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The impact of operation current on the degradation behavior of 310 nm UV LED:s is investigated over 1000 h of
stress. It ranges from 50 to 300 mA and corresponds to current densities from 34 to 201 A/cm?. To separate the
impact of current from that of temperature, the junction temperature is kept constant by adjusting the heat sink

temperature. Higher current was found to strongly accelerate the optical power reduction during operation.
A mathematical model for lifetime prediction is introduced. It indicates that lifetime is inversely proportional

to the cube of the current density, suggesting the involvement of Auger recombination.
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1. INTRODUCTION
Al(In)GaN-based ultraviolet light-emitting diodes (UV LEDs)

with emission wavelengths between 280 and 320 nm are prom-
ising candidates for a variety of applications such as UV curing
[1], phototherapy [2], and plant growth lighting [3]. Currently,
the lifetime of UVB LED:s is still far inferior to that of LEDs
emitting in the UVA and blue spectral regions. To overcome
this lifetime issue, understanding the various degradation proc-
esses taking place in the LED during operation is essential.
These processes may be affected differently by stress parameters
such as temperature and current, which potentially allows for
their distinction.

In this work, the focus will be on the impact of current on
degradation of 310 nm UV LEDs at fixed temperature. Besides
gaining a deeper insight into the physics behind the current-
induced degradation processes, the aim is to derive a math-
ematical model that enables lifetime prediction and accelerated
device testing. To the best of our knowledge, such a model
predicting the long-term current-dependent degradation of
UVB LEDs is still missing in the literature.

For UVB LEDs, it was already shown that constant current
operation reduces the optical power and that higher current
densities lead to faster optical power degradation [4-6]. Also,
for nitride-based visible LEDs, a current-driven degradation
was found [7], but there are works indicating only a weak
impact of the current compared to the temperature [8,9]. For
example, the lifetime of white LEDs was found to be inversely
proportional to the current with an exponent of 0.17 [9].
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2. EXPERIMENTAL SETUP

The 310 nm UV LED heterostructures were grown on (0001)
sapphire substrates using metalorganic vapor phase epitaxy
(MOVPE). The structure consists of a 1700 nm thick AIN
buffer layer followed by a 200 nm AIN/GaN short-period super-
lattice and a 500 nm undoped and a 4.5 pm silicon-doped
Alj 55Gag 45N contact layer. The active region comprises a three-
fold Al(In)GaN/Al(In)GaN quantum well (QW) for a 310 nm
emission. The p side consists of a 15 nm thick graded (decreas-
ing Al content in the growth direction) AlGaN:Mg electron
blocking layer, a 150 nm AlGaN:Mg/AlGaN:Mg short-period
superlattice, and a 20 nm GaN:Mg contact layer.

After epitaxial growth, the LEDs were fabricated using stan-
dard chip processing technologies. The p electrodes are based
on platinum, while the n electrodes are based on vanadium and
aluminum [10,11]. For better heat extraction, the LED chips
were flip-chip mounted on AIN ceramic packages using AuSn
solder. The package was left open, i.c., no encapsulation was
applied. Subsequently, the packaged LEDs were soldered on
printed circuit boards (PCBs) with an aluminum core, which
were affixed to the heat sink with screws. A thermal resistance
of about 24 K/W between the pn junction and the heat sink
was determined experimentally and by simulations. At
100 mA, the typical optical power and operation voltage are
about 6 mW and 9 V, respectively.

