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Abstract—We reported an unexpected power degra-
dation mechanism in high-power ultraviolet C (UVC)
light-emitting diodes (LEDs) grown on high-quality AIN
templates. The LED underwent an / = 350 mA stress for
250 h. After stress, the output power under / = 350 mA
degraded by 65%. Although the IV curve and C-V curve
measurements suggested a strong carrier leakage, the
electroluminescence (EL) spectrum did not suggest any
significant crystal quality degradation in the active region.
Cross-sectional transmission electron microscopy (TEM)
and energy dispersive X-ray spectroscopy (EDS) mapping
revealed new defects nucleated and propagated from the
p-GaN/electron blocking layer (EBL) interface. An observ-
able nitrogen loss was introduced to the p-GaN contact
layer under EDS. We inferred that the nitrogen desorp-
tion was activated by the UVC photon emitted from the
active region. The nitrogen vacancies created a continuous
leakage path from the active region to the p-electrode via
various trap-assisted transport mechanisms.

Index Terms— AlGaN, degradation, GaN, light-emitting
diode (LED), trap-assisted tunneling (TAT) ultraviolet C
(UVC).

[. INTRODUCTION

1GaN-BASED deep UV light-emitting diodes (LEDs)

have attracted much attention recently for their effi-
ciency and versatility in disinfection application, especially
after the outbreak of the COVID-19 pandemic [1], [2],
[3], [4]. Significant progress was demonstrated in improv-
ing ultraviolet C (UVC) LEDs’ light extraction efficiency
(LEE) and internal quantum efficiency (IQE). Self-absorbing
p-GaN contact layers have been regarded as the limiting
bottleneck for LEE. Many studies replaced the p-GaN with an
UVC-transparent p-AlGaN contact [5], [6], [7], [8], [9]. The
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benchmark external quantum efficiency (EQE) for UVC LED
with transparent p-AlGaN contact reached 20% under a low
current injection [5]. However, the high forward voltage due to
the poor electrical contact still hindered the commercialization
of UVC LED with p-AlGaN contact. The significant excess of
Joule heating by the enhanced forward voltage will facilitate
the degradation by material diffusion. Diffusion of point
defects into the active region has been regarded as the primary
failure mode of ultraviolet B (UVB) and UVC LEDs [10],
[11], [12], [13], [14], [15], [16], [17], [18], [19], [20]. For
example, magnesium impurity, Ga vacancy (Vg,), and Vg,-
related defect complexes diffusing from the electron blocking
layer (EBL) and p-GaN were commonly assigned for the new
nonradiative recombination centers [10], [11], [12], [13], [14],
[15], [16]. Glaab et al. [17] observed a significant hydrogen
migration into n-AlGaN after stressing the UVB LED for less
than 10 h. Ma et al. [18] observed the electromigration of con-
tact metal toward epitaxy after a 150-h stress. The type of point
defects was mostly assigned by the sub-bandgap emission peak
in the electroluminescence (EL) spectrum, or the activation
energy extracted from deep-level transient spectroscopy. Some
studies also revealed that threading dislocations (TDs) served
as fast diffusion paths in the degradation process [19], [20].
To reduce the TD density (TDD) of UVC LED epitaxy,
high-temperature annealed AIN buffer technology was intro-
duced [21], [22], [23], [24], [25]. The state-of-art TDD of
high-quality AIN template on sapphire was reported below
108 cm™2, which is superior to most GaN templates on sap-
phire [23]. Although the thermal strain and lattice-mismatch
strain might further nucleate new TDs in subsequent AIN
and n-AlGaN epitaxy, those strain-driven defect nucleation
can be managed by a high Si-doping in the regrown AIN
template [26], [27]. A low TDD in device epitaxy shall
not only improve the IQE of LEDs, but also suppress the
degradation mechanism assisted by the TDs, theoretically [20].
However, the failure mode of the UVC LED grown low TDD
AIN template is rarely discussed. By intuition, adopting a
growth template with a lower initial TDD shall favor the
device’s reliability. In this report, we revealed an unexpected
degradation mechanism of UVC LEDs grown on low TDD
AIN templates and explained why improving the reliability of
UVC LED on these templates could be still challenging. The
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[I. DEVICE STRUCTURE AND EXPERIMENTAL METHODS
Fig. 2. (a) -~V curves (blue) and C-V curves (black) before (solid line)

