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ABSTRACT: High-current reliability remains a key factor
hindering the commercialization of AlGaN-based deep-
ultraviolet light-emitting diodes (LEDs), primarily due to elusive
defect-mediated degradation. Here, we investigated the spatial
distribution and nature of defects induced by high current
stress in 276 nm AlGaN-based LEDs grown on high-quality
AIN. The results demonstrate that the stress-induced defects
are generated within the p-type layer and the active region,
particularly in areas of current crowding. A combined analysis
using capacitance-voltage = measurements, deep-level
transient spectroscopy, and admittance spectroscopy reveals
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that p-layer degradation is driven by nitrogen vacancy (V,)-related defects originating from the dehydrogenation of
hydrogen-passivated complexes. In the active region, the dominant stress-induced defects are identified as magnesium
substituting gallium (Mge,), Vy, gallium vacancy (Vs,) complexes, and gallium-nitrogen vacancy (Vg,-Vy) complexes. These
defects act as non-radiative recombination centers, enhancing non-radiative recombination and leading to a reduction in
optical power. These findings suggest that mitigating hydrogen incorporation and optimizing current spreading are critical to

high-current reliability of AIGaN-based deep-ultraviolet LEDs.

KEYWORDS: AlGaN, degradation, reliability, light-emitting diodes, deep ultraviolet, defect

1 Introduction

AlGaN-based deep-ultraviolet light-emitting diodes (DUV LEDs)
(200-280 nm) are expected to become a key alternative to toxic
mercury lamps in applications such as disinfection, UV curing, and
biochemical sensing, thanks to their compact size, environmental
friendliness, and  excellent = monochromaticity =~ [1-11].
Notwithstanding these advantages, the commercial use of DUV
LEDs is severely limited by their lack of operational reliability.
Specifically, the higher the current at which DUV LEDs operate, the
faster their light output declines. As a result, their operational
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lifetime is typically limited to a few thousand hours [12, 13]. The
root cause of this reliability bottleneck lies in the complex
interaction between high-current stress and the dynamic evolution
of point defects, which manifests as severe degradation in optical
power and an increase in leakage current [14-16].

Due to lattice mismatch, high-aluminum AlGaN alloys are prone
to forming various point defects, including cation vacancies,
nitrogen vacancies (Vy), and their respective complexes with
unintentional impurities [17]. Under high-current stress, these
defects may undergo complex diffusion and restructuring processes
driven by electron-phonon coupling and local self-heating [18—20].
Previous studies have sought to analyze the degradation
mechanisms of AlGaN-based LEDs under electrical stress. Monti et
al. suggested that early-stage degradation stems from increased
defect density in the final quantum barrier or enhanced carrier
escape triggered by positive charge accumulation at the electron
blocking layer (EBL) interface, followed by long-term defect
diffusion [14]. Similarly, Piva et al. proposed a two-stage model: an
initial decline in injection efficiency linked to gallium vacancy
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dehydrogenation, and subsequent long-term degradation
dominated by deep-level states at 1.6 and 2.15 eV [21]. Despite
these insights, our understanding of the types of defects generated
under high current stress and their spatial distribution remains
incomplete, and further in-depth research is needed.

In this work, we epitaxially grew 276 nm AlGaN DUV LEDs on
high-quality AIN and systematically investigated the spatial
distribution and nature of defects induced by high-current stress
through electrical and optical characterization, deep-level transient
spectroscopy, and admittance spectroscopy. The results show that
device degradation is more pronounced in areas of current
crowding. Furthermore, we identified the types of defects generated
in the p-type layer and the active region under high-current stress.
The increased defects primarily involve vacancy-related point
defects and their complexes. These defects enhance non-radiative
recombination and increase leakage current, resulting in a
reduction in optical power.

