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ABSTRACT We report on the degradation mechanisms and dynamics of silicone encapsulated ultraviolet
A (UV-A) high-power light-emitting diodes (LEDs), with a peak wavelength of 365 nm. The stress tests
were carried out for a period of 8665 hours with forward currents between 350 mA and 700 mA and junction
temperatures up to 132 °C. Depending on stress condition, a significant decrease in optical power could
be observed, being accelerated with higher operating conditions. Devices stressed at a case temperature
of 55 °C indicate a decrease in radiant flux between 10 -40 % varying with measurement current, whereas
samples stressed at higher case temperatures exhibit crack formation in the silicone encapsulant accompanied
by electromigration shorting the active region. The analyzed current and temperature dependency of the
degradation mechanisms allows to propose a degradation model to determine the device lifetime at different
operating parameters. Additional stress test data collected at different aging conditions is used to validate
the model’s lifetime predictions.

INDEX TERMS Light-emitting diode (LED), degradation, UV-A, lifetime prediction, reliability, lens
cracking, silicone lens, ultraviolet.

I. INTRODUCTION

Due to the steady development of GaN-based semiconductor
light sources, conventional light sources of the visible spectral
range are already replaced by semiconductor light sources
in various applications. Whereas LEDs of the blue spectral
range have an electro-optical efficiency of up to 80 % and
offer an alternative to conventional light sources in combi-
nation with appropriate phosphors, the efficiency of emitters
in the ultraviolet spectral range diminishes significantly [1],
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[2]. Therefore, conventional radiation sources can only be
replaced by ultraviolet semiconductor emitters to a limited
extent. The reduced efficiency of UV emitters is due to
both, the semiconductor materials used and the research
focus in recent decades, which has been predominantly on
emitters in the visible spectral range [3]. As a consequence,
the technology of semiconductor-based UV emitters indi-
cates a high optimization potential, which could open up
numerous use-cases in the field of medical and industrial
applications [4]. In contrast to conventionally used gas dis-
charge lamps, semiconductor emitters offer the possibility
of narrow-band spectra across the entire UV range, allowing

VOLUME 11, 2023


https://orcid.org/0000-0001-6011-2635
https://orcid.org/0000-0003-0391-2040
https://orcid.org/0000-0002-4291-4383
https://orcid.org/0000-0002-9255-6457
https://orcid.org/0000-0001-8882-2508
https://orcid.org/0000-0003-2421-505X
https://orcid.org/0000-0003-1828-2459
https://orcid.org/0000-0001-5400-737X

A. Herzog et al.: Lifetime Prediction of Current- and Temperature-Induced Degradation

IEEE Access

chemical or biological processes to be selectively excited [5],
[6]. Due to the fast time response of the semiconductors
and the direct dependence on electrical operating parame-
ters, a temporal modulation of the radiation sources can be
performed [7], which could induce additional effects in the
irradiated samples. Furthermore, the spatial radiation charac-
teristics of the radiation sources can be selectively adjusted to
realize an areal irradiation in a compact design space. Alter-
natively, spot focusing allows locally selective excitation of
photochemical reactions.

The emitters of the ultraviolet spectral range can be pro-
cessed by using composite crystals based on the binary
III-V-compound semiconductors InN, AIN and GaN [8].
UV LEDs below 360nm are primarily designed with
Al;_,Ga,N-based quantum wells, indicating a predomi-
nantly single-digit external quantum efficiency due to high
defect density and low extraction efficiency [9]. In addition,
the high defect density causes a significant degradation of the
semiconductor structures, leading to a reduction in optical
power of more than 30 % within the first 1000 hours of
operation [10], [11].

For UV-A semiconductor emitters with a peak emission
wavelength above 360 nm, the quantum wells are based on
In;_,Ga,N. As a result, the external quantum efficiency can
be quantified between 40-50% depending on the device
structure and design [12]. Due to the low indium content
in the quantum wells, the energetic band offset between the
quantum wells and the barriers could be small (energetic
offset in conduction band AE. and valence band AE, =~
0.15eV), promoting an escape of excited carriers from the
active region [13].

Furthermore, photons generated within the active region
could be absorbed in surrounding GaN layers of the semicon-
ductor structure, significantly reducing the radiant flux of the
device [14]. As a consequence, the reduced efficiency results
in an increased self-heating of the semiconductor structure
affecting the lifetime of the emitters [13].

Unlike the numerous publications analyzing the degrada-
tion behavior of blue and phosphor-converted LEDs, only a
few papers were published regarding the degradation mech-
anisms and behavior of In;_,Ga,N-based UV-A LEDs [13],
[15],[16],[17], [18], [19], [20], [21]. Compared directly with
emitters of the blue spectral range, a significantly shorter
lifetime of ultraviolet or near-ultraviolet structures can be
observed [3]. The decrease in optical power can be caused
by the formation of point defects, which can be traced back
to previously studied GaN defects such as gallium vacan-
cies, nitrogen antisite defects, or carbon impurities [13].
Additionally, energetic ultraviolet photons could provoke
degradation mechanisms in the packaging of the semicon-
ductor devices. Especially silicone encapsulated emitters are
exposed to package-related degradation, occurring by yellow-
ing or cracking of the silicone lens [15], [17]. As a result,
the ultraviolet emitters can be expected to undergo a variety
of possible aging mechanisms, which can be observed in
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both the LED’s package and the semiconductor’s structure
significantly affecting the lifetime of the device [21].

