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Abstract
This review is aimed at providing an overview of the technologies of currently-available UVC
LEDs, on the challenges that these devices have to face, and on the peculiar features that these
modern solid-state emitters exhibit. In particular, this paper is aimed at serving as a bridge between
device developers and system manufacturers, by increasing awareness of the differences, both in
terms of reliability and operation, that AlGaN-based UVC LEDs show with respect to their visible
InGaN/GaN-based counterparts. In this view, this work reports performance and lifetime figures
of both commercially-available and research-grade LEDs, showing their limitations in terms of
temperature- and current-dependency of the emission spectrum. Both catastrophic and gradual
processes that lead to device degradation are discussed, with a particular focus on the kinetics that
device properties exhibit during prolonged operation. Moreover, also package-related degradation
processes are investigated, which stand-out due to the peculiar structures and materials required to
sustain both high-energy UV photons and high localized self-heating, while maximizing the optical
efficiency of the LEDs. Ultimately, the data reported within this paper should help the final user in
predicting and mitigating degradation effects, while also serving as a reference to manufacturers
for the improvement of next generation devices.
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1. Introduction

Light emitting diodes (LEDs) that emit in the ultraviolet (UV) wavelength range can be used in a wide range
of applications from material processing and sensing to disinfection and sterilization [1, 2]. Therefore, these
emitters have gained considerable interest over the last decade, and their development of commercial UV
LED products has shown impressive progress with respect to output power, efficiency, and lifetime [1, 3–5].
These UV-LEDs are based on the AlGaN material system, and the emission wavelength depends primarily on
the Al–Ga ratio. In spite of their development, the intrinsic technologies in these semiconductor devices are
still not as mature as their InGaN-based counterparts emitting in the visible range, which are widely used for
white light applications. For the latter, significant knowledge about the material system, epitaxy, front- and
backend processing and packaging has been gained over the last 30 years of research, development, and
commercialization. While some of this knowledge can be adopted for UV-LEDs, the shift from the InGaN to
the AlGaN material system and the increased photon energy raises new challenges and partly requires new
concepts and solutions for commercial market adoption.

The wavelength of AlGaN-based UV-LEDs can be defined in a range of approximately 200–360 nm by
the alloy composition, and the chosen wavelength defines the primary application. LEDs in the UVA band,
which covers the spectral range from 315 to 380 nm, are primarily used in industrial processes such as ink
curing [2]. UV LEDs with emissions above≈360 nm are mainly based on the InGaN materials system [6].
However, achieving lower wavelength emissions (i.e.<360 nm) requires shifting to the less mature AlGaN
epitaxy [1, 3–5, 7, 8]. Fortunately, there is a wide range of potential applications for sub-360 nm sources to
help attract commercial interest in developing and optimizing AlGaN technologies. For example, sources
emitting in the UVB band, which covers the spectral range from 280 nm to 315 nm, can be used in
phototherapy treatments for conditions such as dermatitis and psoriasis. Sources emitting in the UVC band,
which covers the spectral range from 200 nm to 280 nm, are garnering significant attention for deactivation
of pathogens (e.g. viruses, bacteria, spores, mold) on surfaces, air, and in water [9, 10]. UVC irradiation is
effective at pathogen deactivation through several mechanisms including modification of ribonucleic acid
and proteins to prevent pathogen replication [9]. The time required for pathogen deactivation depends on
multiple factors including source wavelength, source intensity, and source exposure time (i.e. total fluency).
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As a result, knowledge of the potential AlGaN structures and the impact of long-term performance
parameters such as radiant power maintenance and device reliability is important for designing commercial
systems for water purification, air disinfection, and medical treatment utilizing this emerging LED
technology in an optimized way. The primary aim of using LED technologies in these commercial
applications is to replace conventional mercury vapor discharge lamps, which are a potential environmental
hazard due to the use of mercury. A secondary aim of using LED technologies in disinfection and medical
applications is to open potential new product opportunities, where use of mercury vapor discharge lamps is
not suitable due to size, risk of breakage, or geometric configuration. Furthermore, the wavelength spectrum
of discharge lamps is fixed, while the peak wavelength of an AlGaN-based LED can be defined by the
Al-content in its active region, enabling additional spectral optimization for various applications.

This review is intended to give a snapshot of currently available commercial UVC LED technology and
devices and provide an overview of the performance and reliability that commercial AlGaN-based UVC
LEDs now achieve. The review aims to fill the gap between developers (e.g. UVC LED manufacturers) and
users (e.g. UVC disinfection system manufacturers), as there are very few publications in particular on the
long-term stability of commercially available UVC LEDs. It also aims to create awareness of the challenges
and special aspects observed for these emitters, which may be instrumental in the development of optimized
UVC LED-based applications such as disinfection systems. Furthermore, it provides an overview of the state
of research on the degradation processes, which were investigated in more detail using research samples, with
the effects being comparable to those of commercial UVC LEDs. On the one hand, this should help the user
to make the degradation effects more predictable and manageable. On the other hand, it may help UVC LED
developers to find new ways to improve the LED performance.

1.1. Overview of the tested LEDs
This review mainly focuses on the performance and reliability of commercial UVC LEDs. In part, however, it
also draws on knowledge gained from AlGaN-based LEDs that emit in the UVB and UVC range, and that
were partly manufactured in research facilities. It compiles data from extensive testing across multiple
laboratories and includes results from UVC LEDs from 14 different manufacturers. The different
manufacturers are denoted by the letters A through Q throughout (table 1). LEDs from the same
manufacturer but different model numbers are assigned a Roman numeral. For example, D-1 and D-2 are
two different product models from the same manufacturer, where A-1 and D-1 are products from two
different manufacturers. Mainly high-powered LEDs (maximum rated forward current greater than 100 mA)
are presented in this study. Reliability test results on these products are presented throughout as an
indication of the behavior that may occur with AlGaN LEDs in general. This information provides insights
into the impact of LED architecture and package structure on device performance and ultimately reliability.
This information is critical for the matching of AlGaN LED technologies with emerging applications in water
purification, air disinfection, and medical treatments.

1.2. Forecast of further development of UVC LEDs
This review also outlines areas for improvement of future generations of UVC LEDs, including the reduction
of defect densities and of detrimental impurities (e.g. hydrogen), and the optimization of LED packages. As
these material issues are addressed, the performance (output power per chip and wall plug efficiency) and
reliability of UVC LED will continue to improve. It can thus be assumed that the current performance and
reliability gap between UVC LEDs and visible light-emitting LEDs will shrink in the future. While the best
available single chip LEDs in the wavelength range of 260–280 nm currently emits up to 140 mW of optical
power at WPEs of up to 7.5%, we can expect to see LEDs with several hundreds of mW and 10%–20%WPE
in the market in the future. At the same time the R70 lifetime, which is the operation time after which the
radiation power reduces to 70% of its initial value, is currently still in the range of a few thousand hours for a
majority of UVC LED products on the market, but can be expected to be extended above ten thousand
hours, even at elevated temperatures or current densities with further improvements. Furthermore,
significant developments in packaging technology will follow. Currently, cavity packages made from ceramic
submounts with quartz windows are often used in UV LED packaging; however, the use of cheaper materials
in combination with stable low-cost materials for encapsulation and light extraction improvement can be
expected. In addition, multi-chip packages will be employed once the thermal management allows this. All
these developments will create new applications benefiting from the higher performance and reliability that
will promote additional growth in the market.
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Table 1. Overview of the tested LEDs, which were tested in various facilities. The operating current recommended by the manufacturers
and the absolute radiant power measured are listed (averaged and rounded). Furthermore, the main emission wavelength specified by
the manufacturer and the order period are also listed.

Manufacturer Model
Peak wavelength

(nm)

Recommended
operation

current (mA)
Measured radiant
power (mW) Order period

A A-1 275 250 122 2021, September
A-3 275 350 138 2020, September
A-5 275 350 121 2019, August
A-6 275 100 35 2021, January
A-7 265 250 106 2022, March
A-8 265 250 100 2022, June

B B-1 265 500 63 2021, September

C C-1 275 350 53 2021, September
C-5 280 350 63 2020, January
C-6 280 350 53 2020, March
C-7 280 20 4 2018, February

D D-1 280 350 72 2021, September
D-2 280 350 47 2019, August
D-3 280 350 109 2023, April

E E-1 275 500 105 2021, October
E-2 275 350 53 2021, January
E-4 265 350 52 2021, May

F F-1 275 20 3 2014, September

G G-1 275 150 2019, January

H H-1 270 30 7 2019, March
H-3 275 20 3 2020, June

I I-1 275 20 3 2014, September

L L-1 265 250 — 2022, January

M M-1 265 100 — 2021, January
M-2 265 150 — 2021, January

O O-1 275 100 17 2018, April

P P-1 265 440 47 2020, September
P-2 265 440 58 2021, May
P-4 265 440 77 2021, July

Q Q-1 278 100 29 2023, January

2. Performance of state-of-the-art devices

2.1. Performance before long-term operation
A large number of manufacturers produce AlGaN based UV LEDs emitting in the germicidal disinfection
range of 260–280 nm. The LEDs differ in the technology that is used in certain aspects which influence the
LED’s performance. In this section, typical UVC LEDs from different manufacturing countries, with
different templates for the semiconductor layer structure, and different packaging technologies are
compared. This non-complete set of LEDs includes manufacturers from the United States of America, South
Korea, China, and Japan. The substrate in most cases is sapphire, while one manufacturer uses bulk AlN. The
chips are mounted either on a planar package, in a cavity package with a flat glass lid, have a glass lens, or are
encapsulated with a polymer resin (see figure 1).

2.1.1. Electro-optical characteristics
In figure 2(a) the measured radiant output power is shown as a function of wavelength for LEDs from a wide
range of distributors, operated in continuous wave (CW) mode at their nominal forward current. As can be

4



J. Phys. Photonics 7 (2025) 032002 G Onushkin et al

Figure 1. Schematic side view of LEDs in different packages. Left to right: (a): chip on planar submount, (b): cavity package with
flat glass lid, (c): chip in cavity package with plano-convex lens, and d: chip on planar submount with encapsulation.

Figure 2. (a) Radiant power vs. wavelength for many different LED types and manufacturers, at varying operation currents. (b)
WPE for the same LEDs. (c) Output power vs. current for five selected manufacturers, showing partly deviations from a linear
behavior, (d) EQE vs. current for the same LEDs.

seen, the output power varies considerably, with peak radiant powers8 of up to 140 mW for LEDs emitting at
wavelengths of approximately 275 nm and operating at currents of up to 500 mA. To a major extent, this
wide range in radiant power is due to significant difference in nominal forward current for the tested UVC
LEDs, ranging from 20 mA up to 500 mA. However, the output power comparison is masking the fact that
some of the manufacturers can produce LEDs that deliver these radiant powers at considerably higher
efficiency, which allows them to operate LEDs at lower currents with reduced energy consumption and heat
generation. Such improved performance of UVC LEDs will enable easier designs for the intended
applications with significant reduction of cost of ownership and cost of operation. In figure 2(b), the wall
plug efficiencies (WPEs) of the same LEDs are compared. Many manufacturers offer WPEs in the range of
2%–4% for their products, whereas some are reaching higher WPE levels of 5%–6%. The highest WPEs
approach 7.5%, allowing the generation of 140 mW of 275 nm UVC light at only 250 mA.

The characteristics of the LEDs from five selected manufacturers (labeled A, B, C, D, and E) with
different technologies have been further analyzed. Figure 2(c) shows the power-current characteristics of
UVC LEDs from these manufacturers at a heat sink temperature (Ths) of 20 ◦C measured in an integration
sphere in 2π configuration up to the respective maximum operating current permitted according to the data
sheet. As can be seen, there are three LED types that show rather linear radiant power-current (PI)-curves

8 Radiant power, expressed in watts, is equivalent to radiant flux and to optical power, also referred to as OP.
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Figure 3. (a) Radiant power vs. current and (b) EQE vs. current for three LEDs with two wavelengths from two different
manufacturers showing significant differences in the deviation from a linear power-current curve, especially at low currents
(350 mA is the nominal recommended current for these selected UVC LEDs).

while two other LED types show a deviation from the linear behavior at elevated currents. This phenomenon
is called droop and is a sign for enhanced non-radiative recombination of charge carriers as a consequence of
an increase in temperature or an increase in carrier density at increasing injection currents. By plotting the
external quantum efficiency (EQE) as a function of current for these LEDs (see figure 2(d)), it can be seen
that the two LED types with the non-linear PI curves show a significant reduction of efficiency towards
higher current, whereas the other three types have more stable efficiency behavior and therefore deliver
optimal performance in a wider range of operating currents, including the designed point of operation.

