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a b s t r a c t
The increasing demand for light emitting diodes (LEDs) has been driven by a number of application categories, including display backlighting, communications, medical services, signage, and general illumination. The construction of LEDs is somewhat similar to microelectronics, but there are functional
requirements, materials, and interfaces in LEDs that make their failure modes and mechanisms unique.
This paper presents a comprehensive review for industry and academic research on LED failure mechanisms and reliability to help LED developers and end-product manufacturers focus resources in an effective manner. The focus is on the reliability of LEDs at the die and package levels. The reliability
information provided by the LED manufacturers is not at a mature enough stage to be useful to most consumers and end-product manufacturers. This paper provides the groundwork for an understanding of the
reliability issues of LEDs across the supply chain. We provide an introduction to LEDs and present the key
industries that use LEDs and LED applications. The construction details and fabrication steps of LEDs as
they relate to failure mechanisms and reliability are discussed next. We then categorize LED failures into
thirteen different groups related to semiconductor, interconnect, and package reliability issues. We then
identify the relationships between failure causes and their associated mechanisms, issues in thermal
standardization, and critical areas of investigation and development in LED technology and reliability.
Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Light emitting diodes (LEDs) are a solid-state lighting source
increasingly being used in display backlighting, communications,
medical services, signage, and general illumination [1–6]. LEDs offer design ﬂexibility, from zero-dimensional lighting (dot-scale
lighting) to three-dimensional lighting (color dimming using combinations of colors), with one-dimensional lighting (line-scale
lighting) and two-dimensional lighting (local dimming, i.e.,
area-scale lighting) in between. LEDs have small exterior outline
dimensions, often less than 10 mm  10 mm. LEDs, when designed
properly, offer high energy efﬁciency that results in lower power
consumption (energy savings) with low voltage (generally less
than 4 volts) and low current operation (usually less than
700 mA). LEDs can have longer life—up to 50,000 h—with better
thermal management than conventional lighting sources (e.g.,
ﬂuorescent lamps and incandescent lamps). LEDs provide high
performance, such as ultra-high-speed response time (microsecond-level on–off switching), a wider range of controllable color
temperatures (4500 K–12,000 K), a wider operating temperature
range (20 °C to 85 °C), and no low-temperature startup problems.
⇑ Corresponding author at: CALCE Center for Advanced Life Cycle Engineering,
University of Maryland, College Park, MD 20742, United States. Tel.: +1 301 405
5323; fax: +1 301 314 9269.
E-mail address: pecht@calce.umd.edu (M. Pecht).
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In addition, LEDs have better mechanical impact resistance compared to traditional lighting. LEDs are also eco-friendly products
with no mercury and low health impact due to low UV radiation.
LEDs that have a single color are over ten times more efﬁcient than
incandescent lamps. White LEDs are more than twice as efﬁcient as
incandescent lamps [3].
LEDs range from a narrow spectral band emitting light of a single color, such as red, yellow, green, or blue, to a wider spectral
band light of white with a different distribution of luminous intensity and spectrums and shades depending on color mixing and
package design. A recent trend in LEDs to produce white light involves using blue LEDs with phosphors. White light is a mixture
of all visible wavelengths, as shown in Fig. 1. Along with the prominent blue color (peak wavelength range 455–490 nm), there are
other wavelengths, including green (515–570 nm), yellow (570–
600 nm), and red (625–720 nm) that constitute white light. Every
LED color is represented by unique x–y coordinates, as shown in
Fig. 2. The CIE (Commission Internationale De L’eclairage (International Commission on Illumination)) chromaticity coordinates of x,
y, and z are a ratio of the red, green, and blue stimulation of light
compared to the total amount of the red, green, and blue stimulation. The sum of the RGB values (x + y + z) is equal to 1. The white
area of the chromaticity diagram can be expanded, and boundaries
are added to create each color range. The color temperatures and
the Planckian locus (black body curve) show how they relate to
the chromaticity coordinates [7].
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Application areas of LEDs.
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Fig. 1. Spectral power distribution for a white LED.

Fig. 2. CIE 1931 chromaticity diagram [8]. (Ó Cambridge University Press.
Reprinted with permission.)

The color temperature of a white light is deﬁned as the temperature of an ideal Planckian black-body radiator that radiates light
of comparable hue to that white light source. The color temperature of light is equal to the surface temperature of an ideal blackbody radiator in Kelvin heated by thermal radiation. When the
black body radiator is heated to high temperatures, the heated
black body emits colors starting at red and progressing through orange, yellow, white, and ﬁnally to bluish white. The Planckian locus
starts out in the red, then moves through the orange and yellow,
and ﬁnally enters the white region. The color temperature of a light
source is regarded as the temperature of a Planckian black-body
radiator that has the same chromaticity coordinates. As the temperature of the black body increases, the chromaticity location
moves from the red wavelength range toward the center of the diagram in Fig. 2.
LED degradation not only results in reduced light output but
also in color changes. LED modules are composed of many LEDs.
This means that if some number of LEDs experience color changes,
it will be noticed by users. Even if all of the LEDs degrade at the
same rate, LED modules need to maintain their initial color, especially for indoor lighting and backlighting applications.

LED application areas include LCD backlights, displays, transportation equipment lighting, and general lighting (see Table 1).
LEDs are used as a light source for LCD backlights in products such
as mobile phones, cameras, portable media players, notebooks,
monitors, and TVs. Display applications include LED electronic
scoreboards, outdoor billboards, and signage lighting, such as
LED strips and lighting bars. Examples of transportation equipment
lighting areas are passenger vehicle and train lighting (e.g., meter
backlights, tail and brake lights) [9], and ship and airplane lighting
(e.g., ﬂight error lighting and searchlights). General lighting applications are divided into indoor lighting (e.g., LED lighting bulbs,
desk lighting, and surface lighting) [10,11], outdoor lighting (e.g.,
decorative lighting, street/bridge lighting, and stadium lighting),
and special lighting (e.g., elevator lighting and appliance lighting)
[12,13]. The use of LEDs in general lighting has increased, beginning with street lighting in public areas and moving onto commercial/business lighting and consumer applications.
The history of LED development can be divided into three
generations, each of which is characterized by distinct advancements in fabrication technology and equipment, development of
new phosphor materials, and advancements in heat dissipation
packaging technologies. Over time, LEDs have been becoming
brighter, and color variance has been becoming more ﬂexible.
Light efﬁciency and light efﬁcacy have also been improving.
The ﬁrst commercialized LED was produced in the late 1960s.
This ﬁrst generation of LEDs lasted from the 1960s until the
1980s. In this period, major application areas were machinery
status indicators and alpha-numeric displays. The ﬁrst commercially successful high-brightness LED (300 mcd1) was developed
by Fairchild in the 1980s. In the second generation, from the
1990s to the present, high-brightness LEDs became popular. The
main application areas for the second generation include motion
displays, LED ﬂashers, LED back light units (BLUs), mobile phones,
automotive LED lighting, and architecture lighting. The third generation is now arriving in the market. These LEDs have been
developed for substantial savings in energy consumption and
reduction in environmental pollution. Future LED application areas
are expected to include general lighting, lighting communication
[14], medical/environmental ﬁelds, and critical applications in system controls. Some examples are portable LED projectors, largesize LED backlighting displays, LED general lighting, visible light
communication, puriﬁers, and bio-medical sensors. Moore’s Law
predicts the doubling of the number of Si transistors in a chip
every 18–24 months. Similarly, for LEDs, luminous output
(luminous ﬂux, measured in lm) appears to follow Haitz’s Law,
1
A monochromatic light source emitting an optical power of 1/683 watt at 555 nm
into the solid angle of 1 steradian has a luminous intensity of 1 candela (cd).
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Fig. 3. LED package assembled with printed circuit board (PCB).

which states that LED ﬂux per package has doubled every 18–
24 months for more than 30 years [2]. This trend in the technological advancement of LEDs is based on industry-driven R&D efforts
targeting high-efﬁciency, low-cost technology solutions that can
successfully provide an energy-saving alternative to the recent
applications of LEDs.
LED dies are composed of a p-junction, a quantum well (active
layer) or multiple quantum wells, and an n-junction. LEDs emit light
due to the injection electroluminescence effect in compound semiconductor structures. When a p–n junction is biased in the forward
direction, electrons in the n-junction have sufﬁcient energy to move
across the boundary layer into the p-junction, and holes are injected
from the p-junction across the active layer into the n-junction. The
active region of an ideal LED emits one photon for every electron injected. Each charged quantum particle (electron) produces one light
quantum particle (photon). Thus, an ideal active region of an LED has
a quantum efﬁciency of unity. The internal quantum efﬁciency is deﬁned as the number of photons emitted from an active region per
second divided by the number of electrons injected into the LED
per second. The light extraction efﬁciency is deﬁned as the number
of photons emitted into free space per second divided by the number
of photons emitted from the active region per second [8,15]. Thus,
the external quantum efﬁciency is the ratio between the number
of photons emitted into free space per second and the number of
electrons injected into the LED per second. Higher external quantum
efﬁciency results in higher light output for the same amount of input.
The LED supply chain starts from an LED chip and progresses to
an LED package, an LED module, and then to a system. LED production starts from a bare wafer made out of a material such as sapphire, GaN, SiC, Si, or GaAs. Many thin epilayers are grown on
the bare wafer. Different colors of LEDs can be made by using different types of epiwafers. The types of epiwafer are InGaN/AlGaN
for producing blue, green, and UV-range light; InAlGaP for producing red and yellow light; and AlGaAs for producing red or infraredrange light. The LED chip fabrication process involves attaching
electric contact pads on an epiwafer and cutting the epiwafer into
LED dies that are then packaged.
LEDs are classiﬁed into two types by color output: white LEDs and
RGB LEDs. White LED packages can use red/green/blue/orange/yellow phosphors with blue LED chips to produce white light. The phosphors comprise activators mixed with impurities at a proper
position on the host lattice. The activators determine the energy level related to the light emission process, thereby determining the
color of the light emitted. The color is determined by an energy
gap between the ground and excitation states of the activators in a
crystal structure. RGB LED packages include red LED packages, green
LED packages, blue LED packages, and LED packages with multi-dies
in a single package producing white light using a combination of red,
green, and blue LED dies.
A cross-sectional side view of white LEDs is shown in Fig. 3. An
LED package mounted on a printed circuit board is composed of a
housing, encapsulant, die, bond wires, die attach, lead frames, metal heat slug, and solder joints. The housing is a body for supporting

