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Abstract: We have experimentally analyzed multi-azimuth degradation mechanisms that
govern failures of commercially-available high-power (1 Watt) phosphor-coated white (hppc-W)
light-emitting diodes (LEDs) covered with peanut-shaped lenses under three current-stress aging
(CSA) conditions. Comprehensive analyses focus on photometric, chromatic, electrical, thermal,
and packaging characteristics. At the packaging level, (a) the decrease of the phosphor-conversion
efficiency, (b) the yellow-browning of the optical lens, and (c) the darkening of the silver-coated
reflective layer deposited with extraneous chemical elements (e.g., C, O, Si, Mg, and Cu, respectively)
contribute collectively to the integral degradation of the optical power. By contrast, Ohmic contacts,
thermal properties, and angles of maximum intensity remain unchanged after 3840 h aging in
three cases. Particularly at the chip level, the formation of point defects increases the number of
non-radiative recombination centers, and thus decreases the optical power during aging stages.
Nevertheless, in view of the change of the ideality factor, the dopant activation and the annealing
effect facilitate the increase of the optical power in two specific aging stages (192 h∼384 h and 768
h∼1536 h), respectively. This work offers a systematic guidance for the development of reliable
LED-based light sources in general-lighting areas.
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1. Introduction

The solid-state lighting (SSL) technology is regarded as the next-generation lighting approach,
and exhibits great advantages of energy-saving, environmental-friendliness, and smart lighting among
others [1,2]. It is typically represented by white light-emitting diodes (LEDs), especially for the
high-power phosphor-coated white (hppc-W) LEDs, which enjoy additional advantages, such as long
lifetime, color-tunable property, and high luminous efficiency [3,4].

However, room for improvements remains, including the internal quantum efficiency of the active
region [5,6], the light-extraction technology [7], the current-flow design [8,9], the minimization of
resistive loss [10], the electrostatic discharge stability [11], and the color-rendering property via the
color mixing [12,13]. Aside these improvements, it is known that, due to their importance, various
stress-measured degradation tests, including thermal, electrical, static charges, and moisture, have
been developed [14,15]. Generally, these first two are regarded as most commonly-used methods that
accelerate the optical degradation [16].
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In our study, comprehensive investigations on hppc-WLEDs with peanut-shaped lenses at the chip
level and the packaging level under 350 mA, 550 mA, and 750 mA have been conducted. Particularly,
peanut-shaped lens offers the optical uniformity and large-view-angle light spatial distributions.

2. Experiments

Figure 1. The schematic structure of peanut-shaped hppc-WLEDs.

Each of phosphor-type LEDs consists of a blue InGaN LED chip (with an area of 1 mm × 1 mm),
yellow YAG: Ce3+ yellow phosphors, a silicone epoxy lens, a silver-coated reflective layer, and other
packaging materials, as schematically shown in Figure 1. Three CSA conditions [T = 25 ◦C, I = 350
mA (CSA-1), T = 25 ◦C, I = 550 mA (CSA-2), and T = 25 ◦C, I = 750 mA (CSA-3), respectively] are
considered in these experiments. Thirty samples are divided into three groups (each group has 10
samples) corresponding to three stressed conditions. After aging tests, all samples are cooled down
in the air for more than 5 h in order to exclude the remaining heat prior to following measurements.
The Spectro-320e spectrometer, with a 500 mm integrating sphere (ISP-500, Instrument Systems,
Inc.) and an angular distribution analyzer (LEDGON 100, Instrument Systems, Inc.), is employed to
measure integral and angular spectral power distributions (SPDs) of these hppc-WLEDs. Therefore,
photometric and chromatic analyses can be performed after relevant parameters being obtained from
SPDs. Thermal parameters, including the thermal resistance and the junction temperature, can be
measured by a transient thermal tester (T3Ster, Micred, Ltd., with an accuracy resolution within 0.1
K). An electric source meter (Keithley-2611, Keithley, Inc.) is used to drive samples, and to measure
electrical properties of samples, such as current-voltage (I-V) characteristics and series resistances. The
transmittance of silicone lenses and the reflectivity of silver-coated reflective layers are measured by
adopting a 150 mm integrating sphere (ISP-150, Instrument Systems, Inc.) with the same spectrometer
mentioned above. During measurements, white LEDs are placed on a heat-sink controlled by the
temperature controller (Keithley 2510, Keithley, Inc.). In addition, a field emission scanning electron
microscopy (FE-SEM, Zeiss Sigma) attached with an energy dispersive spectrometer (EDS, Oxford
7021) is employed to detect and analyze microstructural and compositional changes on surfaces of
silver-coated reflective layers before and after aging tests.

