PREDICTION AT USAGE CONDITION
The usage condition was assumed to be as RHy = 45%, and Ty = 85 °C. Referring to the
IES standard TM-21-11, the projected initial ®y and Ag in Eq. (6.19) and Eq. (6.20) were

calculated as
Dy =1/D1Dy, Ag = (A1 + A2)/2 (6.22)
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Figure 6.7: The cumulative failure function of LED devices by different methods

The rest unknown parameters in Eq. (6.19) and Eq. (6.20) could be found in Table
6.2 and Table 6.3. Given the critical thresholds of the lumen maintenance and color shift
as C; = 0.7, C, = 0.007 [17, 58], the lifetime of the LED devices was then predicted ac-
cording to Eq. (6.2) and Eq. (6.4). When only lumen maintenance was considered, the
mean time to failure (MTTF) was calculated as 16,569 hours, which was much closed to
that calculated by the IES standard TM-21-11, as the lifetime predicted was 17,031 hours
according to this standard. Fig. 6.7 shows lifetime predicted corresponding to different
combinations of both the lumen decay and color shift. Apparently the color shift first
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reaches the critical threshold C; before the lumen maintenance decreases to 70% of its
initial value. It is also interesting to note that the dependency of lumen maintenance
and color shift is not strong, because the cumulative failure functions with and without
copula a are almost the same, indicating that the reliability of LED devices can be mod-
eled by simply considering the lumen maintenance and color shift as two independent

variables.

6.3. DEGRADATION MODELING FOR SSADT TEST

6.3.1. MODELING FOR SSADT TEST
SSADT is a special type of ADT in which stress levels are increased during the test period

in a specified discrete sequence. A typical stress pattern is shown in Fig. 6.8.

(a) Single stress factor (b) Dual stress factors

Stress
Stress 2

Time Stress 1

Figure 6.8: Step stress pattern with different stress factors

In this paper, the SSADT has been performed based on following assumptions:

(A1) In all accelerated stress levels, the failure modes and failure mechanisms are the
same;

(A2) Testing data measured at each readout point in each stress level follow normal
distribution;

(A3) The remaining life of the samples only depend on the currently failed cumula-
tive fraction and current stress, and

(A4) The total degradation ADr(#) induced by any combination of stress levels is
equivalent to the degradation induced by a single stress level Si, so AD7(¢;) = OT’“ Ui (t;0)dT,
where i =1,2,...,k, and 7 is the equivalent test time under stress Sg.

When designing an SSADT plan, it is important to ensure that the degradation mech-
anisms are consistent in all stress sequences. In fact, this is one of the radical rules for
all accelerated tests, including CASDT and SSADT. In general, this is guaranteed empir-

ically, based on the products’ properties and their practical operating conditions. For
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instance, an LED package may be recommended to be operated with its junction tem-
perature is lower than 125 °C. On the other hand, a few techniques were also proposed
for the judgment of mechanism consistency in accelerated tests. They are - statistic
distribution analysis [59], activation energy calculation [60, 61], and independent pa-
rameters in degradation models [35, 36].

For assumption (A2), it can be easily verified after all test data are obtained. For as-
sumptions (A3) and (A4), it is actually based on Nelson’s equivalent accumulative dam-

age theory [62], which has widely been used in step stress accelerated tests.

Assume N units of samples are tested under a K-step stress accelerated test, and
each sample is measured M; times at the k™" stress level. Under each stress level, the
measurement point My is allowed to be different. Without loss of generality, we assume
that the stress series are Si, Sy, ..., Sk, tx+1 is the time point at which the stress changes
from the k" stress level to the (k+1)!" stress level. Thus, #; = 0 and tx4; is the end time
of the test.

For a K-step stress accelerated test, define AD(t; Si) as the lumen degradation of

LED package induced by stress Si after time ¢. Based on assumption (A4), we have

t
u1(:0)dt =AD(t - t1;S1), nh=0 (6.23)
n

Tr+(t—1tg)
f pi(5:0)di=AD(t -t S0, k=2,3,...,K. (6.24)
Tk

From Eq. (6.23) and Eq. (6.24), the total degradation AD7(¢) of an LED package after

a K-step stress accelerated test can be obtained as:

1 Ta+13— 1 Trti—tg
AD7(t) = ul(t;e)dt+f ,ug(t;e)dt+...+f wr(t;0)dt (6.25)
3] T2 Tk
More specifically, Eq. (6.25) is rewritten as:
Jims0)dr, 0=n<t<t

forzug(t;g)dt+ T2+(t_t2)u2(t;9)dt, h<t<t3

T2

. (6.26)
ok uk(t;G)dt+fTTk"+”_t") Ur(t0)dt,  tp<t<tpy

ADT(1) =«

ey

OTKﬂK(t;Q)dt+f:§+(t_tK) [JK(t;Q)dt, Ik <t<tg+1
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where

Tk 17 To+13—1p Tr—1t+tle— k-1
f ,uk(t;(?)dt:[ ,ul(t;H)dt+...+f ug(t;Q)dt+f Ur-1(;0)dt.
0 51 T

2 Tk-1

Then according to Eq. (6.1), the stochastic process of lumen degradation can be

written as:

fotﬂl(t;e)dt-f-()'lB(l’) 0=H<t<b

f()l'2+(t—tz)uz(t;e)dt+023(t) h=<t<t3
X)) =4 ... (6.27)
ST (50)dE+ 0 B() < £< tea

fOrK+(t—t1<) Uk (t;0)dt+ogB(t) tgx<t<tgsl

6.3.2. PARAMETER ESTIMATION

Assume that X; . is the j'" degradation readout of the i unit of the samples under
the k'" stress level. For any t; = 1 <o <Ipj<...<fgp1,j = 1,..., Mg — 1, we have
independent but not identical random variables:

tjt1
AXijk=Xi(j+1)k—Xijk~N(f ,Uk(t;e)dtya'?c(tj+1_tj)) (6.28)