and protecting the entire structure of an LED device. The housing is
usually formed of materials such as polyphthalamide (PPA) or liquid crystal polymer (LCP). The encapsulant positioned over the
housing is a resin material for the LED package in the shape of a
dome. The typical material types for the resin are epoxy and silicon. The die is a compound semiconductor. The lead frames are
used to connect the LED die to an electrical power source. The
die attach is used to mechanically and thermally connect the chip
to the heat slug. Typical types of die attaches are Ag paste and
epoxy paste. Phosphors dispersed in the encapsulant emit white
light when they are excited by absorbing a portion of the light from
the LED dies.
LED types are placed in the following major categories depending on LED electrical power: low power LEDs are under 1 W of
power (currents typically near 20 mA); medium power LEDs (high
brightness LEDs) dissipate between 1 and 3 W of power (currents
typically in the 30 mA/75 mA/150 mA range); and high power LEDs
(ultra-high-brightness LEDs) have more than 3 W of power (currents typically in 350 mA/750 mA/1000 mA range). The LEDs vary
because the LED current–voltage curves vary among materials.
The LED industry still faces challenges in attracting widespread
consumption. One issue of concern is price, and another is lack of
information regarding reliability. The number of LEDs required
for an LCD BLU is an area where both of these issues converge. It
may take from tens to sometimes thousands of LEDs to produce
an LED BLU because the light emission of a single LED covers a limited area. If one single LED fails, the ﬁnal product is sometimes
treated as a failure. The failure of LEDs in an LCD display is critical,
even when only a single LED package experiences changes in optical properties [16]. The failure of an LED or LEDs in an LCD display
can cause a dark area or rainbow-colored area to appear on the LCD
screen.
The LED die is a semiconductor, and the nature of manufacturing LED packages is similar to that of microelectronics. But there
are unique functional requirements, materials, and interfaces in
LEDs that result in some unique failure modes and mechanisms.
The major causes of failures can be divided into die-related, interconnect-related, and package-related failure causes. Die-related
failures include severe light output degradation and burned/broken metallization on the die. Interconnect failures of LED packages
include electrical overstress-induced bond wire fracture and wire
ball bond fatigue, electrical contact metallurgical interdiffusion,
and electrostatic discharge, which leads to catastrophic failures
of LEDs. Package-related failure mechanisms include carbonization
of the encapsulant, encapsulant yellowing, delamination, lens
cracking, phosphor thermal quenching, and solder joint fatigue
that result in optical degradation, color change, electrical opens
and shorts, and severe discoloration of the encapsulant. In this paper, the focus is on the failure sites, modes, and mechanisms at
these three levels.
Cost is another barrier that confronts the LED industry in seeking to expand market share in general lighting. The current cost of
LEDs ranges from $0.40 to $4 per package depending on the application. In the recent past, LEDs were often too expensive for most
lighting applications. Even though the price of LEDs is decreasing
quickly, it is still much higher than the price of conventional lighting sources. However, according to one study, the life cycle cost of
an LED lighting system is less than for an incandescent lamp system [17]. The total cost of a lighting system includes the cost of
electricity, cost of replacement, and the initial purchase price. Yet
since the life cycle savings are not guaranteed at the time of lighting system selection, higher initial costs are still an obstacle to the
acceptance of LED lighting. Reducing the manufacturing cost and
selling price reduction while maintaining a high reliability level
is key to increasing market share. According to a study by
Samsung, the selling price of a white LED lighting system needs
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to decrease by 50% in order to make LEDs more competitive with
ﬂuorescent lamp systems over the next 4–5 years [17].

2. LED reliability
End-product manufacturers that use LEDs expect the LED industry to guarantee the lifetime of LEDs in their usage conditions. Such
lifetime information would allow LED designers to deliver the best
combination of purchase price, lighting performance, and cost of
ownership for the life of the end-products. One barrier to the
acceptance of LEDs in traditional applications is the relatively
sparse information available on their reliability. There are many
areas in need of improvement and study regarding LEDs, including
the internal quantum efﬁciency of the active region, light-extraction technology, current-ﬂow design, the minimization of resistive
losses, electrostatic discharge stability, increased luminous ﬂux per
LED package, and purchase cost [4]. Another barrier is the lack of
globally accepted thermal standards, because all commercial properties of an LED-based system, such as light output, color, and lifetime, are functions of the junction temperature. More details can
be found in Section 5.
It is rare for an LED to fail completely. LED lifetimes can vary
from 3 months to as high as 50,000–70,000 h based on application
and construction [18]. LED lifetime is measured by lumen maintenance, which is how the intensity of emitted light tends to diminish over time. The Alliance for Solid-State Illumination Systems and
Technologies (ASSIST) deﬁnes LED lifetime based on the time to
50% light output degradation (L50: for the display industry approach) or 70% (L70: for the lighting industry approach) light output degradation at room temperature, as shown in Fig. 4 [19]. The
accelerated temperature life test is used as a substitute for the
room temperature operating life test to quickly predict LED lifetime. Prediction of LED lifetime varies with the method of interpreting the results of accelerated testing [20–22].
LED manufacturers usually perform tests in the product development cycle during the design and development phases. Typical
qualiﬁcation tests of LEDs are categorized into operating life tests
and environmental tests by using industrial standards such as JEDEC or JEITA [23,24], which have been used by LED manufacturers
such as Cree and Nichia. Operating life tests are performed by
applying electrical power loads at various operating environment
temperatures to LEDs to apply Joule heating to the internal parts
of the LEDs. On the other hand, environmental tests are conducted
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with non-operating life tests. Tests vary among manufacturers.
Generally, operating life tests for LEDs include the room temperature test, the high temperature test, the low temperature test, the
wet/high temperature test, the temperature humidity cycle test,
and the on/off test. Environmental tests of LEDs include the reﬂow
soldering test, the thermal shock test, the temperature cycle test,
the moisture resistance cyclic test, the high temperature storage
test, the temperature humidity storage test, the low temperature
storage test, the vibration test, and the electro-static discharge test.
In some cases, combinations of these kinds of loading conditions
are used. The acceptance criteria are pass or fail based on lumens,
color, and electrical maintenance.
Environmental tests are utilized to determine the light output
at initial test conditions and ﬁnal test conditions. Data from other
parameters are sometimes collected, such as chromaticity coordinate values (x and y) and reverse current when the lumen measurement is conducted at each data readout time. In many cases,
the proper failure criteria of these other parameters are not deﬁned
to demonstrate how these collected data are correlated with the
data from the light output degradation measurements.
LED system manufacturers are interested in estimating the expected duration of LEDs, since customers want the manufacturers
to be able to guarantee a certain level of LED lifetime under usage
conditions of the product, and manufacturers want to estimate the
life cycle cost of LED systems. To achieve this, manufacturers usually perform accelerated life tests on LEDs at high temperatures
while monitoring light output. Modeling of acceleration factors
(AF) is generally used to predict the long-term life of LED packages
at speciﬁc usage conditions [20,25]. A lifetime estimate is generally
made using the Arrhenius model. Activation energy is sensitive to
the test load condition, types of materials, and mechanical design
of LED packages. The Arrhenius model estimates LED life with
uncertainties such as exponential extrapolation of lifetime,
assumed activation energy, possible failure mechanism shift
between test and usage conditions, and discounting of all other
failure causes besides temperature.
One method for predicting the lifetime of LEDs is the use of an
accelerated test approach where the estimated lifetime in the
accelerated life tests is multiplied by an acceleration factor. The
process involves (1) measuring the light output of samples at each
test readout time; (2) estimating LED life under the accelerated test
conditions (using functional curve ﬁtting of time-dependent degradation under the test conditions) or ﬁnding observed lifetime for
L50 or L70, as shown in Fig. 4; (3) calculating an acceleration

Fig. 4. Lifetime estimation based on LED accelerated life testing.
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factor; and (4) predicting lifetime under the usage conditions by
using the acceleration factor multiplied by the lifetime of the test
condition, as shown in Eq. (1):

AF temp ¼ exp





Ea 1
1

k Tu Ta

ð1Þ

where Ea is the activation energy [eV], Tu is the junction temperature at usage conditions, Ta is the junction temperature at accelerated conditions, and k is the Boltzmann constant (8.6  105 eV/K).
The optical performance of an LED package is dependent on
temperature. The junction temperatures in the active layers (quantum well structures) between the p–n junctions of the chip affect
optical characteristics such as color and dominant wavelength.
Direct measurement of the junction temperature is difﬁcult, and
the estimation of the junction temperature is derived from the
LED case temperature or lead temperature. The luminous efﬁciency
becomes low as the luminous ﬂux emitted from an LED package
decreases and the junction temperature increases. The junction
temperature is dependent on the operating conditions (the forward current and the forward voltage) and operating environment.
Light output measurement does not isolate the failure mechanisms
of LEDs, because all failures affect light degradation. This current
method of life testing (L50 or L70) may provide a basis for comparing the life expectancy of different LEDs, but it does not provide detailed information on the failure modes, failure mechanisms, and
failure sites of LEDs. This method also does not help in remaining
useful life estimation during operation.
Each LED lighting system manufacturer may use additional
tests based on empirical development histories, applying previous
product information to product development. Simple functional
plotting in test conditions can be affected by the value of the activation energy of the Arrhenius model. This empirical curve plotting
sometimes results in unclear data trending of LED lifetime even in
the test conditions, since the functional curve ﬁtting is very sensitive in terms of the number of samples and test duration [26–28].
There is a need to develop a more advanced life qualiﬁcation tool
that is able to predict the lifetime of a lighting system during the
design, development, and early production phases using analytical
tools, simulation, and prototype testing [29–36]. These techniques
must be properly utilized in order to achieve improved reliability,
increased power capability, and physical miniaturization [37–41].
LED lighting systems are needed to keep the light output and
color of an LED constant throughout the lifetime of the LED by
adjusting the amount of current when necessary. LED manufacturers usually specify a maximum current at each ambient temperature. Therefore, thermal feedback can be set to obtain the
maximum current at a speciﬁc temperature. A major issue in high
power LED applications involves the thermal cooling of systems.
Currently, multiple temperature sensors, microprocessors, and/or
ampliﬁers are utilized to reduce average LED current along a given
maximum current vs. ambient temperature proﬁle.
LED circuit designs on printed circuit boards also need to be
controlled to maintain the electrical and optical stability of LEDs
[31,42–46]. Systems for driving LEDs are generally composed of
AC–DC power supplies, a DC–DC converter, intelligent controllers,
an LED driver, and an LED board to maintain the light output and
color of LEDs [47,48]. For lighting system design, one must take
into account the following: the ability to save space on and reduce
the PCBs by integrating components; the level of ﬂexibility needed
to add features and adapt to last minute changes; and the compatibility for interfacing different types of sensors with current designs. In the case of outdoor lighting applications, an intelligent
controller may not be required because color change is not as critical of a problem as it would be in an LED display backlighting system. An intelligent controller enables binning/temperature

