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ABSTRACT We report on the degradation dynamics and mechanisms of commercially available green
high-power light-emitting diodes (LEDs) with a peak wavelength of 522 nm. The stress tests were carried
out for up to 8800 hours with forward currents ranging from 350 mA to 1000 mA at junction temperatures
between 86 °C and 155 °C. Two complementary test designs were used to isolate temperature- and current-
driven effects. The results of the accelerated tests reveal the following key findings: 1.) A square-root—
time-dependent loss in the quantum wells caused by the generation of point defects, leading to up to
90 % flux reduction within the first 500 hours at low forward currents. 2.) A logarithmic decay governed
by defect-induced carrier-injection loss, evident above IrQEg max and accompanied by a spectral red shift.
3.) A temperature-activated blue shift with an activation energy of E, =0.23 eV, indicating the coexistence
of competing degradation mechanisms. The interplay between different mechanisms results in an enhanced
device lifetime at higher stress temperatures and stands in contrast to previous findings reported in the
literature. 4.) The isothermal stress test indicates a cubic acceleration of degradation with carrier density,
implicating Auger-Meitner-generated hot electrons in defect formation. These insights provide guidance for
mitigating reliability issues of green high-power LEDs in future devices.

INDEX TERMS Light-emitting diode (LED), InGaN, high-power LED, reliability, accelerated stress test,
green LEDs, green gap.

I. INTRODUCTION

The development of GaN-based LEDs and emitters has been
steadily carried forward in recent decades. Especially InGaN
emitters in the blue spectral range have been the subject of
intensive research, due to the relevance for white light sources
in general lighting applications [1], [2]. Nevertheless, the
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development of GaN emitters outside the blue spectral range
has become more prominent. In particular, the peripheral
regions of the InGaN material system, which are located in
the ultraviolet and green spectral range. These ranges present
new technological challenges and offer potential optimiza-
tions compared to emitters in the blue spectral range [3],
[4], [5], [6]. Despite the technological developments in
recent years, green InGaN emitters suffer from reduced
efficiency with increasing indium content and the associated
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increased wavelength. Different lattice constants of InN and
GaN result in lattice mismatch occurring in the c-plane and
thus promote the formation of piezoelectric effects [7]. The
resulting internal pyro- and piezoelectric fields contribute
to a separation of the wave functions, reducing the overlap
of the functions and thus the probability of radiative
recombination [8]. The Coulomb interaction of the separated
carriers results in a red-shift of the emission spectrum and
the phenomenon is also known as the quantum-confined
Stark effect (QCSE). Furthermore, the efficiency of green
InGaN-based LEDs is reduced by a higher number of
defects, which can be attributed to the previously described
lattice mismatch of indium-rich semiconductor structures [9].
Besides the previously described challenges, green InGaN
LEDs exhibit a strong efficiency-droop, additionally reducing
the efficiency in the range of typically used forward currents
of high-power LEDs (350 mA-1000mA) [10]. Similarly to
green InGaN emitters, the efficiency of AlGalnP-based LEDs
drops significantly in the green spectral range and even
below the efficiency of InGaN-based emitters [11]. Due to
the lack of efficient semiconductor emitters in the green
spectral range the problem is also referred to as ‘“‘green
gap”’. Approaches to overcome the ‘““‘green gap” by phosphor
converted LEDs involves additional drawbacks and problems
arising from the broadband emission of the green phosphors
and their degradation behavior, which is more difficult to
estimate [12], [13].

Even though green LEDs suffer from reduced efficiency,
their reliability and lifetime issues are of decisive importance
for their use in practical applications. In contrast to the
extensive number of publications addressing the degradation
mechanisms and dynamics of phosphor-converted white
LEDs for general lighting applications, stress tests on green
InGaN high-power LEDs have only been published to a
limited extent.

According to Li et al., the higher defect density of the
indium-rich structures affects the degradation behavior of
530 nm emitters [14]. Their results indicated a decrease in
radiant flux by 5% within 1000 hours of operation for a
stress current of 20 mA. The results published by Renso et al.
indicated up to 20 % optical power loss in semiconductor
structures with a peak emission wavelength of 550 nm. Stress
tests performed at high-power operating currents (350 mA)
indicated a 2 % radiant flux depreciation after 2000 hours of
operation in 530 nm LEDs [15].

Independent of the detailed device characteristics, the
aforementioned studies attribute the optical power loss to
the formation of point defects, the causality of which is
not specified in detail. The formation of point defects in
green InGaN LEDs is manifested by Meneghini et al. [16].
Operating the devices in reverse bias at —25V induced
significant changes in the current-voltage characteristics
accompanied by radiant flux depreciation.

Further, the data of accelerated degradation tests indicate
processes of electromigration with increasing current den-
sity [4]. As a result, the local resistance of the semiconductor
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structures varies and reduces the electro-optical efficiency of
the device. Miller et al. [17] demonstrated the degradation of
electrical contacts in comparable experimental conditions.

In conclusion, the existing literature gives sparse informa-
tion about green InGaN degradation dynamics and mecha-
nisms. The effect of the different operating conditions on the
degradation behavior is not addressed in the published litera-
ture, even though information about temperature and current
dependent degradation is of great interest if multi-channel
luminaires with colorimetric stability should be designed.

To address the knowledge gap regarding the long-term sta-
bility of indium-rich quantum well structures and the depen-
dencies of underlying degradation mechanisms, 520 nm
emitters are characterized and analyzed within the scope
of this paper. Section III discusses general degradation
mechanisms and characteristics of the stressed devices,
whereas temperature and current-driven effects are separated
in Sections IV and V.

Il. EXPERIMENTAL DETAILS

A. SAMPLES

The long-term experiments were carried out on commercially
available green high-power LEDs with a peak wavelength
of 522nm measured at a forward current of /r =350 mA.
The maximum external quantum efficiency (EQE) could
be quantified with EQEn,x =42 % and is located in the
range of forwards currents between /f=1mA and 7mA.
Due the strong efficiency droop of the emitters, the external
quantum efficiency reduces to EQE =19 % at a 2x nominal
current of I;=700mA. Therefore, an efficiency droop
of 1-7EQE,700mA/NEQE,max =355 % can be determined on
average. Typical characteristics of the analyzed samples are
listed in Table 1.

TABLE 1. Overview of initial device characteristics measured at the
nominal current of /f =350 mA and T¢ =25°C. The values given
are mean values with associated standard deviations.