L

k=1,...,mj=1,...mp—-Li=1,..., .
According to Eq. (6.28), the likelihood function was given by Liao et al. [20]:

n Iy mp-1 1

L =T111 [] ———
k=li=1 j=1 \[270% (tjs1— 1)

; 2 (6.29)
((xi(j+1)k—xijk)_ft§]+l Hk(t;e)dt)

20% (1711 1))

.exp —_

The likelihood function in Eq. (6.29) considers only the independent increment
properties of the Wiener process. This method does not make full use of the informa-
tion, thus resulting in inaccurate estimation. In order to obtain sufficient estimation
accuracy, we proposed an estimation method which combines both the property (P2)
and (P3) into the likelihood function. This method has been used for parameter esti-

mation for mid-power white-light LED packages which were aged by means of constant
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stress accelerated degradation test (CSADT) [63]. Similarly, the method can be also uti-
lized for parameter estimation in step stress accelerated degradation test (SSADT) with

a few modifications.

Firstly, for any f = tx1 < f3j <... < lg,g < gr1,J = 2,...,Mx — 1,9 = 2,..., M} and
j < g, we have dependent random variables:

Xijr () ~ (f L (t;0)dt, akt])
(6.30)

Xig (tq) ~ U up(t;0)dt, crkt,,)

For simplicity, we assume the interdependency between X; ;i (fx, ;) and X; gk (f,4) is

negligible. With this assumption, the likelihood function is presented as:

-1 1

T :[*

K ni M,
Lo=111 |
k=1i=1

D270 (Tt b ) (e — )

((xz(]+1)k) (TkHJH) k(t;@)d[)
exp| -
P 20% (Tk +1j41) (6.31)
((xi(j+1)k—xijk) ftk”l k(5 H)dt)
;eXp —
202 (tg,j+1 — tr,j)

The explicit form of uy(¢;6) is determined by the degradation models specified. For
LED devices, it is well known that the lumen degradation can be described as ®(¢) =
®ge ™ [48]. Then, the lumen degradation rate, namely the drift coefficient u(z;6),
can be obtained from the derivative of ®(¢). As a result, the time-dependent drift pa-

rameter of the Brownian motion is obtained as follows:
L (550) = =™ dge Pet” (6.32)

where m is considered to be independent of stress levels, according to the theory of
Tseng et al. [35]. This parameter is assumed to be 1 according to Ref. [64]. In this chap-
ter, the parameter will not be set as 1, but will be fitted based on the degradation data.
The parameter is dependent on the acceleration functions. The most widely used accel-
erated functions include Arrhenius model, Hallberg-Peck’s model, and inverse power
law model. These models can be employed for describing the effects of temperature,

humidity-temperature, and electrical stress, respectively.
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6.3.3. EXPERIMENTS

A 2-step SSADT experiment has been performed to illustrate the feasibility of the SSADT
model. The LED packages used for experiments are shown in Fig. 6.9. The LED pack-
age was composed of five components: copper-based lead frames, molding compound
package house, GaN-based LED chip, silicone/phosphor encapsulant, and gold wires
which are used as electrical connections. These LED packages were first mounted onto
metal-core printed circuit boards (MCPCBs). Each board contains 20 pieces of LED
packages. After initial optical measurement, the samples were stored into a high tem-
perature storage chamber for SSADT. At the first step, the ambient temperature was 130
°C. After ageing for 500 hours, the ambient temperature was switched to 140 °C and held
until the end of the experiment. For comparison, 2 groups of LED samples were also
separately placed into the high temperature storage chamber for CASDT. No electrical
bias was applied during the ageing test. The detailed test conditions are shown in Table
6.4. During the ageing tests, the LED samples were taken out at every 100 hours interval
for optical measurement.

Table 6.4: Stress conditions for SSADT and CSADT

Sample size Ambient temperature Ageing duration

Testtype Sample (units) °0) Bias (Hours)
SSADT Group 1 20 130 No bias 500
SSADT Group 1 20 140 No bias 500
CSADT Group 2 20 130 No bias 500
CSADT Group 3 20 140 No bias 500

It should be noticed that, in order to shorten the test duration, the ambient temper-
ature is not selected according to maximum junction temperature that the LED manu-
facturer recommends (recommended maximum junction temperature is less than 125
°C). This implies that the data obtained in our experiments is not feasible for lifetime ex-
trapolation for temperatures lower than 125 °C, because the degradation mechanisms
may be different from that obtained from LED packages aged at junction temperatures
less than 125 °C. However, our analysis showed that the degradation mechanism is sim-
ilar between 130 °C and 140 °C, based on the theory proposed by Tseng et al. [35, 36].
According to the theory, in the degradation model there exist some constants which
indicate consistent degradation mechanisms for LED samples aged at different stress
levels. In our model, the constant is parameter as mentioned in the previous paragraph.
As a consequence, the data in our experiments can be used for SSADT modeling, as will

be discussed in the following paragraph. Furthermore, the data can be also used for
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(a) LED package

Package housing Silicone  Blue chip Phosphors Lead frames

(b) LED structure

Figure 6.9: A type of white-light LED package and its structure
lifetime extrapolation if the operating temperature is between 130 °C and 140 °C.

