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ABSTRACT

270 nm deep-ultraviolet AlGaN light-emitting diodes were irradiated with either neutrons or 15MeV protons. Neutrons produced via
charge-exchange reactions of 9Be with protons exhibited energy ranges from 0 to 33MeV, with an average energy of approximately
9.8 MeV. The fluences ranged from 1.1 × 1014 to 2.2 × 1014 neutrons cm−2 and 1013 or 1014 protons cm−2. Two primary degradation modes
were observed: increased trap-assisted tunneling, indicated by an initial reduction in turn-on voltage, and a decrease in carrier concentration,
shown by reduced forward current due to deep state formation. For instance, 15 MeV proton irradiation resulted in more than an order of
magnitude reduction in reverse current at a fluence of 1014 ions cm−2. The decrease in subthreshold leakage current at higher fluences of
neutrons and protons is attributed to defect-induced carrier trapping, thereby reducing layer conductivity across the p-n junction. Emission
intensity decreased with fluence for both protons and neutrons, without a measurable increase in midgap emission. The nonlinear degrada-
tion in current and light output with fluence suggests strong dynamic recombination of defects during irradiation of high aluminum alloys.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003818

I. INTRODUCTION

Deep-ultraviolet light-emitting diodes (UVC LEDs) are used
in many applications, including sterilization, water purification,
and medical diagnostics.1–5 These LEDs emit light in the deep-
ultraviolet wavelength range (230–300 nm) and are effective in
deactivating various microorganisms due to the strong absorption
in this emission range by DNA and RNA.3–6 In general, the external
quantum efficiency (EQE) is very low, <0.5% in AlxGa1−xN-based
deep-UVC (200–280 nm) LEDs. However, values of EQE >10% have
been reported in optimized device structures.6–15

In contrast to the more common UV sources such as Hg
lamps and excimer lasers,1–15 UVC LEDs have advantages such as
compactness, longer lifetimes, and the capability for modulation at
higher frequencies. Furthermore, their potential utilization in the
future space mission Laser Interferometer Space Antenna (LISA)
for discharge capability on free-flying test masses to mitigate

electrostatic force effects induced by cosmic rays and solar particles
is documented,16–20 along with the required reliability for long
space missions.21–23 In addition, in the new GRATTIS mission, the
technology used is very similar to the LISA gravity reference
sensors but designed for tracking climate change and global
warming effects on Earth.24

However, comprehending the response of the high Al-content
AlGaN layers within the LEDs to diverse radiation environments,
under total ionizing dose (TID) conditions dominated by ionization
energy deposition and during single event upsets triggered by heavy
ion strikes, remains a significant area of investigation.18,21,25–34

Saraf et al.19 conducted experiments on UVC LEDs, irradiating
them with ∼63MeV protons up to fluences of 2 × 1012 protons cm−2,
simulating a radiation dose equivalent to approximately 100 years in
the LISA orbit. They observed negligible changes in light output.
The resistance to radiation-induced displacement effects is attrib-
uted to strong atomic bonding and high defect recombination rates
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at room temperature in high aluminum content alloys, highlighting
their suitability for space and extreme terrestrial environments.
Their response to radiation sources such as gamma rays,25 neutrons,
and electrons30 necessitates further study. The atmospheric neutron
energy spectrum at sea level ranges from 10−9 to 103 MeV and
neutron fluence per lethargy ranges up to 14 × 10−4 cm2 s−1, where
lethargy is a measure of neutron slowing, calculated as the logarithm
of a reference energy E0 to the current energy E.35–37 At sea level in
New York City, the peak neutron flux exhibits a distribution charac-
terized by approximately four thermal neutrons per square centime-
ter per hour (n cm−2 h−1) with an energy of around 0.025 eV,
roughly 13 high-energy neutrons (n cm−2 h−1) with an energy of
10MeV and around 20 mid-range energy neutrons (n cm−2 h−1)
with an energy of 1MeV.36,37 The spectral fluence, denoted by f(E)
with units of neutrons per square centimeter per mega electron volt
(n cm−2 MeV−1), quantifies the energy deposited per unit volume
(cm3) through atomic displacements caused by neutrons.36,37 In
instances where fast neutrons induce significant recoil cascades,
carrier removal transpires within disordered regions where the
core’s Fermi level becomes pinned.27

Radiation-induced damage in LEDs can lead to lower emission
intensity, lower leakage current and breakdown voltage, and the
generation of defects such as vacancies and interstitials capable of
trapping carriers and facilitating nonradiative recombination.21,31–38

Notably, Wang et al.25 reported that γ-ray irradiation accelerated the
subsequent degradation under normal operation, with the degrada-
tion being inversely proportional to the cube of the LED current.