An even stronger deviation of radiant power vs. current dependence from linearity can often be observed
at low operating currents. When plotting the EQE vs. current in semi-logarithmic scale, the maximum can
be at different current values, giving additional information on the physical properties limiting the efficiency.
This can be seen in figure 3 for selected UVC LEDs from two different manufacturers (green: C-5 (278 nm))
and two UVC LED with different peak emission wavelengths (dark pink dashed: E-2 (265 nm), pink: E-4
(275 nm), offered by same LED manufacturer). A reduction of emission efficiency at different currents can
usually be attributed to reduced internal quantum efficiency (IQE) due to an increased non-radiative
recombination rate (e.g. Shockley–Read–Hall (SRH) recombination and/or Auger–Meitner recombination
processes) and/or a reduced carrier injection efficiency (CIE) [11]. Material properties such as the defect
density in the semiconductor layer, barrier heights in the active volume containing the multiple-quantum
well (MQW) active region, doping, and carrier confinement due to structures such as electron blocking
layers (EBL), can play a role. More insights into the current dependence of efficiency are given in
section 3.2.2. Here it is worth mentioning that non-radiative SRH recombination centers are affecting LED
efficiency predominantly at lower currents, while Auger–Meitner recombination processes play an essential
role at high currents.

The emission spectra of five different UVC LEDs are shown in figure 4. As can be seen, the full width of
half maximum (FWHM) ranges from 9.5 to 12.6 nm for center wavelengths between 270 and 285 nm. While
this FWHM is wider than the narrow emission peaks seen in mercury discharge lamps and laser diodes, it is a
typical value for LEDs emitting in the UV- or violet range while longer wavelengths nitride-based LEDs,
e.g. blue (FWHM≈ 20 nm) and green (FWHM≈ 40 nm) show considerably wider emission spectra [12].
When the emission spectra of the LEDs are plotted with a logarithmic scale for the spectral intensity, a
parasitic emission at longer wavelength can be seen (figure 4(b)). For UVC LEDs, this broad peak is typically
seen at 400–450 nm and it is much weaker than the main peak in the UV-C range, with usually at least two
orders of magnitude lower spectral emission intensity at nominal operating currents. The C-1 LEDs show an
additional emission shoulder at approximately 320 nm, which is usually a sign for parasitic carrier
recombination at the p-side of the AlGaN-heterostructure [13].

2.1.2. Package and far field
The far field distribution of UVC LEDs can differ significantly depending on the chip architecture, substrate
choice, package design, presence of an encapsulant or optical lens, and other optical elements such as
reflectors embedded into the package. This in turn influences the usability for certain applications, where
focused UVC light is beneficial (e.g. for disinfection of water or air within confined spaces along the light
beam), whereas a broader beam is useful for reaching better uniformity over exposed surface areas. Figure 5

6
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Figure 4. Emission spectra of LEDs from five different manufacturers measured at 50 mA in CW operation in linear scale at
50 mA (a) and in logarithmic scale at the nominal operation current Inom recommended by the manufacturer (b), showing the
typical parasitic emission peak in the blue-violet range and an additional shoulder for LED of manufacturer C at about 320 nm.

Figure 5. Far field emission pattern of UVC LEDs from five different manufacturers with different packaging techniques (for
details, see figure 1.: LED B-1 corresponds to type (a) chip on planar submount, LEDs D-1 and E-1 to type (b)—cavity package
with flat glass lid, LED C-1 to type (c) chip in cavity package with plano-convex lens, and LED A-1 to type (d) chip on planar
submount with encapsulation).

shows the normalized far field emission distribution as well as line scans through the far field distribution of
intensity of LEDs with different packages from five commercial manufacturers. As can be seen, the far field
beam angle of LED C-1, which is equipped with a lens, is quite narrow, featuring a FWHM of approximately
60◦. Most common LED types are similar to D-1 and E-1, where sapphire-substrate based LED flip-chips are
mounted in cavity packages with a planar glass lid (for details, see figure 1: type (b)), and have far field beam
angles of approximately 115◦. LED type B-1 based on AlN-substrate and flip-chip mounted on a planar
package shows a FWHM angle of 120◦, and LED A-1, which is flip-chip mounted on a planar package and
equipped with an encapsulant shows the largest far field angle of≈135◦. Furthermore, the maximum of the
LEDs A-1, B-1, and C-1 is close to 0◦, whereas the LEDs D-1 and E-1, with the chip mounted in cavity
packages, have a dip at 0◦ in their far-field distribution and their highest intensity at about 30◦ to the surface
normal. The 3D far field emission has a four-fold symmetry, reflecting the square geometry of the chip inside
of the package. These characteristics indicate an enhanced light extraction from the sidewalls and the corners
of the chips [14].
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Figure 6. Variation of the radiant output power with the temperature Ths of UVC LEDs from different manufacturers, normalized
to 20 ◦C (a) or 25 ◦C (b), respectively, and the statistical distribution of the hot–cold factor (c).

2.1.3. Temperature dependence of power, spectra, and linearity
The performance of UV LEDs usually depends strongly on the operating temperature, namely the junction
temperature (T j) of the diode. While T j is not directly accessible, the technologically more relevant heat sink
temperature (Ths) can be easily accessed and controlled in applications.

Figure 6(a) shows the change of the output power of five different LED types in a Ths range of
20 ◦C–80 ◦C. The radiant power at nominal operation currents reduces by 13%–28% at a heat sink
temperature of 80 ◦C as compared to the 20 ◦C operation point. Since the junction temperature is crucial for
the efficiency of UVC LED, a high thermal resistance inside of the LED chip, within the package, or at the
interface between package and chip can influence the LED performance negatively.

Further analysis of commercial UVC LEDs from other manufacturers shows a large variety of the thermal
stability of radiant power. While some show a reduction as high as 50% of relative radiant power when the
Ths increases from 25 ◦C to 80 ◦C (A-4 in figure 6(b)), others have almost no change in radiant power over
temperature (E-2, E-4, I-3). The UVC LEDs from a few manufacturers even showed an increase in radiant
power toward higher temperatures (P-1). A figure of merit for the temperature stability is the so-called
hot–cold factor (HC), which is defined as the radiant power ratio between 80 ◦C and 25 ◦C. As can be seen
from figure 6(c), this value is typically in the range between 80% and 90%, with some LEDs showing larger
deviations down to 65% or up to 120%. The main mechanisms for the reduction of output power with
increasing temperature are the increase in the non-radiative SRH recombination rate and an increased
probability for carrier escape from the QW, resulting in the reduction of the overall IQE [15]. An increase in
emission power with increasing temperature as seen for device P-1 in figure 6(b) is unusual and it could be
related to an improved CIE, if the design of the EBL or the quantum well barriers is not fully optimized for
operation at room temperature or below [16]. A deeper insight into the change in electroluminescence (EL)
spectra with changes in temperature over a wide range will be given in section 3.2.2.

The T j value also influences the emission wavelength, since the bandgap of the semiconductor decreases
with temperature (band-gap narrowing). Figure 7 shows the change of the peak wavelength of the five
commercial LED types normalized to 20 ◦C at nominal currents. The wavelength increases (red shift) by
0.8–1.6 nm for an increased temperature Ths from 20 ◦C to 80 ◦C. The amount of this shift is not correlated
to the emission wavelength, the power level change with temperature, or the package technology. Visible blue
emitting InGaN-based LEDs are often showing a red shift of the emission peak in the range of 2–3 nm for a

8
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Figure 7. Change of the peak emission wavelength with heat sink temperature of five commercial UVC LEDs normalized to the
emission wavelength at 20 ◦C.

Figure 8. EQE vs. current curves at different Ths (a) and (c) and normalized output power vs. Ths curves at different currents (b)
and (d). While the LED of type E-2 (a) shows a strong temperature dependency of the shape of the EQE vs. current curves, LED
D-3 ((c) and (d)—bottom) shows almost no change in the shape of the EQE vs. current curves.

similar temperature change from 20 ◦C to 80 ◦C. It should be noted that the relative magnitude of the
wavelength shift with increasing temperature in relation to the photon energy is similar for UV and visible
nitride-based LEDs.

Another property of UVC LEDs that often changes with temperature is the shape of the LED EQE curve
vs. current. Typically, UVC LED efficiency (see figures 8(a) and (c)) and radiant power (see figures 8(b) and
(d)) decrease with temperature faster for low operating currents, while performance at higher currents could
have better temperature stability. The result is that the peak of the EQE curve starts to shift towards higher
currents for increased temperatures as shown in figure 8(a). Some recently introduced UVC LED products
(type D-3 in figure 8(c)) show limited changes in shape of EQE vs. current trend at elevated temperatures and
have small changes in relative radiant power thermal stability at different operating currents (figure 8(d)).

9
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The reason for the change of the radiant power and EQE vs. current curves with the temperature Ths can
be attributed to temperature dependency of the radiative and non-radiative (SRH and Auger–Meitner)
carrier recombination processes inside of the active region of the LED. In general, a higher T j increases the
rate of non-radiative SRH processes, thus shifting the maximum of the EQE-vs-current curve towards higher
currents (see section 3.2.2) [17].

2.2. Degradation of UVC LED chips
This section is intended to provide an overview of typically observed degradation effects during long-term
operation of commercial UVC LEDs. As little or no manufacturing and structural details are available for
commercial UVC LEDs, it is difficult to determine the physical processes of these LEDs in detail. For this
reason, section 3 provides an overview of the state of research behind the degradation processes in research
samples that show very similar effects and for which the details are known.

2.2.1. Definition of lifetimes and sudden failures
During long-term operation of UVC LEDs at constant current, degradation mechanisms typically cause the
radiant power to decrease over time. A fundamental distinction must be made between two effects that are
associated with the reduction in radiant power.

The first effect is a continuous gradual degradation, which is also termed radiant flux depreciation, where
the radiant power changes continuously. The gradual degradation can typically be observed by the gradual
decrease in the radiant power during constant current operation. The associated lifetime Rx (also referred to
as Lx in some references) is defined as the operation time t after which the radiant power OP(t) drops to a
relative value 0%< x < 100% in relation to the initial radiant power OP(0). Typically, the R70 lifetime
(operation time after which the radiant power drops to x = 70%) is determined to compare LEDs with
regard to the long-term stability of their radiant power. Nevertheless, if the R70 lifetime is too long to be
measured experimentally, the usually shorter R90 lifetime, for example, can also be determined in order to
compare LEDs. If the degradation dynamics of the investigated LED are known, then extrapolation or
accelerated aging experiments can also help to determine the lifetime (see section 3.1.1).

The second effect is catastrophic failure (CF) which occurs when the radiant power drops significantly
and abruptly. Often the affected LED no longer emits any radiation at all after a CF event. The LED is usually
short-circuited or partially short-circuited after a CF event. A CF event is thus typically accompanied by a
significant drop in the operating voltage. The causes of CF events can be complex. For example, a crack in the
insulator or macroscopic defects in the semiconductor structure can lead to this type of behavior. In their
work, Chen et al [18] concluded that hillock epitaxial defects could act as the primary leakage paths in UVC
LEDs. The time of a CF event is difficult to predict for an individual LED. Nevertheless, a statistical frequency
can be described mathematically (see section 3.1.2).

Extrinsic factors, such as electrical over-stress (EOS) or electro-static discharges (ESDs) can also lead to
CF, due to the excessive thermal dissipation, electric field or energy pulse sustained by the device. Specifically,
when excessive current density is being concentrated in a small local area, this can cause localized damage to
the LED chip. UVC LEDs are found to be more sensitive than visible LEDs to EOS in forward direction, due
to limited electrical conductivity of AlGaN semiconductor, and at reverse voltage bias, due to high
concentration of defects in the epitaxial layers (e.g. dislocations or point defects). Zener diodes are used in
UVC LED packages to protect UVC LED chip from reverse EOS, and in particular ESD events. Additional
protection should be considered for UVC LED-based luminaire to reduce the risk of CFs of UVC LEDs from
forward-current EOS [19, 20].