compensation, color temperature control, and color control of the
lighting system via the color sensor and temperature sensor. The
intelligent controller includes programmable digital blocks and
analog blocks. These blocks are interfaced with external sensors
for collecting censored/ampliﬁed data and ﬁltering the data out
to perform feedback input. LED drivers generate constant current
to light up each LED string. LED driver circuits are composed of current sense ampliﬁers (feedback elements), hysteretic controllers
(control function), internal n-channel MOSFETs (switches), gate
drivers for driving external n-channel MOSFETS, n-bit hardware
PWMs/PrlSMs/DMMs (modulation), hardware comparators (protection and monitoring), hardware DACs (protection and monitoring), a switching regulator, and a dedicated port of IOs to connect
to power peripherals and GPIO (general purpose input/output)
functionality [47]. The intelligent controller and LED driver can
be embedded into one circuit board for cost savings, smaller PCB
size, and intelligent lighting design for tunable white light and
mixed-color light operations.
The ways to drive the current to light up LEDs are divided into
pulsed width modulation (PWM) dimming and analog dimming
(amplitude dimming) [49]. Analog dimming involves changing
the constant current through the LED by adjusting the sense voltage. Analog dimming does not generate additional switching noise
in the LED lighting system and has higher efﬁcacy as current levels
decrease. The dominant wavelength varies with LED current due to
band ﬁlling and the quantum-conﬁned Stark effect (QCSE), so some
color shift is to be expected when using analog dimming. On the
other hand, PWM dimming involves a desired LED current and
can turn the LED on and off at speeds faster than the human eye
can detect. The color of LEDs can be controlled by using PWM dimming if the junction temperature is controlled, since the dominant
wavelength changes due to the junction temperature. The input
supply needs to be ﬁltered properly to accommodate high input
current transients. The efﬁciency of PWM dimming is lower than
that of analog dimming [49]. PWM dimming technology is categorized into enable dimming, series dimming, and shunt dimming.
Enable dimming produces PWM current by turning on and off
the current. Enable dimming is easy to implement, but typically
shows slow current transitions. Series dimming uses the series
ﬁeld effect transistor (FET) to generate PWM current with current
transition. Output voltage can overshoot when using series dimming. Shunt dimming utilizes shunt FET to generate the PWM signal with super-fast current transitions. The drawback of shunt
dimming is that power is dissipated in the shunt FET. If it is necessary to drive different types of LEDs having different forward voltages, multi-boost or buck current mode control is used due to the
beneﬁt of independent multiple power stages. PWM dimming control is good for driving uniform LEDs with the same color and forward voltages [48]. Although, the reliability and performance of
these control circuits are critical to the success of LED lighting systems, this paper covers only LED packages.
3. Failure modes and mechanisms in LEDs
In this paper, the failure mechanisms of LEDs are divided into
three categories: the semiconductors, interconnects, and the package. Semiconductor–related failure mechanisms include defect and
dislocation generation and movement, die cracking, dopant diffusion, and electromigration. Interconnect-related failure mechanisms are electrical overstress–induced bond wire fracture and
wire ball bond fatigue, electrical contact metallurgical interdiffusion, and electrostatic discharge. Package-related failure mechanisms include carbonization of the encapsulant, delamination,
encapsulant yellowing, lens cracking, phosphor thermal quenching, and solder joint fatigue. This section discusses the various failure mechanisms of LEDs.
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3.1. Semiconductor-related failure mechanisms: defect and dislocation
generation and movement
The lifetime and performance of LEDs are limited by crystal defect formations in the epitaxial layer structure of the die [50–53].
Crystal defects are mainly generated in contacts and in the active
region [54]. Crystal defects result in a reduction in the lifetime
[55] of non-equilibrium electron hole pairs and an increase in
multi-phonon emissions under high drive currents [56–60].
Multi-phonon emissions result in the strong vibration of defect
atoms and reduce the energy barrier for defect motions, such as
migration, creation, or clustering [60].
The failure modes are light output degradation due to nonradiative recombination at defects and shifted electrical parameters
due to increased reverse leakage currents. Electrical failure modes
known for this failure mechanism include an increase in the reverse leakage current along with optical power degradation, an increase in the generation-recombination current at low forward
bias, an increase in the diode ideality factor, and an increase in parasitic series resistance. For a perfect diode, the ideality factor is
unity (1.0). For real diodes, the ideality factor usually assumes values between 1.1 and 1.5. However, values as high as 7.0 have been
found for GaN/InGaN diodes [61]. Parasitic series resistance is related to a semiconductor’s ohmic contact degradation on top of
the p-layer. Parasitic resistance induces high-current crowding effects that increase the current during DC aging tests at different
current levels [56,57]. In the case of GaAlAs/GaAs LEDs, even moderate dislocation densities (104 cm2) can affect the operating life
of LEDs, and the degradation rate related to the dislocation motion
is high [62]. On the other hand, the degradation rates of InGaAsP/
InP and InGaN LEDs are slow compared to GaAlAs/GaAs LEDs since
the defects have no deep trap levels in the band gap and they do
not act as nonradiative recombination centers as do GaAlAs/GaAs
LEDs [62,63].
Defects introduced during crystal growth are divided into interface defects and bulk defects [64]. Interface defects include stacking faults, V-shaped dislocations, dislocation clusters, microtwins,
inclusions, and misﬁt dislocations. Bulk defects include defects
propagating from the substrate and those generated by local segregation of dopant atoms or native point defects. Structural imperfections due to thermal instability also contribute to defect
generation during crystal growth. Degradation modes of defect
generation in LED dies are divided into rapid degradation (random
or sudden unpredicted degradation) and gradual degradation
(wearout degradation). Recombination-enhanced dislocation climb
and glide are responsible for rapid degradation [65]. One example
of gradual degradation is the exits due to the recombination-enhanced point defect reaction in GaAlAs/GaAs-based optical devices.
Internal stress due to lattice mismatch also causes gradual degradation [60,66].
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Gradual degradation proceeds as follows. First, nonradiative
recombination occurs in a defect, which causes a point-defect reaction and new point-defect generation. The new defects can also act
as non-radiative recombination centers. The generated point
defects migrate and condense at nucleation centers. Defect clusters
and/or microloops are formed as byproducts [64]. Chuang et al.
found that four actions are continuously repeated when an electron
is captured with a hole at a defect site. This causes strong defect
vibrations and results in defect generation [60]. The four actions
are electron–hole non-radiative recombination at defect sites, the
release of band gap energy via multi-phonon emissions, strong
vibration at defect sites, and defect diffusion and generation.
Ferenczi reported that gradual performance degradation is
mainly concerned with the formation of new non-radiation recombination sites, leading to a decrease in the radiative quantum efﬁciency [67]. If the nonradiative recombination centers form at
interfaces, the increased interface density of states leads to erratic
switching drawbacks and ﬁnally dislocation movement and increased dislocation concentration. This results in mechanical stress
ﬁelds when dislocation concentration increases greatly.
The dislocation velocity (Vd) of semiconductors is known to depend on applied shear stress (s) [62,63]:

V d ¼ sl

ð2Þ

l ¼ V 0 =s0 expðEd =kTÞ

ð3Þ

where l is the dislocation mobility, Ed is the activation energy of dislocation motion, T is the temperature, and V0 and s0 are pre-exponential factors. It has been reported that GaN-based LEDs are more
reliable than GaAs-based LEDs in high density dislocations [63]. The
applied shear stress (s) is affected by internal misﬁt strain, thermal
strain, and external mechanical strain. Three types of dislocations
of GaN-based LEDs are observable by cross-sectional transmission
electron microscopy (XTEM), as schematically illustrated in Fig. 5
[63]. Type 1 dislocations are wing-shaped 60° or screw dislocations
on the basal (0 0 0 1) plane. Type 2 dislocations are straight threading
edge dislocations existing on {1 1 0 0} planes. Type 3 dislocations are
the dislocations that remain on the buffer layer. Failure analyses for
defect and dislocation generation and movement were followed by
electrical current voltage (I–V) characteristics and capacitance–
voltage (C–V) measurements, deep-level transient spectroscopy
(DLTS) analyses, and optical device emission measurements made
by using the complementary techniques of electroluminescence
(EL) and cathodoluminescence (CL) to detect different excitation
mechanisms and power regimes as well as efﬁciency decrease during
stress [68].
Threading dislocations form at the interface of the substrate and
epitaxial layer. These propagate toward the surface of the epitaxial
layer and are often called micropipes because of their open core
nature. Threading dislocations form in highest density on sapphire-based GaN LEDs [69,70].

Fig. 5. Schematic diagram of types of dislocations in GaN-based LEDs [63]. (Ó American Institute of Physics. Reprinted with permission.)
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Pan et al. reported that current-induced thermal effects play a
role in the luminescence efﬁciency of UV LEDs under DC and
pulsed injection. The thermal effects affect the redshifted luminescence wavelength of DC-driven devices. Pan et al. found that the
failure of UV LEDs was due to carrier overﬂow and nonradiative
recombination through threading dislocation [71]. Pavesi et al.
reported that failures of structural properties (defects, unintentionally incorporated impurities, and doping) are due to electrothermal stress [72]. Pavesi et al. also discussed the temperature
and current dependencies of the electrical activity of localized
defects and their effects on the electroluminescence efﬁciency of
InGaN-based blue LEDs [73].
Cao et al. investigated electrical and optical degradation of GaN/
InGaN single-quantum-well LEDs under high injection current and
reverse-bias stress [74]. Gradual changes in light output powercurrent–voltage characteristics showed the slow formation of
point defects, which enhance nonradiative recombination and
low-bias carrier tunneling. Cao et al. proposed two different
models for defect generation. Defect generation under high
forward-current stress results from a thermally assisted and
recombination-enhanced process in the InGaN layer. The defect
generation under high reverse voltage changes the material, resulting in avalanche breakdown at the boundaries between the spacecharge region and pre-existing microstructural defects.
Future research on defect and dislocation generation and
motion will require improved structural and material design of
LED dies and improved internal thermal management handling of
thermal resistance from junction to the package to reduce the
formation of crystal defects and dislocation movements caused
by high-current-induced thermal effects and high ambient
temperature.
3.2. Semiconductor-related failure mechanisms: die cracking
Extreme thermal shocks can break the dies of LEDs, such as
GaN-based and GaAs-based LED dies. Due to differences in material
properties (such as the coefﬁcient of thermal expansion), LED
packages 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
[15]. The high electrical stress and extreme thermal shock are
the causes of die cracking [15,52,56]. It is necessary to control
die cracking by ﬁne-tuning thermal expansion coefﬁcients between the substrate and epitaxial layers, as shown in Fig. 6. The
growth of the optimal medium layer between the substrate and
the epitaxial layer is a key technology to prevent die cracking [75].
In some cases, the failure mode from die cracking can be
electrical degradation and not, as intuitively expected, overstress
failure. Barton et al. [75] found that the light output degradation
was due, not to a change in contact resistance or the optical transmission of the plastic encapsulation, but to die cracking. Electron