2 Experimental section

2.1 LED fabrication and material characterizations

The AlGaN-based LEDs used in this study were grown on sapphire
substrates along the (0001) plane using metal-organic chemical
vapor deposition (MOCVD). As shown in Fig. 1(a), a 3 pm AIN
layer was first grown on a (0001) sapphire substrate, followed by a
transition layer consisting of 20 pairs of AIN/AlGa,,N.
Subsequently, a 1.5 pm Si-doped n-Al,Ga,,N layer was deposited.
Thereafter, 5-period Aly;;GagssN (3 nm)/Al;;GagsN (7 nm)
multiple quantum wells (MQWs) were grown. Finally, a 30 nm p-
AlysGay,N EBL, a 30 nm p-Aly5Ga,,N layer, and a 10 nm p-GaN
contact layer were grown in sequence. After epitaxial growth,
standard chip processing techniques were used to fabricate the
device, with Ti/Al and Ni/Au deposited for the n-type and p-type
electrodes, respectively. The LED was packaged in a flip-chip
configuration, with a single chip size of 1000 pm x 1000 ym and a
junction area of 0.65 mm”.

Epitaxial LED materials were characterized using high-resolution
X-ray diffraction (HRXRD) (Malvern Panalytical, X’PERT3 MRD),
X-ray photoelectron spectroscopy (XPS) (Thermo ESCALAB
250XI), and atomic force microscopy (AFM) (Shimadzu SPM-
9700).

2.2 High-current accelerated aging test for LEDs

A batch of 20 consistent 276 nm DUV LEDs were subjected to
accelerated aging at a high current of 500 mA (current density =
77 Alcy’). To suppress the self-heating induced by high current,
the LED was soldered onto a copper printed circuit board (PCB)
and mounted on a Peltier-based thermoelectric controller
maintained at 20 °C. The LEDs underwent 50 h of aging at a high
current of 500 mA, and their optical and electrical properties were
characterized at specific time intervals. Optical power and optical
power—current (L-I) characteristics were measured using an
integrating sphere (ZPL-100UV). Electroluminescence (EL) and
photoluminescence (PL) spectra were acquired via Ocean Optics
Maya2000 Pro and HORIBA LabRAM HR Evolution, respectively.
Current-voltage (I-V) measurements were performed using a
Keithley 2400 Source Meter. Capacitance-voltage (C-V) profiling
was carried out with a Keysight E4980A LCR meter. To identify
defects in the device, admittance spectroscopy (AS) and deep-level
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transient spectroscopy (DLTS) tests were performed before and
after aging. AS was conducted using a LINKAM probe station
equipped with a temperature controller in conjunction with the
Keysight E4980A LCR bridge. DLTS measurements were
performed on a PhysTech FT1030 system.