2.2.2. Degradation at nominal operation point
To investigate the stability of UVC LEDs under constant current operation, UVC LEDs from 5 chosen
representative manufacturers were operated for at least 1000 h. Each batch consisted of 15 LEDs which were
operated at recommended currents from the datasheet and at a temperature of Ths ≈ 25 ◦C. The relative
change in the radiant power was tracked as irradiance levels measured by SiC photodiodes (as described in
[21]), and the averaged values are depicted in figure 9(a). All tested LEDs have in common that their
averaged relative radiant power drops noticeably below 100% within 1000 h of operation. However, it is also
apparent that the radiant power of the LEDs from the selected representative manufacturers drops by varying
degrees within 1000 h of operation. While the radiant power of LED A-1 gradually drops to 90% of the initial
value within 300 h of operation, LEDs B-1, D-1 and E-1 still have a relative power of≈95% after 1000 h
operation. The LEDs mentioned so far show gradual degradation in the optical power, also referred to as
radiant flux depreciation. A different behavior can be observed for C-1 LEDs, where CF occurs after about
90 h of operation. After a CF, the operating voltage and emission power of the affected LED drops
significantly (often even to zero) and abruptly. This results in a stepwise drop of the average radiant power in
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Figure 9. Relative radiant power averaged over 15 LEDs per LED type (a) and typical operating voltage (b) of one representative
LED per LED type over operation time. The LEDs were operated at a Ths value 25 ◦C and at recommended current from the data
sheets.

Figure 10. (a) R90 lifetime versus initially measured radiant power at recommended CW currents from the data sheet and at
Ths ≈ 25 ◦C. The radiation power measurements were carried out under the same conditions as the long-term operation. Only
values for UVC LEDs ordered between 2020 and 2023 with a recommended operating current of between 100 mA and 500 mA are
shown. Open circles correspond to extrapolated values using the logarithmic function in equation (3.1) from section 3.1.1. Open
squares correspond to LEDs for which the radiant power was estimated from the data sheet. (b) Relative radiant power (averaged
over the five tested LEDs) after 5000 h of operation at 350 mA and 25 ◦C versus the initially measured radiant power under the
same operation conditions.

the case of the 15 tested C-1 LEDs (figure 9(a)). Due to the accumulation of CFs, the average value of relative
radiant power of C-1 LEDs drops to a value<90% within 100 h of operation. Because the drop in the radiant
power happens suddenly and because the time of failure is often unpredictable for the individual LEDs, CFs
have a completely different character and origin compared to gradual radiant power degradation.

In addition to the radiant power, also the operating voltage typically changes during long-term operation
(figure 9(b)). The voltage can increase or decrease over time. In the case of gradual degradation, the observed
operating voltage changes were mostly limited to<0.3 V. In the case of a CF event, however, the voltage
typically drops significantly, which can be seen for the C-1 LEDs.

Overall, the curves in figure 9(a) show that the R90 lifetimes (operation time after which the radiant
power reduces to 90% of the initial value) of the tested LEDs differ greatly and can vary by more than one
order of magnitude. This is even more evident in figure 10, where the R90 lifetimes of a larger selection of
UVC LED manufacturers (including different models from the same manufacturer) have been plotted versus
the initial measured radiant powers. The depicted radiant powers were always measured under the same
operating conditions under which the LEDs were aged. In addition, the operating conditions correspond to
the recommendations in the manufacturers’ data sheets. As some of the R90 lifetimes were long and not all
experiments could run for a corresponding length of time, some points were extrapolated (open circles)
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Figure 11. Example of up to 10 000 hours long-term stability trends for relative radiant power measured for several UVC LED
products stressed at recommended nominal currents from the data sheet (detailed stress conditions per LED are given in the
graph).

Figure 12.Normalized (to 0 h) radiant power of different UVC LEDs after 5000 h of operation at recommended currents from the
data sheets and at heat sink temperatures of Ths ≈ 40 ◦C (closed circles) and Ths ≈ 70 ◦C (open circles).

using the logarithmic function in equation (3.1) (from section 3.1.1). On the one hand, figure 10(a) shows
how widely the emission power and R90 lifetimes of state-of-the-art UVC LEDs can vary. On the other hand,
it can also be seen that there is a negative trend for the highest values of lifetime and emission power (dashed
line). This means that LEDs with the highest initial radiant power have a comparatively short R90 lifetime
(degrade faster) and vice versa. A similar trend can also be seen in figure 10(b) where the relative radiant
power after 5000 h of operation at 350 mA and Ths value 25 ◦C is plotted versus the initially emitted radiant
power. The depicted values were measured on different generations of UVC LEDs from manufacturer D and
A. Possible reasons for such a negative correlation are discussed in section 3.2.

In addition to the LEDs already shown (figure 9), additional commercial UVC LEDs (partly from the
same manufacturers) were operated at constant current for even longer periods (up to 10 000 h). A smaller
number of five LEDs was tested for each LED type. The corresponding averaged normalized radiant power is
depicted in figure 11 over time. The radiant power of LEDs C-5, O-1 and P-4 reduces to values below 70% in
the long-term test, resulting in R70 lifetimes of 1000–4000 h. In contrast, LEDs D-2 and E-2 are more stable,
as their radiant power still remains at values>80% at the end of the test period. It can be concluded that
these LEDs have an R70 lifetime of>10 000 h.

General trends with significant improvements in UVC LEDs lifetime stability over the past 6 years can be
seen from figure 12, where points of same color and dashed trendlines are capturing evolutional
improvements of relative radiant power stability levels achieved after 5000 h of operation for UVC LED
product generations per each of selected manufacturer.

The different UVC LEDs were ordered in a time period from 2017 to 2023. For most of the investigated
manufacturers the results indicate that the relative radiant power after long-term operation, and thus the
stability, increased over the years.
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Figure 13. Radiant power of exemplary UVC LEDs from one manufacturer (A-1). The LEDs were operated at different conditions
and the radiant power was averaged over 15 LEDs (from Ths ≈ 25 ◦C at 250 mA) and over 10 LEDs (for Ths ≈ 25 ◦C at 350 mA
and for Ths ≈ 75 ◦C at 250 mA).

It can be noticed, that recent progress in UVC LED technology achieved by various UVC LED
manufacturers enable them to offer to the market UVC LEDs with reasonable levels of long-term (e.g.
5000 h) relative radiant power stability within range of 60%–90%. Availability of these UVC LEDs on the
market supports design and release of various emerging UVC LED-based disinfection applications.

2.2.3. Degradation at elevated temperature and increased currents
To study the impact of the operating temperature and the operating current on the degradation of the
radiant power, for each of the UVC LEDs shown in figure 9, additional batches of 10 LEDs were operated at
changed conditions. In the first experiment, the temperature Ths ≈ 25 ◦C was left unchanged and 10 LEDs
per manufacturer were operated at an elevated current, which was 1.4 times as high as the recommended
current (1.4× Ir). In the second experiment, 10 LEDs per manufacturer were operated at an elevated
temperature of Ths = 75 ◦C, while the current was left unchanged and corresponded to the values
recommended in the data sheet (Ir). The radiant power measurements were performed at currents and heat
sink temperatures equal to the respective stress condition. The relative radiant power was averaged for each
experiment and the values were compared with the data from figure 9.

The results are exemplarily shown for the LED A-1 in figure 13. This example shows that both an
increased operating current and an increased operating temperature accelerate the decrease in radiant power
over time. Under the conditions tested, operation at Ths ≈ 75 ◦C led to the fastest decrease in radiant power
in this example. However, it should be noted that the operating current was only increased 1.4 times here. A
greater variation of the operating current could possibly have a significantly greater influence on the drop in
radiant power over time.

To get an overview of how much the current-accelerated degradation varies from manufacturer to
manufacturer, the R90 values were determined for the first experiment. The corresponding averaged values
are plotted in figure 14. For all five LED types, the R90 lifetime reduces when the operation current increases.
In most cases (A-1, D-1, E-1), the R90 lifetime is shortened by factors between 2.5 and 5. However, a 20-fold
shortening was found for LEDs of type B-1. For the special case of C-1 LEDs, it must be mentioned once
again that the gradual decrease is superimposed to the occurrence of CF events, which usually have a
different cause. Therefore, the measured current-accelerated reduction in R90 lifetime by a factor of≈6 is
not representative for C-1 LEDs.

To get an overview of how the heatsink temperature Ths affects the degradation rates from manufacturer
to manufacturer, the R90 values were determined for the second experiment. The corresponding averaged
R90 values are shown in figure 15. Here, as well, the R90 reduces for all 5 LED types when the heat sink
temperature Ths increases. In most cases (A-1, B-1, E-1), the R90 lifetime is shortened by factors between
11–17. However, an around 40-fold reduction was found for LEDs of type D-1. For the C-1 LEDs, the
measured reduction in R90 lifetime by a factor of≈3 is again not representative due to the superimposition
of CF events.

Ten samples of recently manufactured Q-1 UVC LEDs were split into two batches and tested at elevated
temperatures of Ths ≈ 65 ◦C and at two significantly different operating currents, 50 mA and 150 mA, where
50 mA is half of the typical operating current and 150 mA is the maximal operating current for this LED
type, according to the datasheet specification from the manufacturer. It is worth mentioning that this tested
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Figure 14. R90 lifetime for an accelerated lifetime test at Ths ≈ 25 ◦C at reference operation current Ir (black circles) and at
elevated current Ir × 1.4 (green circles) for UVC LEDs from 5 different manufacturers. Open circles correspond to extrapolated
values and error bars correspond to the maximum and minimum values measured in the sample batch.

Figure 15. R90 lifetime for an accelerated lifetime test at reference operation current Ir at Ths ≈ 25 ◦C (blue circles) and at
Ths ≈ 75 ◦C (red circles) for UVC LEDs from 5 different manufacturers. Open circles correspond to extrapolated values and error
bars correspond to the maximum and minimum values measured in the sample batch.

LED has a relatively small chip size which results in a relatively high nominal current density through the p–n
junction which is estimated to be≈140 A cm−2 at the maximum current of 150 mA. Figure 16(a) shows the
measured normalized radiant power over time, which were used to determine the R80 and R90 lifetimes. As
depicted in figures 16(b), a decrease in R80 and R90 lifetimes by a factor of 5.5x and 7.2x, respectively, can be
observed when the operating current is elevated by a factor of 3 (50 mA vs. 150 mA).

2.2.4. Increasing non-linearity of L-I curve (dimmability)
As shown in the previous section, the radiant power measured under nominal operating conditions
decreases over time due to degradation. However, the extent of the relative decrease in the radiant power
after long-term operation can vary for different measurement currents. The P–I curves before and after
long-term operation typically show a behavior as depicted in figure 17(a), where the curve shows a stronger
relative radiant power loss at low measurement currents. The P–I curve is drooping at low measurement
currents, causing the PI characteristic to lose linearity. The change in this characteristic has an influence on
the dimmability of the LED. The extent of the relative decrease in the radiant power at different measurement
currents can be calculated by dividing the P–I curves after long-term operation by the initially measured P–I
curves (figure 17(b)). The diagram shows the relative decrease in radiant power averaged over 15 LEDs of
types A-1, B-1, D-1, and E-1 before and after 1000 h of operation at recommended currents from the data
sheet and at a heat sink temperature of Ths ≈ 25 ◦C. The results for LED C-1 are not shown due to the high
amount of CFs. The non-linearity of the PI curves can be different for the various LEDs. While the output of
LED D-1 is relatively constant and decreases only slightly, LED B-1 shows a very pronounced non-linearity of
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Figure 16. (a) Normalized radiant power vs. stress time of UVC LEDs from one manufacturer (Q-1). The LEDs were operated at
two different currents (50 mA and 150 mA) and Ths of 65 ◦C. (b) Determined lifetimes R80 and R90 for Q-1 UVC LEDs vs.
operating stress current.