beam–induced voltage (EBIV) analysis showed that the light output
degradation was due to a crack propagated through the p-contact
and the active layer in the LED die, thus isolating part of the junction
area from the p-contact. The sawing and grinding quality of the die
has a signiﬁcant impact on the occurrence of die crack [76,77]. Initial
defects, such as tiny notches or micro-cracks, caused by the sawing
and/or grinding process may act as a starting point for die cracking.
Chen et al. reported that the strength of LED dies cut from wafers has
to be determined for the needs of the design in order to assure the
good reliability of the packages in manufacturing and service [78].
3.3. Semiconductor-related failure mechanisms: dopant diffusion
To produce a high brightness GaN-based LED, efﬁcient current
injection into the LED through the p-GaN layer is usually required.
The p-GaN layer needs the improvement of the hole concentration
of the p-GaN layer as well as the conductivity in order to decrease
the resistivity of the p-type Ohmic contact [79–86]. For the p-type
GaN, Mg is used as the acceptor [87] in order to inject the current
into LEDs efﬁciently. Si is generally used in the growth process of
GaN as an n-type dopant. When Mg diffuses into the quantum well
during the growth of the p-GaN layer it causes the lowering of the
internal quantum efﬁciency of the multiple quantum well (MQW)
as the Mg acts as the nonradiative recombination center [88]. The
effect of the distribution of Mg dopant into the quantum well is
called dopant diffusion. The Mg doping proﬁle close to the active
region was found to be inﬂuenced by segregation as well as by diffusion during growth.
Kohler et al. investigated the inﬂuence of the Mg doping proﬁle on
the electroluminescence (EL) efﬁciency of (AlGaIn)N quantum well
LEDs grown by low-pressure metal–organic vapor phase epitaxy
[88]. They found that high Mg concentrations close to the active region that started at low growth temperatures increased EL efﬁciency
because of improved hole injection. Conversely, high Mg concentrations close to the GaInN QWs increase nonradiative recombination
rates. Kwon et al. [89] further reported that the performance of InGaN–GaN MQW ultraviolet LEDs was enhanced by gradient doping
of Mg in the p-GaN layer, because the gradient doping is able to decrease the Mg diffusion into an MQW active layer. The performance
enhancement is also due to the reduction in undesirable carrier transition from the conduction band of the MQW to the acceptor level in
the p-GaN:Mg layer. Altieri-Weimar et al. stated that the amount of
magnesium (in the active layer for p-doping) and tellurium doping
(in the n-doped layers for n-doping), as well as of the amount of oxygen incorporation, inﬂuence red–orange AlGaInP LED degradation
[90]. The authors also reported that high stress aging temperatures
over 85 °C can accelerate Te-doped AlGaInP LED degradation.
During life tests, failure modes caused by dopant diffusion acting as nonradiative recombination center include an increase in
series resistance and/or forward voltage, which is accompanied
by increased current crowding effects; an increase in the tunneling

Fig. 6. Thermal expansion coefﬁcients of GaN/Si and GaN/sapphire.
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Fig. 7. Wire ball bond fatigue.

effect of forward diode current and reverse current; and degradation of optical intensity. The general failure mode is decreased light
output. Instabilities in the p-type GaN layers as well as the growth
of nonradiative recombination centers degrade the optical power
emitted. The primary causes of light degradation are current density, temperature, and current distribution, which causes an increase in series resistance [72,91–93].

3.4. Semiconductor-related failure mechanisms: electromigration
Electromigration is electrically induced movement of the metal
atoms in the electrical contact to the surface of the LED die (such as
GaN-based and GaAs-based LED dies) due to momentum exchange
with electrons. Inadequately designed LEDs may develop areas of
lower and higher thermal resistance (and temperature) within
the substrate due to defects, electromigration, or incomplete soldering. This leads to current crowding, causing thermal runaway,
which results in severely increasing temperature in the package
[69] and reduction of the life of LEDs.
Electromigration causes contact migration between the electrical contact and the surface of the LED die, which leads to a short
circuit. The driving force is either high drive current or excessive
current density. In sources with electrodes, degradation of the
LED is due to the metal diffusing towards the inner region
[59,94]. During operation the metal diffuses from the p-contact
across the junction, creating spikes along the direction of current
ﬂow. Electromigration of contact metals occurs along crystalline
defects or defect tubes.
Kim et al. [95] showed the growth of a dot spot on the electrode
surface due to electromigration, which consequently resulted in
short circuit failure under various stress conditions. Their results
showed the increase of forward and reverse leakage current after
electrical stress, which was evidence of contact electromigration.
Haque et al. [96] reported that materials selection having chemical
compatibility should be considered when seeking to mitigate electromigration failures. Barton et al. [97] found that electromigration
of contact metals in GaN-based blue LEDs was along crystalline defects or defect tubes. A degradation study by Barton et al. [98] on
an InGaN green LED under high electrical stress found that the degradation was fast (about 1 s) when the pulsed current amplitude
was increased above 6 A and 100 ns pulse width at a repetition rate
of 1 kHz with a visible discharge between the p- and n-type electrodes. This led to the creation of shorts in the surface plane of
the diode, resulting in damage to metal contacts.
Proper thermal management and innovative package designs
are required to solve electromigration. Thermal conductivities of
interface materials, which constitute a large portion of the thermal
resistance, should be improved to prevent electromigration because the contact resistances of the interface materials can affect
the overall thermal resistance. In addition, low thermal conductivity control at high ambient temperature must be taken into
account in the design process.

3.5. Interconnect-related failure mechanisms: electrical overstressinduced bond wire fracture and wire ball bond fatigue
Wire bonding is the most common method for connecting the
pads on a chip to those on the LED packages. When LED packages
are exposed to high forward currents or high peak transient currents, the bond wire can behave as a fuse [15]. Electrical overstress
usually causes bond wire fracture, where the wire is instantly broken above the wire ball. This can cause catastrophic failure [99].
The severity of electrical overstress-induced bond wire fracture is
related to the amplitude and duration of the electrical transients
and the diameter of the bond (usually gold) wire [15]. Very long
pulse duration of electrical transients and high DC forward current
also result in thermomechanical stress–related failures.
Wire ball bond fatigue by thermomechanical stress is a type of
wear-out failure mechanism. Repetitive, high-magnitude thermal
cycles can lead to rapid failure. The thermal expansion of the
encapsulant pulls the wire bond from the surface of the die
[52,69,101]. Wire ball bond fatigue takes place when thermomechanical stress drives the repetition of thermal expansion and contraction of the expanding materials, as depicted in Fig. 7. A wire
ball open occurs when the thermomechanical stress is higher than
the wire ball bonding force. At elevated temperatures, the level of
the thermal expansion coefﬁcient and the Young’s modulus of the
encapsulant, as well as the hardness of the die, affects wire ball
bond fatigue. The mismatch of coefﬁcients of thermal expansion
(CTEs) causes the wire bond and chip to generate a signiﬁcant thermomechanical stress in the bonding zone. This results in fatigue
crack propagation during thermal cycling. The reliability of such
a joint varies with bond wire length and loop height [102].
Long-term exposure to a high humidity environment can also
result in wire ball bond fatigue. When the quantity of absorbed
water molecules within the epoxy encapsulant is of sufﬁcient
density to chemically attack the top electric contact on the LED
die, the wire bond on the chip breaks the connection [100].
The bonding process should be optimized by controlling wire
type, pad metallization, and device conﬁgurations. Accurate bonding tests have to be performed by varying bonding parameters
such as clamping force, power, and time matching bond pull
strength to extract optimum bonding conditions. The chip damage
under the bonding strength conditions should also be minimized.

3.6. Interconnect-related failure mechanisms: electrical contact
metallurgical interdiffusion
Electrical contact metallurgical interdiffusion is caused by thermally activated metal–metal and metal–semiconductor interdiffusion [103,104]. A schematic diagram of the structure of an AlGaN/
InGaN/AlGaN LED is illustrated in Fig. 8. Electrical contact metallurgical interdiffusion differs from electromigration in the sense
that electrical contact degrades due to out-diffusion and in-diffusion of the electrical contact. On the other hand, electromigration
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Fig. 8. Structure of a GaN-based LED die.

is due to crystalline defects or defect tubes forming in the metal
and places where metal atoms accumulate. The continuous metallurgical interdiffusion causes electrical contact degradation, which
results in the alloying and intermixing of the contact metals.
For example, in a AuGe/Ni contact, nonstochiometric regions
are formed when Ga diffuses outward through the AuGe into the
Au layer, while Au diffuses inward, forming high resistive alloying,
which causes the contact resistance to increase [105]. The failure
modes of the electrical contact metallurgical interdiffusion of LED
packages are light output degradation, an increase in parasitic series resistance, and short circuits of LEDs. The driving forces of failures are high drive current and high temperature increase.
Meneghesso et al. [56] stated that the long-term reliability of
GaN/InGaN under DC-aged testing showed semi-transparent
Ohmic contact degradation on top of the p-layer, which resulted
in an increase in the parasitic series resistance and light output
degradation. The increase in the parasitic series resistance induces
increasingly harsh current crowding effects as the current increases during the tests. The values of the parasitic series were
evaluated from the current–voltage curves. At high voltages under
extreme DC-aging tests, an increase in the parasitic series resistance was found [58]. An electrothermal degradation study on InGaN LEDs by Pavesi et al. [72] also showed that LEDs electrically
stressed at 100 mA without a heat sink experienced a decrease in
light output up to 70% after 500 h, with an increase in the series
resistance and forward voltage as well as with the current crowding effects observed by emission microscopy. Meneghini et al.
[106] analyzed the degradation of p-GaN contacts degraded under
high-temperature storage at 250 °C. High temperature storage induced a voltage increase and the nonlinearity of the electrical characteristics around zero voltage in the I–V curves.
3.7. Interconnect-related failure mechanisms: electrostatic discharge
Electrostatic discharge (ESD) is a type of failure mechanism
resulting in rapid open circuit failure in LEDs (such as GaN-based
diodes) with sapphire substrates, which are commonly used in
blue, green, and white LEDs. The forward biased pulse (1 ns to
1 ls) usually passes through the LED without damage, but a reverse biased pulse causes electrostatic discharge. Breakdown voltage and reverse saturation current are affected by contact material,
thickness, defects in the substrate, and contamination [52,100].
One possible solution is a correctly rated Zener diode reverse
biased in parallel with the LED [52,107]. This device allows voltage
spikes to pass through the circuit in both directions without damage to the LED. Another solution incorporating an internal GaN
Schottky diode into the LED chips improved ESD characteristics
of nitride-based LEDs [108,109]. Inverse-parallel shunt GaN ESD
diodes also improve the ESD reliability of GaN-based LEDs [110].