6.3.4. RESULTS AND DISCUSSION

After finishing all the tests, the lumen outputs were normalized at 0 hour for each in-
dividual sample, as shown in Fig. 6.10(a) and Fig. 6.10(b). It has been found that the
lumen degradation could be approximated by the exponential model. For the data ob-
tained from SSADT, according to the analysis method provided in the IES standard [64],
the activation energy is calculated as 0.59 eV, which is higher than that reported in [61],
where the maximum junctions temperature is lower than 130 °C. However, when we

calculate the independent parameter according to model presented in [35, 36]:
(1) = Dye P (6.33)

It has been found that the values of the independent parameter is calculated as 0.808
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Figure 6.10: Normalized lumen output of LED packages aged by SSADT and CSADT

and 0.619 for both the SSADT data set collected from 0 hour to 500 hours, and data
set collected from 500 hours and 1000 hours. The difference is 0.189 between the two
independent parameters. According to Ref. [36], the degradation mechanisms can be

regarded as consistent during the SSADT test.

The degradation mechanisms were further confirmed by using failure analysis. As
can be seen in Fig. 6.11, I-V characteristics show no obvious difference between the
fresh samples and aged samples, indicating that the blue dies did not deteriorate dur-
ing the high temperature storage tests. However, yellowing of the package housing was
found on the aged samples, which are stressed under either CSADT or SSADT. Due to

longer ageing duration, the samples aged under SSADT show more significant yellow-
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ing than those aged under CSADT, as presented in Fig. 6.12. Due to lack of equipments,
we could not analyze the degradation of the silicone encapsulant lead frames, and phos-
phors. However, our previous research already showed very good performance for these
two materials [65]. As a result, it was concluded that the major degradation was the
yellowing of the package housing.

01
0.014
1E-34
1E-44
1E-54
1E-61
1E-74
1E-84
1E-94

—a— SSADT sample
—e— CSADT @ 130°C
—a— CSADT @ 140 °C
—w— Fresh sample

Current (A)

15 2.0 25 3.0 35 4.0
Voltage (V)

Figure 6.11: I — V characteristics of fresh and aged samples

Normality test was also performed for the degradation data obtained from SSADT
test. The analysis was completed by using the commercial statistical analysis code Minitab.
A p-value larger than 0.1 will indicate that a data set passes the normality test. As shown
in Table 6.5 and Table 6.6, most of the data sets follow normal distributions, indicating

that Brownian motion process can be used for the degradation modeling.

Table 6.5: Normality test for normalized lumen output at each readout

Readouts

0 100 200 300 400 500
(Hours)
P-value 1 0523 0.381 0.296 0.402 0.551
Readouts 500 600 700 800 900 1000
(Hours)
P-value 0.551 0.678 0.496 0.783 0.231 0.38

As a consequence, the lumen degradation model for the SSADT data can be written
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Figure 6.12: Yellowing of the package housing

asin Eq. (6.34):

Dygexp (—a;t™) +01B(1)

w=130°C
X()= )
1/m
@, exp [-500™ a1 — a2 (t —500)"] + 0, B Z}W -500+r—500| T,=140°C
2
(6.34)
On the other hand, the lumen degradation model for the CSADT data is written as in
Eq. (6.35):

Table 6.6: Normality test for normalized lumen degradation between two adjacent readouts

Readouts 0 0-100  100-200 200-300 300-400  400-500
(Hours)
P-value 1 0.523 0.402 0.888 0.461 0.532
Readouts

400-500 500-600 600-700 700-800 800-900  900-1000
(Hours)
P-value 0.532 0.38 0.113 0.01 0.005 0.839
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Ddppexp(—a1t™) +01B(t) T,=130°C

X(1) = (6.35)
Dypexp (—azt™) +0,B(t) T,=140°C

The unknown parameters in Eq. (6.34) and Eq. (6.35) include ®;q, @2, a1, a2, 071,

o2, m. Based on Eq. (6.34) and Eq. (6.35), the unknown parameters can be estimated

according to the likelihood function in Eq. (6.31). It is found that the likelihood func-

tion in Eq. (6.31) is very complicated and analytically intractable. Therefore, Bayesian

Markov chain Monte Carlo simulation (MCMC) was performed. More details about the

algorithm are referred to Ref. [66]. After 200,000 iterations, all parameters became con-

vergent. The results are shown in Table 6.7 and Table 6.8.

Table 6.7: Parameter estimation results of SSADT

Parameter mean Stm.ld%.lrd MC error 2.50% median 97.50%
deviation
a 9.81E-04 1.01E-04 3.84E-06 8.01E-04 9.77E-04 1.20E-03
a 1.60E-03 1.60E-04 6.12E-06  1.31E-03 1.59E-03  0.001937
m 0.7128 1.62E-02 6.35E-04 0.6804 0.7126 0.744
(o3t 1.001 0.001469 2.01E-05 0.9983 1.001 1.004
Dy 0.9967 0.003351 2.33E-05 0.9901 0.9967 1.003
o1 5.45E-04  2.78E-05 1.36E-07 4.94E-04 5.44E-04 6.03E-04
o) 6.73E-04  3.43E-05 1.35E-07 6.09E-04 6.71E-04 7.44E-04
Table 6.8: Parameter estimation results of CSADT
Parameter mean Star.ld:.ird MC error 2.50% median 97.50%
deviation
ay 8.75E-04 6.21E-05 2.37E-06  7.59E-04 8.73E-04  1.00E-03
a 1.59E-03 1.09E-04 4.25E-06  1.39E-03 1.59E-03  1.81E-03
m 7.43E-01 1.09E-02 4.28E-04  7.23E-01 7.43E-01  7.65E-01
(o3 1.00E+00 1.29E-03 1.88E-05 9.98E-01 1.00E+00 1.00E+00
Dy 9.99E-01 1.60E-03 2.88E-05 9.96E-01 9.99E-01 1.00E+00
o1 4.89E-04 2.49E-05 6.26E-08  4.44E-04 4.88E-04 5.41E-04
o) 5.77E-04 2.93E-05 8.73E-08 5.23E-04 5.76E-04  6.38E-04