This study presents the response of UVC LEDs to MeV neu-
trons and protons. We find a similar response of the LEDs to both
types of radiation. Even at fluences up to 1014 cm−2, there was no
new midgap emission induced. Similarly, there was less than a
factor of ten decrease in band-edge emission. The degradation
mechanisms in the LEDs are related to more trap-assisted tunneling
and loss of carriers to trapping in radiation-induced defect states.

II. EXPERIMENT

The packaged LEDs (Klaran LA Series) had peak emission in
the range of 260–270 nm. The total output power was >80 mW and
the LEDs were manufactured by Crystal IS. These LEDs were
mounted in 3.5 × 3.5 mm2 surface mount diode packages. The epi-
taxial layers were grown by metal organic chemical vapor deposi-
tion on a c-plane (0001) AlN single crystal substrate. The epitaxial
structure was initiated with a buffer layer ∼1 μm thick, composed
of Si-doped Al0.76Ga0.24N, followed by a 100 nm transition layer of
Si-doped Al0.65Ga0.35N and succeeded by a multiquantum well con-
figuration comprising alternating pairs of Al0.58Ga0.42N wells and
Al0.7Ga0.3N barriers. An electron blocking layer preceded the
p-GaN top contact layer. Additional details regarding the growth
and fabrication of LEDs have been provided previously.38

The experiment employed neutron irradiation conducted at
the Korea Institute of Radiological and Medical Science (KIRAMS).
A 45MeV MC-50 cyclotron served as the neutron source. Nuclear
reactions induced by 35MeV protons colliding with beryllium (Be)
targets generated the neutron flux. Prior to interacting with the Be
target, the proton beam passed through two aluminum (Al)
degrader foils to achieve the desired final energy (35MeV). The

main mechanism for creating neutrons involved charge-exchange
reactions of 9Be (p; ni) 9Be, with a proton-to-neutron generation
ratio of 8200:1. The average energy of the neutrons was ∼9.8 MeV.
The devices underwent irradiation for 2 or 4 h, with a total fluence
of either 1.1 × 1014 or 2.2 × 1014 neutrons cm−2. The LEDs were
not biased during the neutron irradiation process. Figure 1 shows
the nonionizing energy loss created by neutrons in AlN as a func-
tion of energy.39,40 As will be seen later, this is approximately a
factor of five lower than for the protons and represents the energy
lost to creating lattice displacements.

The same cyclotron was utilized for proton irradiation of the
LEDs. Samples were irradiated from the back of their packages,
without applying any external bias voltage. The proton beam
energy was held constant at 15 MeV. The irradiation fluence was
varied between 1013 and 1014 protons per square centimeter (cm2)
at a constant beam current of 10 nanoamperes (nA). For compari-
son, the proton fluence an LED would receive in one year within
the LISA orbit is estimated to be approximately 2 × 1010 cm−2.

The STOPPING AND RANGE OF IONS IN MATTER (SRIM) software41

was employed to estimate the projected range of protons within the
LEDs. Simulations indicated a range of approximately 600 micro-
meters (μm) (Fig. 2), suggesting that protons penetrate the entire
conductive substrate and potentially induce damage throughout all
LED layers.

Furthermore, the SR-NIEL simulator39,40 was used to assess the
distribution of vacancy density within the material as a function of
the proton irradiation energy. As shown in Fig. 3, the nonionizing
energy loss at 15MeV was determined to be ∼10−2 MeV cm2 g−1.
While this value is non-negligible, it’ is important to note that this
energy loss is primarily dissipated as heat and does not contribute
directly to lattice damage in the material.