SiC substrates, GaN substrates, and Si substrates with high thermal
resistance can also improve ESD robustness.
A sapphire substrate is electrically insulated. The p- and n-contacts are generally positioned on the same side. GaN/InGaN devices
are easily damaged by electrostatic discharge and power dissipation because the sapphire substrate has low thermal resistance because of the insulation effect [111,113,114]. Su et al. showed that
an LED with a 1040 °C-grown p-cap layer can endure ESD pulses
up to 3.5 kV [111]. Their experiments demonstrated that ESD performances of LEDs are sensitive to V-shaped defects and bonding
pad design. The forming of V-shaped pits on the p-GaN top layer
is also related to the surface termination of threading dislocations
[112]. These V-shaped pits cause a leakage path, which leads to
worse electrostatic discharge (ESD) characteristics. The results of
Tsai et al. [112] demonstrated that GaN-based LEDs with a hightemperature-grown p-GaN layer can withstand a negative electrostatic discharge voltage of up to 7 kV. Zhang et al. [113] reported
that the fabricated ﬂip-chip light-emitting diodes (FCLEDs) tolerated 10 kV ESD shock by embedding Zener diodes connected in
parallel with the LED die. SiC substrate improved ESD robustness
by reducing lattice mismatch in reverse bias conditions [114]. A
modulation-doped Al0.12Ga0.88N/GaN superlattice improved ESD
reliability in nitride-based LEDs by spreading pulse current when
LEDs suffered from ESD [115].
3.8. Package-related failure mechanisms: carbonization of the
encapsulant
Carbonization of the plastic encapsulation material on the diode
surface under electrical overstress resulting in Joule heating or
high ambient temperatures leads to the formation of a conductive
path across the LED and subsequently to the destruction of the
diode itself. Carbonization of the encapsulant decreases the
encapsulant’s insulation resistance, signiﬁcantly inhibiting its ability to provide electrical insulation between adjacent bondwires
and leads [116]. The loss in insulation resistance of the plastic combined with latch-up of the device at temperatures above threshold
temperature (such as 200 °C of high ambient temperature for plastic-encapsulated microcircuits) can initiate a thermal runaway
process leading to carbonization of the encapsulant. In this process,
the fusing of the bondwires at high current causes the current to be
shunted through the plastic, leading to Joule heating of the plastic.
This Joule heating further decreases the insulation resistance and
can eventually result in carbonization of the encapsulant [117].
The failure mode of carbonization of the encapsulant is light output
degradation. The failure site is shown in Fig. 9.
Failure analysis results for the degradation of single-quantumwell InGaN LEDs under high electrical stress indicate that the
degradation process begins with carbonization of the plastic
encapsulation material on the diode surface [103]. Meneghesso
et al. reported that plastic carbonization was present along the
bond wire, suggesting power or temperature-related encapsulant
degradation, which could contribute to optical power degradation
[118]. In the degradation process, the encapsulant packaging
material burns and leaves a conductive carbon ﬁlm on the die
[119–121]. Several black spots detected on the p-contact layer of
the LED die were burned plastic areas generated when the junction
below them went into a non-constant breakdown under high
pulsed electrical stress. Continued stress started to create the conductive layer, forming a short circuit across the LED die. Further
application of electrical stress caused catastrophic package failure.
Fine-tuning of absolute maximum ratings of electrical current
and ambient temperature for usage conditions as well as thermal
management are required to avoid unexpected high loads resulting
in carbonization of the encapsulant. As a safety margin, derating
guidelines can also be provided to the users.
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Fig. 9. Conceptual image of damaged area for carbonization of the encapsulant.

3.9. Package-related failure mechanisms: delamination
Repeated cyclic stresses can cause the material layers of LED
packages to separate, causing signiﬁcant loss of mechanical toughness. This causes delamination. Delamination can either occur between the die and silicone encapsulant [15], between the
encapsulant and packaging lead frame [122], or between the LED
die and die attach [123,124], as shown in Fig. 10.
The failure mode associated with delamination is generally decreased light output. When delamination occurs in a thermal path,
the thermal resistance of the delamination layer is increased. The
increased thermal resistance leads to increased junction temperature, which also affects many other failure mechanisms and ultimately reduces the life of LED packages. Delamination may also
cause a permanent reduction in light output. Failure causes are
thermomechanical stresses, moisture absorption, and/or interface
contamination [5,98,121,122,125,126]. Interface contamination
during the LED package manufacturing process can result in poor
adhesion of interfaces, which can initiate delamination.
LED packages are usually molded with polymer plastic materials. Mismatching coefﬁcients of moisture expansion (CMEs) induce
hygro-mechanical stress in LED packages and cause the LED packages to swell after absorbing moisture. Different levels of swelling
occur between polymeric and non-polymeric materials as well as
among the polymeric materials. This differential swelling induces
hygroscopic stress in the package, thus adding thermal stress at
high reﬂow temperatures, thereby inducing delamination [127].
The moisture presence in packages can reduce interfacial adhesion
strength by 40–60% and lead to delamination [121,125]. The mismatching coefﬁcients of thermal expansion (CTEs) in LED packages
also induce thermal stress during the reﬂow soldering process. A
high temperature gradient can cause delamination between the
LED die and the encapsulant, which forms a thin chip-air-silicone
interface inside the LED package [121].
Kim et al. reported that the die attach quality of Au/Sn eutectic
bonding with low thermal resistance was better than that of Ag
paste and solder paste, which have a higher thermal resistance

Fig. 10. Possible areas of delamination (shown by red dotted lines) caused by
repeated cycle stresses in an LED. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

[124]. Die attach discontinuities result in locally increased temperatures within a package [128]. Rencz et al. analyzed and detected
die attach discontinuities by structure function evaluation, which
is a useful method for measuring partial thermal resistance values.
The highest increase in the Rth value was detected when the voids
were centrally located in the package [129]. Structure functions
provide a map of the cumulative thermal capacitances of the heat
ﬂow path with respect to the thermal resistance from the junction
to the ambient. The maximum value of the stress appears at the
corner of the die and die attach. This stress led to interface delamination between the die and die attach. In most cases, the delamination begins from the corners (where the highest stress occurs)
and then expands to other areas [130]. The combined effect of
shear and peel stress on the delamination of an adhesive layer is
experimentally known by the following relationship:



s
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þ

r
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2

¼1
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where s and r are the shear and the peel stresses, respectively, at
the interface, and rf is the combined failure stress for the interface
[123].
Thermal transient measurements are usually performed to analyze the thermal behavior of delamination in LED packages
[124,125, 131–134]. From the derivative of the structure function,
the differential structure is represented as a function of the cumulative thermal resistance [135]. In both of these functions, the local
peaks and valleys indicate reaching new materials or changing surface areas in the heat ﬂow path. A peak usually indicates the middle of a new region [124]. Thermal resistance increases with the
degree of delamination. Bad bonding between the chip and other
parts in LED packages can increase thermal resistance by as much
as fourteen times compared to a good bonding scheme across the
chip surface area [136]. In the manufacturing process, a CTE mismatch between the bonding solder and bonded parts during temperature cycling causes delamination between the bonded
surfaces. The curing of epoxy resins involves the repetition of
shrinkage and the development of internal stress, which may also
cause delamination [102].
Scanning acoustic tomography is a technique that is frequently
used to detect delaminated areas in electronic packages. Driel et al.
[137,138] performed scanning acoustic microscope measurements
to examine the occurrence of delamination in cavity-down TBGA
packages and exposed pad packages. In this technique, a sound
wave is transferred through a device and any reﬂection (twoway) or time-delay (one-way) in the signal indicates a gap between two materials.
Nano-sized silica ﬁllers around 25 nm to 50 nm are sometimes
incorporated into encapsulant materials to minimize CTE mismatch and transmission loss as well as increase thermal conductivity [139]. Hu et al. presented thermal and mechanical analyses of
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high power LEDs with ceramic packages [130]. The advantages of
ceramic packages replacing the plastic molds include high thermal
conductivity, excellent heat endurance, the ability to withstand
hazardous environments, ﬂexibility for small and thin structures,
enhanced reﬂectivity due to advanced surface-ﬁnishing technology, less CTE mismatch with the die, and high moisture resistance
[140,141]. Ceramic packages reduce thermal resistances from the
junction to the ambient. As a result, ceramic packages lower
delamination between interface layers in LED packages.
Proper selection of materials of LED package components with
similar CTEs and CMEs is required to release thermomechanical
stress and hygro-mechanical stress. Low CTE and modulus encapsulants, excellent adhesion, and CTE matching materials between
the bonded surfaces are possible solutions for delamination. Also,
thermal management from the die to the underlying leads of an
LED package should be improved by using a large metal heat slug
in the center of the bottom of LED packages or a metal core printed
circuit board (MCPCB) to form a more effective conduction path.
3.10. Package-related failure mechanisms: encapsulant yellowing
LEDs are encapsulated to prevent mechanical and thermal
stress shock and humidity-induced corrosion. Transparent epoxy
resins are generally used as an LED encapsulant. However, epoxy
resins have two disadvantages as LED encapsulants. One is that
cured epoxy resins are usually hard and brittle owing to rigid
cross-linked networks. The other disadvantage is that epoxy resins
degrade under exposure to radiation and high temperatures,
resulting in chain scission (which results in radical formation)
and discoloration (due to the formation of thermo-oxidative
cross-links). This is called encapsulant yellowing. Modiﬁcation
with silicone materials has been considered an efﬁcient method
to increase the toughness and thermal stability of transparent
epoxy encapsulant resin. However, silicone compound as an LED
encapsulant can have ﬂaws, such as lower glass transition temperature (Tg), larger CTE, and poor adhesion to housing. Li et al. found
that siloxane-modiﬁed LED transparent encapsulant is one possible
way to improve the thermal mechanical properties, as the multifunctionality of siloxane compounds raises the crosslink density
[142]. The increase of the cross-link density means that siloxane
compounds improve the bond energy of the polymer chains to mitigate the chain scission.
The failure modes of encapsulant yellowing are decreased light
output due to decreased encapsulant transparency and discoloration of the encapsulant. The basic causes of encapsulant yellowing
are (1) prolonged exposure to short wavelength emission (blue/UV
radiation), which causes photodegradation; (2) excessive junction
temperature; and (3) the presence of phosphors.
Photodegradation of polymer materials usually takes place under the following conditions: (1) by increasing the molecular
mobility of the polymer molecule, which is made possible by raising the temperature above Tg; and (2) the introduction of chromophores as an additive or an abnormal bond into the molecule,
both of which have absorption maxima in a region where the
matrix polymer has no absorption band [143]. Photodegradation
depends on exposure time and the amount of radiation. Thus, even
long-term exposure to visible light can cause polymer and epoxy
materials to be degraded [143,144]. Down [145] reported that
light-induced yellowing was grouped with four distinct types of
yellowing curves: linear, autocatalytic (where the amount and rate
of yellowing increase with time), auto-retardant (where yellowing
proceeds at a decreasing rate), and initial bleaching followed by a
linear increase in yellowing. It is well known that many epoxies
can turn yellow when subjected to prolonged exposure to ultraviolet (UV) light as well as levels of blue light, since band-to-band
recombination in the GaN system can produce ultraviolet radiation

[118]. Discoloration results in a reduction in the transparency of
the encapsulant and causes a decrease in LED light output [146].
Further, it has been demonstrated that degradation and the associated yellowing increases exponentially with exposure energy
(amount of the light illuminating the encapsulant).
The thermal effects associated with excessive junction temperature also play a role in encapsulant yellowing [146,147]. Narendran et al. [144] reported that the degradation rate of 5 mm
epoxy-encapsulated YAG:Ce low-power white LEDs was mainly affected by junction heat and the amount of short wavelength emissions. It was shown that the thermal effect has greater inﬂuence on
yellowing than does short-wavelength radiation. Furthermore,
they demonstrated that a portion of the light circulated between
the phosphor layer and the reﬂector cup and increased the temperature, potentially causing epoxy yellowing. Yanagisawa et al. [55]
also found that yellowing is not signiﬁcantly affected by a high
humidity test environment. Baillot et al. stated that silicone coating degradation inside the encapsulant was observed at high temperature accelerated life test conditions (30 mA/85 °C/1500 h)
[148]. Barton and Osinski [149] also suggested that yellowing is
related to a combination of ambient temperature and LED selfheating. Their results indicated that a temperature of around
150 °C was sufﬁcient to change the transparency of the epoxy,
causing the attenuation of the light output of LEDs.
Down [150] carried out natural dark aging on various commercially available epoxy resin adhesives that were cured at room
temperature in order to discuss resistance to thermal yellowing.
The extent of yellowing was monitored by measuring the absorption of the wavelengths at 380 nm and 600 nm, as shown in Eq.
(5). Yellowing curves are plots of average At (degree of yellowing)
with time (t). According to Beer’s law, the absorbance is directly
proportional to the thickness of the sample being measured. The
results were analyzed by using the following criteria during the
yellowing acceptability evaluation test: epoxy samples with an
absorbance of less than 0.1 mm were always perceived as acceptable in color; samples with absorbance greater than 0.25 mm were
unacceptable in color; and uncertainty in color acceptability existed from 0.1 to 0.25 mm. In practical terms, the discoloring
started visibly where the yellowing curve intersects 0.1 until it
reaches 0.25. However, it was considered tolerably yellow from
0.1 to 0.25, which meant it was still acceptable.