For comparison, the mean of parameters in Table 6.7 and Table 6.8 were re-arranged
as shown in Table 6.9. The error between SSADT and CSADT has been calculated by di-
viding the parameter difference for each parameter obtained by CSADT. For instance, in
Table 6.9, the error of the parameter o is calculated as (0.000981—-0.000875)+0.000875 =

12.11%. As shown in Table 6.9, except for parameter the estimated parameters obtained
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Table 6.9: Parameter comparison between SSADT and CSADT

Temperature 130°C 140°C
Parameter a) D9 o1 m as Dy g2

SSADT 9.81E-04 1.00E+00 5.45E-04 7.13E-01 1.60E-03 9.97E-01 6.73E-04
CSADT 8.75E-04 1.00E+00 4.89E-04 7.43E-01 1.59E-03 9.99E-01 5.77E-04
Error 12.11%  0.00% 11.40% -4.12% 0.38%  -0.25% 16.49%

from SSADT data are very close to that obtained from CSADT data, demonstrating the
feasibility of our SSADT model. Fig. 6.13 shows the lumen degradation fitted by our
SSADT model. The variations given by the SSADT model also match the variations of the
experiment data very well. According to Eq. (6.2), the cumulative distribution functions
(CDF) were plotted based on the parameters in Table 6.9, which is shown in Fig. 6.14.
The mean time to failure (MTTF) calculated by using the data obtained from SSADT
and CSADT was also given, as presented in Table 6.10. Both testing methods show sim-
ilar MTTF at the same storage temperature. The slight difference of the MTTF between
both testing methods may be due to the unbalance test duration between CSADT and
SSADT. Prolonging the CSADT ageing time to 1000 hours (testing duration is 1000 hours

in SSADT) should be performed to minimize the difference.
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Figure 6.13: Lumen degradation fitted by SSADT model
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Figure 6.14: The cumulative failure function of LED devices at different stress conditions

Table 6.10: Stress conditions for SSADT and CSADT

Stress condition SSADT-130°C SSADT-140°C CSADT-130°C CSADT-140°C

MTTF (Hours) 3893 1962 3257 1458.5

It is worth noticing that, in this section, we utilized LED packages as an example to
verify the feasibility of the model. However, this model is not limited to the application
of LEDs, it can be also applied to more broad applications, including electronic prod-
ucts, automobiles, aerospace prototypes, etc, as long as the explicit form of . (z;0) is
given. The SSADT is especially suitable for reliability tests in which samples are very
expensive and rare, or resources are limited.

6.4. SUMMARY

In this chapter, the lifetime prediction was performed by using a modified Wiener pro-
cess which could be applied to describe the dynamic, random and non-linear degrada-
tion of LED devices. Degradation models of both the CSADT and SSADT were estab-
lished based on the same stochastic process. With the assumption that the dependency
between random variables was negligible, a simple but efficient likelihood function was
proposed and the accuracy of parameter estimation was improved for both CSADT and
SSADT. On the other hand, for degradation data obtained from CSADT, the Frank cop-

ula function was applied to describe the dependency between the lumen maintenance
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and color shift. However, the cumulative failure function demonstrated that the depen-

dency between them was very weak. Therefore, these two performance characteristics

could be simply considered as independent variables, thus simplifying the degradation

modeling of the LED devices. Due to complexity of the failure distribution, we could

not obtain the interval estimation in this study. However, the Wiener process had pro-

vided favorable results, making it an attractive and promising method in degradation

modeling of LED devices.
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7.1. CONCLUSION

N this thesis, a comprehensive research was performed on the reliability of mid-
I power white-light LED packages. The purpose of this research is to investigate the
major degradation mechanisms of the mid-power white-light LED packages, which have
been widely used in the indoor and/or outdoor illumination applications. By comparing
the degradation mechanisms, a lifetime testing method have been proposed to replace
the test standard, — LM-80-08, which is widely used in the LED industry while it needs
6,000 hours to perform the lifetime prediction. Furthermore, based on the new test-
ing method, a new model for the lifetime was also proposed. Compared to the widely
used standard TM-21-11, this model provides more accurate lifetime prediction for the
LEDs. Specifically, the research was then broken into 3 parts. That is, (i) packaging ma-
terial degradation kinetics analysis; (ii) LED package degradation mechanism analysis;
and (iii) Lifetime prediction modeling. As a consequence, several conclusions were pre-
sented as follows:

— The chip-related and package-related can easily separated by the spectral power
distribution analysis. The conclusion was made based on the simulation results. It was
found that the LED package materials — lead frames, package housing, and phosphors,
rarely affects blue light spectral output of the LED package. Different from the degra-
dation of the LED package materials, the degradation of the chips, induces the same
degradation trend of both the blue light and down-converted light spectral outputs. The
degradation of the silicone encapsulant, however, rarely affects the down-converted
light spectral output except for a sudden degradation at the initial degradation stage,
even it was aged at 200 °C. The degradation of the silicone encapsulant triggered very
slight degradation of the blue light spectral output, which can be negligible compared
to that induced by the chips. Therefore, the degradation of the blue light spectral out-
put was considered as the result of the chip-related degradation mechanisms; and the
degradation of the down-converted light spectral output, was attributed to the degrada-
tion of both the chips and the package materials, but the contribution of the chips can
be calculated because the induces the same degradation trend of both the blue light and
down-converted light spectral outputs. The SPD analysis has been successfully used in
the failure analysis of LED packages in HTOL and WHTOL tests.