3. Results and Discussions

3.1. Photometric and Chromatic Analyses

Figure 2 depicts optical decays of hppc-WLEDs, measured at 350 mA current and the 25 ◦C
heat-sink temperature, for CSA-1, CSA-2, and CSA-3, respectively. As can be observed from Figure 2,
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more optical decays occur in the case of CSA-3, indicating that larger current stresses would induce
more optical decays during aging. The average optical decays after aging for 3840 h in three cases are
10.2%, 11.0%, and 15.2%, respectively.

Figure 2. The normalized optical power versus aging time in three cases.

To illustrate the change of correlated color temperature (CCT) [17], we are desired to introduce a
parameter, δCCT, which can be written as,

δCCT = CCT[a f ter]− CCT[be f ore] (1)

where CCT[be f ore] and CCT[a f ter] are the CCT value before and after aging, respectively. Figure 3(a)
plots the variation of the CCT as a function of time. As can be observed, the CCT value increases as
time passes by, but this variation is quite small. After aging for 3840 h, all values of δCCT in three cases
are smaller than 200 K. Figures 3(b)∼(d) show measured SPDs in three cases prior to and after aging.
Both blue and yellow emissions decrease simultaneously after 3840 h aging. Optical decays of blue
and yellow emissions are separately illustrated in these figures. In all three cases, more serious optical
degradation can be observed from yellow emissions than blue counterparts. Especially in CSA-3, the
optical decay is 12.2% for the blue emission and 17.1% for the yellow emission. To well explain it, we
calculate the ratio of the yellow optical power to the blue optical power, namely Y/B=Pyellow/Pblue,
which indirectly describes the phosphor-conversion efficiency (PCE) of hppc-WLEDs [18]. Values of
Y/B are also shown in Figures 3(b)∼(d). Changes of Y/B are 2.1%, 4.2%, and 5.6% for CSA-1, CSA-2,
and CSA-3, respectively. These changes imply that the PCE slightly decreases after aging, which may
be attributed to the wavelength shift of blue LED after 3840 h aging [19]. The higher the aging current
is, the more decrease the PCE exhibits. Therefore, we conclude that the PCE decrease during CSA tests
is one cause of optical decays for these hppc-WLEDs.
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Figure 3. (a) The CCT variation versus time in three cases. SPDs of representative samples for three
stresses: (b) CSA-1, (c) CSA-2, and (d) CSA-3, respectively, prior to and after aging.

3.2. Electrical Analyses

Figures 4(a)∼(c) show I-V curves of these hppc-WLEDs before and after aging for 3840 h. It is
noticed that I-V curves of forward voltages larger than 2.5 V are nearly the same before and after
stresses in all three cases. This fact attests that indistinct deterioration of Ohmic contacts or/and
the active region is observed in all aging stages. However, when the forward voltage is less than
2.5 V, leakage currents at reverse bias and low forward bias are found to increase after stress, which
manifests the generation of shunt paths. These shunt paths are acting as non-radiative recombination
centers, which root in following mechanisms, such as the generation of nitrogen vacancy and the
propagation of non-radiative recombination defects [20,21]. Due to the increase in shunt paths, both
the leakage current and the non-radiative recombination center contribute to the decreasing optical
power of devices. We also compare optical decays at various currents, which range from 10 mA to
100 mA in three cases. Results, depicted in Figure 4(d), reveal that more distinct optical decays occur
at larger currents, opposite to the phenomenon reported in the previous literature [22]. We explain it
as, although non-radiative recombination centers in the LED chip may cause more optical decays of
blue emissions at smaller currents (seen in [22]), at larger current, optical decays induced by the PCE
decrease can lead to more optical decays of total white lights, including both blue and yellow emissions.
Because at larger currents, both spectral shifts of the blue emission and the Joule heat accumulation of
LED devices are more prominent during the operation, resulting in more PCE decreases.
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Figure 4. The I-V curves of representative hppc-WLEDs before and after 3840 h aging in cases of (a)
CSA-1, (b) CSA-2, and (c) CSA-3, respectively. (d) Optical decays at various currents in three cases.

Figure 5 shows forward voltages of representative hppc-WLEDs prior to and after aging tests.
Forward voltages and series resistances (according to the equation in the inset in Figure 5, where Vf is
the forward voltage, h is the Planck constant, hv is the photon energy, e is the elementary charge, Rs

is the series resistance, and I is the electrical current) remain the same during aging periods in three
cases, indicating again that Ohmic contacts or/and the active region remain unchanged after aging.