Number Peak- Optical Forward Electrical
of samples wavelength power voltage power
n (nm) (mW) (hours) (W)
2 522,4 191.4 3.382 1.185
+1.2 +3.7 +0.036 +0.013

The green high-power emitters are mounted in 3535 ceramic
SMD packages with a silicone encapsulation lens. For the
aging tests performed, each LED was assembled on a metal
core printed circuit boards (MCPCBs). Next to the LEDs
solder point a temperature sensor (PT100) was placed,
allowing to control the solder point temperature during
measurement and during stress test. The stress tests were
performed on temperature-controlled heating plates. Since no
temperature chambers were used, the ambient temperature of
the stress test can be quantified with 7, =25 °C at a relative
humidity of RH =30 %. Irrespectively of the selected stress
test conditions, four LEDs each were operated at the same
stress condition.
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TABLE 2. Selected test conditions for the performed aging test. Junction
temperatures were calculated with the determined thermal resistance.

Stress current Junction temperature Stress time
I, (mA) T, £4K (°C) t (hours)
350 135 7500
700 86,116, 135, 155 8803
1000 135 7500

To analyze the current- and temperature-induced degra-
dation dynamics of the emitters, two different test designs
were selected, each with a minimum testing duration of
6000 hours, as recommended by the LM-80-20 standard [18].
The temperature dependent degradation was analyzed for a
test period of 8800 hours and the devices were operated at
four different temperatures, inspired by typical LM-80-20
standard test conditions (7, = 55 °C and 85 °C) and extended
conditions (105°C and 125°C) [18]. Throughout the test,
a constant stress current of [, =700mA was applied,
corresponding to twice the rated nominal current. The
different case temperatures were achieved by controlling
heating plates in combination with the previously mentioned
temperature sensors. To assess the LEDs’ junction tem-
peratures, the thermal resistances were measured using a
thermal impedance measurement system (T3ster - Mentor
Graphics). For the analyzed samples a thermal resistance of
Ry =14.7KW~! was determined on average, resulting in
the stress test conditions shown in Table 2.

The current-induced degradation dynamics was analyzed
using an isothermal stress test and was carried out for a
period of 7500 hours. Taking into account the measured
thermal resistance, the devices were operated at a junction
temperature of approximately 7j = 135 °C and three different
aging currents I, =350mA, 700mA and 1000 mA. The
stress currents were selected at the rated nominal current
(350 mA), at twice the nominal current (700 mA) and at the
absolute maximum rating (1000 mA). The estimation of the
temperature with an uncertainty of +4 K results as a worst-
case estimate. The determination of Tj is affected by the
measurement of the thermal resistance, the absolute radiant
flux and the temperature coefficient k. Consequently, the
uncertainty is to be considered as an expanded measurement
uncertainty (P =95.4%). The selected aging conditions,
as listed in Table 2, were knowingly chosen within and
above the maximum junction temperature specified by
the manufacturer (7j max = 125°C) to deliberately provoke
and accelerate degradation mechanisms within a reasonable
timeframe.

During the stress tests, the optical and electrical charac-
terization of the devices was performed in non-equidistant
intervals to capture the initially stronger degradation rate
with a reasonable temporal resolution. For each mea-
surement, the LEDs were disassembled from the heating
plates and measured at a dedicated LED measurement
system. The optical measurements were carried out using a
30 cm-integrating sphere with 277-geometry in combination
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with a spectroradiometer (CAS140CT - Instrument Systems).
The LED-mount integrated peltier element was controlled
by a peltier controller ITC4020 - Thorlabs) and was used to
stabilize the LED’s case temperature during the characteriza-
tion at T, =25 °C. Measurements at forward currents above
1 mA were carried out as pulsed measurements, allowing
to reduce joule-heating within the active region. For these
measurements the integration time of the spectroradiometer
was set to 10ms, with a current pulse width of 15ms.
Due to the fact that a pulsed current of 15ms could cause
effects of joule-heating, the integration time and pulse width
was kept constant for the entire stress test period allowing
to assume a systematic error in radiant flux. To study the
efficiency droop with increasing stress time, the spectrum
was taken at 16 different forward currents (100 pA, ...,
700 mA). Additionally, the I-V characteristic was recorded
at each measurement interval, using a source measure unit
(Keithley 2450).

Ill. DEGRADATION MECHANISMS

A. REPRESENTATIVE DEVICE CHARACTERISTICS

Before analyzing the effect of stress temperature and stress
current on radiant flux depreciation, the occurring aging
mechanisms are described in a representative manner using
the measurement data from a single device. Fig. 1 shows the
decrease in normalized radiant flux for an aging current of
I, =700 mA and a stress test case temperature of 7, =55 °C
(T; =86 °C). Data over 8800 hours of stress are presented for
different measurement currents /I, and indicate an operating-
point-dependent effect of the degradation mechanisms. The
operating range below 30 mA shows a significant reduction
in radiant flux, resulting in an optical power loss of up to
90 % for a measurement current of 100 pA. In contrast, the
extent of optical degradation for a measurement current of
Im =350 mA is comparatively small and can be quantified
with an optical power loss of 10%. Regardless of the
operating point considered, the decrease in radiant flux occurs
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FIGURE 1. Reduction of optical power Pgp; (| for different measurement
currents /Iy (normalized to the value at 0 ?\) for a period of 8800 hours.
The degradation dynamics are representative for devices operated at a
stress temperature of 1'l =86°C and stress current of /3 =700 mA. The
device was measured at a case temperature of T¢c =25°C.
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primarily within the first 2000 hours of operation, followed
by a significantly smaller degradation rate between 2000 and
8800 hours.

Analogously to the measurement data presented above,
the reduction in external quantum efficiency for different
forward currents is shown in Fig. 2. Below the efficiency
maximum, located at approximately /gQE, max = 3 mA before
stress, a significant decrease in efficiency is observed, which
is much less pronounced above IgQg max and continues
to diminish with increasing forward current. Besides the
strong impact of the degradation mechanisms on the range
below the efficiency maximum, the efficiency maximum
gradually shifts to higher forward currents over stress time.
The corresponding efficiency droop, defined by

Droop = 1 — (NEQE,max/MEQE,700mA) - 100% , (1)

decreases from 55 % before stress to 30 %, whereas IEQE, max
increases from 3 mA to 50 mA over 8800 hours of operation.

T T T

04

0.2

EQE (%)

0.1

L | X N N 8803 h X
1071 100 10! 102 103 104
Forward current I, (mA)

0.0

FIGURE 2. Current-dependent external quantum efficiency (EQE) for a
stress period of 8800 hours. The degradation dynamics are representative
for devices stressed at Tj=86°C and a current of /3 =700 mA. The device
was measured at a case temperature of Tc =25°C.

The gradual power loss is accompanied by a steeper slope
in the log-log L-I curves, shown in Fig. 3. In the region of the
efficiency maximum EQFEn;,x the slope p of the logarithmic
L-I curves can be quantified with p~ 1, indicating the
dominance of radiative recombinations at these operating
points [2].