3 Results and discussion

The high-resolution XRD pattern of the (002) plane of the LED
epitaxial wafer is shown in Fig. 1(b). The diffraction peak at 41.67°
corresponds to the sapphire substrate. Considering that the
diffraction peaks for GaN and AIN are at 34.56° and 36.03°
respectively, it can be inferred from the Vegard’s law that the
diffraction peak at 35.3° corresponds to n-Al,Ga,,N. Due to the
thinness of the multi-quantum well layers, the corresponding
diffraction peaks are too weak to be resolved. Additionally, XPS was
performed to characterize the surface of the LED epitaxial wafer, as
shown in Fig. 1(c). Peaks associated with Ga, N, and Mg can be
observed in the XPS spectrum, which is consistent with the fact that
the surface layer of the LED epitaxial wafer is p-GaN. The entire
LED epitaxial structure is based on high-quality AIN grown on a
sapphire substrate. Figure 1(d) shows the AFM image of the AIN
grown on a sapphire substrate. The AIN surface exhibits a smooth
morphology, with a root-mean-square (RMS) roughness of
0.11 nm. We further evaluated the crystal quality of the AIN by X-
ray rocking curves, as shown in Figs. 1(e) and 1(f). The full width at
half maximum (FWHM) values of the X-ray diffraction rocking
curves for the (002) and (102) planes of AIN are 94 and 219 arcsec,
respectively, indicating a low dislocation density in the AIN
material. The AlGaN material in the LED epitaxial structure grown
on this high-quality AIN was characterized by X-ray diffraction
rocking curves, presented in Fig. 1(g). The FWHM of the (102) X-
ray diffraction rocking curve for AlGaN is 438 arcsec, indicating
that the AlGaN material epitaxially grown on this high-quality AIN
also exhibits good crystal quality. The DUV LED fabricated from
this epitaxial wafer exhibited a peak external quantum efficiency
(EQE) of 9.6% at 50 mA and an optical power of 114 mW at
300 mA (Fig. S1 in the Electronic Supplementary Material (ESM)).
To investigate the degradation mechanisms of AlGaN-based
DUV LEDs under high current stress, a batch of 20 consistent
276 nm DUV LEDs were subjected to accelerated aging tests at
500 mA and 20 °C. After being subjected to high current stress, the
optical power exhibited a monotonically decreasing trend over time
at all test currents, as shown in Fig. S2 in the ESM. Figure 2(a)
shows the variation of normalized optical power over time as a
function of stress time at different test currents. It can be observed
that the decay of optical power exhibits two distinct degradation
phases. In the early stage (< 5 h), a similar degree of optical power
decay was observed across all test currents. However, during long-
term stress phases (> 5 h), the decline in optical power at low test
current levels is significantly greater than at high current levels. The
early degradation of optical power is attributed to a worsening of
carrier injection efficiency, as the degradation of optical power is
almost independent of the test current [21]. The long-term
degradation of optical power is attributed to an increase in non-
radiative recombination due to the generation of defects [21].
Figure 2(b) shows the evolution of the EQE as a function of stress
time for different test currents. The decrease in external quantum
efficiency shows little dependence on the test current in the early
stages. However, over the long term, the rate of degradation in
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Figure1 (a) Schematic diagram of the epitaxial structure of the 276 nm deep-ultraviolet LED. (b) XRD 26-w scans of the (002) plane of the entire LED epitaxial
structure. (c) X-ray photoelectron spectroscopy of the (002) surface of the entire LED epitaxial structure. (d) AFM image of AIN grown on sapphire. ((e) and (f)) X-ray
rocking curves of (e) the (002) and (f) (102) planes of AIN grown on sapphire. (g) X-ray rocking curve of the (102) plane of AlGaN in the LED epitaxial wafer.

external quantum efficiency is much more severe at low test
currents than at high test currents. This further indicates a
worsening of carrier injection efficiency during the early stages of
stress and an increase in non-radiative recombination during long-
term stress.

EL measurements were used to study the optical degradation of
devices under high current stress. Figure 2(c) shows the
electroluminescence spectra under different stress time. It can be
observed that the emission intensity of the quantum well (QW)
continuously decays without any significant spectral shift. This
indicates that the Al content of the quantum well has not changed.
Furthermore, PL measurements were performed on the same
device before and after aging using a 325 nm laser at room
temperature (Fig. 2(d)).

The PL spectrum exhibits enhanced yellow-green emission
around 500 nm after stress, which has been attributed to an
increase in gallium vacancy-related defects in previous studies [20].
In addition, the brightness distribution on the top and bottom sides
of the unaged device in Fig. 2(e) is uneven, indicating uneven
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current diffusion. After aging, the upper side of the chip shows a
more pronounced decrease in brightness, indicating that
degradation is more severe in regions of current crowding.

The I-V characteristics under different stress time are shown in
Fig. S3 in the ESM. Both the reverse leakage current (< 0 V) and the
low forward leakage current (0-4.5 V) increase with stress time.
According to previous literature, the increase in reverse leakage
current is attributed to the generation of defects in or around the
active region (Fig. S4 in the ESM), which form parasitic current
paths [22]. Meanwhile, the enhancement of trap-assisted tunneling
(TAT) leads to an increase in the low forward leakage current [22].
In the high-injection regime (> 5.5 V), transport is governed by the
series resistance (R,), as shown in Figs. S3(c) and S3(d) in the ESM.
R, decreases during the early stage (< 5 h), which is attributed to the
dehydrogenation of Mg-H complexes (activation of Mg acceptors)
[23]. This is further confirmed by the corresponding reduction in
the driving voltage (Fig. S5 in the ESM). Subsequently, R, gradually
increases during the long-term stage, likely due to the degradation
of the p-contact [24].
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Figure2 (a) The normalized optical power as a function of stress time at various test currents. (b) EQE variation as a function of current at different stress time. (c) EL
spectra at different stress time measured at a current of 500 mA. (d) PL spectra of devices before and after stress under 325 nm laser excitation. (e) Electroluminescence
images of the device at 250 mA test current changing with stress time (250 mA stress) and corresponding reprocessed images.