To describe the occurrence of aging mechanisms and their
effect on optical power loss, it seems obvious to use estab-
lished lifetime modeling approaches for LEDs of the visible
spectral range. These models forx luminous flux deprecia-
tion have been investigated in numerous studies and became
standardized. Therefore, the Illuminating Engineering Soci-
ety of North America (IES) recommends to perform LED
lifetime projections on aging data collected under condi-
tions described in the LM-80-20 standard [22]. By defining
stress test conditions, measurement intervals and test meth-
ods, a harmonization of data collection should be ensured.
Subsequent lifetime predictions are performed using the stan-
dardized methods described in TM-21-19 [23]. Respectively,
an exponential function is fitted to the dataset collected for
a LM-80 stress test period of more than 6000 h. According
to TM-21-19, the projection of current or temperature condi-
tions not covered by LM-80 conditions, is achieved by inter-
polations between the exponential fits using linear functions
or the Arrhenius equation. To account for scenarios in which
the degradation dynamics cannot be described by the typical
exponential TM-21 function, supplementary mathematical
approaches are provided in the standard. However, for these
supplementary functions, inter- and extrapolations between
different temperature conditions or operating currents are not
given. To mitigate such weaknesses of the standard, addi-
tional approaches were introduced in literature [24], [25] e.g.
double exponential functions [26], [27] or modified logarith-
mic functions [11].

In addition to simplified curve fitting methods, stochas-
tic methods were established allowing to get probabilistic
estimates regarding the device lifetime with variable aging
parameters e.g. the IEC 62717:2014 standard [28], Gamma
process models [29], [30], [31], Wiener process models [32],
Filter and Brownian motion process approaches [33], [34].

Since LM-80 stress tests have to be performed for more
than 6000 hours, accelerated test procedures have been devel-
oped [34], [35], [36]. These accelerations allow a significant
reduction of total testing time and thus their accompanying
costs. By performing the tests with higher operating condi-
tions, the degradation mechanisms are expected to be accel-
erated and thus, a calculation to normal operating conditions
can be performed.

Mechanisms accelerated by temperature are typically mod-
eled using the Arrhenius equation [37]. Additional aging
parameters, such as current, can be taken into account by
Black’s equation, which was initially developed to describe
the process of electromigration in semiconductors [38], [39].
Therefore, the time to failure (TTF) is given by the two
assumed independent variables of junction temperature 7;
and stress current I, using

TTF (T, I,) = K - exp _kBT- A (1)
J
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Model parameters such as activation energy E,, exponent n
and coefficient K can be determined by using stress test
data collected at different current and temperature condi-
tions, whereas kg correspondents to the Boltzmann constant.
Another possibility of accelerated lifetime modeling is given
by the Eyring model [39]. The model allows a consideration
of thermal and several non-thermal factors and their interac-
tions, but it’s not considered in depth for the modeling part of
this publication.

Due to the small number of available reports discussing
the degradation behavior of emitters of the violet/ultraviolet
spectral range, the degradation dynamics and the physical
degradation mechanisms of silicon-encapsulated LEDs with
a peak wavelength of 365 nm are analyzed within the scope
of this work. We identified the photon-induced silicon lens
cracking as the main lifetime limiting process for cost-
effective 365 nm emitters, and modeled the emitters’ TTF and
the Safe Operating Area (SOA) for a wide range of operating
conditions by using Black’s equation. The reported results
could help to identify potential device optimizations, which
could be considered for future generations of UV-A emitters.

Il. EXPERIMENTAL SETUP AND SAMPLES

The experiments were carried out on commercially available
UV-A high-power LEDs with a rated peak wavelength of
365 nm at 350 mA. At this operating point the external quan-
tum efficiency of the devices can be quantified with 46 %.
The acquired devices had very low manufacturing tolerances
in terms of forward voltage, I-V characteristics and electro-
optical efficiency, so no pre-selection of devices was made.
Typical device characteristics can be found in Table 1.

TABLE 1. Overview of device characteristics at a measurement current of
350 mA. The values given are mean values from 32 devices with
associated standard deviations.

Peak- Radiant Forward Electrical ~ Degradation

wavelength flux voltage power time
(nm) (W) M (W) (hours)
366.0 0.539 3.68 1.237 8665
+0.2 +0.014 +0.04 +0.014

To perform the stress tests, the silicone-encapsulated sur-
face mount devices were assembled on a metal core printed
circuit board each. In order to analyze the effect of forward
current and temperature on device degradation, the thermal
structure functions of the samples were determined with a
thermal impedance measurement system (T3ster - Mentor
Graphics).

Taking into account the thermal resistances, two different
test designs were realized. An iso-thermal test design was
used to draw conclusions about the effect of forward current
at approximately identical junction temperatures. Therefore,
three different forward currents were applied to the devices
(350 mA, 500 mA, 700 mA) and the junction temperature was
set to 7 = 100 °C with an assumed uncertainty of 4 K. The
estimation of the temperature uncertainty results as a worst-
case estimate, affected by the measurement of the thermal
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resistance, the absolute radiant flux and the temperature coef-
ficient k. Consequently, the uncertainty is to be considered as
an expanded measurement uncertainty (p =95.4 %).