Forward currents below EQFEn.x are primarily affected
by non-radiative recombination contributions, indicated by
values p > 1, whereas forward currents at I'ry > IgQE,max are
driven by non-radiative recombination events arising from
carrier-overflow or Auger-Meitner-recombination (AM), rep-
resented by values of p <1 [2]. During 8800 hours of
stress, the efficiency maximum shifts from /gQg max =3 mA
to 50mA and thus the logarithmic L-/ slope with p~ 1.
For the operating point at I, = 100 pA the slope p increases
from 1.44 to 1.64, whereas at I, =200 mA a slight increase
from 0.8 to 0.85 can be observed. Due to a balance shift
of SRH and radiative recombination, the proportion of SRH
recombination is smaller with increasing forward current.
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FIGURE 3. Log-Log L-/ plot for 8800 hours of stress, with calculated slope
p of the logarithmic L-/ curves. The degradation dynamics are
representative for devices operated at 7, =86°C and stress current of

Ia =700 mA. The characteristics were measured at a case temperature of
Tc =25°C.

Apart from the radiant flux depreciation, the electrical
characteristics are analyzed within the scope of this work. The
semi-logarithmic /-V characteristics shown in Fig. 4 reveal a
pronounced increase in conductivity within the low-injection
regime over the 8800-hour stress period. At a forward current
of It =1 nA for example, the corresponding forward voltage
Vi drops from initially 1.6V to 0.1V after stress. This
substantial voltage drop indicates the formation of parasitic
conductive paths that bypass the active region. At higher
forward currents in the high-injection regime, the voltage
reduction is less pronounced and becomes only marginally
noticeable.

10! . . . . . . . . :
I, =700 mA s cm0h
~ 107! o —=-10h
$ ~®=25h
s 1073 —=—50h |
- @ 94h
g 1075 —a-202h
=
- —~®-414h
8 10—7 ~®—-750h _|
o - 1350 h
3 -9 @-2404h
g 10 @-3721h
11 5399h |
= 10 o 6861h
0 8803h
10-13 . . . . L

05 10 15 20 25 30 35 40 45
Forward voltage V; (V)

FIGURE 4. Semi-logarithmic /-V characteristics of one representative
sample stressed at a junction temperature of T; =86°C and a forward
current of /3 =700 mA for 8800 hours of stress. The device was
characterized at a case temperature of Tc =25°C.

The differential series resistance is derived from the
I-V characteristics and its depreciation for the entire stress
test period is shown in Fig. 5. The initial series resistance
Ry =0.57 Q2 decreases by 10.5 % to Ry =0.51 Q.

For an operation time of #>200 h a square-root-time
dependence can be identified. Taking into account the time
dependence of the determined ideality factor njgeq), inferred
from the measurement data using the method described
by [19], an analogous behavior can be identified. Therefore,
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FIGURE 5. Square-root-time-dependet differential series resistance Rs
and ideality factor njqe,) for 8800 hours of stress. The degradation
dynamics are representative for devices operated at T; = 86°C and stress
current of /3 =700 mA. The measurement was taken at a case
temperature of T¢ =25°C.

Nideal increases within the first 200 hours of operation from
2.79t02.99 and continues gradually following a square-root—
time dependence to 3.36.

The decrease in optical power is accompanied by changes
in the spectral characteristics, which can be quantified
by shifts in the peak wavelengths Aj peak. Due to an
operating-point-dependent shift in peak wavelength and
radiant flux depreciation, three representative operating
points are selected and analyzed according to Fig. 6.

For measurement currents below 3 mA, a blue shift of
up to Ay peak,100ua = 1.2nm can be observed, whereas
between 3mA and 700 mA a red shift with a maximum
of Aj peak,10mA = 1.2nm occurs. For measurement currents
above 200mA, the red shifts are below 0.6nm. The
optical power loss for I, = 100 pA indicates a square-root-
time dependence within the first 200 hours of operation.
Subsequent degradation dynamics for time steps ¢ > 200k
can be described by a logarithmic decay function and are
therefore missing a correlation with the square-root-time-
dependent blue shift of the peak wavelength.

The radiant flux decay for the operating range between
IEQE, max = 3 mA and 200 mA is represented by the data mea-
sured at I, = 10 mA. A detailed analysis of the data reveals
an analogous behavior compared to the operating point at
'm = 100 nA. In contrast to operating points below JEQE, max,
the initial square-root-time dependence superimposes effects
of the competing logarithmic dynamics to a higher degree.
Nevertheless, the subsequent flux decay is dominated by
a logarithmic progression for operating points between the
efficiency maximum and 200 mA.

Due to the logarithmic time dependence of the spectral (Apeax)
and integral (Poptrel) characteristics for 7 >200h, a linear
correlation between radiant flux decay and the red shift of
the peak wavelength is observed in this operating range.
Operating points close to the nominal current of 700 mA
indicate two superimposed degradation processes with a
square-root-time dependence, here representatively shown by
the results measured at I, =200 mA. The initial drop for
t < 200h shows a stronger degradation rate compared to the
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FIGURE 6. Representative operating points 100 1A, 10 mA, 200 mA
highlighted in the current-dependent EQE plot. Radiant flux decay and
peak wavelength shift over the operating period for 100 zA, 10 mA, 200
mA. The degradation dynamics are representative for devices operated at
Ti =86°C and stress current of I3 = 700 Ma. The characterization was
carried out at a case temperature of T¢ =25°C.

subsequent stress time. In contrast to the flux depreciation,
the spectral red shift follows a logarithmic time dependence.

To exclude additional effects induced by a thermal
interface degradation, the thermal structure functions of the
devices were measured before and after 8800 hours of stress
(not shown here). For the aging period considered, no changes
in the thermal structure functions can be identified. Therefore
it can be concluded that the previously described spectral
shifts are not caused by degradation mechanisms of the
thermal interface.

B. DISCUSSION OF DEGRADATION MECHANISMS
The results presented in Figure 1 indicate an operating-
point-dependent radiant flux depreciation. The effect can be
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attributed in part to trap-assisted tunneling processes (TAT)
and primarily to the generation of non-radiative recombina-
tion centers [20]. Taking into account the /-V characteristics,
shown in Fig. 4, the generation of the point defects in and
around the active region can be confirmed, since the electrical
characteristics indicate a significant forward current increase
in the low-injection regime [21], [22], [23]. According
to Roccato et al., an increase in leakage current is due
to energetically favorable conductive paths arising from
generated mid-gap states, resulting in trap-assisted tunneling
processes bypassing the active region [24], [25]. The higher
conductivity of the leakage path contributes to a voltage drop
varying in magnitude as a function of forward current. Fur-
thermore, the increasing slope p presented in the log-log L-I
plot in Fig. 3 manifests an increased number of non-radiative
recombination centers (NRRCs) favoring Shockley-Read-
Hall (SRH) recombination [2]. These NRRCs primarily affect
the efficiency of the devices at low current levels. As the
defects become saturated with higher current density, their
effect on flux depreciation declines [25].