High-quality AIN buffers were deposited by hydride vapor
phase epitaxy (HVPE). AlGaN-based LED epi was grown on
by TNSC-4000 metal-organic vapor phase epitaxy system on
the HVPE buffers. The epi structure above buffer consists of a
3.4 um Si-doped AIN, a 1.6 um n-Alg ¢3Gag 37N, four pairs of
6/2.5 nm Aly s5Gag 45N/Alp 45Gag ssN multiple-quantum-wells
MQW), 30 nm p-Aly75GagrsN EBL, 15 nm compositional
grading layer (CGL), and 90 nm p-GaN layer. The epitaxial
structure is illustrated in Fig. 1(a). The CGL is grown by
gradually ramping the group-III precursor flow rates from
Alg72GagsN to GaN under the same growth conditions.
Detailed growth conditions and materials characteristics of
Si-doped AIN and n-AlGaN can be found in Walde et al. [28].
The epi wafer was fabricated into 1 x 1 mm high power LED
flip-chips with Ti/Al-based n-contact and ITO p-contact. SiO,
was deposited by plasma-enhanced chemical vapor deposition
(PECVD) to isolate the n-pad and p-pad. The schematic device
structure is illustrated in Fig. 1(b). Five flip-chips with similar
initial output power were bonded to the AIN submount for han-
dling, then the submount was bonded to the aluminum-trace
printed circuit board (ALPCB) with solder paste for the aging
test.

The LEDs were stressed under a continuous 350 mA current
injection without external temperature control. After selected
aging times, junction temperature (7;), EL spectrum, and
near-field intensity were measured. EL spectrum was measured
under two current injection levels, [/ 10 mA and I =
350 mA, for comparison. Current—voltage (/-V) curves and
capacitance—voltage (C—V) curves were characterized before
bonding and after de-bonding from ALPCB for comparison.
After the 250-h stress, the power decay among stressed chips

and after (dashed line) a 250-h stress. (b) Relative EL peak intensity
(black) under high current (solid line) and low current (dashed line) at
different aging times. Peak wavelength shift (blue triangle) and FWHM
variation (red circle) were plotted on the right axis.

under / = 100 mA ranged from 53% to 68%. In order to
better visualize the failure mode, the chip with the most
significant power decay and a nonuniform near-field emis-
sion was selected for further failure analysis. Cross-sectional
transmission electron microscopy (TEM) characterization and
energy dispersive X-ray spectroscopy (EDS) was conducted to
probe the crystal quality variation and element re-distribution.
In this study, only the /-V, C-V and EL results of the selected
die will be shown as the representative.

I1l. RESULTS AND DISCUSSION

The I-V and C-V curves before and after the 250-h stress
were plotted in Fig. 2(a). Fig. 2(b) summarized the depen-
dence of relative intensity, EL peak wavelength shift (AApcax),
and full-width at half-maximum variation (AFWHM) with
aging time. Before stress, the output power is 60 mW at
I =350 mA and ~1 mW at / = 10 mA. The peak wavelength
is 275 nm and the FWHM is 10.1 nm under / = 350 mA. The
EL peak intensity dropped rapidly in the first 10 h stress and
then degraded slower afterward. The power degradation was
more prominent at low current injection (I = 10 mA). After
a 250-h stress, the EL intensity at 10 mA was only 5% of
its original value, while it was still 35% at I = 350 mA.
The EL intensity degraded significantly, but the EL peak
wavelength and FWHM remained invariant. Although point
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Fig. 3. (a) Raw and (b) normalized EL spectrum under / = 10 mA after different aging times. (c) Energy diagram which illustrated the energy level

of nitrogen-vacancy between band edges.

defect migration into the quantum well is possible after stress,
a significant structural degradation is unlikely. Therefore, the
power degradation could not be simply explained by an
enhanced non-radiative transition within quantum wells. The
variation of the /-V and C-V curves both suggested the
generation of strong carrier leakage paths. The leakage current
under ideal forward voltage (4.5 V for A = 275 nm) enhanced
from 107 to 1072 A after stress. The capacitance also shifted
downward by 300-400 pF in a broad voltage range. The I-V
and C-V variation implied the power degradation is relevant
to the significant carrier losses mechanism in the vicinity of
the depletion region.

To identify the type of defect in the active region, the
EL spectra under low current injection (I = 10 mA) after
different aging times were plotted in Fig. 3. Fig. 3(a) plotted
the original data while Fig. 3(b) normalized the spectrum to
their band edge recombination peak at Aiwpesx = 4.51 eV. The
peak of parasitic side emission locates in the vicinity of Awgjige
= 3.88 eV. The energy difference between fiwegge and Awyiqe
is 0.63 eV. The degradation of LED cannot be attributed to
Mg diffusion into the active region because the activation
energy of the Mg acceptor in the quantum well (Aly 45Gag s5N)
shall be around 0.3 eV [29]. The sub-bandgap emission was
assigned to the recombination between tri-valent nitrogen
vacancy donor levels (Vf,*) and valence band edge (E,) of
Alp45Gag ssN as depicted in Fig. 3(c). Nakarmi et al. [29]
revealed the energy level of V:,Jr point defect is ~0.6 eV
below the conduction band edge (E.), which is consistent with
the energy separation between fAweqee and fhwgge in Fig. 3.
The intensity of band edge emission and side emission both
degraded significantly. Although the weight of V,?,*related side
emission seems to be enhanced after normalization, it was
inadequate to explain the significant overall power degrada-
tion. If the power degradation is dominated by the enhanced
non-radiative recombination through new V137+ point defect
in QWs, the weight of hwgqg. under low current injection
shall eventually surpass fiweqee under low current injection.
The EL characterization results also suggested that enhanced
nonradiative recombination within the quantum well shall not
be the dominant mechanism for significant power decay.

