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The investigation explores the factors that influence the long-term performance of high-power 1 W white
light emitting diodes (LEDs). LEDs underwent an aging test in which they were exposed to various tem-
peratures and electrical currents, to identify both their degradation mechanisms and the limitations of
the LED chip and package materials. The degradation rates of luminous flux increased with electrical
and thermal stresses. High electric stress induced surface and bulk defects in the LED chip during
short-term aging, which rapidly increased the leakage current. Yellowing and cracking of the encapsulat-
ing lens were also important in package degradation at 0.7 A/85 °C and 0.7 A/55 °C. This degradation
reduced the light extraction efficiency to an extent that is strongly related to junction temperature
and the period of aging. Junction temperatures were measured at various stresses to determine the ther-
mal contribution and the degradation mechanisms. The results provided a complete understanding of the
degradation mechanisms of both chip and package, which is useful in designing highly reliable and long-

lifetime LEDs.

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

High-brightness white light emitting diodes (LEDs) have at-
tracted considerable interest in recent years owing to their diverse
range of illumination applications, which range including outdoor
lights and automobile headlamps. The degradation of stability and
luminescence of LEDs has been investigated using long-term aging
or operating stress methods. Experiments have been performed
using accelerated currents to study power output changes and cal-
culate the half-life [1-3].

Advances in the reliability of high-brightness LEDs have also
stimulated considerable interest in extending their lifetimes. The
performance of GaN-based LEDs has been examined by exposing
them to various DC and pulsed bias conditions [4-7]. Both phos-
phor degradation and the generation of chip defects can be inferred
from variations in the power spectrum and changes in the voltage-
capacitance characteristics. The optimal design of electrodes and
the transparent layer ensures uniform spreading of current and
maximal light efficiency [8]. The accelerated failure mode also
indicates that magnesium dopant can reduce quantum well effi-
ciency and increase series resistance, forward voltage, and current
crowding [9]. Encapsulating epoxy was tested in a high-tempera-
ture aging environment and at the high junction temperature to
examine the failure mechanisms of high-power LEDs [10,11].
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Although numerous studies have focused on improving the reli-
ability of high-power LEDs, the mechanisms of degradation and the
limitations of LED chips and packages are not well understood. In
this investigation, high-power white light LEDs (1 W) were aged
using various electrical currents and temperatures, to distinguish
various degradation mechanisms. Experimental results demon-
strate that the luminous efficiency of LEDs is significantly reduced
under various aging stresses. The limitations of blue LED chips and
encapsulated materials were explored. Thermal, electrical and
optical characteristics were analyzed to identify failure mecha-
nisms in both the LED chips and packages.

2. Experiments

As shown in Fig. 1, the treated devices were commercially avail-
able 1 W high-power gallium nitride-based white LEDs, whose
light extraction was enhanced by a flip chip configuration on a sil-
icon sub-mount. The deposited YAG:Ce yellow phosphor layer
above the 1 x 1 mm? blue LED chip converted emitted blue light
to white light. Plastic lenses were applied to protect the device
against atmospheric impurities and to obtain the designed distri-
bution of light from the LED. The gap between the blue LED chip
and the lens was filled with a silicone encapsulent. A metal heat
sink and an aluminum plate were used to establish the primary
thermal path and thus reduce the thermal effect.

Fifty samples were aged under five conditions - 1 A/85 °C, 1 A/
55°C, 0.7 A/85 °C, 0.7 A/55 °C and 0.35 A/25 °C. The treated devices
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Fig. 1. Schematic diagram of LED structure.
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Fig. 2. Relative luminous flux as a function of aging time under the various currents
and temperatures.

were placed in a large oven that was maintained at a constant tem-
perature. To elucidate the mechanism of accelerated degradation,
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Fig. 3. Reverse current as a function of time under various aging conditions.