—The TM-21-11 method may have been misused in lifetime prediction for LED pack-
ages, as the degradation mechanisms are different at different stress conditions for LED
packages aged by the LM-80-08 test method. A series of data analysis and failure analy-
sis revealed that the optical degradation was triggered by degradation of both the chips
and lead frames due to humidity effect for LED packages aged at 55 °C. However, for LED
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packages aged at 105 °C, the degradation mechanism was mainly related to chip deteri-
oration due to the deterioration of the Ohmic contact. As the degradation mechanisms
are different in the LM-80-08 tests, the corresponding lifetime prediction method in the
TM-21-11 standard may have been misused.

— The yellowing of the LED package housing was mainly triggered by the moisture
rather than the temperature for mid-power LED packages aged by WHTOL. The optical
degradation of the mid-power LED packages was found being contributed to both the
serious yellowing of the package housing and deterioration of the chips. By comparing
to yellowing of the LED packages aged by both HTOL and WHTOL, we concluded that
the degradation mechanisms of yellowing are triggered by moisture rather than temper-
ature, as the yellowing of the packages aged by HTOL was negligible. The deterioration
of the chip, was contributed to the temperature and humidity effect, both of which in-

duced the Ohmic contact degradation.

—The WHTOL is an higher accelerated test method instead of the LM-80-08 method
for the lifetime prediction of the mid-power LEDs. The WHTOL triggered both chip-
related and package-related degradation mechanisms, which is in accordance with what
was found in the applications. In addition, statistics analysis found that the failure dis-
tributions are similar to each other for the LED packages aged by different WHTOL stress
conditions. Compared to the LM-80-08 method, the WHTOL used one third of the test-
ing time, while triggered much larger optical degradation. In a word, the WHTOL is a
much more efficient test method instead of the LM-80-08 method for the lifetime pre-
diction of the mid-power LEDs.

— Blue light over-absorption was found to be the degradation mechanisms of sili-
cone carbonization for LED packages aged by HAST test, which can be explained by the
scattering effect of the water particles. Due to the permeability of silicone, water vapor
ingress occurs when LED packages are exposed to high temperature-humidity environ-
ment. When the water vapors reach to the saturated concentration, they are condensed
at the pore walls of the silicone bulk due to the adsorption effects. As a result, blue lights
emitting from the LED dies are scattered and randomly propagate through the silicone
bulk. The scattering may happen many times, until the blue lights are absorbed by the
silicone bulk. Simulation showed that the temperature of the silicone can be up to 300
°C due to the absorption of the blue lights, which leads to the silicone carbonization.
Analysis also showed that the blue light over-absorption is strongly dependent on the

water particle size.

— Compared to the TM-21-11 method, the Wiener process-based lifetime model im-

proves the prediction accuracy by considering both MTTF and variance. The model
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is capable of describing the interdependency between lumen decay and color shift.
The Frank copula function was applied to describe the dependency between the lumen
maintenance and color shift. However, the cumulative failure function demonstrated
that the dependency between them was very weak. Therefore, these two performance
characteristics could be simply considered as independent variables, thus simplifying
the degradation modeling of the LED devices. In addition, compared to the maximum
likelihood estimator (MLE) proposed by former researchers, the MLE proposed in this
thesis greatly improves the estimation accuracy.

7.2. RECOMMENDATIONS
(1) Separating package material effects

By analyzing the spectra of the simulation models, the chip-related and package-
related degradation mechanisms were separated. However, as the spectra degra-
dation kinetics related to the packaging materials (including package housing, lead
frames, silicone encapsulant, phosphors) are very similar to each other, the lumen
degradation mechanisms induced by these materials are not yet separated based on
the current methodology. New methodologies should be developed to further study
the degradation mechanisms in the future.

(2) Lack of material degradation data at operating conditions

More material degradation data should be collected. In the simulation model, we
collected the degradation data of the packaging materials by various ageing tests.
For instance, high temperature storage tests were performed for the package hous-
ing and the silicone encapsulant, while sulfur ageing tests were performed to stim-
ulate the degradation of the lead frames. However, due to lack of test equipments,
ageing tests were not designed for the blue chips and phosphors, and the emitting
efficiency of the blue chips and phosphors was assumed to uniformly degrade to a
specific efficiency in our simulation models. This assumption may not be true ac-
cording to the actual operating conditions. On the other hand, the ageing stresses
for the aged materials were different from that of an LED package may experience
during operation. Therefore, experiments which simulate the usage operating con-
ditions are necessary to reproduce the LED package’s degradation. An ageing cham-
ber with multi-functions should be designed. This type of chamber controls the
amount of blue light radiation, the level of relative humidity, and as well as the tem-

perature.

(3) Develop a lifetime model based on material degradation
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4

®)

Due to market demands, a variety of LED packages have been designed to meet the
requirements of different applications. These LED packages were designed by using
different structures, and different materials. Though it is well known that the life-
time of an LED package is closely related to its packaging structure and materials,
a lifetime model has not yet been developed based on the degradation data of the
packaging materials, which are already available prior to the design of the LED pack-
age. Basically, this type of model is important for R&D. With the model, the designer
can easily adjust the structure of the package, and select the appropriate materials.

Develop new failure analysis techniques

Current failure analysis uses the optical microscope, SEM/EDX, XPS and so forth,
to determine the degradation mechanisms of the failed IC products. These failure
analysis techniques are very efficient, because failure analysis is usually performed
after the IC products failed, i.e., run out of functions. This is different from LED
packages. Because the LED package is highly reliable, it degrades very slowly in
electrical performance, lumen output, or color shift, while still works after tens of
thousands of hours. An LED package is brought to perform failure analysis after a
percentage of 10% to 15% in lumen degradation, depending on the reliability re-
quirements. The degradation of the materials may be very subtle, so it is not easily
to determine the root cause of degradation. An alternative is to directly measure the
optical performance of the materials of the aged LED packages, such as reflectivity
of the lead frames and package housing, transmissivity of the silicone encapsulant,
etc.. However, the LED package is so small, that the requirements have been out of
the capacity of current equipments. In the future, a simple and efficient methodol-

ogy/equipment should be developed to meet this requirement.