The near-field intensity images before and after stress were
summarized in Fig. 4(a). Before stress, the emission intensity

was uniform over the chip; after a 250-h aging, the emission
intensity became much weaker and nonuniform. We selected
two regions with a rather bright and dim emission intensity
for cross-sectional TEM analysis. Fig. 4(b) is the TEM image
of an unprocessed epi-wafer, and Fig. 4(c) and (d) is the
TEM image of the brighter and dimmer region after stress,
respectively. Before stress, the crystal quality near the active
region looks intact, some black spots were observed in the
lower interface of p-GaN. We attributed the black spots to
the misfit dislocations or local lattice distortion due to the
epitaxial strain between p-GaN and its underlayers. It is
also possible due to the un-optimized growth conditions or
non-ideal ramping scheme while varying the Al composition
from 72% (EBL) to 0% (p-GaN). After stress, the MQW
crystal quality remained intact under TEM observation, but the
whole interface between p-GaN and EBL was darkened. In the
dimmer region, the crystal quality deterioration at the interface
was more prominent accompanying many dislocations and
pipe-like defects in p-GaN only. We inferred the fast degra-
dation below these defect clusters in p-GaN dominated the
fast power degradation in the initial stage, and the interfacial
degradation in the field contributed to the subsequent slow
degradation.

Before stress, the LED demonstrated a low forward volt-
age due to the high-quality n-AlGaN current injection layer.
The forward voltage under / = 100 mA was only 4.95 V.
However, the measured junction temperature (7;) was abnor-
mally high for LED on these high-quality templates. The T
under 100 mA injection was measured to be 125 °C-130 °C,
which is higher than that of our other UVC LEDs with a
similar epi structure on conventional high TDD AIN tem-
plates (7; ~ 100 °C). Therefore, the high 7; of LED on a
high-quality template cannot be attributed to neither a higher
forward voltage nor a stronger non-radiative recombination
in the active region. The enhanced 7; was attributed to the
stronger band edge absorption in the p-GaN contact layer
under a stronger UVC photon irradiation from quantum wells.
The phonons emitted from Shockley—Reed—Hall (SRH) pro-
cess in the active region will not excite carriers in the p-GaN
contact layer to a higher energy band, but the UVC photons
will. When the excited carrier in the heavily-doped p-GaN
returned to its ground state non-radiatively, it also heated up
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(a) Relative near-field intensity mapping of a UVC LED before (lower corner) and after 250 h stress taken from a charge-coupled devices

(CCD). The intensity is color-coded from low to high on linear scale as shown in the color bar. Blue and red rectangular pointed out where the TEM
sample of (c) and (d) was taken. Cross-sectional TEM images from (b) fresh coloaded epi wafer (c) brighter region, and (d) dimmer region of a

stressed UVC LED. The white bar in (b)—(d) refers to 100 nm in width.

the device. Therefore, the significantly higher 7; is attributed
to the stronger band-edge absorption in the p-contact layer.
As a result, UVC LEDs on high-quality AIN templates might
degrade even faster if the CGL and p-GaN quality isn’t well-
optimized.

It is worth noticing that the dislocation density in p-GaN is
apparently higher than that in the MQW in Fig. 4(c). Many
dislocations in p-GaN are not propagated from the underlayer,
but are newly nucleated on the p-GaN growth front. In our
previous studies, we revealed that preexisting dislocations are
essential for the suppression of drastic TD nucleation in the
compressive n-AlGaN growth [27], [28]. If one would like to
transfer the low TDD of the AIN template to the subsequent
n-AlGaN layer, the compressive strain has to be pre-relaxed
without TD nucleation, or the target thickness of n-AlGaN
has to be reduced. A similar argument could be applied to the
p-GaN contact layer on the UVC LED epilayer up to p-EBL.
The p-GaN growth condition and thickness, which is stable
on a high TDD UVC LED epi, is not necessarily stable on a
low TDD one. In this study, the growth recipe of CGL and
p-GaN are directly transplanted from a UVC LED growth
recipe which was previously developed on high TDD AIN
templates. Although the low TDD was successfully transferred
from AIN to MQW after a deliberate strain engineering as
shown in Walde et al. [28], the p-GaN contact layer quality
could still be deteriorated due to an even larger compressive
strain. As a result, the same UVC LED structure could possess
a better quality of MQW, but a poorer quality of CGL and
p-GaN on the novel low TDD templates. Although the EQE of
freshly-made LED is still significantly improved, the promoted
degradation from p-GaN became a more critical issue to be
overcome.