A closer analysis of the data reveals not only varying
levels of radiant flux depreciation for the individual operating
points, but also different degradation dynamics depending on
the applied forward current. An operating point of 100 pA
shows an almost continuous logarithmic optical power decay,
whereas the dynamics for operating points between JEQE, max
and 200mA can be separated in two degradation modes
ml and m2.

Mode m1 can be defined for a stress period ¢ < 200 h, indi-
cating a square-root-time dependence of the optical power
decay. For time steps r>200h mode ml is subsequently
changing to mode m?2 with a logarithmic decay characteristic.
Operating points above 200 mA exhibit a square-root-time
dependence for both mode m1 and mode m?2.

To analyze the complex interaction of different degradation
mechanisms in depth, the peak wavelengths shifts shown in
Figure 6 and their accompanying decrease in optical power
are discussed in detail.

The blue shift of the peak wavelength, which can be
observed for operating points below the efficiency maximum
Iy < IEQE, max» can be attributed to a reduced localization of
carriers in indium-rich regions of the quantum wells [26].
These localization centers are due to manufacturing-induced
variations in indium content, preventing recombination of
carriers across defects. Due to the energetically favorable
states, carriers concentrate in these regions of the quantum
wells and recombine predominantly radiatively. The increase
of point defects in the quantum well region reduces the
carrier diffusion length and thus increases the probability
of non-radiative recombinations. As a result, the occupation
probability of energetically lower localization states is
reduced and the radiative recombination in band-edge levels
and localization states is suppressed, as shown schematically
in Fig. 7 [26], [27], [28].

Previous studies [26], [29], [30] have indicated that
the full width at half maximum (FWHM) is affected
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FIGURE 7. Schematic illustration of localized carriers recombining
primarily in indium-rich regions (a.). Carrier recombination close to the
band gap region due to a reduced occupation probability of energetically
lower localization states (b).

by nanometer-scale potential fluctuations, which serve as
localization centers and modify the low-energy portion of
the spectrum. Compared to blue-emitting MQWs, green-
emitting MQW s exhibit deeper localization states, primarily
due to significant phase separation and indium segregation
in the indium-rich regions [26], [31]. Thus, particularly in
the low-injection region where carriers are susceptible to
point defects, the diminishing localization effect can also
be observed through the reduction of the low-energy wing
in the aged spectrum and a blue shift of the emitted peak
wavelength. The previously described interactions can be
manifested by the results shown in Fig. 6, which indicate
a significant blue shift of the peak emission wavelength.
Furthermore, a reduction of up to 1.2nm in FWHM was
observed depending on stress condition (7 =155 °C).

The progression of the blue shift follows a square-root-time
dependence for the entire stress test period, as shown in Fig. 6,
whereas the decrease in optical power can be described by
two separated degradation modes m1 and m2. Consequently,
the radiant flux decay and the peak wavelength shift can be
linked to competing degradation mechanisms.

Radiatively recombining carriers within the quantum wells
are determining the emitted spectrum of the device and
are thus primarily affected by an increase in non-radiative
recombination centers within the quantum wells. Accord-
ingly, the increase of these NRRCs follows a square-root-
time dependence, which is reflected in the optical power
depreciation of the device during mode m1.

Furthermore, the radiant flux is affected by the number
of carriers being injected into the quantum wells [32].
Due to additional defects in the active region, energetically
favorable conductive paths are bypassing the quantum well
region. As a consequence, the reduced proportion of carriers
being injected into the quantum wells affects the radiative
recombination rate Rg,q of the device. The accumulation
of these defects follows a logarithmic time dependence,
superimposing and dominating the degradation dynamics of
the considered operating range for time steps ¢ > 200 hours
(m2). As a result, two different degradation dynamics can
be observed for the radiant flux depreciation and its spectral
shift.
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For operating points above IgQEmax (€.g. 10mA) the
optical degradation is accompanied by a red shift of the
emission spectrum. Analogously to the previously presented
results, the flux depreciation can be assigned to two different
mechanisms allowing the characteristics to be divided into
two separate modes. The initial square-root decrease in
radiant flux is progressively superimposed by the logarithmic
progression of bypassing conductive paths. The square-root-
time-dependent degradation for r <200h is reflected in the
radiant flux depreciation, but the expected associated blue
shift is not discernible due to the superimposition of a
simultaneous occurring red shift. For a stress time ¢ > 200 h,
a linear correlation between the radiant flux decay and the
spectral red shift is observed.

The occurring red shift results from a reduced screening
of internal polarization fields in the quantum well region.
Since indium-rich InGaN layers show a significant lattice
mismatch to surrounding GalN barriers, the induced lattice
strain results in internal polarization fields and thus in a
reduced electron—hole wave function overlap, also known as
quantum-confined stark effect (QCSE) [33], [34]. An initial
characterization of the devices revealed a blue shift of the
peak wavelength with increasing pulsed forward current.
According to Renso et al., this behavior can be attributed
to a compensation of the internal polarization fields with
increasing carrier density [4]. It is therefore reasonable
to assume a significant QCSE for the analyzed devices,
as commonly observed for green InGaN emitters [34].

Taking these factors into consideration, the time-dependent
generation of point defects and the previously described
energetically favorable parasitic conductive paths, decrease
the number of carriers being injected into the quantum
well region. Consequently, the dominance of Auger-Meitner
processes or an overflow of charge carriers occurs at higher
injection levels compared to the pristine state of the device,
resulting in a shift of the efficiency maximum /gQE,max
as shown in Fig. 2. Simultaneously, fewer carriers are
contributing to the compensation of the internal electrical
fields within the quantum wells, thus inducing the observed
red shift of the peak wavelength, schematically shown in
Fig. 8.

For operating points > 200 mA, the recombination mecha-
nisms before stress are dominated primarily by non-radiative
AM processes [35]. In this operating range, the carrier
density is only insignificantly reduced by the increase of
TAT processes and NRRCs, which is linked to comparatively
slight changes in the emission spectrum. The spectral
changes indicate a continuous logarithmic characteristic,
whereas the decrease in radiant flux shows a square-root—
time dependence for the two degradation modes ml and
m2. Accordingly, mechanisms occurring within the saturated
QWs prevail for these operating points, which can be
manifested by the square-root increase of the ideality factors.