The linear energy transfer (LET), which quantifies the average
energy deposited by protons per unit track length, indicated that

FIG. 1. Non-Ionizing Energy Loss (NIEL) calculation for neutrons in AlN,
assuming displacement threshold energies of 50 and 20 eV, respectively, for Al
and N and a fluence of 1014 cm−2.
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the Bragg peak (region of maximum energy deposition) lies beyond
the surface of the LED structure. Additionally, the LET value
remained relatively constant throughout the LED due to the chosen
proton energy.

The electrical properties of the LEDs were investigated using
current-voltage (I–V) characteristics obtained with an Agilent
4156C parameter analyzer. An Avantes AvaSpec-ULS2048XL-EVO
spectrometer equipped with fiber-optic coupling facilitated the
recording of emission spectra. A 600 μm diameter fiber optic cable

served as the coupling element between the spectrometer and the
ultraviolet (UV) LEDs.

For approximate total output power measurements, the LEDs
were coupled to a silicon (Si) photodetector connected in series
with a 55Ω resistor. The voltage across the resistor was measured,
and the resultant power was calculated. It is acknowledged that pre-
vious research has documented inherent statistical variations in
spectral characteristics across large batches of LEDs.21–23 Therefore,
the primary application of the acquired intensity spectra lies in
comparing the shape of the emission peak at different irradiation
levels. To isolate the effects of irradiation and ensure conclusive
results, the same LEDs were measured before and after undergoing
irradiation.

III. RESULTS AND DISCUSSION

Figure 4(a) shows the I–V characteristic from the LEDs before
and after neutron irradiation at the two fluences. The dominant
effect is a reduction in both forward and reverse current, which
must result from a reduction in the effective carrier concentration
on both sides of the p-n junction.42–44 Gallium vacancies are the
predominant defects introduced in II-nitrides as a result of particle
irradiation and introduce deep acceptor levels around 0.9–1.3 eV
above the valence band, whereas in AlN, the vacancy levels are gen-
erally deeper, often reported near 1.8–2.4 eV above the valence
band. These values can be influenced by factors such as strain,
doping, and the presence of other defects. These deep acceptors
will compensate the n-type doping in the LED structure.

For neutrons, lattice damage in the LEDs arises predominantly
from scattering interactions within the energy spectrum up to
30 MeV.43 The mean free path (λs) for neutron scattering interac-
tions was assessed using MONTE CARLO N-PARTICLE TRANSPORT CODE

(MCNP) software,45 exceeding 1 cm across the neutron energy spec-
trum to 30MeV in AlN. This is larger than the AlN substrate
thickness of approximately 600 μm, indicating the neutrons create
defects throughout the entire active region of the LED structure. A
noteworthy observation is the correlation between lower fluence
and a decrease in turn-on voltage within the forward current char-
acteristics. This trend signifies the introduction of an additional
trap-assisted tunneling component. The formation of generation-
recombination centers during irradiation is the underlying mecha-
nism. These centers act as traps for free carriers, consequently
reducing their concentration within the active region layers of the
device. This decline in carrier concentration persists even beyond
the turn-on voltage, manifesting as a reduction in current observed
in the linear region of the I–V characteristics depicted in Fig. 4(b).

The rate of recombination via tunneling exhibits a propor-
tional relationship with the induced trap density and the capture
rates for both electrons and holes.42,46–51 Furthermore, the current
density is directly proportional to the carrier density according to
the Poisson and drift-diffusion equations.43,45 Therefore, a reduc-
tion in carrier density within the p-n junction inevitably leads to a
decrease in both forward and reverse currents.

The emission intensity of the LEDs was also reduced by the
neutron irradiation, as shown in Fig. 5(a). The decrease in intensity
is not linear with fluence, which suggests the dynamic annealing or
immediate annihilation of created defects may be occurring. AlN

FIG. 3. Electronic and nonionizing energy loss for protons in AlN.

FIG. 2. Projected range of protons obtained from SRIM.
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and related alloys are known to have high defect recombination
rates during irradiation.52–54 The reduced output power after irradi-
ation is shown in Fig. 5(b). Note that these powers are reduced
from their absolute values because they are measured at some dis-
tance (2 cm) from the devices. In addition, there is no measurable
increase in midgap emission after irradiation, indicating the trap
states created are nonradiative.