Fig. 5 showed the EDS element mapping of the TEM
sample from Fig. 4(d). Indium (blue), gallium (red), nitrogen
(yellow), and oxygen (pink) mapping were shown to identify
the components of the LED. In Fig. 5(c), the nitrogen signal
appeared to be weaker in the p-GaN than that in its underlayer.
In Fig. 4(d), the nitrogen signal is uniform from n-AlGaN to
EBL. Therefore, the weaker intensity of nitrogen in p-GaN
is unlikely to be an artifact of EDS on IllI-nitride layers with
different alloy compositions. We suggest the decomposition
of p-GaN was activated by UVC photons, and then nitrogen
vacancies were introduced to p-GaN and its vicinity. We also

Fig. 5. Element mapping by EDS of (a) Ga on top layers (b) Ga near
active region (c) N on top layers (d) N near active region (e) oxygen, and
(f) In on top layers of the TEM sample from the aged LED.

observed an unexpected nitrogen trace in the p-metal and
PECVD SiO, isolation layer, which was attributed to the
nitrogen desorption from the p-GaN and CGL. The escaped
nitrogen atoms entered the p-metal gradually and accumulated
in the SiO, layer. Although the p-metal is closer to the p-GaN,
the nitrogen signal is stronger in SiO, because it is the better
accommodation for escaped nitrogen.

The carrier leakage mechanism is illustrated with a band
diagram simulation. The band diagram was based on the
epilayer structure in Fig. 1 and solved by a 1-D numeri-
cal solver developed by Li and Wu [30]. The band dia-
gram was calculated under a forward voltage below turn-on
(Vs = 3.6 V) as an example and plotted in the vicinity
of EBL in Fig. 6. Nitrogen vacancy levels were manually
added ~0.6 eV below the E. to reflect their position in
the energy band diagram. According to Fig. 2, background
nitrogen vacancies exist in the active region. Since the growth
conditions of EBL and active region are similar (N, ambient,
T = 1050 °C, growth rate ~ 0.05 nm/s), nitrogen vacancies
shall populate in the EBL region as well. Fig. 5(a) showed
how the electron could be transported from the active region
to p-GaN via nitrogen vacancies. The electrons are transported
from the quantum well to p-GaN by multiple trap-assisted
tunneling (TAT) mechanisms, which were commonly observed
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Fig. 6. Schematic energy band diagram of the UVC LED under a 3.6 V
forward bias. (a) and (b) Schematically illustrated the nitrogen-vacancy
level distribution before and after stress, respectively. Gray dashed lines
pointed out the theoretical energy levels for nitrogen vacancies. Blue
and red lines marked the preexisting and newly generated nitrogen
levels.

in many Ill-nitride-based optoelectronics and electronics [31],
[32], [33], [34], [35]. After stress, a large amount of nitro-
gen vacancies was generated in the p-GaN and CGL due
to the emission-activated nitrogen desorption. The enhanced
nitrogen vacancies promoted the aforementioned conduction
mechanisms and connected the active region directly to the
p-electrode, as illustrated in Fig. 6(b). These donor-like vacan-
cies in the p-side reduced the capacitance of LED, enhanced
leakage current via tunneling, and significantly degraded the
output power due to the p-n-junction displacement.

IV. CONCLUSION

In conclusion, we unraveled the UVC LED degradation
mechanism by the strong band edge absorption in p-GaN
and its interfaces. The emission-activated nitrogen desorption
built a strong carrier leakage path between the p-electrode and
active region with nitrogen vacancies. This mechanism could
be even more prominent for UVC LED grown on high-quality
templates due to a stronger UVC photon irradiation under the
same current injection. Preexisting defects at the p-GaN/EBL
interface might not have a strong effect on the efficiency of
freshly-made UVC LEDs, but their strong impact on lifetime
still limits the application of high-quality AIN templates
to commercial products. If an UVC-transparent and Ohmic
p-AlGaN contact layer is not yet available, at least the defect
segregation at the p-GaN/EBL interface shall be suppressed.
To improve the lifetime of UVC LEDs with a higher output
power or a higher IQE, the epitaxial growth of CGL and
the p-contact layer shall be carefully dealt with. The p-GaN
thickness and CGL ramping strategies also require a thorough
re-optimization for UVC LEDs on high-quality AIN templates
in order to realize a high total power, highly efficient, while
still reliable UVC LED for future commercial application.
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