C-V measurements at various test frequencies were performed
to analyze the spatial distribution and capture kinetics of stress-
induced defects (Figs. S6(a)-S6(c) in the ESM). It can be observed
that the capacitance shows significant variation above 1 MHz, while
only slight variation is seen below 1 MHz. This difference suggests
that current stress may induce defects with different energy-level
depths in these regions. The apparent carrier distribution (ACD)
and depletion width (W) were extracted using Egs. (1) and (2)

2 1
Ny(W) = gee A [_ d(l/CZ)/dV} (1)

Ag,€,

W=
C

)
where Nj represents the carrier concentration, g is the electron
charge, ¢ and ¢ are the relative permittivity and vacuum
permittivity, respectively, A is the junction area, V is the test voltage,
and C is the capacitance [25]. The ACD profiles reveal peaks
corresponding to the QWs, ranging from the last quantum well
(LQW) near the p-side to the first quantum well (FQW) near the n-
side (Figs. S6(d)-S6(f) in the ESM). It can be observed that after
current stressing, the carrier concentration in the three quantum
wells near the p-side increases significantly, indicating that the
newly generated defects are predominantly located close to the p-
side. Notably, the depletion width at high frequency (> 1 MHz)
narrows during the early stage (< 5 h) and subsequently widens.
The initial narrowing is attributed to an increase in the effective Mg
acceptor concentration within the electron blocking layer [26].
Meanwhile, the depletion width at low frequency (< 1 MHz)
remains nearly unchanged. This may be due to the
dehydrogenation of hydrogen-passivated deep-level donor-like
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defects in the p-type layer (likely cation-nitrogen-vacancy clusters,
e.g, Vu-Vy) [27, 28], which compensates the charge from the
activated Mg acceptors. After 25 h, the increase in depletion width
at 2 MHz indicates a reduction in the net acceptor concentration,
which is likely due to dislocation-assisted Mg diffusion into the
active region [29, 30]. This corresponds to the increase in series
resistance.

To definitively identify the stress-induced deep-level defects,
deep-level transient spectroscopy (DLTS) was performed before
and after aging (Figs. 3(a) and 3(b)), targeting two distinct zones:
region 1 (forward bias, 2-4.5 V) and region 2 (reverse bias,
—6-—11 V), as shown in Fig. S7 in the ESM. Figure 3(a) shows the
DLTS signal spectrum of region 1. After 50 h of stress, the peaks of
the majority carrier trap E, and the minority carrier trap H, both
increased, accompanied by the appearance of a new electron trap
E,. As shown in Fig. S8 in the ESM, their activation energy (E,) was
obtained from the Arrhenius plot. The activation energy of defect
E, is 0.16-0.19 eV (capture cross section: from 7.59 x 10 to 1.19 x
10 cm? defect concentration: from 3.79 x 107 to 7.69 x 10”7 cm™).
The activation energy of defect H, is 0.20-0.25 eV (capture cross
section: from 6.97 x 10™ to 1.42 x 107 cm’; defect concentration:
from 9.94 x 10" to 2.62 x 10" cm™). The activation energy of defect
E, is 0.87 eV (capture cross section: 1.02 x 10™ cm? defect
concentration: 3.52 x 10 cm”). According to previous studies,
defect E, is a defect associated with V [31], while defect H, is
attributed to magnesium substitution at gallium sites (Mgg,) [32].
The increase in defect H, concentration supports the migration of
Mg from the p-type layer into the active region, which is consistent
with previous studies concluding that Mg migrates along
dislocations under electrical stress [29, 30, 32]. The migration of Mg
in the p-type layer leaves behind gallium vacancies. The PL data
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Figure3 ((a) and (b)) DLTS signal spectroscopy in (a) region 1 and (b) region 2 before and after aging. In our DLTS measurement system, positive and negative peaks
are associated with majority carriers (electrons) and minority carriers (holes), respectively. ((c) and (d)) Temperature dependence of (c) capacitance and (d) G/w before

and after stress, with frequencies ranging from 10 to 100 kHz.