At ¼ ½Að380 nmÞt  Að600 nmÞt  

0:1 mm
F

ð5Þ

where At is the degree of yellowing observed at a speciﬁc time t, and
F is the average ﬁlm thickness of each sample.
Although phosphors are a necessary component for producing
white light, the presence of phosphors causes a decrease in reliability [147]. The phosphor is embedded inside an epoxy resin that
surrounds the LED die. The phosphor converts some portion of
the short wavelength light from the blue LED, and the combined
blue light with the down-converted light produces the desired
white light. When the phosphor is in direct contact with the die,
as is the case for a phosphor-converted light emitting diode
(pcLED), 60% of the phosphor emission is absorbed directly backward toward the chip. When the phosphor is not in contact with
the die but away from the die, the loss is mainly from absorption
by reﬂective surfaces and from light being trapped inside the diffused phosphor [151]. A package with lower concentration and
higher phosphor thickness has a higher luminous efﬁcacy (measured in units of lumens per watt of optical power) because the
light extraction efﬁciency is lower with low phosphor concentrations [152]. Much research has been conducted relating different
spatial phosphor distributions to reliability. Arik et al. [153] used
ﬁnite element analysis to show that localized heating of the phosphor particles occurs during wavelength conversion because of low
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quantum efﬁciency. The authors reported that as little as 3 mW
heat generation on a 20 lm-diameter spherical phosphor particle
can lead to excessive temperatures sufﬁcient to degrade light
output.
Thus, it is necessary to consider both photonics and thermal aspects to investigate how phosphor particles affect encapsulant yellowing. The inclusion of phosphor into an LED package must be
considered based on particle size, concentration, geometry, carrier
medium, and refractive index matched with the encapsulant material [151,152]. The geometry of the pcLED is usually divided into
three classes: dispersed, remote, and local. A scattered photon
extraction pcLED, which is a remote-type pcLED, is 61% more efﬁcient than a conventional pcLED because the phosphor layer is separated from the die and backward-emitted rays are extracted from
the sides of the optical structure inside the diffuse reﬂector cup of
the package [151,154]. Trapping by total internal reﬂection (TIR)
and quantum conversion (QC) loss causes optical losses inside
the phosphor layer. Kim et al. used remote phosphor distribution
with a diffuse reﬂector cup to enhance the light extraction efﬁciency [155]. Luo et al. [156] minimized the optical losses by utilizing a diffuse reﬂector cup, a remote-type phosphor layer, and a
hemispherical encapsulant shape. Further, Allen and Steckl [151]
found that the enhanced light extraction by internal reﬂection
(ELiXIR) pcLED decreased the phosphor conversion loss by only
1%. ELiXIR pcLED showed a nearly ideal blue-to-white conversion
obtained by internal reﬂection leading phosphor emissions away
from the surface. This process utilizes a reﬂector material having
high reﬂectivity and remotely located phosphors with a unity of
quantum efﬁciency, a homogeneous refractive index to attenuate
scattering, and a refractive index matching the encapsulant material to annihilate the total internal reﬂection. Li et al. reported that
having fewer ZnO nanoparticles as particle ﬁllers in a transparent
epoxy matrix increases the high-visible light transparency and
high-UV light shielding efﬁciency necessary for UV-WLEDs [157].
As can be seen in the works discussed above, enhancing light
extraction efﬁciency was achieved by photonics and thermal consideration of the presence of phosphors in LED encapsulants.
Packaging material solutions are needed for further research on
encapsulant yellowing. UV transparent encapsulant or siliconebased encapsulant will prevent photodegradation of encapsulants
caused by UV radiation. Modiﬁed epoxy resins or silicone-based
encapsulant and low thermal resistance substrate are useful for
minimizing thermal degradation of encapsulants induced by high
junction temperature between the LED die and leads. High refractive index encapsulants, efﬁcient encapsulants and cup design, and
high phosphor quantum efﬁciency will solve refractive index mismatch between the LED die and the encapsulant to improve light
extraction efﬁciency.
3.11. Package-related failure mechanisms: lens cracking
The encapsulants and lens materials of LEDs are generally required to possess the characteristics of high transparency, high
refractive index, chemical stability, high temperature stability,
and hermeticity to enhance the extraction of light into free space
as well as reliability performance [158]. High power LEDs use a
plastic lens as well as an encapsulant, as shown in Fig. 11 [158].
Since standard silicone retains mechanical softness in its cured
state, the silicone encapsulant is enclosed in a plastic cover that
serves as a lens to give mechanical protection. The plastic lenses
also serve to increase the amount of light emitted from the LEDs
into free space. The failure mode of lens degradation is a number
of small hairline cracks that decrease light output due to increased
internal reﬂection in LEDs. The degradation appears due to thermomechanical stresses, hygro-mechanical stresses, and poor boardassembly processing.
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Fig. 11. Cross-sectional view of high power LED package [158] (Ó Cambridge
University Press. Reprinted with permission.)

Lens cracking depends on the material properties of plastics. All
encapsulants and lenses in LEDs are based on polymers such as
epoxy resins, silicone polymers, and polymethylmethacrylate
(PMMA) [1,3,14,99,158]. Hsu et al. [159] found a number of cracks
introduced from thermal expansion in the center of the lens surface and on the inside of the polymer encapsulation when high
power LED samples with three different lens shapes were aged at
80 °C, 100 °C, and 120 °C under a constant voltage of 3.2 V. They
used LEDs with hemispherical, cylindrical, and elliptical shapes.
The hemispherical lens LEDs had longer lives than the cylindricaland elliptical-shaped plastic lenses due to a more uniform thermal
dissipation along the thermal path from the LED chip to the lens
[159]. It was also reported that long-term exposure to high condensing moisture caused cloudiness of the epoxy lenses in a plastic
LED lamp due to hygro-mechanical stresses [100]. Philips Lumileds
also reported that extreme thermal shock can crack an epoxy lens,
since temperature variations in LEDs induce mechanical stress
[15]. Poor PC board assembly processing causing cracked plastic
domes were revealed during an electrical test when trying to bend
lamps into position after soldering. The bending stresses in the lead
frames were transmitted to the encapsulating epoxy, causing the
epoxy to crack [100].
Further research should be focused on the selection of lens
materials and efﬁcient lens and cup design to minimize the thermomechanical stress and hygro-mechanical stress on the lens.
Quality control of the lens should be improved to avoid lens cracking by implementing reliability evaluation and acceleration life
tests.
3.12. Package-related failure mechanisms: phosphor thermal
quenching
Phosphor thermal quenching decreases light output with the increase of the nonradiative transition probability due to thermally
driven phosphorescence decay. Phosphor thermal quenching
means that the efﬁciency of the phosphor is degraded when the
temperature rises. White LEDs are usually phosphor-converted
LEDs (pcLEDs) that utilize short wavelengths emitting from LED
dies to excite phosphors (luminescent materials) spread over the
inside of the encapsulant. Phosphors emit light with longer wavelengths and then mix with the remains of the diode light to produce the desired white color. Phosphorescence has a longer
emission pathway (longer excited state lifetime) than ﬂuorescence,
as shown in Fig. 12. Phosphorescence decay is temperature dependent, while ﬂuorescence decay is independent of temperature.
It is generally required that phosphors for white LEDs have low
thermal quenching caused by a small Stokes shift to avoid changes
in the chromaticity and brightness of white LEDs [160]. The types
of white LEDs are class D (daylight), class N (neutral white), class
W (white), class WW (warm white), and class L (incandescent light
bulb). Phosphors used in white LEDs are generally divided into
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Fig. 12. Fluorescence vs. phosphorescence.

sulﬁdes, aluminates, nitrides, and silicates. The phosphors used in
LEDs are generally required to have the following characteristics:
high absorption of UV or blue light; high conversion efﬁciency;
high resistance to chemicals, oxygen, carbon dioxide, and moisture; low thermal quenching; small and uniform particle size (5–
20 lm); and appropriate emission colors [161]. Most oxide-based
phosphors have low absorption in the visible-light range, which
means that they cannot be coupled with blue LEDs. Sulﬁde-based
phosphors are thermally unstable and very sensitive to moisture,
and they degrade signiﬁcantly under ambient conditions without
a protective coating layer. Xie et al. further assert that siliconbased oxynitride phosphors and nitride-based phosphors have a
broad excitation band extending from the ultraviolet to the visible-light range and also the ability to strongly absorb blue-togreen light [161].
Failure modes resulting from phosphor thermal quenching include a decrease in light output, color shift, and the broadening
of full width at half maximum (FWHM). The driving forces are high
drive current and excessive junction temperature, which are attributed to increases in temperature of the inside of the package [98].
With increasing temperature, the nonradiative transition probability increases due to thermal activation and the release of the
luminescent center through the crossing point between the excited
state and the ground state [162]. This quenches the luminescence.
Jia et al. demonstrated that a blue shift and spectral broadening
with increasing temperature indicate temperature-dependent
electron–phonon interaction [163]. The temperature dependency
of phosphor thermal quenching is described in Fig. 13. Light output
degradation begins to occur above a lead temperature of 80 °C (3)
for high power LEDs. Upon heating, the broadening of FWHM is
caused by phosphor thermal quenching ((4)–(6)). A slight blue shift
of the emission band is observed for phosphors as the temperature
increases. The shift of die peak wavelength to a lower energy is due
to the junction temperature dependence of the energy bandgap
shrinkage. The thermal quenching process was caused by either a
multiple phonon relaxation process or the thermal ionization of
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Fig. 13. Spectra change with temperature rise.