Figure 5. Forward voltages of representative hppc-WLEDs during 3840 h aging in three cases.
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Figure 6. For the case of CSA-2 measured at 350 mA: the normalized optical power versus aging time
(black square, left vertical axis) and the ideality factor versus aging time (red circle, right vertical axis)
with error bars.

To further study degradation mechanisms in chips from I-V characteristics, we selected the result
of devices in CSA-2 as an example (similar results can be found in CSA-1 and CSA-3). Figure
6 illustrates the degradation of the optical power in the case of CSA-2 (black square), and the
corresponding change of the ideality factor n (red circle) which is calculated via the I-V curve fitting by
using the Sah-Noyce-Shockley model [23]. As can be noticed, the optical power keeps decreasing in all
aging stages except in two specific periods (192 h∼384 h and 768 h∼1536 h), whereas the ideality factor
performs an inverse evolution in these stages except in the period (768 h∼1536 h). On this occasion,
it is plausible to associate a relationship between the optical power and the ideality factor. That is,
the decrease in optical power is generally related to the increase in ideality factor. In general, point
defects, such as nitrogen vacancies and gallium vacancies, assist electrons tunneling into quantum
wells [24]. As a consequence, the ideality factor poses an increase as the optical power experiences a
decrease, due to the generation of point defects. However, in the first specific period (192 h∼384 h), the
optical power turns to increase slightly and the ideality factor increases too. We attribute this abnormal
change to the dopant activation, because of the improvement of the effective carrier concentration
reactivated by Mg-H complexes in the p-GaN [25]. In the second specific period (768 h∼1536 h), the
optical power turns to increase but the ideality factor starts to decrease inversely. This opposite change
can be assigned to the annealing effect [26], which wipes out partial defects after being subjected to the
long-term high-current stress. Therefore, the annealing effect dominates the second specific period
and thus leads to the decrease in the ideality factor as well as the increase in the optical power.

3.3. Thermal Analyses

We also perform thermal analyses on these hppc-WLEDs. Thermal resistances of samples are
measured by the transient thermal tester. Based on the cumulative structure function by T3Ster
software, plotted in Figure 7(a), we can discern different thermal resistances in components of the LED,
including the die, the die attach, the silver adhesive, and the copper, respectively. Figures 7(b)∼(d)
show cumulative structure functions of hppc-WLEDs before stress and after aging for 3840 h in three
cases. Compared with respective initial values of thermal resistances, it is found that only small
alterations (δ(Rth) is less than 1 K/W) can be observed, indicating that the thermal property remains
unchanged in three cases during aging stages.
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Figure 7. (a) The cumulative structure function of samples, and those of samples before and after 3840
h aging in cases of (b) CSA-1, (c) CSA-2, and (d) CSA-3, respectively.

3.4. Packaging Analyses

Figure 8(a) depicts the photograph of four representative samples corresponding to before and
after aging for 3840 h. The sample number of analyzed samples are #6 (CSA-1), #16 (CSA-2), and #23
(CSA-3), respectively. The ratio of the optical power after 3840 h aging to the optical power before
stress for #6, #16, and #23 are 90.8%, 90.2%, and 80.7%, respectively, corresponding to 9.2%, 9.8%, and
19.3% optical decay, respectively. From the appearance in Figure 8(a), the sample of CSA-2 exhibits
remarkable yellow-browning in the optical lens, whereas the sample of CSA-3 demonstrates distinct
darkening in the silver-coated reflective layer. Considering the optical decay and the surficial change,
we deduce that darkening in the silver-coated reflective layer produces more serious degradation of
the optical power than yellow-browning in the silicone-based optical lens does.

Additionally, the angular intensity distribution with respect to four samples (one unaged sample
and three aged ones) is shown in Figure 8(b), where luminous intensity distributions are of the
batwing type for peanut-shaped LEDs with maximum intensities at ± 60◦. Large view angle in these
peanut-shaped LEDs is quite different from that in hemisphere-shaped LEDs [27]. Compared with
the unaged sample, angles of the maximum intensity remain constant, whereas aged ones in three
cases demonstrate continuous decreases in intensity at all tested angles as the current stress increases.
These decreases may be attributed to the degradation of all components in hppc-WLEDs, such as the
yellow-browning of optical lens, the darkening of silver-coated reflective layer, and the decomposition
of phosphor-silicone mixtures.
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Figure 8. (a) The photographs of four representative samples, and (b) angular intensity distributions
for these hppc-WLEDs.

Figure 9. (a) The transmittance of an unaged silicone lens (before aging), and of three lenses after aging
in CSA-1, CSA-2, and CSA-3, respectively. (b) The reflectivity of silver-coated reflective layers before
and after aging in CSA-1, CSA-2, and CSA-3, respectively.