After mounting, four batches of 15 nominally identical
LEDs were subjected to constant current operation for at least
1000 h. For each batch, the investigated samples were selected
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Table 1. Experimental Conditions Applied to the
Investigated 310 nm UV LEDs

Nom. Current Heat Sink Operation

Experiment Current Density Temp. Time
No. (mA) (A/cm?) °C) (h)

1 50 33.5 75+£1 4300
2 100 67.0 71£1 1000
3 200 134 411 1000
4 300 201 14+1 1000

from various areas of the wafer. Thus, nonuniformities in epi-
taxial growth or the chip process across the wafer were taken
into consideration for the evaluation. Each batch was operated
at a different current (50, 100, 200, and 300 mA). The nomi-
nal stress current density is defined as the measured operation
current divided by the p-contact area (0.15 mm?). Hence, the
stress current densities used hereafter are as shown in Table 1.
However, possible local deviations of the effective current den-
sity in the active area from the nominal value are not taken into
consideration. By means of additional pulsed measurements, a
linear behavior of the optical power with respect to the current
density was observed. Therefore, the investigated current den-
sities are in a range where no current-density-induced efficiency
droop is visible [12,13].

Depending on the operation current, the junction temper-
ature increases due to Joule heating, which usually accelerates
degradation [4,5,14]. To investigate the impact of current inde-
pendently from temperature, the junction temperature has to
be kept constant for the various currents. Taking into account
the thermal resistance between the junction and the heat sink, a
constant junction temperature of (90 £ 5)°C was realized by
adjusting the heatsink temperature for each current as listed in
Table 1.

The voltage and the relative power of the emission were
measured during operation. Optical power measurements were
performed using SiC photodiodes with a cutoff wavelength
of 375 nm. Thus, contributions of parasitic luminescence at
longer wavelengths are not considered. In addition, the emis-
sion spectra of aged and unaged samples were measured at
100 mA and 25°C using an uncalibrated compact spectrometer.
Stable temperatures throughout the operation were proved by
tracking the temperatures of the PCBs.

3. RESULTS

The normalized emission spectra of an aged LED and an un-
aged LED are exemplarily shown in Fig. 1. The LEDs show
single peak emission at a wavelength of about 310 nm. Both
before and after aging, the intensity of the QW emission peak
is about 2 orders of magnitude larger than the parasitic emission
at longer wavelengths. Thus, the relative optical power mea-
sured during operation can be assigned to the QW emission.
The intensity of the parasitic emission differs slightly from sam-
ple to sample and shows no clear trend that could be correlated
to the operation conditions. Possible changes of the wavelength
or of the half-width of the emission peak due to current stress
are either nonexistent or too small to be detected.

) O Vol. 7, No. 7 / July 2019 / Photonics Research B37
| —

T T T T T T T T T T
100 L Aging conditions: i
before operation
> after 1000 h at 200 mA
2 measured at 100 mA at 25 °C
L.
EN0E 3
e}
(0]
N
| 2
£ 102}
o
c
-3 1.a 1 1 1 1 1 1 1 1

280 290 300 310 320 330 340 350 360 370
wavelength (nm)

Fig. 1. Representative emission spectra of the investigated 310 nm
UV LEDs normalized to the emission peak. The spectra were mea-
sured at 100 mA at a heat sink temperature of 25°C before aging
and after aging experiment 3 (Table 1).

The relative reduction of the optical power is shown in
Fig. 2 for different operation current densities. The data points
correspond to mean values obtained from 15 LEDs of each
batch. The error bars correspond to the standard error of
the mean. The experiment reveals that higher current densities
result in a faster degradation. As already observed in other
works [4,14,15], the optical power reduces faster at the begin-
ning of operation, i.e., during operation the degradation slows
down. This is the case for all current density levels in this in-
vestigation. Interestingly, at long operation times the degrada-
tion rate is almost independent of the current density.