doped material as a part of a trapping mechanism that produced
long persistent phosphors. Less lattice phonon energy is favored
for reducing a thermal quenching process. For persistent phosphors, activators are supposed to be ionized by one photon to produce trapped electrons. The electrons need thermal energy to be
ionized when the electronic excited state is below the conduction
band. This process is called thermal ionization, and it requires the
electron energy level to be close to the host conduction band.
When thermal ionization processes exist, thermal quenching is
more severe because a large number of electrons are trapped. This
causes light output degradation and color change.
Xie et al. [164] used the Arrhenius equation to ﬁt thermal
quenching data in order to understand the temperature dependence of photoluminescence and determine the activation energy
for thermal quenching:

IðTÞ ¼

Io
1 þ c  exp



E
kT

ð6Þ

where Io is the initial intensity, I(T) is the intensity at a given temperature T, c is a constant, E is the activation energy for thermal
quenching, and k is Boltzmann’s constant. They found the most
appropriate value of the activation energy, E, to be 0.23 eV for a-sialon: Yb2+ and 0.20 eV for Sr2Si5N8:Eu2+.
Research for improving the reliability and design of LED packages has been conducted to minimize quantum conversion loss
caused by phosphor thermal quenching. Current research is focused on solving the phosphor thermal quenching problem to enhance quantum conversion efﬁciency for long-term reliability by
utilizing and/or developing new phosphor materials to generate
white lights mixed with different colors of LED dies.
One-pcLEDs have been commercially available using a blue LED
and yttrium aluminum garnet phosphors doped with Ce3+
(YAG:Ce3+). One-pcLEDs produce white light by combining blue
LEDs with yellow-emitting phosphors [165,166]. The conventional
YAG:Ce3+ white LED has a low color rendering index both because
it lacks a red component and because it faces the problems of high
thermal quenching and narrow visible range [167]. Better light
quality was shown to be obtained by using a combination of a
Ce3+ doped garnet phosphor with a red emitter [168,169]. TwopcLEDs using a combination of red and green phosphors with blue
LEDs were studied [169]. The two phosphors absorbed the blue
light from the InGaN chip and converted it into green and red light,
and then white light was produced by color mixing. Three-pcLEDs
using a combination of red, green, and blue phosphors with UV
LEDs were demonstrated by Mueller and Mueller-Mach [170]. Color mixing of red, green, and blue phosphors improved the color
rendering and produced a wide range of color temperatures. Critical key values judging the quality of white light produced by pcLEDs are known as the color rendering index (CRI) and the
correlated color temperature (CCT) [171]. CRI > 80 is regarded as
good; in the 1970s is regarded as plain or acceptable [169,171].
Mueller-Mach et al. [171] presented a 2-pcLED based on phosphors of Sr2SiN8:Eu2+ (nitridosilicates, red) and SrSi2O2N2:Eu2+
(oxonitridosilicates, green) excited by blue InGaN/GaN LEDs. These
showed a wide range of CCT and good CRI with low thermal
quenching. Uheda et al. [172] found that red phosphor, CaAlSiN3:Eu2+, is more efﬁcient than La2O2S:Eu3+ or Ca2Si5N8:Eu2+ under 460 and 405 nm excitation and is chemically stable as well,
so that it produces highly efﬁcient red-emitting phosphors excited
by blue or violet LEDs. Xie et al. reported that Eu2+ activated Li-aSiAlON is a good greenish yellow phosphor for pcLEDs [162,164].
Jia et al. [163] showed that phosphors of SrMgSi2O6 and
Sr2MgSi2O7 doped with Eu2+ were enhanced by codoping trivalent
rare earth ions, such as Nd3+. Li et al. [173] showed that the red
emitting Sr2Si5N8:Eu2+ has a quantum efﬁciency of 75–80% and
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very low thermal quenching up to 150 °C. Xie et al. [174] found
that (oxy)nitride phosphors in the system of M–Si–Al–O–N showed
high conversion efﬁciency of blue light, suitable emission colors,
and little thermal quenching. Xie et al. further reported that a synthetic route to Sr2Si5N8:Eu2+-based red nitridosilicate phosphors
showed orange-red emission and high quantum efﬁciency with
very low thermal quenching [175]. Zeng et al. [176] demonstrated
that Ba5SiO4Cl6:Eu2+ phosphors under 405 nm excitation exhibit an
intense blue emission with a peak wavelength at 440 nm of more
than 220% compared to conventional BaMgAl10O17:Eu2+.
Further research on phosphor thermal quenching is required to
enhance and maintain light extraction efﬁciency by optimizing the
material, size, concentration, and geometry of phosphor particles
to minimize temperature rise on the inside of LED packages as well
as by improving the thermal design of LED packages and boards to
dissipate the internal heat of LED packages through boards to the
outer environment.

3.13. Package-related failure mechanisms: solder joint fatigue
LED packages are usually bonded to a ceramic (AlO), metal
(MCPCB), or organic (FR4) PCB using a solder. The solder may fatigue and may lift off and/or degrade. Failure modes and their mitigation of solder joint fatigue are associated with the degradation of
electrical connections (solder joints) as well as the degradation of
LEDs with time. The degradation of electrical connections increases
forward voltage. Thermomechanical fatigue is not a major issue for
chip-on-board packaged LEDs, where the chip is directly wirebonded to the circuit board [177]. For chip-on-board packages, the critical factor for long-term reliability is degradation of the LED itself
and not that of the board-level interconnects. On the other hand,
in a rigid SMT submount (typically ceramic, LCP, or PMMA) type
package, the solder interconnects go through stress reversals due
to the CTE mismatch between the LED package and the circuit
board [178], resulting in thermomechanical fatigue of the solder
joint. Therefore, critical factors for long-term reliability for submount packages include thermomechanical fatigue of solder joints
as well as LED degradation.
The failure mechanism could be fatigue due to deformation in
response to applied mechanical stresses, cyclic creep and stress
relaxation, fracture of brittle intermetallic compounds, or combinations thereof [179]. During temperature changes, shear is the
primary stress on solder joints. As a result, the surfaces of solder
joints slide relative to one another during thermal cycling, producing electrical transients that are typically of short duration [180].
Common failure causes of solder joint fatigue of LEDs are CTE mismatch between the package and circuit board, the geometry of the
package (i.e., length scale over which stress is transmitted), solder
joint material and thickness, temperature swings and dwell time,
the modulus and thickness of the circuit dielectric, and the thermal
resistance of the dielectric [177,181]. Chang et al. [181] stated that
the reliability of the interconnects between high power LED packages and aluminum metal core printed circuit boards depends on
the magnitude of the temperature swing, dwell time, electrical
power of LED packages, and board design (with or without the active cooling device). The obtained simulation results showed that a
high temperature swing and longer dwell time can result in shorter
cycles to failure. Higher electrical power in LEDs accelerated the
rate of interconnect failures at solder joints. Using an active cooling
device improved the cycles to failure and made them longer than
did passive cooling methods [181]. In most cases of high power
LEDs, the metal heat slug located in the center of the LED package
provides a mechanical connection and a thermal path to the PCB.
The total effective solder joint area increases and cyclic temperature excursion decreases due to the solder joint.
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The reliability of solder interconnects is inﬂuenced by environmental loads, solder material properties, and the intermetallics
formed within the solder and the metal surfaces where the solder
is bonded [182,183]. Osterman et al. demonstrated that the Cofﬁn–
Manson fatigue life relationship is a good model for estimating the
fatigue life of solder interconnects early in the design process
[184]. The Engelmaier interconnect fatigue life model was developed as an improvement upon the inelastic strain-range-based
Cofﬁn–Manson model. The Engelmaier model provides a ﬁrst-order
estimate of cycles to failure for solder interconnects under power
and thermal cycles. However, the Engelmaier model does not consider the local CTE and the possible variations, such as thermal cycle
temperature ranges and different stress levels, that a solder joint
may experience. Also, the Engelmaier model does not take into account any elastic deformation and are mainly applicable to ceramic
interconnect boards [185]. Intermetallic compounds are formed
while metal component terminals, board pad ﬁnishes, and base
board metals react. The growth of intermetallic compounds causes
solder to become brittle and results in solder joint failure [183].
LED packages, high-power LED packages in particular, are nonstandard compared to other semiconductor and passive parts. For
example, the metal heat slug located in the center of a high-power
LED package under evaluation provides a mechanical connection
and a thermal path to the aluminum MCPCB. Chang et al. [181] reported that the total effective solder joint area increased and cyclic
temperature excursion decreased due to this solder joint. There are
many versions of heat sink materials and shapes for which simulation tools and techniques are not well developed [186].
4. Relationship between failure causes and associated
mechanisms
Based on the ﬁndings from Section 3, the causes of LED failure
can be categorized as extrinsic and intrinsic causes. For example,
prolonged exposure to UV, high current, poor assembly, and moisture ingress can be categorized as extrinsic causes of LED failure
[187–194]. To avoid extrinsic failures, it is necessary to exercise
control of environmental conditions and ﬁne tune the manufacturing/assembly processes, which are achievable goals. However,
increasing reliability by preventing intrinsic failures is more challenging, as it requires a complete understanding of the root causes
of failures and their associated failure mechanisms. Hence, it is
necessary to understand the causes of failure, failure modes, and
associated failure mechanism(s). Based on an exhaustive literature
review and research performed by CALCE, this paper lays the foundation for such an understanding. For example, delamination is
one of the dominant mechanisms responsible for the failure of
LEDs. One type of delamination involves the detachment of the
encapsulant from the LED package. As mentioned earlier, the
reduction in light output—not catastrophic failure, as in other electronic components—is the failure criterion. As can be seen in Table 2, there can be two effects on a device—thermomechanical
stress and hygro-mechanical stress—that are responsible for initiating delamination, which can result in reduced light output over
a period of time. Table 2 summarizes the relationships between
various failure sites and the associated causes, effects on devices,
failure modes, and failure mechanisms. However, new research
and ﬁeld experience with LEDs is necessary to develop improved
understanding to further update the interrelationships shown in
Table 2.
5. Challenges in LED reliability achievement due to lack of
thermal standardization
When a high drive current is applied to LEDs, there is increased
light output, but that typically comes with increased heat
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Table 2
Failure sites, causes, effects, modes, and mechanisms of LEDs.