Figure 6(a) shows the I–V characteristics before and after the
proton irradiations. Similar overall trends are seen as with the
neutron damage. These include the fact that the the initial decrease
in turn-on voltage observed at lower fluence is attributed to the
introduction of trap-assisted tunneling mechanisms. However, the

trend reverses with the highest fluence, leading to a significant
reduction in both forward and reverse currents.

This contrasting behavior can be explained by considering the
competing effects at different fluence levels. At lower fluence,
trap-assisted tunneling dominates, effectively lowering the barrier
for carrier injection and leading to a decrease in turn-on voltage.
However, with increasing fluence, the dominant effect shifts
towards a significant loss of free carriers due to trapping at the
newly formed generation-recombination centers. This depletion of
carriers ultimately reduces the overall conductivity, resulting in a
substantial decrease in both forward and reverse currents. At
higher doses, the trend reverses because of the greater loss of

FIG. 5. Relative emission intensity of the UVC LEDs before and after neutron
irradiation (a) and the relative integrated output power (b).

FIG. 4. I–V characteristics from the UVC LEDs on (a) log or (b) linear scale
before and after neutron irradiation.
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carriers. The current beyond turn-on is also reduced by the irradia-
tion Fig. 6(b), as seen for the neutrons.

The reduction in output emission intensity after the proton
irradiations is shown in Fig. 7(a). There are several points of note.
First, the higher fluence corresponds to ∼104years in the LISA
orbit18 and 4 × 105 years in low earth orbit, showing the ability of
the UVC LEDs to withstand displacement damage effects in space-
borne applications. Second, the decreases are broadly similar to
those created by the neutrons, even though the nonionizing energy
loss per proton is higher. This reflects the difference in distribution
of defects created, with isolated point defects in the case of protons
and defect clusters in the case of neutrons.

The trap states created have not yet been established. Roccato
et al.45,46 found states at EC− 0.94, 3.06 and 3.5 eV were important
in correlating an increase in trap-assisted tunneling of UVC LED
during bias-aging experiments and that these were located near the
electron blocking layer. Lee et al.29,30 found in 436 nm LEDs that
the decrease in the emission efficiency after irradiation with MeV
electrons at fluences >5 × 1015 cm−2 was correlated to the increase
in concentration of Ec− 0.7 eV electron traps in the active MQW
region. This increase in trap density was accompanied by an
increase in both diode series resistance and ideality factor. More
work is needed to establish the specific traps states induced in
UVC LEDs by both neutron and proton irradiation.

FIG. 7. Emission intensity of the UVC LEDs before and after proton irradiation
(a) and the relative integrated output power (b).

FIG. 6. I–V characteristics of the UVC LEDs on (a) log or (b) linear scale
before and after proton irradiation.
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IV. SUMMARY AND CONCLUSIONS

In conjunction with geomagnetically trapped particles and
galactic cosmic rays, solar protons and cosmic ray neutrons have
the potential to present a threat to both manned spaceflight and
the electronics and photonics utilized in space craft and satellite
subsystems and instrumentation. Understanding the physical
mechanisms underlying radiation-induced harm in UVC LEDs
needs additional work, but our results show the capabilities of
existing commercial UVC LEDs based on high-Al content AlGaN
layers for survival in a variety of space-borne orbit applications,
with unshielded radiation hardness to protons and neutrons more
than two orders of magnitude greater than Si electronics. An eleva-
tion in subthreshold leakage current was observed across all irradi-
ated devices, due to an increase in defects that increase
trap-assisted tunneling and decrease the effective carrier density
throughout the active region. The increase in leakage current below
turn-on, resulting from irradiation, can be attributed to an increase
in trap-assisted tunneling. The change in I–V characteristics indi-
cate an increase in the density of deep-level traps within the inter-
layer volume proximal to the electron blocking layer (EBL). These
defects diminish the conductivity of the active layers in the LEDs.
None of the irradiation conditions produced a significant increase
in midgap emission.
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