corroborate the increase in the concentration of gallium vacancy-
related defects in the p-type layer due to Mg migration. Defect E, is
considered to be a gallium-nitrogen vacancy (V,-Vy) complex [33].
We propose that Mg migration leaves behind gallium vacancies,
which subsequently complex with Vy. In region 2, DLTS spectra
exhibit a single majority-carrier trap that evolves from defect E; in
the pristine state to defect E, after aging (Fig. 3(b)). The activation
energy shifts significantly from 0.33 to 0.50 eV (capture cross
section: from 4.53 x 10™ to 5.13 x 10™ cm?’; defect concentration:
from 2.55 x 107 to 3.11 x 10”7 cm™). According to the report by
Huang et al,, the energy level at 0.33 eV was identified as a nitrogen-
vacancy-related defect on the AlGaN surface [34]. Similarly, defect
E, discussed here can be identified as a nitrogen vacancy-related
defect. Previous studies have reported that the energy level of
gallium vacancy-related defects is approximately 0.5 eV [20], and
the energy level of Mg-Vy, complex defects is between 0.4 and 0.5
eV [35]. Since no previous studies have reported Vy-V,-related
defect levels around 0.5 eV, and based on our inference of Mg
migration into the active region, we now consider defect E, most
likely to be a Mg-Vy complex defect. Therefore, the evolution of
defect E; (0.33 eV) to E, (0.50 eV) is most probably due to Mg
migrating from the p-type layer into the active region under
electrical stress and subsequently forming Mg-Vy, complex defects
with existing V-related defects.

To probe shallow-level defects beyond the DLTS detection limit,
admittance spectroscopy was performed. Capacitance—frequency
(C-f) curves under different stress time were recorded at 4 V (Fig.
S9 in the ESM), corresponding to the depletion of the last quantum
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well as identified by apparent charge distribution profiles. The
temperature dependence of capacitance and G/w (where G is the ac
conductance, w is the angular frequency, and w = 2nf) at various
frequencies are shown in Figs. 3(c) and 3(d), respectively. In these
two graphs, each curve represents data measured at a different test
frequency. The test frequency ranges from 10 to 100 kHz with a
step size of 10 kHz, and the temperature scan step is 10 K.
In Fig. 3(d), each peak represents the presence of a type of defect.
The temperature-dependent G/w resolve two distinct peaks, defect
E; and defect E;. The Arrhenius plot can be calculated from the
peak temperatures corresponding to different frequencies shown in
Fig. 3(d). For defect E;, the temperature range employed to extract
data for the Arrhenius plot was 110-150 K; for defect E,, it was
310-360 K. The activation energies of defects E, and E before and
after aging were extracted from the Arrhenius plot. For defect E;,
the values are 0.07 and 0.06 eV, respectively; for defect E, they are
0.56 and 0.54 eV, respectively (Fig. S10 in the ESM). Based on
literature, defect E; is identified as a nitrogen vacancy-related defect,
and defect E as a gallium vacancy-related complex [20, 36]. In
addition, the energy level of defect E is similar to that of defect E, in
DLTS, suggesting that they are the same type of defect. The increase
in the peak after stress indicates a rise in the concentration of
nitrogen-vacancy and gallium-vacancy related defects.