The lifetime #740,, when the optical power has reduced to
70% of the initial value, was determined and plotted versus the
current density (Fig. 3) to describe the dependency of the
degradation on the current density analytically. The points
and error bars result from averaging the values of 15 LEDs
per current density. The lifetime #799, of the investigated
310 nm UV LEDs is about 370 h at an elevated current density
of about 70 A/cm?, which is comparable to values of 500—
1000 h reported by others [16] for UVB LEDs operated at
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Fig. 2. Optical power over time of LEDs run at different current
densities. The values are normalized to the initial value and averaged
over 15 LEDs. For all currents, the junction temperature was kept at

(90 £ 5)°C.
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Fig. 3. Operation time at which the optical power has reduced to
70% (t799,) of the initial value versus current density.

similar conditions. In the double logarithmic plot in Fig. 3, all
data points follow a straight line, which can be described by
Eq. (1) as follows:

t700 = Cro00 - J7- (1)
Here, j is the current density and Cq, is a constant. The ex-
ponent is extracted from the slope of the curve in the double
logarithmic plot. Therefore, the lifetime is inversely propor-
tional to the cube of the current density, resulting in a consid-
erable extension of lifetime by reducing the current density.
The functional dependency of Eq. (1) does not only hold for
the specific power reduction to 70%. Figure 4 shows the rel-
ative reduction of the optical power plotted versus time multi-
plied with the cube of the current density. All points lie nearly
perfectly on top of each other. Therefore, Eq. (1) generally
holds up for all degradation levels between 100% and 50%,
and the cube of the current density is a common scaling factor
for the temporal progression of the optical power. The cubic
dependency on the current density was also observed for vari-
ous other 310 nm UV LEDs with different heterostructures.
Finally, the functional dependency of the optical power on
the operation time will be examined more closely. For visible
LEDs it is reported that the temporal reduction of the optical
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Fig. 4. Mean normalized optical power of the LEDs versus the
product of the operation time and the cube of the current density.
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Fig. 5. Mean normalized optical power (see Fig. 2) versus logarith-
mic time scale. For different current densities, the characteristic times =
are indicated. Also shown are the logarithmic functions (dashed lines)
from Eq. (2) and the extended logarithmic function (solid line) from
Eq. (4).

power follows an exponential function [17,18]. Furthermore, a
square-root time dependency was observed for UVB LEDs [4].
However, the investigated 310 nm UV LEDs neither show an
exponential nor a square-root time dependency. Logarithmic
scaling of the time axis (Fig. 5) reveals that for all current den-
sities the optical power follows a nearly perfect straight line for
operation times longer than a characteristic time 7. Combining
the logarithmic time dependency with the previously discussed
impact of the current density results in Eq. (2), which describes
those straight lines (dashed lines in Fig. 5), we have

P(t>1) = f-In(a-7-1). @

The parameters @ and f are constants for all investigated
current densities.

For short operation times, obviously Eq. (2) cannot properly
describe the experimental data, as it exceeds 100%. Therefore,
the characteristic time 7 is introduced as the intersection of the
logarithmic function [Eq. (2)] with the relative optical power of
100%. In Fig. 5 the characteristic times 7, to 74 are marked for
the four different current densities. Using Eq. (2) with
P(t = 7) = 1, one obtains

t=¢Poal. 3 (3)

Analogous to Eq. (1), the characteristic times are inversely
proportional to the cube of the current density. A simple ap-
proach to describe the evolution of the optical power over the
whole operation time, which meets the boundary condition
P(t = 0) = 1, is to include the characteristic time 7 as a time
offset in Eq. (2) as follows:

P(t) = -f-Infa- 7> (¢ + 7)]
=-B-In(a-7> -t +e'/P). (4)
Figure 5 shows the fit (solid lines) of Eq. (4) to all the exper-

imental data. The empirical function fits well to the data with
deviations smaller than 4%.
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4. DISCUSSION

The fact that degradation scales with the cube of the current
density suggests that a process of three charged particles may be
involved. In a first approximation, the density of carriers in the
active region is proportional to the current density [19]. Since
the Auger recombination rate Ry, is proportional to the cube
of the carrier density in the active region, Auger recombination
is suggested to be involved in the degradation. Auger recombi-
nation in group-Ill-nitride-based LEDs has already been stud-
ied extensively by other groups [12,20]. Assuming