We employ a white LED (with the current driven at 350 mA and the heat-sink temperature
maintained at 25 ◦C) to measure and compare the transmittance of silicone lenses and the reflectivity of
silver-coated reflective layers in an unaged device and three 3840 h-aged devices in CSA-1, CSA-2, and
CSA-3, respectively. As shown in Figure 9(a), all transmittances of aged lenses experience a decrease in
comparison to the unaged one at measured wavelengths between 380 nm and 780 nm. However, it is
obvious to distinguish that the transmittance of the lens in CSA-2 drops the most seriously than that
of lenses in other cases. The reason for this loss lies in that the device in CSA-2 exhibits a prominent
yellow-browning silicone lens. Besides, variations of reflectivity with respect to silver-coated reflective
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layers before and after aging are shown in Figure 9(b). The optical reflectivity in CSA-3 is generally
less than that in CSA-1 and CSA-2 in the visible wavelength range, which can be greatly attributed to
the darkening of the silver-coated reflective layer. Therefore, both the descending transmittance of the
silicone lens and the declining reflectivity of the silver-coated reflective layer are found to be strongly
related to the decay of optical power after aging.

Figure 10. The SEM micrographs and the chemical element content on the surfaces of silver reflective
layers by EDS: (a) one untreated sample (before aging), and three representative stressed samples in (b)
CSA-1, (c) CSA-2, and (d) CSA-3, respectively (after 3840 h aging).

To further investigate the degradation of silver reflective layers, we employed a FE-SEM attached
with an EDS on surfaces of silver-coated reflective layers to observe their microstructural and
compositional changes after 3840 h aging, as shown in Figure 10. Results indicate that, compared
with the untreated sample [Figure 10(a)], surfaces of aged silver-coated reflective layers generate dark
areas and extra chemical elements to varying degrees [Figures 10(b)∼((d)]. In detail, the increase of
elements C and O, the most significant factors for the degradation of the optical power, can be assigned
to the carbonization behavior on the surface of silver-coated reflective layers [28]. Especially in CSA-3,
the element C increases from 0.65 wt% to 21.40 wt%, and in the meantime, the element O is up to
15.88 wt% from 0.63 wt%. The element Si with 13.22 wt% in CSA-3 is much higher than that with
only 1.05 wt% in CSA-1 and 1.83 wt% in CSA-2. We suppose that most of the element Si may deposit
from phosphor-silicone mixtures when they are subjected to the high-current stress. In addition, small
amounts of the element Cu (CSA-1: none, CSA-2: 2.32 wt%, CSA-3: 3.11 wt%) and Mg (CSA-1: 0.01
wt%, CSA-2: 0.05 wt%, CSA-3: 0.12 wt%) emerge on surfaces of aged silver-coated reflective layers. It
is conceivable to deduce that both elements Cu and Mg are highly correlated with the high-current
stress. Furthermore, the former element may stem from the copper slug, and meanwhile the latter one
is considered to be imported from the reactivation of Mg-H complexes in p-GaN [29].
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4. Conclusion

We have investigated multiple degradation mechanisms of hppc-WLEDs under three current
stresses (CSA-1, CSA-2, and CSA-3, respectively), with major findings listed below. 1) During aging,
both blue and yellow parts of spectra in hppc-WLEDs are dwarfed in three cases. Via the calculation
of Y/B ratios, the decrease of phosphor-conversion efficiency after current stresses has been indirectly
observed. This fact adequately supports the explanation for the relationship between optical decay
at different currents. 2) Increases in leakage currents at reverse bias and low forward bias (when the
forward voltage is smaller than 2.5 V) after stresses indicate that the generation of shunt paths is
attributed to the optical decay of samples. 3) Due to the increase in point defects, optical powers exhibit
a decrease during aging stages. By contrast, the reactivation of Mg-H complexes and the annealing
effect are respectively responsible for the optical power increase in two aging periods (192 h∼384
h and 768 h∼1536 h). 4) Ohmic contacts and thermal resistances remain unchanged during aging
tests. 5) Large view angles located in peanut-shaped hppc-WLEDs manifest a batwing-type angular
emission distribution, whereas intensities at all tested angles continue to decline as the current stress
increases due to the degradation of all components in LEDs. 6) The darkening of silver-coated reflective
layers caused primarily by the carbonization behavior contributes more greatly to the optical decay of
samples than the yellow-browning of optics lens does. Therefore, in this study, we have presented a
comprehensive description of the photometric, chromatic, electrical, thermal, and packaging analyses
of hppc-WLEDs in current-stress aging processes. In real applications, these experimental conclusions
can provide an applicable guidance to develop reliable LED-based light sources.
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