To study the effect of temperature at constant forward
current (I =350mA) the devices’ case temperatures were
varied. The stress test conditions and the determined junction
temperatures result according to Table 2. For each aging
condition, four samples were stressed for a test period of
8665 hours. Furthermore, additional groups of four samples
were stressed in a temperature chamber at junction tempera-
tures of 7j=105°C and Tj =132°C.

TABLE 2. Selected test conditions for the performed stress test.

Stress current Junction temperature

I, (mA) Ty £4K (°C)
350 70,100, 115,130
Temperature plate 500 100
700 100
350 105
Temperature chamber 700 132

The absolute maximum ratings specified by the manufac-
turer are given with a junction temperature of 7;=90°C
and a maximum forward current of /r =700 mA. The aging
conditions were selected within and above the manufacturer’s
specification. It should be noted, that some stress conditions
were deliberately chosen above the maximum ratings to eval-
uate an acceleration of the provoked aging mechanisms.

The stress tests were carried out on separate temperature-
controlled heating plates, whose temperatures were controlled
measuring the LED boards’ 7. points. The ambient con-
ditions of these plates were set to room temperature with
25°C and a relative humidity of RH =30 %. During aging
the characterization of the samples was performed by dis-
assembling the LED boards from the heating plates and
performing a measurement at a dedicated LED measure-
ment system, which has been described in detail in previous
publications [40], [41].

The optical measurements were carried out using a
spectroradiometer (CAS140CT - Instrument Systems) in
combination with an integrating sphere (PTFE 30 cm). The
system is absolutely calibrated and provides information
of the electroluminescence (EL) spectrum and the absolute
emitted spectral radiant flux. Measurements above 1mA
were carried out pulsed to reduce joule-heating within the
active region. The spectroradiometers’ integration time was
set to 10 ms, with a current pulse width of 15ms. Due to
the fact that a pulsed current of 15 ms 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. During the mea-
surement, the LED’s solderpoint temperature was controlled
by a peltier element in combination with a peltier controller
(ITC 4020 - Thorlabs).

To study the operating point dependent degradation of the
structures, the spectrum was taken at nine different forward
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currents. A current-voltage characteristic taken at each mea-
surement interval, extends the dimensions of degradation
mechanism analysis.

IIl. RESULTS AND DISCUSSION

A. DEGRADATION MECHANISMS

In the following, the physical degradation mechanisms of
silicone-encapsulated UV-A LEDs are analyzed before their
dependence on aging conditions is evaluated. The degrada-
tion behavior shown in Fig. 1 is representative for the samples
stressed at a junction temperature of 7; =70 °C and a stress
current of I, =350 mA.

The results indicate measurement current dependent degra-
dation mechanisms. With decreasing measurement current
the effect of optical power loss increases, resulting in a reduc-
tion of 40 % in optical power at I, = 1 mA and a stress current
of I, =350 mA. In addition, an increase in radiant flux above
its initial value can be observed for all measurement currents
within the first 26 hours of operation. The process is followed
by a gradual optical power loss that persists throughout the
entire stress test period. For low-injection currents, the grad-
ual power loss indicates an increased slope in the log-log OP-1
curves, not shown here.

~ 10 B - _
= ‘ e !
) \ ] o

< oot : | i
Ay L _
B 08 ® 700 mA
3 ® 350 mA

® 100 mA
8.4 07 | » 50 n:‘ﬁ T
— © 30 mA
g 10mA
2 06 F o5mA b
= 3mA
8 i

0.5 . L L .
0 2000 4000 6000 8000 10000

Stress time t (hours)

FIGURE 1. Reduction of optical power P | for different measurement
currents Iy (normalized to the value at 0 gl) for a period of 8665 hours.
The degradation dynamics are representative for devices stressed at
Tj=70°C and I3 = 350 mA.

Taking into account the electrical properties of the emit-
ters, the previously described increase in optical power
is accompanied by several changes in the current-voltage
characteristics.

The characteristics shown in Fig. 2 can be divided
in three sections. Section I represents the low-injection
regime, indicating a voltage drop within the first mea-
surement interval. The initial decrease is followed by a
slower but gradual increase in parasitic conduction mecha-
nisms, primarily affecting the low-injection regime. Operat-
ing points in section II and III (/f>0.5mA) are driven by
competing mechanisms. For forward currents in section II
(0.5mA <If<100mA) an analogous, but less intense initial
voltage drop is observed, indicating a maximum at 30 mA.
The changes within the first measurement interval are high-
lighted in Fig. 3. Section II indicates a voltage drop, which
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FIGURE 2. Semi-logarithmic current-voltage characteristics of one
representative sample operated at 7; =70°C and /3 = 350 mA.

is separated from the initial drop in the low-injection regime.
The inset in Fig. 3 shows a local maximum of forward voltage
reduction for I, =30 mA, whereas the transition between
low- and high-injection regime (0.5 mA) remains unaffected.

4.00 . : : : : :

F — Vi(26h)-V(0h)

AV (V)

10 1077
Forward current I; (A)

Forward voltage V; (V)

—

—— 0h
26 h

107° 1074 1072 10°
Forward current I (A)

FIGURE 3. Semi-logarithmic voltage-current characteristics of one
representative sample operated at T; == 70°C and /3 = 350 mA before
stress and after 26 h of operation. Inset: Forward voltage difference
inferred from the data before and after 26 h of stress.