RAuger °<j3’ (5)
Eq. (1) results in
tp - RAuger x CP & N’ (6)

where #p is the lifetime undil a specific level of optical power
degradation P is reached. The related constant Cp [compared
to Eq. (1)] is proportional to N, which can be interpreted as
the number of Auger recombination events leading to a specific
optical power reduction P. A possible scenario is that, depend-
ing on the current density, Auger recombination during oper-
ation generates “hot” carriers (electrons and/or holes), i.e.,
carriers with high energy [12]. These carriers could activate
pre-existing point defects or complexes in or around the active
region that increase the Shockley—Read—Hall (SRH) recombi-
nation rate and/or trap-assisted tunneling conduction [4,5]. As
a consequence, the optical power decreases. The activation of
pre-existing point defects in thin-film GaN samples has already
been investigated by Nykinen ez /. using a low-energy electron
beam [21]. The authors identified the activated defects as Ga
vacancies and proposed that initially passive V,-H, complexes
are activated by H removal. In addition, Chichibu ez 4/. studied
nonradiative recombination centers (NRC) in Al)cGag 4N and
concluded that vacancy complexes such as V5V and Vg, Vyy
are the major NRCs [22]. It is possible that those complexes
are initially passivated and are activated later by H removal.
However, the suggested Auger recombination is not necessarily
the only process contributing to the degradation of 310 nm UV
LEDs. Rather, Auger recombination might be dominant for the
degradation in the investigated sample structure, whereas other
processes may dominate in other samples. It has to be consid-
ered that the rate Ry, could be strong enough to be respon-
sible for long-term degradation, but can be too small to cause
an efficiency droop.

It should be noted that the logarithmic time dependency of
the optical power is in contrast to other works where a square-
root time dependency was found and attributed to a diffusion
process [4,23,24]. It can therefore be assumed that diffusion is
most likely not the dominant process for the degradation of the
investigated samples. To the best of our knowledge, a logarith-
mic time dependency has not yet been reported for the degra-
dation of LEDs. However, it is typically observed for Si-based
metal-oxide semiconductor field effect transistors (MOS-FETs)
and attributed to an increase of trapped charge carriers [25-28].
This could be an indication that carrier trapping plays a role in
the degradation of 310 nm UV LEDs. This idea would be con-
sistent with the before-mentioned activation of pre-existing
point defects.
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Finally, the characteristic time 7 when the logarithmic time
dependency of the degradation starts needs to be discussed.
One possible explanation for the existence of such a starting
point is that activation and/or generation of point defects im-
proves the carrier injection efficiency into the active region.
This effect would increase the radiative recombination rate
and therefore increase the optical power [29,30]. For example,
the often-discussed breaking of Mg-H complexes [5,29-32] ac-
tivates the magnesium acceptors and possibly enhances hole
injection efficiency. If this process was superimposed on an in-
crease of the SRH nonradiative recombination rate, both effects
could cancel each other. After the characteristic time is passed,
the improvement of carrier injection is possibly completed (for
example, since most of the H has been removed and Mg accept-
ors are nearly fully activated), and the increase of the nonradia-
tive recombination at point defects dominates the behavior of
the optical power with time.

5. SUMMARY

It was found that the cube of the operation current density is
a scaling factor for the time dependency of the optical power
of 310 nm UV LEDs. This means that the current density
strongly affects the lifetime of these devices. For example, halv-
ing the current density increases the lifetime by a factor of 8.
Thus, an enlargement of the active (p-contact) area can be an
effective strategy to improve reliability.

Furthermore, Auger recombination was suggested to be in-
volved in the degradation. Consequently, an adjustment of the
carrier distribution in the active region, e.g., by increasing the
number of QWs, can be an approach to improve the lifetime.

Finally, a mathematical model was empirically derived that is
based on a logarithmic dependency on time. It enables lifetime
prediction as well as accelerated testing of 310 nm UV LEDs.
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