700 mA and 1000 mA were applied, which currents exceeded the
recommended driving current of 350 mA. Currents of 350 mA,
700 mA and 1 A were applied to a 1 x 1 mm? chip, yielding current
densities of 3.5 x 10* mA/cm?, 7.0 x 10* mA/cm? and 1.0 x 10°
mA/cm?, respectively. More than 6000 h of aging tests were per-
formed to identify the long-term degradation under these five
operating conditions. The luminous flux, the electroluminescence
(EL) spectrum, the current-voltage characteristics, and the trans-
mittance of the epoxy resin lens were investigated to elucidate
mechanisms of degradation of the chip or package.

3. Results and discussion

As displayed in Fig. 2, various accelerating aging stresses in-
duced various degradation rates of light output. The luminous
fluxes of the 10 treated devices were measured under the same

Fig. 4. Top view EMMI images and TEM cross-section images: (a) EMMI image of a treated device at 0.7 A/85 °C after 3264 h, (b) EMMI image of a treated device at 0.7 A/55 °C
after 6180 h, (c¢) TEM image of a normal area after the stress of 0.7 A/55 °C, and (d) TEM image of a hot spot after the stress of 0.7 A/55 °C.
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condition, averaged, and normalized to the initial value of the ori-
ginal devices. Thermal degradation was investigated over a range
of aging temperatures from 55 °C to 85 °C under a fixed electrical
stress. The electrical effect was also studied under various currents
from 0.7 A to 1 A at a constant temperature. Under stresses of 1 A/
85°C and 1 A/55 °C, the luminous flux declined rapidly for 1384
and 2104 h, respectively, finally causing early complete failure. Un-
der the normal aging condition, 0.35 A/25 °C, the luminous flux had
degraded by only 6% after 6180 h. This stress did not induce the
changes of plastic lenses or polymer materials.

To meet commercial specifications, the electrical characteristics
of LEDs were measured at a reverse bias of —5V and a constant
temperature of 25 °C. Fig. 3 plots the reverse current as a function
of time for various temperatures and currents on a semi-logarith-
mic scale. Under the conditions 1 A/85°C and 1 A/55 °C, the re-
verse current increased substantially in a few hundred hours.
After more than 1000 h of aging, the reverse current under the
greater electrical stress was more than three orders of magnitude
higher than that under normal aging stress. Finally, devices aged
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Fig. 5. Spectrum distribution before and after various aging tests: (a) stressing current of 0.7 A, oven temperature 85 °C, (b) stressing current of 0.7 A, oven temperature 55 °C,

and (c) stressing current of 0.35 A, oven temperature 25 °C.
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at 1 A/85 °C failed after 1384 h and exhibited no diode characteris-
tic except for resistive behavior. Devices treated at other aging
stresses exhibited similarly increased reverse current. The leakage
current increased with the aging stress, which process was accom-
panied by a decline in radiative efficiency. Restated, the increase in
reverse leakage current accompanied the optical degradation. The
leakage current could be regarded as tunneling current in a mul-
ti-quantum well (MQW) along a conduction path parallel to the
p-n active layer, due to defect generation.

Fig. 4a and b presents the EMMI (emission microscopy) images
of leakage current at a reverse bias of —5 V. Infrared emission can
occur and be detected in a semiconductor device when excessive
electron-hole pair recombination occurs. The infrared detection
tool EMMI can be used to detect accurately the sites and number
of failures. The hot spots in Fig. 4a and b indicates the leakage loca-
tions and the impact area after the aging stress. The leakage cur-
rent at 0.7 A/85 °C exceeded that at 0.7 A/55 °C. A similar trend
in the leakage current was also observed at 1 A/85°C and 1A/

Fig. 7. Optical microscopy images under various aging conditions: (a) stressing current of 0.7 A, oven temperature 85 °C and (b) stressing current of 0.35 A, oven temperature