The time-dependent forward voltage for I, =30mA,
shown in Fig. 4, indicates the initial voltage reduction being
counteracted in the following. By considering the series
resistance (section III) and its temporal behavior, superim-
posed effects by two competing mechanisms become appar-
ent. For operating points in section III (/> 100 mA) a gradual
voltage increase is observed, being primarily affected by an
increase in series resistance.

Analyzing the radiant flux depreciation in detail, a square
root time dependence can be identified for # > 26 h, shown in
Fig. 5. The dependence is also present for all operating points
not shown here. Taking into account the time dependence
of the determined ideality factor njgey, inferred from the
measurement data by using the methods described in [42],
an analogous behavior can be identified. Therefore, njgeal
drops within the first measurement interval from 1.79 to
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FIGURE 4. Forward voltage measured at /I, = 30 mA and differential
series resistance for 8665 hours of stress at Tj=170°C and I3 = 350 mA.

1.70 and increases gradually with a square root time depen-
dence to 1.86. As a result the optical power Popy, el and the
ideality factor njgea can be described for  >26 h by

Popt,rel(t) = Popt,rel(26) + Mopt,rel - \/; 2)

and

Nideal(t) = Mideal(26) + Mideal - /1, 3)

respectively. Derived from the slopes shown in Fig. 5 mqp rel
and mjgea) can be determined. Due to the square root time
dependence of ideality factor and the radiant flux decrease,
a linear correlation between these characteristics can be
inferred.

Examining the LED package, no degradation of the sili-
cone encapsulation can be detected, manifested by a constant
peak wavelength, not shown here.

11 ‘ 1.90
—~ Optical power
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FIGURE 5. Normalized optical power at /I, = 30 mA and ideality factor at
V= 3.179 V as a function of the square root of time.

Based on the previously presented results, the degradation of
the devices can be separated in two modes:

I.) The initial increase of radiant flux accompanied by a
forward voltage decrease can be attributed to an Mg accep-
tor activation in the p-side. The higher conductivity of the
p-type region, increased hole injection efficiency and reduced
Schottky-barrier at the p-contact result in an increase of opti-
cal radiant flux within the first 26 hours of operation [43],
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[44]. In particular, the increased hole injection efficiency
leads to an increase in optical power, affecting all investigated
operating points equally. Synchronously, the low-injection
regime indicates an increase of point defects in and around
the active region [45]. These point defects could act as
non-radiative recombination centers and promote parasitic
conduction mechanisms by trap-assisted tunneling processes
(TAT). Especially the current-voltage characteristics shown
in Fig. 2 indicate increasing parasitic currents in the low-
injection regime, that could be promoted by TAT. As the
defects become saturated with higher current density, oper-
ating points above Iy =1mA are primarily affected by Mg
acceptor activation. In this range, the resulting voltage drop
increases linear with forward current and reaches a maximum
at 30 mA, not shown here. Operating points above 30 mA are
primarily driven by an increase of series resistance, becoming
the dominant mechanism at higher operating currents.

II.) The subsequent degradation for #>26 h is charac-
terized by a gradual decrease in radiant flux indicating a
square root time dependence. In addition, the ideality factor
and forward currents in the low-injection regime also show
a comparable degradation dynamics. According to various
literatures, such dependencies suggests diffusion processes to
be involved [44], [46], [47], [48], [49], [50], [S1]. Hydrogen
or Mg-dopant atoms migrate from p-doped layers to the active
region resulting in an increase of non-radiative recombina-
tion accompanied by parasitic current paths. In violet LEDs
stressed by Nam et al. [52] a magnesium back diffusion from
the p-doped layers was observed, indicated by a broadening
of the initial doping profiles. The diffusion of Mg atoms into
the active region was suggested to be the major mechanism
for optical power loss. Moreover, the diffusion of Mg is
much more pronounced in LEDs grown on sapphire substrate
compared to layers grown on free-standing GaN, suggesting
that dislocations promote the diffusion of point defects. Nev-
ertheless, it should be noted that the exponential radiant flux
decrease observed by Nam et al. does not coincide with the
square root dependent results shown in Fig. 5. Additionally,
the observed Mg diffusion processes have never been con-
firmed by other studies. In high current density experiments
(3kA cm~2) performed on InGaN laser diodes, no significant
change in the Mg concentration profile was observed [53].

Therefore, the migration of hydrogen accompanied by a
de-hydrogenation of Vg,-H3 defect complexes seems to be
a more appropriate explanation for the generation of point
defects within the active region [44].

As a result of the manufacturing process, the hydrogen
concentration follows the magnesium profile in the p-doped
layers. The incorporated hydrogen passivates both accep-
tors and negatively charged point defects. Various studies
in (In)AlGaN LEDs revealed a hydrogen diffusion from
the p-doped layers to the n-side during operation, leaving
behind negatively charged point defects [44], [54]. Such point
defects could act as non-radiative recombination centers and
assist parasitic conduction mechanisms in the low-injection
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regime. According to Nykidnen et al. [55], the required
energy to remove hydrogen atoms from Vg,-Hy, defect com-
plexes in GaN is 1eV. Studies by Van de Walle et al. [56]
locate the energy required for de-hydrogenation between 2 eV
and 3.25eV.