Figure 17. Radiant power versus current characteristics (PI curves) of LED B-1 before and after long-term operation (a). Relative
radiant power reduction versus current calculated by dividing the PI curves after 1000 h by the initially measured PI curves (b).

the P–I curve. Overall, the relative decrease in radiant power is typically greater at low measurement currents
(<150 mA) compared to higher currents.

The above-mentioned non-linearity of radiant power vs. operating current is affected not only by the
UVC LED chip design and operating temperature during initial operation, but it also changes substantially
over time during continued long-term (few thousand hours) LED operation. Figure 18(a) shows the change
of the shape for EQE vs. current curve during operation of UVC LED D-2 under 350 mA (Ths = 65 ◦C)
operation for 430 h, 1100 h, 2065 h, 5024 h, and 8555 h, respectively. It means that the dimming behavior of
radiant power vs. current (relative to nominal operating current) will change over time for UVC LEDs. Such
changes in dimmability show some similarities to visible green LEDs [22], UVA LEDs [6] and previously
studied UVB, UVC LEDs [23]. On the other hand, the observed trend for UVC LED is quite different than
that of state-of-the-art white, blue, or red visible LEDs, where the efficiency in relation to the current often
does not change significantly over operation lifetime. For almost all tested UVC LEDs, the efficiency at lower
dimming (or measurement) currents (Imeas) degrades faster than at higher currents (see figure 18(b)). This
higher level of efficiency degradation at lower currents can be attributed to a gradual increase of the density
of non-radiative recombination centers (NRRCs) within the active region of UVC LED chips over time. It
can be expected that higher concentration of NRRCs could have stronger effect on the drop in performance
at low currents, while the impact on UVC LED performance at higher measurement currents will be limited
(see also section 3.2.2).

Changes in dimming trends for UVC LEDs during operation is another essential aspect for predicting
UVC LED behavior and performance in applications, especially where UVC LEDs should be operated in
dynamic responsive mode, delivering variable power levels on demand to meet the disinfection need while
minimizing energy use.
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Figure 18. Change in (a) EQE and (b) normalized radiant power versus current for LED D-2 operated at 350 mA and
Ths = 65 ◦C at different time intervals.

Figure 19. Change in thermal dependence of relative radiant power before and after 10 khours long-time operation for same UVC
LED C-6.

2.2.5. Increasing temperature sensitivity
It has been observed that not only non-linearity of radiant power vs. operating current is changing during
operation of UVC LEDs, but also the temperature (T) dependency of the radiant power can change. The
UVC LED C-6, which was operated for 10 000 h (at Ths = 65 ◦C and Istress = 350 mA) is an example of such a
changing T-dependency of the emission power (figure 19). Further evaluations indicate that there is a
correlation between the change in the T-dependency of the radiant power and the non-linearity of the
radiant power vs. current characteristics during long-term operation. This means, the more the EQE changes
(attributed to stronger impact from NRRCs over time), the stronger is the reduction of thermal stability.

To quantify the change in the temperature dependency, UVC LEDs were measured at two different heat
sink temperatures (Tmeas ≈ 25 ◦C, Tmeas ≈ 85 ◦C) before and after long-term operation at recommended
operating current and at a constant heat sink temperature of Ths = 65 ◦C (C-6, D-2, Q-1) and Ths = 35 ◦C
(P-4, A-7), respectively. The temperature dependent radiant power after long-term operation was then
divided by the initially measured temperature dependent radiant power for the respective temperatures
Tmeas ≈ 25 ◦C and Tmeas ≈ 85 ◦C. The resulting normalized radiant powers are shown in figure 20 for five
different UVC LEDs. It can be seen that some of the tested UVC LEDs (P-4, C-6, A-7) show significantly
lower normalized radiant powers at higher measurement temperatures Tmeas compared to the lower
measurement temperature of Tmeas = 25 ◦C. Thus, the temperature dependency of their radiant power
changed over the long-term operation. In contrast, the temperature dependency of LED D-2 and Q-1 has
changed only slightly. Even if this effect is negligible for some LEDs, this study showed that the change in
temperature dependency can lead to a deviation of up to 25%. This effect should therefore always be taken
into account when drawing conclusions about the radiant power at a specific point in time from degradation
curves, which are often recorded at 25 ◦C [24], especially if the measurement temperature Tmeas deviates
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Figure 20. Normalized radiant power measured for five different UVC LEDs at two different temperatures Tmeas = Ths after
long-term operation. The blue squares correspond to the ratio of the normalized power at 85 ◦C to the normalized power at
25 ◦C. They are a measure for the change in temperature dependence of the power.

Figure 21. Representative intensity spectra of a UVC LED (E-1) before and after 1000 h operation at 500 mA and Ths ≈ 25 ◦C.
The spectra were normalized to the intensity maximum and were measured at 500 mA and 25 ◦C (heat sink temperature).

from the temperature Ths in the degradation experiment. More insight into potential causes for the
temperature dependency of the radiant power will be given in section 3.2.2.

2.2.6. Changes in spectrum—parasitic luminescence and peak wavelength
To investigate whether the spectral characteristics of commercial UVC LEDs change during operation, the
emission spectra of UVC LEDs (A-1, B-1, C-1, D-1, E-1) were measured before and after 1000 h of operation
using an integrating sphere. The measurements and the long-term operation were carried out at a
temperature of Ths ≈ 25 ◦C and at a current recommended in the respective data sheet. In each case, the
integral intensity decreased as shown in figure 9. To compare the shape of the spectra, the measured spectra
were normalized to their intensity maximum and plotted in semilogarithmic scale, as shown as an example
in figure 21. Within the measurement accuracy (∆λ= 0.5 nm), no shift in the emission maximum was
detected for any of the tested LEDs. Relative to the main emission peak, no significant change in the intensity
of the parasitic luminescence (intensity at wavelengths>350 nm) could be detected either. In addition, the
intensity of the parasitic luminescence before and after 1000 h of operation remained more than two orders
of magnitude lower than the intensity of the main emission peak for all LEDs tested under recommended
operating current conditions. It can therefore be concluded for the tested UVC LEDs that the shape of the
spectra does not change within 1000 h of operation under recommended conditions. Absence of changes in
spectral shape for UVC LEDs means that effectiveness (and safety) aspects in UVC LED applications remain
unchanged over time. However, if the spectral characteristics are measured at very low currents (≪Ir), the
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Figure 22. Power spectral density of LED type M-1 measured at a low current level of 1 µA, before and after a constant current
stress of 330 h at its absolute maximum current.

Figure 23. (a) Normalized radiant power of UVC LEDs A-1 (a) and A-8 (b) with and without encapsulation during operation.
The LEDs A-1 were purchased in the year 2021 and were operated at a temperature of Ths ≈ 75 ◦C and an operating current of
250 mA. The LEDs A-1 were purchased in the year 2018 and were operated at a temperature of Ths ≈ 35 ◦C and an operating
current of 20 mA. The relative encapsulation transparency was calculated by the ratio of the radiant power curves.

spectra of aged and unaged LEDs can sometimes differ significantly (figure 22). The contribution of parasitic
emission can strongly increase at such low currents.

2.3. Degradation of UVC LED packages
To find out whether the encapsulation used in UVC LEDs degrades during operation, the standard
encapsulation of LED A-1 was removed, and packaged LEDs with encapsulant (10 samples) and without
encapsulant (4 samples) were operated for 250 h. The radiant power from these samples was averaged and
plotted in figure 23(a). Within the error bars (standard deviation from the variation from sample to sample),
no difference could be determined from the degradation curves. The relative encapsulation transparency
(blue) is calculated by dividing the radiant power with encapsulation by the radiant power without
encapsulation. It can be used as a measure to observe changes in the encapsulation. As the relative
transparency remains stable at 100%, it could be concluded that the encapsulation of A-1 UVC LEDs did not
degrade during the 250 hour operation. This is an example of a material that is suitable for operation under
these conditions, at least within the first few hundred hours. The stability of this material over even longer
periods of operation has not yet been investigated.

A comparable test was performed on an older generation LED (A-8) similar to sample A-1 (shown in
figure 23(a)) with an organic encapsulant deposited over a smaller chip and designed for operation at a lower
current of 20 mA. Figure 23(b) shows the relative radiant power for LED samples with and without organic
encapsulant (after mechanical removal). It can be seen that the relative encapsulant transparency decreases
after a few hundred hours and reaches a stabilized value of 84% after 1000 h operation.

One of the first types of UVC LED packages, which was manufactured in 2019 and is currently no longer
in production, had an organic-based encapsulation layer over the UVC LED chip. Such a layer was intended
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Figure 24. View of an early version of UVC LED (H-1) with an organic-based encapsulating layer before (left) and after (right,
magnified) operation under 30 mA at Ths = 60 ◦C for 300 h. The encapsulating layer was cracked after operation, causing
significant loss in UVC radiant power.

Figure 25. Top (left) and angled (right) magnified views of UVC LED C-7 with an organic-based encapsulating layer after
operation under 20 mA Ths = 25 ◦C for 7500 h. The encapsulating layer was cracked after operation, causing significant loss in
UVC radiant power.

to increase the extraction of UVC radiation from the LED chip and serve as a protective layer against the
environment. However, it was found that prolonged exposure (several hundred to several thousand hours) of
this organic encapsulation layer to UVC light leads to severe degradation of the material during prolonged
operation, resulting in significant deterioration of light transmission, curing and ultimately cracking. Cracks
in the encapsulation layer can also lead to the LED chip being exposed to the environment and being
damaged by the environment [6]. Furthermore, it can cause additional scattering and loss of UVC light
within the LED package.

In their work, Lu et al compared the quartz glass and a silicone rubber as encapsulant for 280 nm UVC
LEDs, demonstrating a higher initial intensity and a lower optical power degradation over time for the quartz
glass-based samples [25]. A complete study on materials used as encapsulant for DUV devices was provided
by Nagasawa and Hiranoin [26]; here, the author reviewed the long-term reliability of several polymers,
pointing out the problematics related to the high-energy light exposition, the non-optimal refractive index,
and the losses at the interface sapphire/resins caused by the differences in material affinity.

UVC LED H-1 is one example of such early package types with organic-based encapsulating layers that
exhibited cracking (figure 24). The degradation of the encapsulation led to a halving (compared to the
undamaged encapsulation) of the radiant power in the direction of the normal. Another example is UVC
LED C-7 after 7500 h of operation (figure 25), where cracking reduced the radiant power at wide emission
angles by≈10%, whereas the radiant power in the direction of the normal remained almost unchanged.
Such effects can therefore influence not only the absolute radiant power, but also the far field emission
pattern (see also figure 1).

Adhesive organic-based resins are often used as an adhesive material to bond front quartz cover glass
windows to the top of the cavity for ceramic-based UV LED packages (see figure 1, type (b)). If the process
for adhesive dispensing is not well controlled, excessive adhesive residues can be present on the inner surface
of the cover glass, partially covering the peripheral part of the surface. Figures 26(a) and (b) shows two
examples of such adhesive residues. These layers are thin and reasonably transparent to UVC radiation and
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Figure 26. Examples of UVC LEDs with excessive adhesive residues on the front quartz cover window (a) and (b). View of cracked
adhesive resin layer (c) causing complete detachment of quartz window (d) (from UVC LED E-2 after 3000 h operation at 350 mA
and Ths = 30 ◦C).

might initially have minimal impact on total flux from UVC LED package. However, during LED operation,
strong UVC irradiation will cause damage to this material, reducing its UV transmittance.

It was found that the adhesive properties of some organic-based adhesive resins for quartz cover glasses
in UVC LED cavity packages deteriorate under strong UVC irradiation during prolonged LED operation.
The material of the adhesive layer becomes harder, more brittle and shrinks in volume, which leads to cracks
and delamination of the glass from the LED cavity package. This increases the probability that the LED chip
is exposed to the environment. In some cases, quartz cover window can even detach completely from the
UVC LED package. Figures 26(c) and (d) shows the formation of cracks in the adhesive layer and the
complete detachment of the quartz window from the UVC LED E-2 after 3000 h operation. In addition,
excessive thermo-mechanical stresses on the adhesive layer between the quartz glass and the ceramic cavity
can also lead to detachment of the quartz window from a UVC LED package.