25°C.
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Fig. 8. Two-dimensional distribution curve of luminous intensity under various aging tests: (a) stressing current of 0.7 A, oven temperature 85 °C, after 3264 h, (b) stressing
current of 0.7 A, oven temperature 55 °C, after 6180 h, (c) stressing current of 0.35 A, oven temperature 25 °C, after 6180 h, and (d) original sample.
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55 °C. No leakage hot spot was observed in the original samples be-
fore aging stress was applied. The generation of defects in the chips
increased the reverse-bias current and these defects were strongly
related to the threading dislocations of mixed or pure screw char-
acter [12]. Fig. 4c and d displays TEM images of a treated device
under the stress of 0.7 A/55 °C after 6180 h of aging. As shown in
Fig. 4c, there is no obvious defect in the normal area of a treated
device. By contrast, Fig. 4d reveals that threading dislocations of
the hot spot stem from the V-shaped defects. The corresponding
leakage paths caused the large leakage current and significantly re-
duced the luminous efficiency of LEDs. The EMMI images and TEM
cross-section images seem to suggest an increase in the number of
leakage paths. Cross-sectional TEM (transmission electron micros-
copy) micrographs of the LED samples demonstrated that the den-
sities of threading dislocations were around 1.25 x 10'® cm~2 and
4 x 10'° cm~2 before and after the aging test, respectively. Conse-
quently, one of the failure mechanisms could be the gradually in-
creased leakage paths [13,14].

Fig. 5 presents the emission spectrum before and after the aging
test. It includes 440 nm emission peaks from the LED chip and
556 nm emission peaks from the excited phosphor. The red-shift
of the peak wavelength was minor, approximately 2 nm, under
the various stresses. At 0.7 A/55 °C, the intensities of the emitted
blue and yellow light decayed by almost 49% and 23%, respectively,
during a long period of aging. The corresponding values at 0.35 A/
25°C were only 10% and 6%. Subjected to higher electrical and
thermal stresses, the intensity of the blue emission declined more
rapidly than that of the yellow. The different degradation rate in-
duced the color shift issue and reduced the color temperature.
Fig. 6 plots color temperature shifts as a function of aging time.
Color temperature is a characteristic of visible light, and was deter-
mined herein by comparing its chromaticity with that of an ideal
black-body radiator. An object placed in the sun has a different col-
or temperature from the same object under a fluorescent lamp, be-
cause each light source has its own specific color temperature. The
results reveal that the color temperature decreased by 2% and 10%
at 0.35A/25°C and 0.7 A/55 °C, respectively, after more than
6000 h of aging tests. At 1 A/85 °C and 0.7 A/85 °C, the color tem-
perature declined by 15% and 7% after 1224 and 3264 h of aging,
respectively. Devices were treated under stresses of 1A/85°C
and 1 A/55 °C to terminate the experiment after the luminous flux
had been degraded by approximately 15% because complete failure
had by then occurred. The optical micrographic images indicate no
obvious package degradation in the encapsulating lenses, implying
an absence of package failure under these two aging stresses. Thus,
if only comparing these two stresses, failure phenomena suggest
that the dominant mechanism of degradation of color temperature
could be related to the LED chip due to the reverse leakage current
drastically increased. An extremely high current density at the
junction interface damaged LED chips and rendered them inactive.
In contrast, the encapsulating lenses exhibited obvious yellowing
and cracking under both 0.7 A/85 °C and 0.7 A/55 °C conditions in
the aging tests. As shown in Fig. 7a, the encapsulated material
exhibited apparent lens yellowing and cracking under the stress
at 0.7 A/85 °C. No obvious change occurred at 0.35 A/25 °C, as dis-
played in Fig. 7b. Under the stresses of 0.7 A/55 °C and 0.7 A/85 °C,
the degradation mechanisms both involved encapsulated materials
and the LED chip, as revealed by the yellowing of the lenses and the
simultaneous increase in leakage current. The failure of the encap-
sulated material is attributable to the applied stress, which influ-
enced the chemical bonding of the encapsulating lenses, causing
the sensitivity in thermal stability and photo-degradation after
long-term burn-in experiment [15]. This effect is one of the degra-
dation modes that are induced by a high junction temperature and
a long aging time, which effectively reduce the light extraction
efficiency.