Consequently, different interactions can be considered for
the removal of H from Vg,-H, defect complexes:

a.) Temperature-induced activation of defects: Consider-
ing a junction temperature of 7;=70°C a thermal
energy of 29.5meV can be assumed, allowing to rule
out a temperature-driven de-passivation of the defects.

b.) Interaction with hot carriers: According to Iveland et al.
[57], the kinetic energy spectrum of electrons in InGaN
LEDs shows a local maximum at 2eV, supporting
a de-hydrogenation of the defects by collisions with
hot carriers. Due to the correlation between optical
power decay and the inverse of the cube of the stress
current density Ruschel et al. [11] proposed Auger
recombinations to be involved in the generation of hot
carriers in 310 nm UV-B LEDs.

c.) Auger-driven recombination: Recent studies [58], [59],
[60], [61] suggest a new type of Auger-driven recombi-
nation process. The process is different from classical
Auger recombination due to its dependence on trap
concentration. As a result of its quadratic dependence
on carrier density and its relation with defect density,
this process could drive the degradation of optoelec-
tronic GaN structures. Since this recombination mech-
anism has been proposed recently, its effect on optical
power depreciation has not been fully investigated [61].

d.) Photo-induced effects: Results presented by
De Santi et al. [62] demonstrated the formation of point
defects in irradiated InGaN LEDs using a 405 nm laser
and an irradiance of 361 W cm~2. Similar results were
reported by Caria et al. [63] in open-circuit conditions.
Consequently, it should be considered that Vg,-H,
defect complexes could also be de-hydrogenated by
the energetic short wavelength radiation (365nm =
3.4¢eV).

Accordingly, a possible scenario is the Vga-Hy defect
complex de-hydrogenation by interactions with hot electrons,
defect-assisted Auger recombinations or energetic photons
[64]. The separated hydrogen atoms diffuse to the n-side
and leave behind negatively charged point defects, explaining
both the optical and electrical degradation of the emitters.

Due to the partial linear correlation between low-injection
forward current increase at e.g. 2.62V (1pA) and opti-
cal power loss, a direct link between defects promoting
trap-assisted tunneling processes and non-radiative recombi-
nations centers affecting the high-injection regime could be
suggested.

The negatively charged point defects left behind in the
p-side would result in acceptor decompensation, explaining
the increase in series resistance. Since the change of the series
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resistance deviates from the square root dependence of radi-
ant flux depreciation, it can be assumed that the change of R
is driven by additional mechanisms. Although the previously
described diffusion of Mg atoms would result in a change
of the forward voltage, comparable degradation dynamics
between Ry and P, would be expected.

These deviations could be explained by a worsening of
metal/semiconductor interface at the p-type region, described
by Meneghini et al. [65]. As a result of hydrogen diffusion
from the passivation layer to the immediate proximity of the
p-contact Mg acceptors are passivated, whereas acceptors of
the bulk remain unaffected. Therefore, the reduced conduc-
tivity of the Schottky contact seems a plausible origin of
different electrical and optical degradation dynamics being
observed in the high-injection regime.

In conclusion, it is not possible to identify the underlying
gradual degradation mechanisms in detail, rather, promising
scenarios are presented likely explaining the observed device
behavior.

Above junction temperatures of 7j=70°C, the silicone
encapsulated packages indicate crack formation within the
primary lens, shown in Fig. 6.

FIGURE 6. LED chip with silicone lens before (a) and after stress test
(b) at Tj=100°C and I3 = 350 mA.

For an aging current of [, =350 mA and a junction tem-
perature 7j = 100 °C (beyond maximum rating), the decrease
in optical power for different measurement currents, results
according to Fig. 7. Within the first 1700 hours of operation,
the degradation behavior is comparable to devices without
lens cracking. After crack formation, the measured optical
power reduces significantly and an increase in the peak wave-
length of AAp =0.5nm can be observed, not shown here.

Based on the aging data, it can be concluded that lens
cracking is followed by a progression of crack formation,
successively contributing to a step wise reduction of the
radiant flux. In detail, the observed crack formation affects
the reduction of optical power to a different extend, varying
with measurement current. A change in the light extraction
efficiency nexe is expected to decrease the optical power
uniformly at all operating points, assuming that no current
dependence of 1y is given [40].

Fig. 8 shows the external quantum efficiency for different
measurement currents. Under the premise that the operating
point at I, =700 mA is exclusively affected by a reduction
in light extraction efficiency (LEE), the red dashed decrease
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FIGURE 7. Reduction of optical power Py 1o for different measurement
currents Iy (normalized to the value at 0 lI)'l) for a period of 8665 hours.
The degradation dynamics are representative for devices stressed at

Tj= 100°C and I3 = 350 mA.

should result. Consequently, measurement currents below
700 mA are affected by an additional aging mechanism that
accompanies crack formation and does not only affect light
extraction efficiency.
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FIGURE 8. Change in current-dependent external quantum efficiency for
a representative device with crack formation in the primary lens. The
degradation of an exclusive change of extraction efficiency is shown
dashed.

According to Fig. 8, the further progression of the crack
formation manifests that the decrease of the external quantum
efficiency after 8665 hours cannot be exclusively explained
by a change of transmission properties of the silicone lens.