Packages for UV LEDs play an essential role in protecting the UV LED chip from environmental impact,
especially from moisture and water vapor ingress during storage or during operation under excessive
humidity conditions. There are UV LED hermetic package types on the market, where the quartz cover is
soldered to the ceramic cavity. However, the majority of UVC LEDs are manufactured using more
cost-effective gluing methods utilizing organic adhesives either in a few local spots or over the entire edge of
the quartz cover cap. In most cases where such organic adhesives are used, the integrity of the packaging is
not sufficient to prevent moisture permeability.

When water vapor is present in direct contact with the chip, it can cause moisture-induced corrosion of
the epitaxial and contact layers. Figure 27 shows the evolution and propagation of moisture-induced
corrosion of UVC LED chip F-1 at different times during high humidity and high temperature operation.
The corresponding wet high-temperature operational life (WTHOL) stress conditions were: An operating
current of I = 20 mA, a heat sink temperature of Ths = 65 ◦C, an ambient temperature of Ta = 60 ◦C, a duty
cycle of 50%, and a relative humidity of RH= 90%. Corrosion is initiated at one or few points at the edge of
the chip mesa and propagates further over the entire n- and p-type regions of the UV LED chip. This process
continues until LED chip operation is disrupted completely either as a short-circuit failure mode, or as an
open circuit or high-resistive failure mode. Failure analyses using focused ion beam cross-sectioning and
scanning electron microscopy with energy dispersive x-ray (SEM-EDX) revealed that aluminum-containing
epitaxial layers were oxidized by a moisture-induced corrosion process. This process is similar in origin and
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Figure 27. The evolution of moisture-induced corrosion in UVC LED chip F-1 in a light microscope at different times (upper
row). The bottom row shows the corresponding spatially resolved electroluminescence emission. The LED was operated under
wet high-temperature operational lifetime (WTHOL) stress conditions.

Figure 28. In situ changes in (a) normalized radiant power and (b) forward voltage during WHTOL (a) and (b) and HTOL (a)
testing. UVB LEDs F-1 were used in these tests. Stress conditions for WHTOL and HTOL were: I = 20 mA, Ths = 65 ◦C.

mechanism to other degradation processes that have been observed, for example, in visible high-voltage LED
chips based on InGaN that are operated directly with alternating current (AC-LEDs) [27].

Figure 28 shows the in-situ changes in the normalized radiant power and forward voltage for UVC LED
F-1 during WHTOL operation. The noisy progression of the WHTOL measurement curve can be associated
with chip corrosion. The red line is the normalized radiant power graph (figure 28(a)) and corresponds to
the stability trend for the same UVC LED subjected to the same conditions, but under dry ambient
conditions HTOL. It can be seen that the radiant power decreases faster under the WTHOL test and the
operating voltage also increases due to corrosion.

Figure 29 shows the changes in the current dependencies of the EQE (a), the radiant power (b), and the
voltage (c) and (d) of the UVC LEDs F-1 under WHTOL conditions at different operation times. Here black
corresponds to the initial LED before operation, red to the LED after 2000 h of operation with extensive
degree of corrosion, and blue to the LED after 3800 h of operation. In the latter case, the degree of chip
corrosion is severe, so that the electrical resistance increased drastically, and light is only emitted by small
remaining areas (Compare with figure 27).
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Figure 29. (a) Changes in linear current voltage plots. (b) Same current–voltage plot but on a logarithmic scale. (c) Change in the
radiant power vs. current. (d) Change in the EQE vs. current. Results obtained during WHTOL testing. UVC F-1 LEDs were used
in these tests.

3. Physical understanding of degradation—selected topics

3.1. Mathematical description of time dependencies of degradation effects
3.1.1. Gradual degradation
One of the goals of accelerated lifetime tests (ALTs) is to extract a mathematical model capable of describing
the trend of a particular performance figure of the device during aging, to predict the parametric failure of
the device according to a specific criterion, such as R70, R80, or R90 [28]. For visible solid-state emitters, a
classical exponential function (OP(t)∝ e−t/τ ) has been typically used to model the trend of the relative flux
depreciation (including radiant flux) after the first 1000 h of operation [28, 29], however, recent works
demonstrated that purely exponential decays do not represent the best mathematical description of the
optical degradation kinetics related to UVC, UVB and UVA LEDs.

For instance, Ruschel et al [21] investigated the degradation behavior of 310 nm UVB LEDs stressed at
various current densities (from 34 to 201 A cm−2) in iso-thermal aging conditions (90± 5 ◦C), i.e. while
maintaining the junction temperature T j constant across the different experiments, to quantify the impact of
solely the current density on device degradation. To fit the experimentally observed OP trends, referred to as
OP(t), the authors proposed a model described by the logarithmic formula in equation (3.1):

OP(t) =−β · ln
(
α · J3 · t+ e−

1
β

)
(3.1)

in which J represents the stress current density, whereas α and β are fitting parameters that were kept
constant for all the investigated current levels. The results showed a correlation between the degradation
mechanism and the cube of the imposed stress current density, suggesting that optical degradation was
driven by a recombination-enhanced (RE) process [30] where three charged particles are involved, such as
the Auger–Meitner recombination [31].

Another proposed model that considers the Auger–Meitner recombination as a possible driving force for
optical degradation is the one suggested by Piva et al [32]. In this work, the authors hypothesize that the
energy released by Auger–Meitner recombination events is sufficient to induce the de-hydrogenation of
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gallium vacancies (VGaHn), which could either re-bond with the released hydrogen ions or reach a stable
de-hydrogenate state, if the hydrogen is removed. Calling A the initial state with the VGaHn, B the state where
the gallium vacancy is de-hydrogenate ((VGaHn−1)

−
+H+), and C the final state where the vacancy is

de-hydrogenated and the hydrogen removed (2(VGaHn−1)
−
+H2), the authors proposed the following

system of ordinary differential equations (ODEs) given in equation (3.2) to describe the optical degradation:
dA(t)
dt =−kAB ·A(t)+ kBA ·B(t)

dB(t)
dt =+kAB ·A(t)− kBA ·B(t)+ kBC ·B2 (t)

dC(t)
dt =+kBC ·B2 (t)

(3.2)

Where the kij are the rate coefficients between the states, and they are used as fitting parameters. Here, the
variation of C(t), which represents the estimated variation of de-hydrogenated vacancies and so the increase
in NRRCs, showed a good correlation with the overall variation in optical power during the aging
considering OP(t)∝ 1−C(t) ..

Following up on the hypothesis of optical degradation assisted by Auger–Meitner recombination events,
Piva et al in [32] compared a series of UVC LEDs with different Mg concentrations in the EBL, and they
evaluated the optical degradation during a 330 h ALT at stress currents from 77 mA to 100 mA, depending
on the Mg percentage in the EBL (see figure 30(a)). Starting from Hill’s formula, which is typically used to
describe the balance of chemical reactions involving the binding of ligands to macromolecules [33], the
authors proposed the following function to describe the measured OP trends:

OP(t) = 1− 1− a

1+ b
(t+c)d

. (3.3)

Here, a, b, c, and d are fitting parameters and they are kept constant for different curves, except for b,
which is correlated to the Mg concentration in the EBL. The function supposes that the optical power is 1 for
t= 0, and tends to a for t→∞. The decrease follows a logistic function, where the exponent d indicates the
velocity to reach the final plateau value of the optical power.

A fourth possible equation proposed to fit the optical degradation of 275 nm UVC LEDs is reported by
Zhang et al in [34], where the authors presented the formula shown in equation (3.4) that is based on the
generation of NRRCs:

OP(t) =
A0+H

A0 · ln(k · eat − k+ e)+H
. (3.4)

Here, A0, H, k, and a are fitting parameters, where A0 and H can be extrapolated from the initial LED
EQE curve. This formula is developed for UVC LEDs aged up to 10 000 h at currents of 250 mA and 350 mA,
and at room temperature (25 ◦C), it is deduced assuming that defect generation is the sole cause of IQE
decay, and it occurs to maximize the entropy of the defects. The function supposes a logarithmic decrease in
optical power with time, where the parameters A0 and H are correlated with the concentration of NRRCs.

Figure 30(b) depicts a comparison of the results obtained by using the previously presented
equations (3.1), (3.3) and (3.4) to fit the data reported in [21]. It can be seen that the equations proposed by
the standard IES TM-21 [28] and by [34] cannot correctly replicate the experimental data. Instead,
physics-based fitting formulas, mostly relying on the assumption of RE defect generation [32, 36, 37] seem to
provide a good replica of the experimentally observed optical degradation trends.

Finally, it should be considered that since no strict correlation between the degradation of the radiant
power and the variation in the electrical characteristics has been found so far, the related kinetics have not
been fully investigated, yet. This leaves open questions and room for future studies focused on the
investigation and the impact of degradation on the electrical and radiometric characteristics of the device.

3.1.2. CFs
As already shown in section 2.2, CF can occur during the operation of LEDs. A CF event of a single LED
typically occurs suddenly and unpredictably. Nevertheless, the statistical frequency of such a failure can be
described mathematically. However, this requires a sufficiently large number of LEDs for which a CF event
occurs. A sufficiently large number of CF events is depicted for a batch of UVB LEDs in which such failures
occurred more frequently due to a non-optimized chip design (red squares in figure 31). In this case, a total
number of 270 UVB LEDs were operated for 1000 h. The LEDs were operated at a current of 100 mA
(67 A cm−2) and a Ths value of 20 ◦C. The number of CF events was cumulated, and the percentage of CF
events was plotted over time. As shown for the red squares the temporal progression of the proportion of CF
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Figure 30. (a) Fitting of the data with the formula proposed in. Reproduced from [35]. CC BY 4.0. (b) Comparison of the
different formulas proposed to fit the relative optical power degradation on the data presented in [21].

Figure 31. Percentage number of catastrophic failures during long-term operation of 270 samples of UVB LEDs (red), 60 samples
of UVC LEDs (green), and 15 samples of commercial UVC LEDs from manufacturer C (blue).

Table 2. Parameters of the Weibull distribution function fits in figure 5.

Exemplary LED samples k T (h) t0 (h)

Research samples (UVB LEDs) 0.38 1.4× 105 1
Research samples (UVC LEDs) 0.30 6.5× 107 0
Commercial UVC LEDs (C-1) 1.22 376 23

events can be approximated using a Weibull distribution functionW(t) of the form:

W(t) = 1− e
(

t−t0
T−t0

)k

. (3.5)

Where T is the characteristic time that can be interpreted as operation time after which CF’s occurred in
all devices. The parameter t0 is the threshold time in which CFs are highly unlikely, and k is the shape
parameter. Values k< 1 indicate that the failure rate decreases over time, values k= 1 indicate that the failure
rate is constant over time and values k> 1 indicate that the failure rate increases over time. For the example
above, the Weibull parameters are listed in the table 2.

This function cannot be used to predict the failure of an individual LED. However, such a Weibull
function indicates the frequency of occurrence to be expected for a certain operation time. Also shown is the
example of 60 UVC LEDs in long-term operation (with on/off cycles of 5 min/5 min) at 200 mA (50 A cm−2)
and Ths value of 20 ◦C, at which the probability of CF events is significantly lower (Green squares in
figure 31). There is an indication that the three detected CF events follow the Weibull distribution shown.
However, as the probability of CFs is significantly lower, the number of LEDs tested is too small or the
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Figure 32. Normalized optical power of UVB LEDs operated at different nominal current densities versus the logarithmic time
scale. Reproduced with permission from [21].

operation time too short to provide statistical certainty. The associated Weibull parameters determined from
the fit are therefore highly inaccurate.

Furthermore, the temporal distribution of CF events of 15 LEDs from manufacturer C (blue circles) is
shown, since many such failures were detected in these samples during the test period (see also section 2.2).
Here the LEDs were operated at a continuous current of 350 mA as recommended in the data sheet and at a
temperature of Ths ≈ 25 ◦C. Due to the high probability of CFs, the relatively small number of LEDs tested is
already sufficient to be described by equation (3.5). For the other manufacturers examined, however, the
number of detected CF’s was too low to be depicted and described by equation (3.5).