generation. The light output can change as a result of the operating
conditions, temperature in particular [195–201]. The level of heat
generation depends on the methods of dispersing heat. For example, light output decreases with a temperature rise in LEDs, since
the quantum efﬁciency decreases at higher temperatures, which
contributes to more non-radiation recombination events in LEDs
[202]. Temperature increase is also related to forward voltage drop

due to the decrease of the bandgap energy of the active region of
LEDs and also due to the decrease in series resistance occurring
at high temperatures. The resistance decrease is due to higher
acceptor activation occurring at elevated temperatures as well as
the resulting higher conductivity of the p-type layer and active
layers. In addition to the quantum efﬁciency drop, the colors of
LEDs also change with increased temperature. In particular,
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phosphor-converted LEDs with blue InGaN and yellow phosphors
experience light output degradation, which causes shifts of blue
peak wavelength and the peak energy of phosphors when the temperature of the LEDs increases. The shifts of the blue peak wavelength toward longer wavelengths having lower energy (i.e.,
redshifting) are due to the junction temperature dependence of
the energy gap shrinkage and quantum-conﬁned Stark effect, a
process which reduces the energy of bound states in a quantum
well under an applied electric ﬁeld [203]. On the contrary, the
shifts of the blue peak wavelength toward shorter wavelengths
having higher energy (i.e., blue shifting) are due to band ﬁlling, a
process which results from the injection of holes via tunneling into
an empty impurity band and vacant valence band [204]. The peak
energy shifts of the phosphors are due to phosphor thermal
quenching. To sum up, many important reliability-related features
of LEDs are functions of temperature.
The long-term stability and lifetime of LEDs are typically judged
on the basis of measured light output. The measured light output
mostly depends on the junction temperature. Hence, the correctness of light output measurements is dependent on the temperature stability of the light output measurement setup and on the
accuracy of the temperature measurement. There are uncertainties
associated with the prediction of the junction temperature because
there are only indirect ways of measuring and evaluating temperatures from reference points to the junction temperature. Longterm stability analyses of LEDs need to demonstrate that the
thermal conditions of the LEDs have not changed during the entire
aging/testing process in order to enable correct correlation between light output characteristics and RthJ-A (thermal resistance
between LED junction and ambient). Little information has been
published about how the light output measurements in reliability
studies are performed, but it is suspected that RthJ-A of LEDs during
aging test measurements is often uncontrolled and changes over
time. As a consequence, some of the reported light output variations could be attributed to RthJ-A variations of the test setup.
One way to prevent this is to eliminate the potential changes in
RthJ-A by ensuring that all light output characteristics are presented
as a function of the real junction temperature. The only way that
the reliability data provided by different vendors can be assured
is by standardizing all relevant measurements and deﬁnitions.
Besides the standardization of reliability-related tests, an
important source of information for a designer is the published
data in the data sheets, especially thermal data such as junctionto-ambient and junction-to-case thermal resistances. The designer
needs these data to ensure that the maximum allowable temperatures prescribed by the vendors are not exceeded. It is necessary
for these data to be standardized, because lower thermal resistance
is a major selection criterion. Lasance and Poppe [205–208] and
Poppe et al. [209] discussed the need for more sophisticated thermal characterization and standardization of LEDs and LED-based
products. The reason is that progress in these ﬁelds has not kept
pace with the exponential growth in applications. This situation
is becoming a serious problem for leading manufacturers who
are focusing on a sustainable business for the future and are willing
to publish reliable thermal data. Unfortunately, due to the lack of
globally accepted standards, manufacturers can publish whatever
they want. The lack of standards also becomes a problem for the
experienced user because the thermal data that are published are
often of limited use in practice when accuracy is at stake, and accuracy is needed for estimation of expected performance and lifetime. Remarkably, the situation is not much different from the
one that the IC (integrated circuit)-world was facing almost
20 years ago [209–214]. Around 1990 it became clear that thermal
characterization of IC packages was problematic. Manufacturers all
over the world were using different standards. Even within a single
manufacturer, intolerable differences showed up. To solve the
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thermal characterization problems, manufacturers must publish
thermal data in such a way that the end-user can use this data.
End-users are responsible for the speciﬁcations of the thermal
environment to which the LEDs are exposed. Provided that the
manufacturers want to cooperate, it would be easy to apply the
standard protocols used by the IC business.
In addition to standardization itself and suggestions for improved test setups, Poppe and Lasance discussed [205–208] the
role of thermal characterization, the deﬁnition of thermal resistance, the different goals of manufacturers and system designers,
the similarities and differences between LED and IC thermal characterization, the drawbacks of the current thermal data in data
sheets, and an overview of the questions that an LED thermal standardization body should address.
6. Summary and recommendations
The conventional way to predict the lifetime of LEDs employs
the Arrhenius model to extrapolate test results at high temperature to expected operating temperatures. The Arrhenius model as
given in Eq. (1) is not adequate to represent the failures of LEDs.
Light output degradation is the major failure mode of LEDs, and it
results from hygro-mechanical and electrical stresses in addition
to thermal stresses. A more realistic method of LED lifetime estimation is required that reﬂects total consideration of temperature, the level of forward current, relative humidity, mechanical
stress, and materials. The coverage of this paper will help both
to develop reliable product design for industry and provide
researchers guidelines for addressing issues related to LED
reliability.
The literature available on the testing of LEDs shows that extensive accelerated tests have been performed not only for academic
interest but also by agencies dealing with commercial aspects of
LEDs. Reliability tests have been used to claim that the typical life
of LEDs can be expected to range from 3000 h for LEDs operating in
harsh environments (in terms of high current, high temperature,
and high humidity) to 50,000 h in benign environments. For example, LEDs running with the absolute maximum rating of current at
high temperature over 85 °C and high humidity over 85% might
have the worst lifetime among different usage conditions. The
higher estimate for LED life is for benign conditions below room
temperature and below typical operating currents. The overall reliability of LED packages is related to interconnect failures, semiconductor failures, and package failures. Interconnect failures are
responsible for broken bond wires and lifted balls, electrical metallurgical interdiffusion, and electrostatic discharge. LED semiconductor failures are manifested as die cracking, defect and
dislocation generation and movement, dopant diffusion, and electromigration. Package failures involve mechanical interaction with
LED chips, die adhesives, heat slugs, lead frames, and encapsulants.
The failure mechanisms responsible for package failures include
carbonization of the encapsulant, delamination, encapsulant yellowing, phosphor thermal quenching, and lens degradation.
It is necessary to control die cracking in LEDs by ﬁne-tuning the
coefﬁcients of thermal expansion between the substrate and epitaxial layers. The growth of the optimal medium layer between
the substrate and the epitaxial layer is a key technology to prevent
the die cracking. ESD resistance can be improved by employing a
correctly rated Zener diode reverse-biased in parallel with the
LED and by incorporating an internal GaN Schottky diode into nitride-based LEDs. Inverse-parallel shunt GaN ESD diodes also improve the ESD reliability of GaN-based LEDs. It is imperative that
all vendors use globally accepted thermal standards to determine
junction temperature to enable a fair comparison between different products, including agreed upon deﬁnitions of power and thermal resistance.
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An improved understanding of the root causes responsible for
failures in LEDs with respect to improving material properties
and fabrication technology must be developed. A deeper understanding of various process variables and associated environments
critical for LED quality must form part of LED reliability research.
We identiﬁed the following areas for research and development
to ensure that the demand for high reliability and high performance LEDs can be met by industry while meeting the Green
promises.
Further research on defect and dislocation generation and motion requires improved structural and material design of LED dies
and better internal thermal management handling of thermal
resistance from the junction of the LED die to the package. This will
reduce the formation of crystal defects and dislocation movement
caused by high-current-induced thermal effects and high ambient
temperature. Proper thermal management and innovative package
designs are required to solve the electromigration problem. The
thermal conductivities of interface materials, which account for a
large portion of the thermal resistance, should be improved to prevent electromigration. In addition, low thermal conductivity control at high ambient temperatures must be taken into account in
the design process.
The bonding process should be optimized by controlling wire
type, pad metallization, and device conﬁgurations. Targeted bonding tests have to be performed by varying the bonding parameters,
such as clamping force, power, and time-matching bond-pull
strength, to extract optimum bonding conditions. The chip damage
under the bonding strength condition should also be minimized.
There is a need to develop new materials for LED package components with similar CTEs and CMEs to release thermomechanical
stress and hygro-mechanical stress. Low CTE and modulus of
encapsulants, excellent adhesion, and CTE matching materials between the bonded surfaces are possible solutions for delamination.
Also, thermal management from the die to the underlying leads of
an LED package should be improved by using a metal heat slug in
the center of the bottom of LED packages or by using metal core
printed circuit boards (MCPCBs) to perform more effective conduction path.
Packaging material solutions are needed for further research on
encapsulant yellowing. UV transparent encapsulants or siliconebased encapsulants will prevent photodegradation of encapsulants
caused by UV radiation. Modiﬁed epoxy resins or silicone-based
encapsulants and low thermal resistance substrates are useful for
minimizing the thermal degradation of encapsulants induced by
high junction temperature between the LED die and leads. A high
refractive index encapsulant, efﬁcient encapsulant and cup design,
and high phosphor quantum efﬁciency will address the refractive
index mismatch between the LED die and the encapsulant to improve light extraction efﬁciency.
Focused research should be conducted on the selection of lens
materials and efﬁcient lens and cup design to minimize thermomechanical stress and hygro-mechanical stress. There is also the need
to improve quality control by reliability evaluation and accelerated
life tests to avoid lens cracking. Prevention on phosphor thermal
quenching is required to enhance and maintain light extraction
efﬁciency by optimizing the materials, size, concentration, and
geometry of phosphor particles to minimize the temperature rise
on the inside of LED packages. It is also necessary to improve the
thermal design of LED packages and boards to dissipate the internal heat of LED packages through boards to the outside environment so as to prevent phosphor thermal quenching.
Lifetime prediction methods are required for the observed failure modes of LEDs. Numerical prediction techniques will better
facilitate our understanding of them. To achieve the goal of
remaining useful life estimation in operation, prognostics and
health management (PHM) techniques are necessary. In-situ mon-

itoring can explain how the maintenance of each test parameter
changes in real-time without increasing the time and number of
test operators.
Failure analysis of LEDs has been performed through conventional microelectronics failure analysis approaches and off-line
analysis techniques. There is a need to develop advanced failure
analysis techniques for LEDs. This includes, for example, nondestructive analyses of semiconductors, interconnects, and
package failures of LEDs, and in-line (event) detection methods
for lumen degradation.
Cooperation between thermal, electrical, and optical standards
bodies and professional societies is required to arrive at globally
accepted thermal standards to measure junction and reference
temperatures to ensure a fair comparison of published performance and reliability data. Since end users require the total reliability of ﬁnal products, reliability research of LED packages has
to be expanded to the reliability study of complete LED-based systems, including luminaires and electronics. Failure mechanisms
that lead to catastrophic failure (i.e., die cracking, electromigration,
electrical overstress-induced-bond wire fracture, wire ball bond fatigue, electrostatic discharge, and carbonization of the encapsulant) as well as degradation mechanisms (defect and dislocation
generation and movement, dopant diffusion, electrical contact
metallurgical interdiffusion, delamination, encapsulant yellowing,
lens cracking, phosphor thermal quenching, and solder joint fatigue) should be considered for system-level life prediction that
can accommodate long-term regional operating conditions.
There is a need to acquire knowledge of the life cycle loading
conditions, geometry, and material properties of LEDs to identify
potential failure mechanisms and estimate their remaining useful
life. The physics-of-failure (PoF) approach considers qualiﬁcation
to be an integral part of the design and development process and
involves identifying root causes of failure and developing qualiﬁcation tests that focus on those particular issues. PHM-based-qualiﬁcation combined with the PoF qualiﬁcation process can enhance
the evaluation of LED reliability in its actual life-cycle conditions
to assess degradation, detect early failures of LEDs, estimate the
lifetime of LEDs, and mitigate LED-based-product risks. The determination of aging test conditions that are improved with PHMbased-qualiﬁcation enables better representation of the ﬁnal usage
conditions of LEDs.
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