A better understanding of the device degradation can be
achieved under consideration of the current-voltage charac-
teristic shown in Fig. 9. The abrupt change in forward voltage
observed here, occurs synchronously with crack formation
and suggests an additional electrical degradation mechanism
of the device. The additional process is characterized by the
formation of a parasitic conductive path shorting the active
region. With stress time the conductivity increases and indi-
cates, due to its logarithmic progression in Fig. 9, an ohmic
behavior. After 8665 hours of stress, the effect of the reduced
parallel resistance R, dominates almost all operating points
of the electrical characteristic.

By removing the silicone lens, the chip surface can be
assessed. Fig. 10 (a) shows the chip surface representative
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FIGURE 9. Semi-logarithmic current-voltage characteristics of one
representative sample operated at 7; =100°C and / = 350 mA.

for the stressed devices. The highlighted area is close to
the electrical contacts and indicates surface damage in the
indium tin oxide (ITO) layer. The additional image of the
structure under forward bias with 7, =350 mA confirms a
lower luminescence of the device, which is accompanied by
an inhomogeneous emission in the lateral chip dimension.

FIGURE 10. Exposed chip surface of damaged device with crack
formation. Damage to the ITO layer can be seen in the area of the
electrical contacts (a). Identical device at forward-bias with Iy = 350 mA
(b). The area around the defect of the ITO layer shows a significantly
lower luminescence.

In particular, the area around the defect shown in Fig. 10 (a)
suffers from a lower radiance, indicating a significant current
flow within the device. Thus the electrical degradation, which
occurs synchronously with crack formation, contributes pri-
marily to the decrease in optical power.

Crack formation within the primary lenses can be attributed
to bond breaking and embrittlement of the polydiphenylsilox-
ane used for the LED’s encapsulation [66]. While covalent
Si-O bonds have an average binding energy of 4.6 eV and thus
can only be dissociated with radiation in the UVC range, the
Si-C bonds have a binding energy of 3.17 eV and can interact
with photons of a wavelength below 391 nm [67], [68]. The
removal of the phenyl groups (-Ce¢Hs) is followed by the
formation of new Si-O bonds, which is expected to result
in stronger cross-linking of the silicone, accompanied by the
embrittlement of the material [66]. The lower elasticity of the
encapsulant and the deviating thermal expansion coefficient
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compared to the semiconductor chip leads to the formation
of cracks within the primary lens and could promote delam-
ination processes of the silicone encapsulant from the chip
surface [69], [70]. Disassembling and cooling down the
devices for optical and electrical characterization favors the
accumulation of moisture in the previously formed cracks and
delaminated areas of the silicone encapsulant. Switching on
the devices after measurement leads to an abrupt expansion
of accumulated moisture and thus, expands the prevailing
cracks. Therefore, temperature/power cycling is crucial for
this type of crack formation. Furthermore, the higher reflec-
tion at the material interfaces and a higher absorption within
the encapsulant result in a stronger self-heating of the sili-
cone, additionally accelerating the embrittlement.

For the devices studied, the metallic n-contacts are located
on top of the semiconductor structure placed on a layer of
indium tin oxide (ITO) [21]. According to Singh et al., the for-
mation of ohmic conduction mechanisms is due to the migra-
tion of metal atoms into the active region [71]. The origin
of the metal atoms can be both, the electrical contacts and
the ITO layer itself [72]. A diffusion of moisture, oxidiz-
ing substances and corrosive gases through the silicone lens
could result in a dissolved ITO layer by electrolytic corro-
sion. Therefore, with the appearance of the lens cracking the
underlying passivation layer becomes vulnerable. Possible
effects of delamination accompanying the process of lens
cracking could affect the fraction of moisture prevailing at
the chips’ surface. Emerging electrolytic corrosions separate
metallic indium migrating through a damaged passivation
layer, finally shorting the active region. The increasing con-
ductivity of the ohmic leakage channel shown in Fig. 9,
is due to the ongoing chemical reduction of ITO, resulting
in an agglomeration of metallic indium atoms at the leakage
path. The self-heating of the resulting shunt accelerates the
degradation of the device itself.

In conclusion, the degradation of the silicone encapsulated
UV-A LEDs in this temperature range is due to the occurrence
of radiation-induced cracks in the primary lens, which is fol-
lowed by processes of electromigration. The extent to which
the device temperature and the forward current contribute
to an acceleration of these degradation mechanisms will be
discussed in the following.

B. TEMPERATURE DEPENDENCY OF DEGRADATION
MECHANISMS

The temperature dependency of the degradation mechanisms
and the associated reduction of optical power for 8665 hours
of stress is shown in Fig. 11. With increasing junction tem-
perature, the time to failure is reduced, indicating a sig-
nificant temperature dependence of the catastrophic failure.
In addition, further embrittlement of the silicone and elec-
tromigration after cracking is temperature dependent, mani-
fested by a faster reduction of optical power with increasing
temperature. Temperature acceleration of gradual optical
degradation caused by defect generation within the semicon-
ductor can only be analyzed to a limited extent, especially
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FIGURE 11. Decrease in optical power Popt,rel measured at /;m = 30 mA
for different case temperatures Tj= 70°C, 100°C, 115°C and 130°C at
stress current I; = 350 mA. Mean values with associated standard
deviation (shades).

since the degradation is dominated by lens cracking and the
accompanying processes of electromigration.