3.2. Degradation effects of LED chip
3.2.1. Acceleration factors—current density (or carrier density), temperature, Auger–Meitner recombination
The impact of the nominal current density on the degradation of UVB LEDs with peak emission wavelength
at 310 nm was studied previously [21]. Here, the nominal current density is defined as the current divided by
the area of the active region, assuming a laterally homogeneous current injection. The investigated UVB
LEDs were operated at different current densities between 33 A cm−2 and 201 A cm−2. To separate the
impact of current density from that of the temperature, the junction temperature was kept constant at
≈90 ◦C by adjusting Ths for each applied current. A similar experiment was carried out on UVC LEDs with a
peak emission wavelength at 265 nm. Here, the current density was varied between 30 and 120 A cm−2,
which corresponds to operating currents between 100 and 400 mA. Furthermore, to be able to compare the
degradation state of the LEDs stressed under different operation conditions, the optical power was measured
under the same comparable conditions during long-term operation. This is particularly important here
because the relative power change can typically be different for different measurement currents, which can be
recognized by the increasing non-linearity of the P–I curves (compare figure 17 in section 2.2.4). Only the
power measured under the same measurement conditions during operational stress test at different stress
currents (or current densities) enables the effect of the acceleration of degradation by the current density not
to be superimposed by the effect of the increase in the non-linearity of the P–I characteristic curve.

For this purpose, the respective long-term experiments were interrupted several times at specific points
in time in order to measure the optical power of all LEDs at a temperature of Ths ≈ 20 ◦C and a nominal
measurement current density of≈30 A cm−2. The results are shown exemplarily for the UVB LEDs in
figure 32. It turned out that the current density is a strong acceleration factor for the degradation of the
optical power. The data could be well described with the logarithmic function (equation (3.1)) indicated by
the black solid lines. Accordingly, the R70 lifetime (t70%) scales inversely with the nominal current density as
shown in equation (3.6):

t70% ∝ 1

jγ
, (3.6)

where the exponent is γ ≈ 3. A similar result was also obtained for the investigated UVC LEDs, resulting in
the depiction in figure 33, where the normalized radiant power is plotted versus the operation time
multiplied with the cube of the nominal current density. The fact that the curves lie on top of each other
suggests that there must be a current-driven degradation mechanism that takes place in the same way in UVB
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Figure 33. Normalized optical power of UVB and UVC LEDs (research samples) versus the product of operation time t and cube
of the nominal current density j.

Figure 34. An alternative plot for UVC LEDs lifetime results @50 mA (blue line) and 150 mA (red line) and fit (black dashed line)
with equation similar to equation (3.1), with a time axis scaled with the current density (J/J0)1.6, where J is the stress current
density and J0 is the reference current density (≈93 A cm−2 @typical binning current of 100 mA).

and UVC LEDs. However, the current density dependency of the R70 lifetime certainly depends on several
factors such as the homogeneity of the current distribution (see figure 43), but also on the charge carrier
distribution in the active region. The exponent γ can therefore deviate and can be smaller or larger than
γ ≈ 3. In general, the observations are in line with previous reports on InGaN-based LEDs. Evidence for
current-dependent degradation rates could be found both on high-power white LEDs [38] and on
blue-violet LEDs [39]. The degradation was found to be triggered at high recombination rates, thanks to the
execution of stress experiments under optical excitation [40].

It is worth mentioning that—for many applications—only the change in radiant power measured under
operating conditions is relevant. It must therefore be considered here that the exponent is typically γ ⩽ 3 if
the measurement of radiant power over time is carried out under the same conditions as long-term
operation. In this case, the degradation dynamics are superimposed by the increasing non-linearity of the
P–I characteristic at low currents. This means that even if the degradation process is significantly slower at
low currents, the relative change in power can be greater at low measurement currents due to the
non-linearity. This effect is shown as an example in figure 34, where the radiant power was measured at the
same conditions as stress current used in long-term operation. This results in an exponent of around γ ≈ 1.6,
and such power factor value is comparable to power factor value of 1.5 for lifetime dependence versus stress
current suggested in [34].

Since the charge carrier density in the active region is directly influenced by the current density, it was
assumed that a recombination-driven process must be responsible for the current-induced degradation. Due
to the comparatively large exponent γ ≈ 3 of the current density dependence, it was concluded that the
driving mechanism could be Auger–Meitner recombination which is a three-particle process. Therefore, its
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Figure 35. Normalized radiant power of UVB LEDs with a single and triple QW active region operated at the same nominal
current density of 134 A cm2 at Ths ≈ 55 ◦C.

rate has a stronger dependence on the charge carrier density than, for example, the rate of radiative
recombination or SRH recombination.

However, this also means that the degradation rate strongly scales with the charge carrier density in the
active region. This conclusion was confirmed by an experiment in which the number of QWs in the active
region of a UVB LED was varied [41]. Here, the measured radiant power of the LED with a single QW was
about 30% higher than that of the reference LED with three QWs. Therefore, assuming that each QW
contributes equally to the emitted radiant power, the density of the overlapping charge carriers in each of the
three QWs must be at least three times lower on average compared to the single QW LED. This was also
confirmed by a simulation of the carrier density distribution. Accordingly, the Auger–Meitner rate in the
quantum wells of the reference LED should be significantly lower and the reference LED should have a
significantly lower degradation rate. In fact, long-term operation at the same nominal current density
showed that the reference LEDs have an R70 lifetime that is approximately 20 times longer than that of the
single QW LEDs (figure 35). This large difference in lifetime supports the hypothesis that Auger–Meitner
recombinations are involved and that the degradation rate scales with the carrier density in the active region.
In addition to Auger–Meitner recombinations, radiative recombinations also become more likely with
increasing overlapping charge carrier densities. It is therefore to be expected that an increase in the emission
power of an LED can generally be accompanied by an acceleration of degradation. The hypothesis could thus
explain the observed negative correlation (figure 10) between R90 lifetime and radiant power.

As the results in section 2 have already shown, besides the current density, the temperature can be a
strong acceleration factor for the radiant power degradation of UVC LEDs as well. The fact that the
operation of UVC LEDs at elevated temperatures can lead to a more rapid reduction in the radiant power has
also been observed in research samples (see type 1 in figure 36). For example, Gong et al observed that the
degradation rate in AlGaN-based UVC LEDs increases strongly with the operating temperature [42]. An
activation energy of 0.27 eV could be determined by means of an Arrhenius plot. Furthermore, Meneghini
et al [43] found a similar behavior in GaN-based LEDs emitting in the visible spectrum. The authors exposed
the LEDs to stress at temperatures of up to 250 ◦C and calculated an activation energy of 1.3 eV. The
temperature dependence was associated with the hydrogen contained in the insulator, which interacts with
the acceptor dopants in the p-side.

The results suggest that there are temperature-driven mechanisms (e.g. diffusion processes) which, in
addition to the current density, lead to degradation of the device during operation. Nevertheless, a different
behavior has already been observed in research samples (see type 2 in figure 36). In this case, an increased
operating temperature does not appear to contribute to an acceleration of degradation. In some cases,
radiant power of UVC LEDs has even been observed to reduce more slowly during operation at elevated
temperatures. The results indicate that temperature-driven degradation mechanisms, which are often
observed in commercial LEDs, do not necessarily occur in every UVC LED. It can therefore be assumed that
there is a parameter in the semiconductor layer design that can be used to eliminate or at least minimize the
effect of the temperature-driven mechanisms. However, more research is needed here, as the reasons for the
temperature-dependent degradation are not yet fully understood.
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Figure 36. Normalized radiant power of UVC LEDs (Research samples) during operation at a constant current of 200 mA. The
LED types were operated at different temperatures Ths and showed a different temperature dependency.

Figure 37. SIMS profile of a 265 nm LED measured before and after a constant current stress test of 100 h at 67 A cm−2.

3.2.2. Current picture on the physical background of changes in the LED
Recent studies focused on the hypothesis that diffusion of hydrogen (H) through the LED structure is one of
the driving forces responsible for the degradation of UVC LEDs.

The relocation of H atoms in the proximity of p-doped AlGaN layers during prolonged stress has been
observed several times in literature. For instance, figure 37 reports the results of secondary ion mass
spectrometry (SIMS) measurements carried out on 265 nm LEDs submitted to constant-current stress at
67 A cm−2 for 100 h. Compared to a not stressed device, a strong decrease in the concentration of H can be
observed within the EBL and the interlayer (IL), indicating that the aging procedure induced the migration
of the hydrogen. Chichibu et al reported the SIMS profiles of magnesium (Mg) and H concentration in
275 nm UVC LEDs at the beginning and at the end of a 300 h accelerated lifetime stress test [44]. The results
confirmed that while the Mg profile does not show a change after stress, H exhibits a noticeable diffusion
towards the n-side. The authors state that this redistribution could be caused both by the absorption of the
highly energetic emitted UV photons (at 275 nm, the photon energy [Eph]≈ 4.51 eV) and by the
Auger–Meitner recombination events, since both processes can provide sufficient energy to break Mg–H
bonds (2.03 eV) and N–H bonds (4.05 eV) [44–46]. Once this happens, the newly formed point defects can
act as NRRCs or charged centers [47], possibly resulting in a lowering of the overall radiant efficiency of the
device. The authors investigated the physical origin of such defects by combining positron annihilation
spectroscopy and time-resolved photoluminescence (PL) and ascribed them to vacancy complexes of VGa
and VN ([VGaVN]) that could be passivized by H

0/+.
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Figure 38. Arrhenius plot extracted from C-DLTS measurements during the aging procedure on a SQW 265 nm UV LED.
Reproduced from [53]. CC BY 4.0.

The role of vacancy de-hydrogenation in the optical degradation of UV LEDs was also previously
investigated [32]. In this work, the authors consider the de-hydrogenation of Ga vacancies, described by the
reaction in equation (3.7):

VGaHn ⇌ (VGaHn−1)
−
+H+ (3.7)

as a possible mechanism favoring the increase in concentration of acceptor levels in the active region. This
increase is supposed to lead to a modification in the band bending near the quantum wells, which ultimately
reduces the injection efficiency in the active region. Additionally, once the vacancy is de-hydrogenated, the
released H+ ion can either re-bond with the vacancy, or it can bond with another hydrogen ion (and two
electrons) to form molecular hydrogen (H2). By describing these processes as a three-state system, the
authors managed to model the optical degradation during the aging of the device with the system of ODEs
reported in equation (3.2).

The idea of a correlation between optical power reduction and the de-hydrogenation of gallium vacancies
was further refined by Roccato et al [35, 48], in which the authors revisited the balance model of the chemical
species by leveraging Hill’s formula [33], and obtaining the radiant power decay trend reported in
equation (3.3). This model was then successfully applied to extract the characteristic R90, R80 and R70
lifetimes exhibited by certain commercial UVC LEDs submitted to accelerated stress tests [24].

Considering the solid evidence of the generation and the relocation of certain defects in the structure, it
is possible to analyze their impact during LED operation. In wide bandgap devices, defects characterization
can be achieved through the combination of non-invasive techniques such as capacitance deep-level
transient spectroscopy (C-DLTS), deep-level optical spectroscopy (DLOS), photocurrent spectroscopy, and
PL measurements [49–51]. In some cases, characteristic signatures of the defects, such as the Arrhenius plot
associated to their emission process, can be extracted from the measurements and compared with other
reports or databases available in literature (for instance, see [49] or [52] for C-DLTS on GaN).

As an example, Piva et al submitted a 265 nm research-grade UVC LED to a constant current stress for
200 h, which was regularly interrupted to carry out a C-DLTS characterization [53]. These measurements
showed the presence of two traps related to Mg, also detected on the untreated device, and one trap
associated with point defects of unknown origin that were generated during the stress test. As shown in
figure 38, the authors found that trap T1 has an activation energy of 474 meV, and the authors associated its
origin to Mg-related defects detected in n-type material, according to the hypothesis of back diffusion of Mg
atoms towards the n-side during growth [54]. Trap T2 has an activation energy of 146 meV, and it could be
ascribed to substitutional Mg acting as dopant located within p-GaN [55, 56], either at the p-side of the
device close to the EBL or in correspondence with the partially rectifying p-contact. Finally, trap T3 has an
activation energy of 705 meV, it is ascribed to point defects [57], and its concentration increases during the
aging procedure, indicating the stress induced the generation or propagation of such type of defect within
the epitaxial structure.