In conclusion, it can be stated that two different mecha-
nisms primarily contribute to the degradation of the device.
The mechanism occurring within the first 200 hours of
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FIGURE 8. Schematic illustration of internal polarization fields at high
carrier densities (a.). Reduced QCSE screening by a decreased number of
carriers being injected into the quantum well, which results in a spectral
red shift (b).

operation exhibits a square-root-time dependence and can
be located predominantly within the quantum wells. The
process affects all operating points and is manifested by the
square-root-shaped shift of the peak emission wavelength.
The second degradation mechanism can be attributed to a
defect formed quantum well bypass, reducing the carrier
population within the quantum wells. The progression of the
decay follows a logarithmic time dependence and affects all
operating points.

C. POSSIBLE DEFECT ORIGINS

The origin of the generated point defects is variously
discussed in the literature. Due to the lower growth tem-
perature of indium-rich layers and the lattice mismatch to
neighboring GalN barriers, the active region suffers from
a higher defect density with increasing indium concentra-
tion [34]. Both the density of native defects and the density
of impurities affect the purity of the InGaN crystal and
thus the lifetime of the device. Native defects commonly
found in GaN devices are nitrogen interstitials, nitrogen
vacancies, nitrogen antisite defects, gallium vacancies and
gallium interstitials. Defects related to foreign impurities
include hydrogen, iron, carbon, magnesium, oxygen, and
silicon [36]. Both defect types can contribute to an increase in
SRH recombinations and trap-assisted tunneling processes.
According to Roccato et al., trap energy levels close to the
mid-gap result in a higher TAT probability and in increased
SRH recombination rates Rsry [24]. Buffolo et al. stated
a highly detrimental contribution of Ga-vacancies (Vg,),
due to its potential of hole transport prevention inside the
active region, the formation of Vg,-Hy complexes and the
release of hydrogen during operation [34]. In addition,
the impact of the defects is particularly strong if they
are located close to the n-doped region, since the number
of electrons injected into the quantum well is reduced
as a result. The effect is not less significant if holes
cannot be effectively injected into the active region [34].
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However, it should be noted that, in general, various defects
could be considered as a potential source of the observed
radiant flux depreciation, which cannot be specified in more
detail without a comprehensive material analysis. Therefore,
we propose a feasible literature-based scenario describing the
observed degradation characteristics.

Due to the square-root-time dependence of the degradation
dynamics and the current state of literature, we suggest
diffusion processes to be involved in the formation of the
defects [37], [38], [39], [40], [41], [42], [43].

Based on current research results, the initial diffusion
process for t <200 h could be caused by altering magnesium
or hydrogen concentration profiles [37], [38], [39]. During
the manufacturing process, hydrogen is incorporated into
the semiconductor as a result of the epitaxial layer growth.
Especially in the p-doped region, an increased concentration
of hydrogen can be observed, which is strongly correlated
to the magnesium doping profile and the passivation of the
magnesium acceptors.

Due to the similarities between magnesium and hydrogen
concentration profiles, the electron blocking layer shows
the highest concentration of hydrogen atoms [37], [44].
While binding of hydrogen atoms to acceptors reduces the
conductivity of the p-type region, hydrogen also passivates
point defects in the active region, resulting in an increase in
radiative recombination processes [37]. Vice versa, the bond
breaking of Mg-H complexes during operation has a positive
effect on the conductivity of the p-type region [37].

When analyzing the degradation mechanisms of AlGaN
emitters, Glaab et al. observed a separation of hydrogen
atoms from Vga-Hy complexes, followed by a concentration
gradient that drives hydrogen atoms to diffuse to the n-doped
region [37]. The dehydrogenation of passivated point defects
with accompanied diffusion of HT ions into the n-doped
region leaves behind stationary point defects. These point
defects are acting as non-radiative recombination centers,
thus contributing to a reduced device efficiency. According to
literature, the dehydrogenation energy of Vg,-Hy complexes
can be quantified with approximately 1eV - 3.25eV [45],
[46]. Even though the effect has so far only been observed
in AlGaN emitters and GaN devices, it remains a reasonable
scenario for in InGaN emitters [37], [47].

The removal of H atoms from Vg,-H;, complexes can be
induced by various interactions:

a.) Temperature driven effects can be considered in general.
At a junction temperature of 7j = 86°C, the thermal
energy can be quantified with 31 meV, which allows
us to rule out a primarily temperature-induced de-
hydrogenation of the defects.

b.) Leung et al., Ruschel et al. and Meneghini et al. reported
that the formation of the defects in III-V compound
semiconductors can be attributed to the interaction
with hot carriers [16], [48], [49]. Hot electrons can
arise from AM recombinations, which are particularly
detectable in indium-rich quantum well structures due
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to the distorted band structure [50]. In studies by
Iveland et al. [51] a local maximum of hot electrons
with a kinetic energy of 2 eV was observed in the energy
spectrum of InGaN LEDs. Consequently, it can be
assumed that the degradation of high-power green LEDs
is additionally enhanced by the comparatively high rate
of Auger-Meitner recombination and the associated rate
of hot carriers.

c.) Inaddition, recent studies have identified a novel variant
of AM-driven recombination processes, distinct from
conventional Auger-Meitner recombination due to its
modulation by trap concentration [34], [52], [53], [54].
The process, also known as trap-assisted Auger-Meitner
(TAAM) recombination, is characterized by a quadratic
dependence with carrier density and a direct correlation
with defect density, thus potentially accelerating the
degradation of green emitting indium-rich quantum well
structures with high defect densities. As this recombi-
nation mechanism has only recently been proposed, its
effects on radiant flux depreciation have not yet been
fully investigated [34].

d.) Finally, the process of photo-induced de-hydrogenation
must be considered. In the studies by De Santi et al.,
a generation of point defects in irradiated InGan LEDs
with a 405 nm laser was demonstrated [55], [56]. Due
to the previously mentioned dehydrogenation energy
between leV - 3.25eV an interaction with photons
could also be considered (522 nm & 2.37eV).

Consequently, the dehydrogenation of Vg,-H, defect
complexes and the subsequent diffusion of hydrogen is a
potential explanation for the generation of point defects
within the quantum wells [37]. Analogous to the results from
Herzog et al. [57], the magnesium back diffusion from the p-
doped layers, described by Nam et al. [58], seems unlikely
since the effect did not occur at higher current densities in
green laser diodes [59].