Effects of moisture are still unknown

In our study, we have found the moistures have a significant effect on the lumen
output of LEDs. The moistures not only induce yellowing of package housing, but
also decrease the light output of the blue chip. However, electrical analysis showed
that neither the epi-layer of the chip itself, nor the Ohmic contact deteriorated. It is
considered that moistures induced a decrease in the transparency of the Ohmic con-
tact layer. However, the degradation mechanisms are not clear. We also found that
moistures might also change the surface structure of the lead frame during LM80-
08 test, where the ambient temperature was 55 °C. The mechanisms, however, also
needs to be further studied in the future. On the other hand, we found serious sili-

cone carbonization during HAST. It is considered that blue light over-absorption is




190

7. CONCLUSION & RECOMMENDATION

(6)

the root cause of the carbonization. A model showed that it is the water particles
stop the blue light propagating through the silicone. The blue lights are scattered
and reflected when emitting out of the chip, and finally absorbed by the silicone. It
was found that the absorption ratio increases with the water particles. However, it
is difficult to measure the particle size of these water particles. The size of the wa-
ter particles should be measured in order to confirm the degradation mechanism in

future work.

Lifetime modeling by using Bysian filtering

A modified Wiener process was applied to describe the nonlinear degradation of the
LED packages in our research. However, the developed method is only conditional
on the current degradation data and does not consider the evolving path to date.
In order to make the lifetime model depending on the history of the observations,
a state space model should be developed to updating one parameter in the drifting
function through Bayesian filtering. Bayesian filtering techniques including Kalman
filter, particle filter, etc., combining with the non-linear Wiener process model, can
provide more accurate lifetime prediction in the future.



SUMMARY

The rapid growth of light-emitting diodes (LED)-based lighting applications has revo-
lutionized the lighting industry over the past few years. According to a report made
by the U.S. Department of Energy (DOE), LED lighting is projected to gain significant
market penetration. It is expected to represent 48% of lumen-hour sales of the general-
illumination market by 2020, and 84% by 2030. Though these energy savings are impres-
sive, there is a huge opportunity for even further savings by accelerating investment in
cost and efficacy improvements. However, many problems have to be resolved when
using LEDs. There are seven challenges that lighting designers face when using LEDs,
these are: LED glare and shadowing, LED dimming not as smooth as claimed, lack of
color and measurement standardization, thermal management, interchangeability, and
need for lower costs. These challenges also relate to reliability and lifetime. For example,
bad thermal management will seriously decrease the lumen output of an LED package.
It has been indicated that the reliability of a white-light LED package can be attributed
to a combination of chip-related and package-related mechanisms. Until now, it is still
unclear which one is the major degradation for mid-power white-light LED packages
during operating conditions. A significant amount of studies have been performed on
reliability of high-power white-light LEDs, while few manuscripts were dedicated to the
reliability of mid-power white-light LEDs. This is probably because mid-power white-
light LED is a relatively new type of LED packages. Mid-power white-light LEDs are ba-
sically good for low- to medium-cost general lighting applications because mid-power
white-light LEDs match the output, in terms of both luminosity and light quality of this
target market. As the strong demands increase continuously for mid-power white-light
LED products which have lower cost while higher luminosity, the reliability is becoming
a critical issue. In this thesis, comprehensive research was performed on the reliability
of mid-power white-light LED packages. In chapter 1, we described the research moti-
vation, the reliability problems which are related to mid-power white-light LEDs, the ob-
jective of this thesis, and finally the research structure of the research project. In chapter
2, we first introduced the basics of white-light LEDs. The types, structures, and work-
ing principles of white-light LED packages were presented. Then, the optical degrada-

tion mechanisms of LED packages were summarized as (i) crystal defect and dislocation
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generation and movement; (ii) dopant diffusion from p-layer to epi-layer; (iii) electrical
contact metallurgical inter-diffusion; (iv) die cracking; (v) encapsulant carbonization;
(vi) polymer materials yellowing; (vii) lead-frame deterioration; (viii) phosphor thermal
quenching and long-term degradation; (ix) delamination. Chapter 2 also reviewed the
reliability test methods, which are used in the LED industry. It revealed that as a new
type of products, there are few test standards for the white-light LED packages. Instead,
LED manufacturers refer to the JEDEC standards, which are generally used in the reli-
ability testing for IC products. On the other hand, chapter 2 also reviewed the state-of-
the-art of lifetime modeling technologies for the LEDs. These technologies include: (i)
regression model; (ii) stochastic process model; (iii) Bayesian network model. In chapter
3, several failure analysis techniques are introduced. These techniques will be utilized in
our research project. They are — (i) thermal simulation; (ii) optical simulation; (iii) elec-
trical analysis; (iv) X-ray inspection; (v) SAM inspection; (vi) SEM/EDX; (vii) XPS. Due
to content limitation, only the work principles and applications were presented briefly.
In chapter 4, a degradation mechanism analysis methodology is proposed for the mid-
power white-light LED packages in this chapter. Based on the degradation data obtained
from a series of ageing tests which are performed on the individual packaging material,
the degradation kinetics of lumen output and spectral power distribution (SPD) of the
LED packages are investigated by using optical simulation. As a result, although the re-
flectivity of the packaging materials decreased severely for the blue lights (i.e., 450 nm),
simulation showed that lights at this wavelength were little absorbed in the LED pack-
age. More specifically, it is found that, (1) the degradation of the blue lights is mainly
due to blue chip deterioration, while rarely affected by degradation of the silicone en-
capsulant and other packaging materials; (2) the degradation of the down-converted
lights is significantly attributed to degradation of the blue chips, the phosphors, the lead
frames and the package housing and; (3) the degradation of the silicone encapsulant,
contributes about 1.35% to the total lumen degradation within 168 hours, while it has
no more contribution to the lumen degradation with further ageing duration. The simu-
lation results have been validated by experiments and successfully applied to the degra-
dation mechanism analysis of LED packages in LM-80-08 tests. In chapter 5, the optical
degradation mechanisms of mid-power white-light LED packages has been studied by
using high temperature operation life test (HTOL), wet-high temperature operation life
test (WHTOL) and highly-accelerated temperature-humidity test (HAST). As a result, it
was found that, (1) for LED packages aged under HTOL, the major degradation mech-
anism is different for samples aged at 55 °C and ambient temperature higher than 85