Hypotheses on the physical origin of defect generation were discussed by Ruschel et al in [21]. The
Authors suggested a possible correlation between the increase in defectiveness and the rate of Auger–Meitner
recombination events [21]. As already explained in section 3.1.1, the proposed model considers that the
energy released by Auger–Meitner recombination events occurring during operation can promote the
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Figure 39. Normalized optical power before and after the aging procedure on a single QW 265 nm UV LED simulated starting
from the classical rate equation. Reproduced from [53]. CC BY 4.0.

generation/activation of pre-existing point defects or complexes in proximity of the active region, ultimately
inducing an increase in the rate of SRH recombination. The authors also suggest VGaHn complexes as a
possible physical origin of the NRRCs activated by the Auger–Meitner events, in addition to VGaVN
divacancy complexes, which become electrically active after the stress-induced removal of previously bonded
hydrogen atoms. Finally, alongside the Auger–Meitner events, the high-energy UV photons emitted from the
active region may also contribute to the generation of defects within the active region [44].

As mentioned above (section 3.1.1), defect generation can also lead to a variation in the electrical and
optical characteristics of the devices, such as the increase in trap-assisted tunneling (TAT) related forward
leakage current and the decrease in radiant power at low current levels detected in [32]. By means of DLOS,
the authors of this work identified the presence of two deep levels, with activation energies of 1.6 eV and
2.15 eV in an energy gap of 4.35 eV, where the second turned out to be a very good candidate in contributing
to TAT leakage current in the 2–3.5 V bias region, according to the results of the investigation reported in
[58]. An increase in the concentration of such levels, experimentally observed through steady-state
photo-capacitance measurements, was therefore found to be strongly correlated with the increase in the
sub-turn-on conduction induced by aging. Additionally, the authors in [58] showed a good correlation
between the concentration of the 2.15 eV defect with the decrease in optical power after 1000 min of aging,
confirming the NRRCs nature of this trap.

Defect generation could affect also the carrier injection in the active region., Piva et almodeled the
optical characteristics during a constant current stress test starting from the conventional rate equation given
in equation (3.8) [53]:

dn

dt
= ηinj ·

I

qV
−An−Bn2−Cn3 (3.8)

where ηinj is the injection efficiency, V is the active region volume and A, B, and C are the coefficients for
SRH, bimolecular, and Auger–Meitner processes, respectively. After tuning these parameters to fit the L–I
characteristic at 0 h (see figure 39), while also being in compliance with values commonly reported in
literature, the authors demonstrated that the sole increase in the A coefficient, or decrease in injection
efficiency, is not sufficient to explain the current dependency of the observed variation in the L–I
characteristics. On the other hand, a combined variation of these two parameters allowed to correctly match
the L–I curve after the stress, thus indicating that both mechanisms occur at the same time during aging. To
explain this behavior, the authors hypothesize that the defects generated in the active region could act
simultaneously as NRRC and as charged centers impeding the injection of holes into the QW. This
hypothesis was also supported by technology computer aided design (TCAD) simulations, which
demonstrated how an accumulation of charge at the edge of the QW could significantly increase the potential
barrier seen by the holes that have to be injected [53].

Similar conclusions are derived by Chichibu et al in [44], where the initial reduction in radiant power
exhibited by 275 nm LEDs was associated with the decrease in injection efficiency caused by the activation of
some shunt recombination paths originated from the depassivation of NRRCs at the p-side of the active
region, i.e. in the p-doped EBL or in the p-AlGaN layer [44].

The aging-induced increase in defect concentration can also impact the electrical characteristics of the
devices. As already reported [48], the electrical characteristics were modeled for a UVC LED with single QW
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Figure 40. (a) Electrical characteristics during the aging procedure at 100 A cm−2 and room temperature (300 K), modeled with
TCAD simulations. (b) Simulated band diagram of the structure in forward bias. Reproduced from [48]. CC BY 4.0. TAT stands
for trap-assisted tunneling, whereas NLMs indicate the regions covered by the so-called ‘non-local meshes’, which for the adopted
simulator correspond to regions where the TAT process is simulated.

(research sample), which was subjected to a constant current stress at 100 A cm−2 and at room temperature
(25 ◦C) for about 300 h. The increase in leakage current below the turn-on voltage (figure 40(a)) is again
associated with the generation of defects within the space-charge region, as demonstrated by the DLOS
measurement. The authors used the experimentally determined defects properties as input parameters for
their TCAD simulations. In particular, they subdivided the interlayer, grown between the top barrier and the
EBL, into three regions, named A, B and C, as shown in figure 40(b). By tuning the defect concentration in
each layer they were able (i) to reproduce the experimental I–V curve of the unaged device, and (ii) to
demonstrate that the aging process was inducing a monotonic increase in the density of deep levels in device
layers closer to the p-side, which is consistent with a defect migration process occurring from region A
towards C [48].

Another effect of aging on the electrical characteristics of UVC LEDs is represented by the increase in the
drive voltage of the devices. In the case study reported in [53], the authors ascribed this phenomenon to the
worsening of the p-contact, caused by the passivation of Mg atoms near the p-GaN/metal interface. Aided by
TCAD simulations, the authors showed that by slightly reducing the effective p-doping concentration within
the first 20 nm of p-GaN close to the contact, it was possible to accurately fit the variation exhibited by the
I–V characteristics during the stress.

The aging procedure also influences the ABC parameters of the conventional rate equation (3.8) typically
employed to model the EQE vs. current characteristic of an LED. Neglecting the impact of photon extraction
efficiency and injection efficiency, the EQE is directly proportional to the IQE (ηIQE), which is defined as the
rate of radiative recombination over the overall recombination rate within the active region of the device,
i.e. its QWs [11]. Considering this, an increase in the defectiveness of the QW can be directly mirrored into
an increase in the A coefficient, and therefore in the rate of non-radiative SRH recombination events
occurring per unit of time and volume within the active region of the device, defined by the An product.
Starting from the model of Piva et al [53], using values for A, B and C similar to the ones reported in [59],
and considering the increase in the A coefficient as the sole effect of a specific aging procedure, the EQE
variation should follow the theoretical trend represented in figure 41(a). Here, it is possible to observe that an
increase in A implies a reduction of the EQE peak and its shift toward higher current densities. The
experimental EQE curves are calculated from the data reported in figure 39 at 0 h of stress.

The decrease in the overall rate of radiative recombination can also be caused by the decrease in injection
efficiency. This can happen due to the formation of potential barriers in the structure that hinder the
injection of carriers into the active region [53, 60]. Figure 41(b) reports the mathematical simulations of the
variation in injection efficiency of a UVC LED: with respect to the variation in A, the injection efficiency has
the greatest effect on the decrease of the EQE peak and rather less on the current density value at which the
maximum is reached.

Another important process that could affect the optical characteristics of a UVC LED is the so-called
thermal droop, i.e. the decrease in radiant efficiency at higher operating temperatures, and its variation
during device aging. The common causes of thermal droop in UVC LEDs are: carrier overflow, carrier escape
from quantum wells, trap-assisted escape, and trap-assisted leakage through mid-gap states [61]. Carrier
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Figure 41.Mathematical simulation of the EQE of a single QW LED in function of (a) the A coefficient, and (b) the injection
efficiency. All the curves are normalized at the EQE peak of the curve that best fits the experimental measurement (dash line).

Figure 42. (a) Electroluminescence spectra of a UVB LED measured at 1 mA at various temperatures [17]. (b) Normalized peaks
intensities as function of temperature. Reproduced with permission from [17].

escape and carrier overflow are strongly related to the conduction and/or valence band discontinuity between
the QW and the barrier height. For typical UVC emitters, this value is small, due to the relative concentration
of aluminum that needs to be employed to grow AlGaN-based active regions compatible with the emission of
photons with energy>4.7 eV, (Al content is above 48% in the QWs of UVC LEDs emitting at 265 nm [61]).
Trap-assisted leakage and trap-assisted escape are also both described by temperature-activated processes
[62], which imply a reduction in the concentration of carriers in the active region with increasing
temperature, ultimately leading to a decrease in the overall rate of radiative recombination.

Concerning the thermal droop analysis, De Santi et al performed an extensive study that analyzed the EL
spectra of a 308 nm UVB LED in a wide range of temperatures (figure 42(a)) [17]. The trend of the emission
intensity of the QW peak, reported in figure 42(b), could be divided into three operating scenarios: (i) at low
temperatures (below 250 K) and low bias (below 1 mA), (ii) at low temperatures and high bias levels, and
(iii) at high temperatures (above 250 K). In region (i) the optical power decrease follows the Arrhenius law,
suggesting that the thermal droop is caused by the exciton delocalization, i.e. the temperature lowers the
probability of an electron–hole interaction, decreasing the radiative recombination rate [63]. In region (ii)
the EL intensity increases with temperature, indicating an improvement in the hole injection efficiency into
the QWs. In region (iii), the radiant power decreases with temperature due to SRH recombination caused by
deep levels, as confirmed by the model that the authors developed starting from the classical ABC rate
equation.

Consequences of the aging on thermal droop can be found in section 2.1.2 and especially in [64], where
the authors report a stronger stress-induced decrease in optical emission at higher operating temperatures,
indicating the possible role of SRH recombination. Another effect that can negatively impact thermal droop
could be the decrease in injection efficiency: carriers may require higher temperatures to overcome potential
barriers located within the epitaxial structure if their height increases over stress [53], thus implying an
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Figure 43. EL intensity image of a UVB LED (a) before and (b) after an aging test of 42 h at 200 A cm−2 at 29 ◦C. The distribution
can be interpreted in a first approximation as the distribution of the current density. Reproduced with permission from [66].

increase in the dependency of optical efficiency of temperature, especially at low operating currents. The
spectral purity and the thermal droop influence on 265 nm LEDs were studied by Ishii et al in [65], where the
authors reported similar results with respect to the one presented for UVB LEDs.

In addition to the mechanisms described above, device aging can also include spatial non-uniformities in
the emission of UV LEDs. Ruschel et al found a reduction in the homogeneity of the spatial EL intensity
distribution of a 310 nm LED during a constant current stress at 200 A cm−2 and at a temperature of
Ths ≈ 29 ◦C [66]. At the beginning of long-term operation, the EL intensity showed an almost homogeneous
distribution (figure 43(a)). Long-term operation resulted in areas ALC with greatly reduced EL intensity and
areas AHC with high EL intensities, that are partly even higher than at the beginning (figure 43(b)). The
homogeneity of the corresponding PL intensity distribution decreased in a similar way, but the intensity
patterns are complementary to the EL intensity patterns. Thus, the authors concluded that the current
density distribution changed during operation. Moreover, the authors proved that the active region degrades
more rapidly in areas where a higher current density flows. The results were supported by time-resolved PL
measurements, which revealed that the charge carrier lifetimes and thus the radiative recombination rate
decreases in the active region during operation. The change in the intensity distribution was explained by a
self-amplifying process, which leads to a spatially non-uniform p-side conductivity. This results in a
non-uniform current distribution, which in turn can influence the degradation dynamics. In this context, it
has been suggested that breaking of Mg–H complexes and subsequent migration of hydrogen in the structure
plays an important role [54, 67]. Furthermore, the spatial distributions of the EL intensity could be related to
the p-side acceptor concentration has already been concluded for InGaN-based blue LEDs [68].

3.2.3. Overview of recent reports in the field of UV LED reliability
In this paper, we analyze the degradation models proposed in literature for UV LEDs, explaining in detail
their characteristics and their extraction from the experimental measurements. It is worth noticing that,
beyond the papers already cited in the previous sections, several other works gave an important contribution
to the knowledge of the degradation mechanisms on UVC LEDs. This section summarizes the most
important reports, to give a comprehensive overview of the topic.