The second effect of reduced carrier injection can be
attributed to a defect increment close to the valence band
E, [34]. According to Park et al. indium-rich InGaN MQWs
become unstable at high epitaxial growth temperatures [60].
Therefore, the growth temperature for the subsequently
deposited p-type GaN layer is reduced for green LEDs. This
limitation in p-type doping results in decreased hole mobility
and a lower equilibrium hole concentration compared to
blue LEDs [43], [60], [61]. Consequently, an increase in
defects with energy levels close to the valence band, causing
reduced hole injection into the QW, would exacerbate
the prevailing low hole concentration. The reduced carrier
concentration in the QW would result in a reduced QCSE
screening, thus explaining the observed red shift. According
to Buffolo et al., gallium vacancies (Vg,) can be found in
indium-rich structures, indicating an energy level close to the
valence band Ey [34]. Therefore, these Vg, defects could be
a feasible origin for the occurring bypass.

Regarding the electrical characteristics it should be noted,
that the series resistance of the device decreases with a
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square-root-time dependence, additionally indicating that
diffusion processes may be involved. Since Mg acceptors
in the p-type region tend to be passivated by hydrogen
atoms during the manufacturing process, a subsequent Mg-
H bond breaking by temperature or carrier energy results in
an increased effective doping level [37], [62]. The separated
hydrogen atoms, which are commonly found at interstitial
positions, can diffuse through the lattice, leaving behind Mg
acceptors that contribute to increased p-type conductivity and
thus lower the series resistance of the device.

A more precise localization of the origin of the defects
and possible interactions with hot electrons, trap-assisted AM
recombinations or photons will be provided based on the data
presented in section V.

IV. TEMPERATURE DEPENDENT DEGRADATION

The evaluation of the temperature dependency of the
observed degradation mechanisms is based on the data
collected at four different junction temperatures with four
devices each. At a stress current of I; =700 mA the junction
temperatures were set within the manufacturer’s specification
and can be quantified with 7;=86°C, 116°C, 135°C
and 155 °C.

A. THE EFFECT OF TEMPERATURE ON STRESS TEST
RESULTS

Fig. 9 shows the temperature dependent flux depreciation of
the emitters at a measurement current of I, = 100 pA. Within
the first 500 hours of operation, the optical power of the
different operating temperatures is reduced by approximately
50%. The initial drop in radiant flux is followed by a
decreased degradation rate, further reducing the optical
power to 10 % of its initial value. The overall degradation
dynamics for the averaged radiant flux of four samples at
this operating point can be describes by a logarithmic decay
function. Taking into account the deviation of each sample
set, no significant difference between the four temperatures
can be identified. Furthermore, there is no discernible trend
that allows a correlation between the strongest degradation
with the highest stress test condition and vice versa.

The peak wavelength shift for 100 pA indicates a blue shift
for all stress conditions, shown in Fig. 9. With increasing
temperature an increment of the blue shift is observed, thus
resulting in a maximum peak wavelength shift of 1.6nm at
T;=155°C and a FWHM reduction of Apwym =-0.85nm.
Analogously to the previously described results, a square-
root-time dependence can be identified for the different
junction temperatures. Defining a peak wavelength shift
of Aj peak =-0.75nm as a failure criterion, an Arrhenius-
like temperature dependency of the spectral shift with an
activation energy of £; =0.23+0.025eV (R*=0.98) can be
revealed.

Operating points above the efficiency maximum indicate a
different degradation characteristic, representatively shown
for 10mA in Fig. 10. Analogously to the previously pre-
sented results, the time dependent radiant flux depreciation
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is separated in two degradation modes. The decay rate
in the initial drop (t<200 h) is slightly accelerated by
temperature, whereas the subsequent characteristics indicate
a slower degradation with higher operating temperature, thus
contradicting the findings of previous aging studies [22], [63],
[64], [65], [66]. Consequently, the device degradation is less
serve with higher operating temperature.

The optical power losses above EQEn.x are accompanied
by colorimetric changes, indicated by red shifts of the
measured peak wavelength. For a measurement current of
Im = 10mA, the temperature dependent shifts of the peak
wavelength are shown in Fig. 10. Within the first 300 hours
of operation, the emitters indicate comparable spectral shifts.
Subsequently, the junction temperature of Ts =55 °C shows
the strongest spectral shift, whereas an increased temperature
results in a counteracting blue shift. For a temperature of
T; =155 °C, the opposing shift is most prominent, reaching
approximately its initial peak wavelength after 9000 hours of
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operation. This positive effect of temperature is also prevalent
for higher operating points (I, > 100 mA), but as mentioned
before, pronounced to a smaller extent.

For an operating point of 200mA (not shown here)
a degradation of 4% can be observed within the first
1000 hours of operation, subsequently increasing to about
10 % between 1000 and 8800 hours. Due to the standard
deviation of the measured data, the effect of temperature
on the progression of the degradation mechanisms is only
slightly evident. The lower measurement currents exhibit
higher sensitivity to the degradation mechanisms, allowing
to separate the effect of different junction temperatures for
operating points above and below the efficiency maximum.

Electrical parameters extracted from the /-V character-
istics, such as series resistance Ry or ideality factor njgeal
in dependence of stress temperature are not presented in
detail. With increasing operating time, the series resistance is
reduced independently of temperature by 15 % for all samples
with a square-root-time dependence. The square-root-time
dependence is also prevalent for the calculated ideality
factors. In contrast to the series resistance, higher operating
temperatures are accompanied by stronger ascends of ideality
factors (15 % at T; =86 °C and 38 % at Tj = 155°C).

B. DISCUSSION OF TEMPERATURE DRIVEN MECHANISMS
Based on the data of the temperature-dependent degradation,
the results from section III-A can be manifested. The
decrease of the radiant flux for the operating point of 100 pA
is primarily dominated by the logarithmically progressing
degradation mechanism, which forms a bypass of the
quantum well region. When considering the mean values for
the different temperatures shown in Fig. 9, the initial square-
root-time dependence is more strongly superimposed by the
logarithmic decay compared to the representative LED shown
in section III-A. Consequently, the aging mechanism that
leads to a bypass of the quantum wells indicates no significant
temperature dependence for the considered operating points
(Im < IgQE,max). Conversely, the temperature-dependent
peak wavelength shifts follow a square-root-time dependence
for each aging condition and thus represent analogously to the
previous section the degradation process within the quantum
wells. It should be noted that there is a linear correlation
between peak wavelength shift and ideality factor (R> =~
0.98). In this respect, it can be assumed that the ideality
factor reflects the degradation processes within the QW, but
not the mechanism that can be attributed to a logarithmically
progressing reduced carrier injection.