°C, with which lead frames deterioration is the major degradation mechanism at 55 °C
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while Ohmic contact deterioration is the major degradation mechanism at 105 °C for
the aged LED packages; (2) for LED packages aged under WHTOL, both deterioration of
the Ohmic contacts of the blue chip and yellowing of the package encapsulant are con-
sidered as the major degradation mechanisms; (3) for LED packages aged under HAST,
the failure mechanism is considered as the result of blue light over-absorption, which
generates very high temperature inside the silicone bulk, resulting in serious carboniza-
tion. In chapter 6, a modified Wiener process has been employed for the modeling of the
degradation of LED devices. By using this method, dynamic and random variations, as
well as the non-linear degradation behavior of LED devices, can be easily accounted for.
With a mild assumption, the parameter estimation accuracy has been improved by in-
cluding more information into the likelihood function while neglecting the dependency
between the random variables. The degradation model has been established for LED
packages which are aged under constant stress accelerated degradation test (CSADT).
As a consequence, the mean time to failure (MTTF) has been obtained and shows com-
parable result with IES TM-21-11 predictions, indicating the feasibility of the proposed
method. The cumulative failure distribution was also presented corresponding to dif-
ferent combinations of lumen maintenance and color shift. The results demonstrate
that a joint failure distribution of LED devices could be modeled by simply consider-
ing their lumen maintenance and color shift as two independent variables. Finally, we
also made efforts to extend the modeling method to the range of step stress accelerated
degradation test (SSADT). In chapter 7, the conclusions of the thesis are given. On the
one hand, the author also pointed out several problems which should be further studied
in the future. These problems are: (i) more efforts should be developed to completely
separate the effects of packaging materials degradation; (ii) lack of material degradation
data at operating conditions; (iii) new failure analysis techniques should be developed;
(iv) effects of moistures are still unknown; (v) Bayesian filtering techniques for lifetime
modeling should be developed.






SAMENVATTING

De snelle groei van de light-emitting diodes (LED)-gebaseerde verlichtingstoepassin-
gen heeft een revolutie in de verlichting industrie in de afgelopen jaren teweeggebracht.
Volgens een rapport van het Amerikaanse Department of Energy (DOE), zal de LED-
verlichting naar verwachting een aanzienlijke marktpenetratie te krijgen. Verwacht wordt
dat LED de verkoop van 48% van de lumen (of licht) uren in de algemene verlichting
markt in 2020, en 84% in 2030 zal vertegenwoordigen De energiebesparingen zijn in-
drukwekkend en er is een enorme kans voor nog meer besparingen door het versnel-
len van investeringen en effectiviteit verbeteringen. Veel problemen worden opgelost
door LEDs. Maar er zijn zeven uitdagingen die lichtontwerpers zien bij het gebruik van
LED’s, deze zijn: LED-glare en shadowing, LED dimmen niet zo glad als beweerd, ge-
brek aan kleur en meting standaardisatie, thermisch beheer, uitwisselbaarheid en de
noodzaak van lagere kosten. Deze uitdagingen hebben ook betrekking op de betrouw-
baarheid en levensduur. Zo zal een slechte warmtehuishouding de lichtopbrengst van
een LED-package verlagen. De betrouwbaarheid van een wit licht LEDs kan worden
toegeschreven aan een combinatie van chip-gerelateerde en package gerelateerde me-
chanismen. Tot nu toe is het nog onduidelijk welke de belangrijkste degradatie is voor
mid-power wit licht LEDs tijdens bedrijfsomstandigheden. Een aanzienlijk deel van de
studies zijn uitgevoerd op de betrouwbaarheid van de high-power wit licht LEDs, ter-
wijl enkele manuscripten werden gewijd aan de betrouwbaarheid van de mid-power wit
licht LEDs. Dit komt waarschijnlijk omdat mid-power LEDs een relatief nieuwe vorm is.
Mid-power wit licht LED’s zijn in principe goed voor lage tot gemiddelde-cost algemene
verlichtingstoepassingen omdat mid-power wit licht LED overeenkomen met de output,
zowel in termen van helderheid en licht kwaliteit van deze doelgroep. Er is een sterke
vraag voor mid-power wit licht LED-producten met lagere kosten en een hogere helder-
heid. Als zodanig wordt de betrouwbaarheid dan een cruciaal punt. In dit proefschrift is
uitgebreid onderzoek uitgevoerd naar de betrouwbaarheid van de mid-power wit licht
LEDs. In hoofdstuk 1 beschreven we het onderzoek, de motivatie, de betrouwbaarheid
problemen die gerelateerd zijn aan mid-power wit licht LEDs, de doelstelling van dit
proefschrift en tenslotte de onderzoek structuur van het onderzoeksproject. In hoofd-

stuk 2, introduceerden we eerst de basis van wit licht LEDs. De types, structuren en wer-