Additional evidence about the generation of defects during aging were provided by Wang et al in [67].
Specifically, the authors used PL measurements to identify defects generated in a 272 nm UVC LED during
aging. The authors found an increase in the defect-related emission peak at 515 nm, which is typically
attributed to radiative transitions mediated by Ga vacancies. By using C-DLTS measurements (results in
figure 44), the authors were able to correlate the reduction in the amplitude of a negative peak ‘A’ with the
increase in the positive peak ‘B’, demonstrating a linear relationship between defect density and the decrease
in optical power. By combining these results with DFT and SIMS measurements, the authors ascribed the
departure of Mg fromMgGa complexes along dislocations as the cause of the generation of gallium vacancies
during the stress.
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Figure 44. (a) C-DLTS spectra of 272 nm LED (Vbias=−6 V, Vfill=−2 V); (b) and (c) Correlation between the OP, the
C-DLTS signal of defect ‘B’ during the stress, and the sub-threshold leakage current; (d) Arrhenius plot of the founded defects; (e)
Capture kinetics for defects ‘A’ and ‘B’. Reprinted from [67], with the permission of AIP Publishing.

Figure 45. Comparison of the cathodoluminescence spectra before and after the stress test on a DUV LED, measured with an
electron accelerating voltage of 7 kV. Reprinted from [69], Copyright (2020), with permission from Elsevier.

Signatures of defects generation during stress were also identified by Ma et al in [69], where the authors
employed cathodoluminescence (CL) measurements on a 265 nm LED to identify the regions where defects
are generated after the aging. As reported in figure 45, they found that the majority of the collected CL
signals are from the regions above the MQWs, and they correlated the emission in the energy range of
2.45–3.30 eV with the generation of point defects in the QW area during the stress test, in particular in the
first QW near the p-side.

Continuing with studies regarding the generation of defects in AlGaN-based UVC LEDs, Polyakov et al
[70] introduced defects in their 270 nm devices with proton irradiation, which increased their series
resistance, decreased the charge density in QWs, and led to the appearance of two defects traps at Ec-0.5 eV
and Ec-0.35 eV, observed through C-DLTS measurements. This second defect trap was also identified as an
electron trap in the QWs. Moreover, the authors noticed a possible defect rearrangement in the potential
fluctuation in the active region caused by electron irradiation and the excess of charge carriers, which led to
an increase in the leakage current in the LED. They also concluded that the AlGaN-based DUV LEDs are
more tolerant to 5 MeV electron radiation than their InGaN-based counterpart, used for visible LEDs,
because of the higher bond strengths in high Al mole fraction AlGaN. About the same topic, regarding the
defect generation, Li et al presented similar results in [71], where they described an increase in leakage
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Figure 46. Time resolved photoluminescence lifetimes calculated at room temperature as a function of the operating time.
Reprinted from [44], with the permission of AIP Publishing.

Figure 47. Lifetime results of 230 nm LEDs in function of the cubed of the stress current with time [74]. John Wiley & Sons. ©
2024 Wiley-VCH GmbH.

current caused by the increase in TAT processes after the irradiation. Here, the authors also identified the
generation of deep-levels in proximity of the EBL and the interlayer.

In [44] Chichibu et al analyzed the PL decay time (τPL) of 275 nm LEDs, which corresponds
approximately to the lifetime of the minority carriers at low excitation, as a function of the stress time. They
concluded that the observed reduction in τPL (see figure 46) is too small to entirely explain the decrease in
the optical power (40% after 1002 h) by a decreasing IQE in the quantum wells. Therefore, the authors
attributed the degradation to the decrease in injection efficiency in the active region, as pointed out in
section 3.2.2. The fact that the reduction in the PL decay time is too small to attribute the operation-induced
reduction in the optical power (EL measurement) solely to the increasing non-radiative recombination rate
in the active region was also observed with 310 nm LEDs in [66]. However, this discrepancy between PL and
EL could be explained there by the fact that the active region has aged spatially inhomogeneously (see
figure 43). Accordingly, the measured PL signal also partly consists of components from areas that have not
aged, which means that the change in the measured PL decay time is lower overall. In contrast to the study
[44], the study [66] concludes that the increase in the non-radiative recombination rate in the active region
may be the main loss mechanism of degradation. However, it cannot be ruled out that several loss
mechanisms are responsible for the degradation and that these vary from LED to LED.

Other results that supported the hypotheses and the models proposed in previous paragraphs were
shown in [72] and in [73], where Su and Liu and Loveless et al presented a study on the degradation
mechanisms and on the performance of commercial UVC LEDs, respectively.

Moving towards shorter wavelengths, Kobayashi et al [74] investigated the lifetime of far UVC LEDs, in
the range between 226–240 nm, reporting an estimated L70 of 11 000 h and L50 of 28 000 h, extracted with
the formula proposed in [34]. They also confirmed the J3 dependency of optical power degradation with
stress time for UVC devices, reported in figure 47 as shown in [21] for UVB samples. Finally, Kobayashi et al
[74] in their work demonstrated the progress of solid-state far UVC emitters with respect to [75], where
Yoshikawa et al determined a lifetime for 233 nm LEDs as 3600 h.
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Lastly, Letson et al [76] provided a conspicuous analysis of the lifetime of commercial UVC LEDs,
concluding that at the state-of-the-art they are ready to replace mercury-vapor lamps as UV light sources for
contactless discharge of surfaces during scientific missions in space.

4. Summary, conclusions and guidances

UVC LEDs are a rapidly expanding technology, based on AlGaN semiconductor materials, that offer the
promise of new capabilities and applications for UVC sources that are not possible with conventional UV
technologies, such as mercury discharge lamps. While the AlGaN-based semiconductors used in UVC LED
products may have benefited from the recent advancement of InGaN-based LED products that are used in
lighting applications, the performance and reliability of commercially-available devices based on the two
families of semiconductor materials exhibit consistent differences. The goal of this review is to increase the
awareness of those differences by discussing the performance of AlGaN UV LEDs through the sharing of
findings from extensive testing of commercial products from 15 different manufacturers—which are
representative of typical UV LEDs—from various countries of origin (including the United States of
America, South Korea, China, and Japan), with different templates for the semiconductor layer structure,
and different packaging technologies. Additionally, with particular relation to commercial devices, we also
outline the major drawbacks of such technology, including an in-depth overview on temperature sensitivity
of UVC LEDs, their lifetime-limiting physical processes and on the peculiar packaging required to sustain
both high-energy UV photons and high localized self-heating.

We found the characteristics of commercial UVC LEDs to vary widely, with emission wavelengths
between 265 and 283 nm producing radiant powers between 10 and>150 mW. In general, higher radiant
powers were observed for LEDs emitting at longer wavelengths (i.e. 275 nm and above). The radiant power
of some UVC LEDs was found to scale approximately linearly with current at room temperature, although
there were a significant number of products that exhibited faster thermal droop at lower currents, resulting
in a non-linear response at high operating temperatures. This finding is a consequence of the wide variation
in WPE observed for the tested products, with the best UVC LEDs exhibiting WPE values of 7.5% at an
emission wavelength of 275 nm. In contrast, the WPE of the least efficient products were approximately 2%.
Improving WPE enables the LED to deliver higher radiant powers at lower operating currents and with
reduced energy consumption and heat loss.

It was found that the temperature dependence of the radiant power can be different for LEDs of different
manufacturers and ranges from−0.8%/K to+0.4%/K. The LEDs can also differ slightly in their linearity of
the radiant power vs. current characteristic. Particularly at low currents, a change in the linearity of the
radiant power curve was frequently observed in the LEDs of various manufacturers during long-term
operation. The latter effect influences the dimmability of UVC LEDs. The current and temperature
dependence of the radiant power is mainly due to non-radiative recombination processes (e.g. SRH
recombination, Auger–Meitner recombination) affecting the IQE, as well as to limitations in carrier
injection. The SRH recombination rate is likely dominant at lower current densities while Auger–Meitner
recombination plays an essential role at higher current densities. Nevertheless, self-heating at high currents
can also have a strong influence, as non-radiative recombination rates (e.g. SRH recombination) increase
with higher temperatures. As a matter of fact, the combined low optical efficiency and high electrical power
required to drive AlGaN-based LEDs result in a much higher power dissipation, compared to
shorter-wavelength emitters. Therefore, for an equivalent package footprint, more efficient thermal solutions
have to be embedded by the manufacturers to allow adequate disposal of waste power in the form of heat.
Additionally, if a high irradiance needs to be achieved at system-level, also the thermal management solution
of the luminaire needs to be designed accordingly, considering that it may have to deal with heat power
densities much higher compared to visible LEDs.

From a user perspective, significant variation in non-linearity and drift in thermal stability in
combination with lower efficiency observed in UVC LED products in comparison with visible LEDs could
lead to less predictable and less optimal operational performance in applications. That, in turn, could result
in either underperforming and dissatisfactory disinfection devises or more expensive UVC LED-based
systems, which are over-designed in order to overcome observed variations in UVC LED performance at
different application operating conditions and over time.

The reliability of UVC LEDs is affected by gradual degradation (also referred to as radiant flux
depreciation) and by sudden CFs. While all UVC LED products exhibited gradual radiant power degradation
at varying rates over extended times, CFs tended to be more likely in selected products. Some UVC LEDs
operated for up to 10 000 h and still maintained>90% of the initial radiant power (R90⩾ 10 000 h).
However, other LEDs degraded faster, and their radiant power dropped below 90% after 100 h (see
section 2.2.2). Temperature and current density were found to have the highest impact on the gradual
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degradation with higher temperature and/or higher current densities leading to shorter lifetimes (see
section 2.2.3). It is therefore not recommended to operate such devices under maximum current and or
maximum temperature conditions for long periods. It is assumed that the increase in the concentration of
NRRCs is a cause of the decrease of the radiant power over time. However, there are also indications that a
deterioration of charge CIE also contributes to the decrease in radiant power. Additionally, we also showed
that the lifetime of UVC LEDs can also be limited by the robustness of the packaging materials against high
energy-radiation. While improvements in these fields will strongly depend on technological advancements,
end users should be aware that also the optics of the luminaire system can easily degrade when exposed to
UVC radiation for prolonged periods. Therefore, it is advisable to select materials with proved robustness
against the specific light, in terms of photon energy and density, that is being generated by the system.

Furthermore, this review paper also deals with the mathematical description and extrapolation of the
temporal course of the radiation power during long-term operation. In contrast to visible solid-state
emitters, where a classical exponential function has been typically used to model the trend of the relative flux
depreciation [28, 29], recent works demonstrated that purely exponential decays do not represent the best
mathematical description in the case of UVC and UVB LEDs. Nevertheless, section 3.1 provides an overview
of descriptive models that can partially describe such curve progressions well.

In addition to the change in the current dependency of the radiant power (described above), a change in
the temperature dependency of the radiation power after long-term operation was also observed in several
UVC LEDs. This can lead to deviations if the temporal course of the radiant power is recorded under a
specific measurement condition that deviates from the operating condition in the long-term experiment. It is
therefore recommended to follow the recommendations of LM-80-21 [29], which state that ‘measurement
current should be equal to test stress current’. However, since the temperature dependency of the radiant
power can also change, it may also be important that the measuring temperature corresponds to the stress
temperature, which is strongly related to the specific use case and operating profile. Therefore, the
measurement conditions must be adapted to the stress conditions if the lifetime of a UVC LED is to be
determined in a specific application. Generally speaking, potential users should be aware that radiant power
maintenance models typically used to predict the lifetime of visible LEDs will fail in estimating the useful
operating life of a UVC LED. This ultimately suggests that the scientific and industrial community should
take action and begin consolidating new measuring and analysis approaches specifically devoted to this class
of rapidly emerging solid-state emitters. This would allow to provide a more comprehensive and shared
knowledge base to both device manufacturers and users, ultimately defining the additional set of data
required for a correct evaluation of UVC LEDs performance and lifetime.

To conclude, it has been shown that efficiency and lifetime of UVC LEDs depend strongly on operation
conditions, which has to be considered for designing of UVC LED-based systems. As new technological
solutions become available, it is expected that some of the issues presented in this paper will be solved, or at
least mitigated. Nevertheless, UVC LEDs specific behaviors—such as unconventional radiant power decay
trends, the emission of high-energy photons, increased self-heating and temperature sensitivity—will have to
be handled by the final user, whom should be properly made aware of the substantial differences that
discriminated UVC LEDs from visible solid-state sources.
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