Assuming that the observed spectral blue shift originates
from a diffusion process, the temperature dependence of the
diffusion constants can be described using the Arrhenius
equation. The derived activation energy of E, =0.23 =+
0.025eV is below the previously published values for H
diffusion in p-GaN. Nevertheless, taking into account the
overview of defect migration barriers in GaN published by
Orita et al., the calculated value is consistent with previous
studies [42].
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TABLE 3. Migration barriers in GaN according to Orita et al. [42].

Defect type Diffusion type Fa Reference
V)

Magnesium (through dislocation) 0.28 [68]
Oxygen (through dislocation) 0.12 [69]
Hydrogen (in bulk) 0.96 [47]
Interstitial Gallium (in bulk) 1.99 [70]
Silicon (in bulk) 1.55 [42]
Magnesium (in bulk) 1.23 [71]
Nitrogen vacancy (in bulk) 4.1 [70]

Since migration barriers for bulk materials are significantly
higher than the derived activation energy, a diffusion via
threading dislocations seems likely. Assuming a constant fac-
tor for barrier reduction between bulk material and threading
dislocations, a reduced barrier for the diffusion of hydrogen
via threading dislocations can be estimated using the ratio
between the activation energies of in the bulk material
magnesium diffusion and its diffusion via dislocations [42].
This results in a reduced migration barrier of E, =0.22eV
for the diffusion of hydrogen via threading dislocations.
Consequently, this allows us to support our previously
constructed hypothesis of Vga-Hp complex dehydrogenation
as a possible origin for defect formation within the quantum
wells.

For operating points above EQEn,x, the degradation
dynamics are dominated by the observed bypass mechanism.
For (t>200 h), an inverse temperature dependence emerges,
which is accompanied by spectral blue shifts counteracting
the previously discussed red shift. Due to the persisting
logarithmic flux decay with a simultaneous counteracting
blue shift of the peak wavelength, it can be assumed that
the effect is not due to an improved injection efficiency
of holes. If the counteracting blue shift was due to an
improved injection efficiency, the almost complete spectral
shift compensation at 7;=155°C and ¢=28800h should
be accompanied by an increasing radiant flux. Given the
fact, that the progressing logarithmic decay indicates a
temperature-independent uniform gradient between 5000 and
8800 hours, it seems likely that a third temperature-dependent
mechanism is involved in the atypical temperature depen-
dency.

According to Zhang et al., the previously described process
can be caused by a compensation of the QCSE by a diffusion
of ionized magnesium acceptors [44]. Due to the high dopant
concentration in the electron blocking layer and the p-doped
region, diffusion of magnesium acceptors into the active
region can occur. The internal electric fields caused by the
material are compensated by Mg acceptors in the edge region
of the quantum wells. The resulting reduced distortion of the
band structure results in a blue shift of the emission spectrum
and is schematically illustrated in Figure 11.

With increasing temperature, a stronger diffusion of the
acceptors can be assumed, thus resulting in a stronger
compensation of the QCSE, which is additionally associated
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FIGURE 11. Schematic illustration of charged defect diffusion at the
beginning of the stress test, with reduced e/h wave function overlap (a.)
and after t>200 h with increased QCSE screening and increased e/h wave
function overlap, resulting in a spectral blue shift (b).

with an increased overlap of the wave functions and with a
higher radiative recombination rate. Considering the results
of Strauss et al. [59] and Marona et al. [71], which contradict
the scenario of magnesium diffusion in InGaN devices, it can
be assumed that the third mechanism is not necessarily
limited to the diffusion of magnesium acceptors, but can also
be caused by the diffusion of other charged defects.

V. CURRENT DEPENDENT DEGRADATION

Besides the prevailing junction temperature, the current
flow through the devices plays a key role in accelerating
degradation dynamics. To analyze the effect of the stress
current on the radiant flux depreciation, the samples were
operated in an isothermal test design at a temperature of
T; ~ 135°C &+ 4K and three different forward currents.
The constant current stress conditions were chosen within
the manufacturer’s specification and can be quantified with
I, =350mA, 700 mA and 1000 mA.

A. THE EFFECT OF FORWARD CURRENT ON STRESS TEST
RESULTS

Fig. 12 shows the radiant flux decay for an operating
point of I, =100 pA at three different stress currents and
an aging period of 8800 hours. Analogous to the results
from section IV, a significant degradation of the devices
can be observed for the entire test period, indicating a
logarithmically progressing flux decay. Contrary to the
temperature dependent aging results shown in Fig. 9, the
degradation behavior differs slightly for the analyzed forward
currents.

The device operated at I, =350 mA is subject to a less
severe initial degradation persisting as an offset for the overall
stress time. Furthermore, no significant difference was found
between the radiant flux depreciation at [, =700mA and
1000 mA.

The observed peak wavelength shifts are also in line
with the results from section IV. The corresponding peak
wavelength shifts are presented in Fig. 12, slightly deviating
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FIGURE 13. Radiant flux depreciation measured at I;m =10 mA and

Tc =25°C for a stress current of I; =350 mA, 700 mA and 1000 mA at a
stress test junction temperature of T; = 135°C, shown with logarithmic
time scaling (a.). Peak wavelength shift Al at analogous stress and
measurement conditions (b.) Mean values from four samples each.

from an ideal square-root-time dependence (R> = 0.97). Due
to the standard deviation of the results, no significant effect
of increased stress current can be manifested.

For operating points above EQEn,x, representatively
shown for I, =350 mA in Fig. 13, an increase in forward
current is accompanied by a significantly reduced time to
failure. Due to almost identical junction temperatures, the
peak wavelength shifts are progressing uniformly and are
counteracted to a similar extent.

The significant differences between the radiant flux
depreciations for the analyzed stress currents at I, = 10 mA
facilitate the analysis of current-induced acceleration of
the initial degradation mechanism. To assess the initial
degradation process largely independently of subsequent
mechanisms, a 10 % reduction in radiant flux is defined as
a failure criterion, shown in Fig. 14.

The derived Lgg lifetimes indicate a shortened time
to failure for increasing stress current. The non-thermal
acceleration of the degradation processes is commonly
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described using an inverse power law [57]. Therefore, the
defined lifetime criterion Ly is given as a function of the aging
current I, with the parameter D and the exponent b by

Ly=D-17" 2

From the MTTF shown in Fig. 15, the parameters D and b
can be determined by least squares regression. The coefficient
of determination can be quantified with R = 0.99,
indicating an appropriate representation of the dependencies.
The exponent for the Lo lifetimes depending on stress current
I, results in by = 1.26 £ 0.06. For a Lgs criterion the value
increases slightly to by = 1.36 = 0.16.