Fig. 8 plots the two-dimensional distribution curve of luminous
intensity in various aging tests. After 3264 h of aging at 0.7 A/85 °C,
the intensity distribution curve was clearly lower than before, with
an irregular symmetric distribution caused by lens yellowing and
cracking. The increase in reverse leakage current also reduced the
radiative recombination efficiency, causing an overall decline in
the intensity distribution. Similar results were obtained under
0.7 A/55 °C after 6180 h of aging. Under 0.35 A/25 °C, after more
than 6000 h of aging, no obvious deterioration of the intensity dis-
tribution curve was observed. Based on the experimental results,
lens yellowing was strongly correlated with both junction temper-
ature and aging time.

Fig. 9 plots the distribution of junction temperature under var-
ious aging conditions. The diode forward voltage method was em-
ployed to measure the LED junction temperature [16]. The TSP
(temperature-sensitive parameter) was measured to establish a
correlation between forward voltage and temperature:

AV;
AT (1)

where V; is the forward voltage, and T is the oven temperature. A
linear fit of Eq. (1) can be written as,

Vy=a+bT (2)

TSP =

Vi —a
T =5 (3)

Therefore, junction temperature is calculated from the applied
driving current. The junction temperatures plotted in Fig. 9 were
associated with the different stresses. As the driving current or
oven temperature increased, the junction temperature increased
dramatically, and was apparently related to the LED lifetime.
Non-radiative recombination induced the generation of heat and
increased the junction temperature of the devices. An increase in
junction temperature may have changed the encapsulated material
from transparent to yellow [17,18]. The electrical characteristics
and EMMI images revealed degradations at various junction tem-
peratures. The largest difference in junction temperatures was
110 °C between that under the highest stress (1 A/85 °C) and that
under the normal condition (0.35 A/35 °C). However, it was noting
that the devices under the stresses of 0.7 A/85°C and 1 A/55 °C
showed the approximate junction temperature, but they exhibited
the different failure mode. Under the stress of 0.7 A/85 °C, samples
exhibited two failure mechanisms - chip degradation and package
damage. In the initial aging period, samples exhibited only an in-
crease in leakage current without damage to the lenses, which be-
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came yellow after 2000 h. In contrast, under the stress of 1 A/55 °C,
the electrical stress induced by the higher forward current was the
major cause of the complete failure of the LED chip. Accordingly,
we believe that junction temperature was not the only index of
burn-in stresses.

4. Conclusion

High-power white light LEDs were aged under various electrical
and thermal stresses to analyze their failure and degradation
mechanisms. Results provided the sufficient information to eluci-
date most of the failure mechanisms of high-power LEDs. The large
increase in leakage current and the number of EMMI hot spot re-
gions were adopted to demonstrate LED chip degradation, which
was caused by the generation of defects in the LED. TEM cross-sec-
tion images of a hot spot also seem to provide evidence for an in-
creased density of threading dislocations. As the transmittance and
the refractive index of the encapsulated materials changed, the
light extraction efficiency decreased. This effect was also demon-
strated by both optical microscopy and the two-dimensional distri-
bution curve of luminous intensity. Under the conditions 1 A/85 °C
and 1 A/55 °C, extremely high electrical stress caused LED chip fail-
ure after the short-term aging process. Under the conditions 0.7 A/
85 °C and 0.7 A/55 °C, an increase in reverse leakage current and
lens yellowing were both observed, which effects were apparently
caused by higher junction temperatures and longer aging times.
Besides, under the stresses of 1 A/55 °C and 0.7 A/85 °C, treated de-
vice with the approximate junction temperature exhibited the dif-
ferent failure mode. Thus, the electrical stress and the thermal
stress have an effect in the failure mechanisms, respectively. The
results provide a complete analysis of the failure mechanisms of
high-power LEDs, and are helpful in designing a high-reliability
and high-endurance LEDs.
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