The nature of defects in the active region of LEDs was
investigated using first-principles calculations based on density
functional theory (DFT) [37-39]. We modeled a 108-atom
Aly:Gay:N supercell containing Mg substitution for Ga and nitrogen
vacancy, as shown in Figs. 4(a)-4(c). To allow for a direct
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Figure4 ((a)-(c)) The 3 x 3 x 3 Al):Ga,;N supercell models include: (a) the perfect supercell, (b) Mg substituting for Ga, and (c) a nitrogen vacancy. (d) Band structure
diagram of the Al ;Ga,;N unit cell. (¢) Formation energy of Mg, as a function of fermi energy under metal-rich conditions. (f) Formation energy of Vy as a function of
fermi energy under metal-rich conditions. (g) Schematic diagram of the defect evolution mechanism in AlGaN-based DUV LEDs induced by high current stress. (h)
Schematic diagram of the energy levels of deep-level defects induced by high current stress in the active region.

comparison with the DLTS data, we calculated the thermodynamic
transition levels, E(q/q), which represent the critical Fermi-level
positions where a defect undergoes a transition between different
charge states. The calculated bandgap of 4.45 eV (Fig. 4(d)) aligns
well with the theoretical value (4.5-4.64 eV) [40]. Figures 4(e) and
4(f) present the formation energies under metal-rich conditions.
The calculated (0/-1) transition level for Mg, lies 0.41 eV above the
valence band maximum (E,). This is slightly higher than the DLTS
result (0.2-0.25 eV) and experimental reports (~ 0.3 eV) [41], a
discrepancy likely attributed to finite-size effects in the supercell
which overestimate the doping concentration. For V), the (+1/0)
and (0/-1) transitions occur at 3.4 and 4.3 eV above the valence
band maximum, corresponding to depths of 1.05 and 0.15 eV
below the conduction band minimum (E,), respectively. Notably,
the (0/-1) level at E, — 0.15 eV is in excellent agreement with the
DLTS signal (0.16-0.19 V).

Based on the preceding analysis, the location and evolution
mechanism of defects induced by high current stress can be
determined, as shown in Fig. 4(g). Initially, electrical stress induces
the dehydrogenation of hydrogen-passivated Vy, complexes within
the p-type layer. The increased nitrogen vacancy-related defects
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compensate for the Mg acceptor, thereby reducing the carrier
injection efficiency. Subsequently, the stress induces an
accumulation of Mg, Vy, Vg,-related complexes, and Vg,-Vy
complexes in the active region. These defects together enhance
Shockley-Read-Hall (SRH) non-radiative recombination and
increase leakage current. Figure 4(h) maps the deep-level defects
within the active region bandgap. Vy, V,-related complexes, and
V-V complexes are positioned at E. - 0.19, E. - 0.56, and
E. - 087 eV, respectively, while Mg, levels are located at
E, + 0.25 eV. To extend the operational lifetime of AlGaN-based
DUV LEDs, mitigating hydrogen incorporation is paramount. For
instance, employing intense localized electric fields induced by
chloride ions for hydrogen extraction has proven to be an effective
strategy [42].

4 Conclusions

In summary, we systematically investigated the spatial distribution
and nature of defects induced by high-current stress in 276 nm
AlGaN DUV LEDs grown on high-quality AIN. Electrical stress
induces the formation of defects in the p-layer and the active
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region, particularly in areas of current crowding. Specifically,
electrical stress triggers the dehydrogenation of hydrogen-
passivated nitrogen-vacancy complexes in the p-layer, leading to the
formation of Vy-related defects. Synergistic analysis using DLTS,
admittance spectroscopy, and density functional theory calculations
identifies the predominant active-region defects as Mgg,, Vy, Vg,
complexes, and Vg,-Vy complexes, characterized by activation
energies of 0.25, 0.19, 0.56, and 0.87 eV, respectively. These defect
species facilitate non-radiative recombination and exacerbate
leakage current. Our findings underscore that reducing hydrogen
incorporation and optimizing current spreading are pivotal for
improving the reliability of AlGaN-based DUV LEDs under high-
current operation.

Electronic Supplementary Material: Supplementary material (first-
principles calculations, and additional data, including I-V
characteristics, C-V characteristics, ideality factor, driving voltage,
etc.) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908952.
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