195



196 SAMENVATTING

kingsprincipes van wit licht LED-packages werden gepresenteerd. Vervolgens wordt de
optische mechanismen van LED packages degradatie samengevat als (i) kristalgebreken
en dislocatie opwekking en beweging; (ii) doterende diffusie van p-laag op epi-laag; (iii)
elektrisch contact metallurgische inter-diffusie; (iv) scheurvorming; (v) verkolen van
het inkapselingsmiddel; (vi) polymeermaterialen vergeling; (vii) lead-frame bederf; (viii)
fosfor thermisch verharden en lange termijn degradatie; (ix) delaminatie. Hoofdstuk 2
beschrijft de betrouwbaarheid testmethoden, die worden gebruikt in de LED-industrie.
Het bleek dat voor nieuw type van producten er weinig testnormen bestaan. In plaats
daarvan, volgen LED-fabrikanten de JEDEC standaarden die algemeen worden gebruikt
in de betrouwbaarheidstesten voor semiconductor producten. Anderzijds, hoofdstuk 2
beschrijft ook de state-of-the-art van lifetime modellering technologieén voor de LEDs.
Deze technieken omvatten: (i) regressiemodel; (ii) stochastisch procesmodel; (iii) Baye-
sian netwerkmodel. In hoofdstuk 3 worden verschillende faal analyse technieken gein-
troduceerd. Deze technieken zullen worden gebruikt in ons onderzoek. Ze zijn - (i) ther-
mische simulatie; (ii) optische simulatie; (iii) elektrische analyse; (iv) X-ray inspectie; (v)
SAM inspectie; (vi) SEM / EDX; (vii) XPS. Alleen de werk principes en toepassingen zijn
kort gepresenteerd. In hoofdstuk 4 wordt een degradatie mechanisme analyse metho-
diek voorgesteld voor de mid-power wit licht LED-packages in dit hoofdstuk. Gebaseerd
op de degradatie gegevens van een reeks verouderingstests die worden uitgevoerd op de
individuele verpakkingsmateriaal wordt de afbraakkinetiek van lichtopbrengst en spec-
trale energieverdeling (SPD) van de LED-packages onderzocht door middel van opti-
sche simulatie. Dientengevolge, hoewel het reflectievermogen van het verpakkingsma-
teriaal ernstig verminder door de blauwe golflengtes (d.w.z. 450 nm), simulatie toonde
dat licht bij deze golflengte weinig wordt geabsorbeerd in de LED-package. Meer in het
bijzonder, wordt geconstateerd dat (1) de afbraak van de blauwe golflengtes is voorna-
melijk te wijten aan blue chip verslechtering, terwijl zelden beinvloed door de afbraak
van de siliconen inkapselingsmiddel en andere verpakkingsmaterialen; (2) de afbraak
van fosfor conversie materialen aanzienlijk toegeschreven is aan de afbraak van blue
chips, de fosfor, de lead frames en het behuizingsmateriaal en; (3) de afbraak van de
siliconen inkapseling draagt ongeveer 1.35% bij aan het totale lumen degradatie bin-
nen 168 uur, terwijl het geen bijdrage meer levert aan de lumen degradatie op de lan-
gere duur. De simulatieresultaten zijn gevalideerd door experimenten en met succes
toegepast op de degradatiemechanisme analyse van LED-packages in LM-80-08 testen.
In hoofdstuk 5 zijn de optische mechanismen van mid-power wit licht LED degradatie
bestudeerd met behulp van hoge temperatuur operatie life test (HTOL), nat-hoge tem-

peratuur operatie life test (WHTOL) en zeer versnelde temperatuur-vochtigheid-test (
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HAST). Als resultaat werd gevonden dat (1) voor LEDs onder HTOL, het degradatieme-
chanisme verschilt voor monsters bij 55 °C versus omgevingstemperatuur hoger dan °C,
waar lead frames de verslechtering domineert bij 55 °C, is dit door Ohmic degradatie
bij 105 °C; (2) voor LEDs onder WHTOL, zowel achteruitgang van de Ohmse contacten
van de blue chip en vergeling van het inkapselingsmiddel zijn de belangrijkste degra-
datiemechanismen; (3) voor LEDs onder HAST is het faalmechanisme het resultaat van
blauw licht absorptie, die een zeer hoge temperatuur genereert in de bulk siliconen,
met ernstig carbonisatie als gevolg. In hoofdstuk 6 is het zogenaamde Wiener proces
gebruikt voor het modelleren van de degradatie van LEDs. Met deze methode kan een-
voudig de dynamische en willekeurige variaties, alsook het niet-lineaire gedrag van LED
degradatie worden verklaard. Het degradatie model is vastgesteld voor LEDs die onder
constante spanning zijn getest in versnelde afbraak-testen (CSADT). Als gevolg hiervan
is de gemiddelde tijd tot falen (MTTF) verkregen met een vergelijkbaar resultaat als IES
TM-21-11 voorspellingen. De cumulatieve faal verdeling werd ook vastgesteld die over-
eenkomt met verschillende combinaties van lumen decay en kleurverschuiving. De re-
sultaten tonen aan dat een gezamenlijk faal distributie van LEDs kan worden gemo-
delleerd door simpelweg gezien hun lumen decay en kleurverschuiving als twee onaf-
hankelijke variabelen te beschouwen. Tot slot hebben we ook de modelleer methode
uitgebreiden naar versnelde stap spanning afbraak-testen (SSADT). In hoofdstuk 7 wor-
den de conclusies en aanbeveling van het proefschrift gegeven. De aanbevelingen zijn:
(i) uitgebreid onderzoek naar de degradatie effecten van de verschillende verpakkings-
materialen; (ii) het ontbreken van materiaal degradatie bij bedrijfsomstandigheden; (iii)
nieuwe faal analyse technieken moeten worden ontwikkeld; (iv) de exacte gevolgen van
vocht zijn nog niet bekend; (v) Bayesiaanse filtering technieken voor lifetime modelle-

ring moet worden ontwikkeld.
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