To provide further insight into the underlying degradation
mechanisms, the lifetime will be determined as a function of
the carrier density n. Assuming that the recombination rate
R within the LED is a function of the forward current I, the
volume of the active region Vive and the elementary charge
e, given by:

R= If/eVactive~ (3

According to Schubert [32], the charge carrier density n
can be estimated using the measured absolute spectrum with

P, h
ne opt/ (Av) . @
NextrMinj Vactive B

The volume of the active region Vgiive 1s assumed with a
chip area of A. = 1 mm?, a quantum well layer thickness of
dow = 3.5nmand anumber of nqw = 5 quantum wells. Due
to the unavailability of manufacturer data, the number and
the thickness of quantum wells are based on values from the
literature [7]. The number of emitted photons is determined
with Pop/(hv), using the absolutely measured spectral data,
the spectral optical power Pop, Planck’s constant /2 and the
photon frequency v.

The injection efficiency nin;j into the previously defined
volume V.ive and the extraction efficiency nexr are taken into
account with 100 % and 67.5 % respectively. At this point,
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FIGURE 15. Extracted MTTF values for a defined Ly lifetime criterion
depending on stress current /5, fitted using an inverse power law function
(a.) Analogues procedure for the MTTF values depending on calculated
stress test carrier densities n (b.). Mean values from four samples each,
measured at T¢ =25°C.

it should be noted that the absolute value of b, does not
change for other efficiency values and material parameters
since the ratio between the determined stress test carrier
densities is not affected. Within the range of adopted stress
currents the extraction efficiency and injection efficiency are
not expected to vary significantly. Furthermore, we assume
that the material parameters for the analyzed devices are
approximately identical.

Based on the assumptions made, the shape of exter-
nal and internal quantum efficiencies are identical. The
material-dependent bimolecular recombination coefficient,
through which processes of radiative recombination are taken
into account, is assumed with B = 1 x 10712 cm3/s [35].
Taking into account equation 4 and the previously described
parameters, the lifetime in dependence of carrier density # is
given by Fig. 15 (b). Deriving the inverse power law exponent
b, analogously to Fig. 15 (a), the exponent of the inverse
power function results in b, = 3.36 £ 0.06 (Lgs results in
by = 3.6 £0.13).

B. DISCUSSION OF CURRENT DRIVEN EFFECTS

Analogous to the results of the temperature-dependent stress
tests, no significant degradation acceleration arises from an
increased stress current for operating points below EQFE .
As a result of the logarithmically progressing flux deprecia-
tion, it can be assumed that the operating points are primarily
dominated by the previously described bypass mechanism.
Due to the strong variance of the data, no current-driven
acceleration is manifested for the peak wavelength, although
its square-root-time dependent progression is consistent with
the results of the previous chapter.

For the operating points above EQFEnax, here in particular
for I, = 10mA, the MTTF of the initial square-root-time-
dependent mechanism is accelerated with a negative exponent
of by, = 3.36 = 0.06 as a function of the carrier density n.

Based on the findings of the previous sections, the
degradation of the devices is due to the formation of point
defects within the quantum wells. According to Glaab et al.,
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the formation of point defects in AlGaN devices could
originate from an activation of passivated point defects [37].
The de-hydrogenation of Vga-H, complexes can be caused
by an interaction with hot electrons [45], [46]. Taking into
account the derived exponent b, = 3.36 £ 0.06 and the
proportionality of Auger-Meitner recombinations Rayger With
the carrier density

Rauger n’ s 5)

it can be assumed that the current-induced increase of
AM recombinations also affects the degradation of the
InGaN green emitters. In line with the results from
Ruschel et al. [49], defect formation occurs through a
number Nayger Of Auger-Meitner processes associated with
the generation of hot electrons and a resulting number of
reactivated point defects. The number of processes causing
a reduction of the optical power to x-percent of the output
power is given by aging time Ly and Auger rate Rayger via

Ly - RAuger = NAuger- (6)

In contrast to the results of Ruschel et al., the cubic
acceleration of the degradation is a function of the carrier
density, whereas Ruschel et al. derived it as a function of
forward current. Based on the cubic acceleration with carrier
density, an AM driven defect formation seems likely.

As a result of an indiscernible Arrhenius behavior, the
previously discussed scenario of thermally induced defect
generation is not primarily affecting the observed degradation
dynamics. Furthermore, interactions with photons, which
would be accelerated with the square of the carrier density,
cannot be manifested based on the presented results. Due
to its cubic dependence on carrier density, the degradation
cannot be linked to the recently discovered trap-assisted
Auger-Meitner recombination process, which is supposed to
have a quadratic dependence on the carrier density [34], [52],
[53], [54].

Based on these findings, it can be stated that the
concentration of the initially generated defects depends in the
first instance on the number of interactions with hot electrons.
At this point it remains questionable whether the observed
degradation is due to a separation of hydrogen from Vg,-
H;, complexes by hot electrons, followed by a subsequent
diffusion to the n-side during operation, leaving behind
negatively charged point defects. Since these mechanisms
have only been observed in AlGaN emitters, follow-up
experiments on InGaN structures could reveal whether
these mechanisms contribute significantly to the device
degradation here as well.

VI. CONCLUSION

The degradation of green high-power LEDs, governed pri-
marily by die-intrinsic mechanisms, was investigated through
stress tests conducted for up to 8800 hours with forward
currents ranging from 350mA to 1000mA and junction
temperatures between 86°C and 155°C. A contribution
of package-related mechanisms, including changes in the
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thermal structure functions, is not manifested based on the
presented data. Due to the significant efficiency droop of
these indium-rich emitters, the extent of flux depreciation
and its temporal progression are not uniform for all operating
points. In general, the radiant flux depreciation is driven
by the following mechanisms: 1.) The generation of point
defects in the active region, reducing the rate of radiative
recombination by forming defect levels promoting Shockley-
Read-Hall recombination. 2.) The formation of defect levels
close to the valence band, reducing the number of injected
carriers in the quantum wells, which is accompanied by a
spectral red shift for operating points above the efficiency
maximum. 3.) A temperature driven diffusion of charged
defects to the active region with an activation energy of
E,=0.23 + 0.025 eV, which compensates internal polariza-
tion fields and leads to an unexpected improvement in device
lifetime at elevated temperatures. 4.) The cubic degradation
acceleration with carrier density, following r oc n=3-36,
suggests an involvement of AM recombination in defect
generation. Therefore, the interaction of hot electrons with
Vga-Hp complexes and subsequent hydrogen separation and
diffusion, appears to be a plausible explanation for the
observed degradation effects. The derived activation energy
manifests our hypothesis of hydrogen diffusion involvement.
To confirm the described mechanisms, additional characteri-
zations with deep level spectroscopy and secondary-ion mass
spectrometry should be carried out in follow-up experiments.
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