Defining the occurrence of crack formation as failure crite-
rion of the device, the averaged lifetime results according to
Fig. 12. Depending on junction temperature, there is an expo-
nential decrease in time to failure, that could be described
using the reciprocal Arrhenius equation. The occurrence of
the failure criterion 7TF as a function of junction temperature
Tj is obtained using

E
TTF(T;) = C - exp [kBaTJ )
with activation energy E,, Boltzmann constant kg and
coefficient C.

According to Fig. 12 an activation energy of 0.8 £ 0.2eV
can be determined. The resulting coefficient of determination
R*=0.99 indicates an adequate representation of the degra-
dation mechanism using the Arrhenius equation.

8.0 T T T T
linear fit
L O TTFdat |
75 ata |
o
~ 70 [ .
=
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0
55 1 E,=0,8+0,2 eV
R =099
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Inverse temperature 1/T; (1/K)
FIGURE 12. Logarithmic TTF versus inverse junction temperature with

standard deviations at I; = 350 mA. Additional data from the
temperature chamber is shown, stressed at /3 = 350 mA and T] =105°C.

Due to the activation energy of 0.8 £ 0.2eV, a strong
temperature dependence of the polymer embrittlement can
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be concluded, which has already been analyzed in var-
ious studies [69]. Significantly lower activation energies
have been determined for general lighting white LEDs
(0.2eV-0.5eV) [72]. The chemical processes within the
siloxane encapsulant are accelerated with temperature and
thus the degradation of the primary lens. Despite the different
processes and reactions occurring within the materials, the
occurrence of the failure criterion can be described accurately
using the Arrhenius equation.

C. CURRENT DEPENDENCY OF DEGRADATION
MECHANISMS

For a junction temperature of 7;=100°C and three for-
ward currents of 350 mA, 500 mA and 700 mA the current
dependent decrease of radiant flux results according to
Fig. 13. Analogous to the degradation at different junction
temperatures, all samples exhibit embrittlement of the pri-
mary lens accompanied by an electrical degradation of the
structures. According to Fig. 13 the process of crack for-
mation, defined as a failure criterion, is accelerated with
current density. For a forward current of 700 mA, the TTF
occurs after about 531 £ 168 hours, whereas a lifetime of
1675 &£ 546 hours can be observed at 350 mA. The stated
uncertainties result from the time intervals between the mea-
surements and must therefore be assumed to be distributed
uniformly. The isothermal test design allows to conclude that
the degradation is primarily accelerated by radiant flux cou-
pled into the primary lens causing a stronger crosslinking of
the siloxane. Within the operating conditions considered, the
radiant flux increases almost linearly with forward current.

1.0 RA ¥ T, = 100°C ]
= 350 mA
< 087 500mA ]

B A 700 mA
af 06 | :
2 04F 8
=
.8
2 02 1
O A A A A
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0 2000 4000 6000 8000 10000

Stress time t (hours)

FIGURE 13. Decrease in optical power Py 1| measured at Im = 30 mA
for different stress currents I3 = 350 mA, 500 mA and 700 mA at
T; =100°C. Mean values with calculated standard deviation (shades).

The non-thermal accelerated degradation can be described
using the inverse power law, whereas the time to failure is
calculated as a function of aging current I, with

TTF(I,) =D - I7". ()

Using a linearizing transformation, the exponent n can
be determined from the slope of the dependencies shown
in Fig. 14.
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The coeffcient D is also determined by the previously
mentioned curve fitting. Based on the measurement data, this
results in n = 1.66 and D = 306, giving the current-dependent
lifetime in hours

TTF(I,) = 306 - 1,71%, (6)

Despite the fact that the transformed lifetimes can only
be described to a limited extent using a linear curve fit,
it must be taken into account that an equal distribution can
be assumed within the uncertainty intervals. Consequently,
a linear regression can be considered as appropriate.

In direct comparison with LEDs of the visible spectral
range, it must be noted that general lighting white LEDs
indicate n values between —0.15 to 2.89, whereas activation
energies between 0.07 eV and 0.34eV are determined [72].
The large variation of these parameters is attributed to differ-
ent device packages and thus dominant degradation mecha-
nisms. Due to a missing phosphor layer in ultraviolet LEDs
and shorter emission wavelength, different aging mechanisms
occur compared to white LED packages. As a result, the
determined activation energies and n coefficients differ from
existing studies based on white mid- and high-power LEDs.

D. LIFETIME MODELLING
Considering the dominance of primary lens embrittlement
and crack formation, the modeling of gradual semiconduc-
tor degradation is obsolete unless a working range can be
defined within no damage to the silicone encapsulant is to
be expected. The definition of crack formation as a failure
criterion allows the modeling of the lifetime of the silicone
encapsulant and thus of the entire semiconductor device.
Based on the measurement data collected at different aging
conditions, a lifetime model is derived, allowing to calcu-
late the TTF in dependence of stress current and tempera-
ture. In addition, the operating range of the LEDs could be
defined using the model equation, whereby no crack forma-
tion of the primary lens is to be expected for a defined time
interval.

The lifetime model is based on Black’s equation and there-
fore on a multiplication of temperature AFr and current
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dependent AF; acceleration factors, with

Fref E, 1 1
AFy = et _ exp | =2 _ )
ITF acc kB Tj,ref Tj,acc

and
AF[ _ TTFref _ (Ia,acc)n ’ (8)
TTFacc Ia,ref
resulting in
AF = AFr - AFy ©))

and

AF — exp [E ( 1 _ 1 )i| . (Ia,acc)n (10)
kB Tj,ref Tj,acc Ia,ref .

Alternatively, the lifetime can be calculated using

E, _
TTF(Tj,Ia)zK-exp|: :|~Ia ", (11)
kgT;

The coefficient K is calculated from the quotient of the pre-
viously determined coefficient C and the aging current of the
different temperature conditions I, Temp using K = C/1I. a_ {‘emp.
A surface plot of the dependencies described in 11 is shown
in Fig. 15, indicating that the operating parameters of the
devices have to be limited due to the degradation processes
in the primary lens.
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FIGURE 15. Surface plot of the device lifetime as a function of stress
conditions /3 and T; with contour lines. The data points used for model
generation are shown with white markers, while the validation of the
model is performed using the data set shaded in dark gray.

Using the surface diagram shown above, the lifetime can
be determined as a function of operating parameters.

According to Fig. 15, a lifetime of more than 10000 hours
can only be expected for a small range of aging condi-
tions. Therefore the LEDs should ideally be operated below
T;=65°C and I, =350 mA.

The maximum junction temperature 7j, which should not
be exceeded to reach a defined lifetime TTF, is obtained as a
function of aging current by

E,

(("%)
== . (12)
kg K

In order to validate the model derived from the measure-
ment data shown in Fig. 15, an additional data set is analyzed

T
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with respect to its consistency with the model prediction. The
test data set is gathered analogous to the previously used
aging data, and therefore the measured lifetime represents
the average of four individual samples. For an aging current
of I; =700mA and a junction temperature of 73 =132°C,
a lifetime of TTF =75 &£ 25 hours is measured. The model
predicts a value of 77 hours, which allows to conclude that the
occurrence of the failure mechanism can be modeled within
the boundaries of the considered operating range.

For the aging condition at [, =350mA and 7j=70°C
no cracking of the primary lens occurs after 8665 hours of
stress. The lifetime model predicts a TTF of 14730 hours,
thus a continuation of the tests allows an additional validation
of the model. An overview of the measured TTF and the
corresponding model prediction is given in Table 3.

TABLE 3. Comparison of measured TTF and model prediction for
different operating conditions.

Stress current  Junction temperature  Testresults ~ Model prediction
I, (mA) T; £4K (°C) hours hours
350 70 > 8665 14730
350 100 1675 £ 546 1702
350 105 1305 £ 396 1228
350 115 587 + 219 655
350 130 285 + 85 271
500 100 1116 + 531 943
700 100 531 + 168 540
700 132 75 £ 25 7

To evaluate the effect of temperature/power cycling due
to the electro-optic characterizations, two additional devices
were stressed for an interval of 300 hours at 7; =132°C
and I, =700 mA. The characterizations and optical inspec-
tions were carried out before stress and after 300 hours of
operation. In contrast to regularly measured devices under
identical conditions (expected TTF =75 h), no visible crack
formation in the primary lens could be observed for the entire
period. Therefore, it could be stated that temperature/power
cycling accompanied by a process of moisture diffusion is
crucial to initiate the effect chain of visible crack formation
and subsequent electromigration.

In summary, the temperature dependence of crack forma-
tion can be described using the Arrhenius equation, while
the current-induced acceleration can be modeled using the
inverse power law. Using the combined equation of the depen-
dencies, also known as Black’s equation, the 77TF can be
modeled in the analyzed operating range. The validity of the
model is demonstrated with an additional data set.

To which extent the validity of the model equation can be
guaranteed beyond the operating range, cannot be assessed
on the basis of the current data situation. Additional data
sets, currently measured at [, =350mA and 7;=70°C, are
located within the model prediction and do not show any
damage in the primary lens so far. In addition, it remains
to be considered that the model is valid for the aging con-
ditions and measurement protocols used. Avoiding tempera-
ture/power cycles for characterizations will lead to deviating
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device lifetimes. Similar effects are also expected for devia-
tions in relative humidity, significantly affecting degradation
dynamics [73]. As a result, the validity of the model should
be assumed exclusively for the conditions and measurement
protocols used.

IV. CONCLUSION

Based on the analyzed data of silicone encapsulated UV-A
LEDs, we conclude that the lifetime of the devices is affected
by aging processes within the semiconductor structures as
well as by package-related degradation mechanisms. The
generation of point defects within the semiconductor struc-
ture is accompanied by radiation-induced crack formation
in the primary lens. Occurring lens cracks are enhanced
by temperature/power cycling due to the performed mea-
surements, finally promoting processes of electromigration
shorting the active region. The processes are accelerated by
increasing thermal and electrical stress parameters, whose
dependencies can be described by the Arrhenius equation
and the inverse power law. A multiplicative combination of
the functional dependencies, also known as Black’s equation,
allows lifetime and SOA modeling, the validity of which
could be confirmed with independently collected data sets.
The failure mechanisms studied in the stress tests can be
used by manufacturers and research groups to optimize future
generations of ultraviolet devices with regard to their lifetime
and reliability. To separate the observed aging mechanisms,
additional experiments will be carried out on identical devices
without encapsulant.
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