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Abstract: Recent progress in deep ultraviolet light-emitting diodes (DUV 
LEDs) has revolutionized applications in sterilization, water purification, and 
biomedical imaging. Their effectiveness in viral and bacterial inactivation, notably 
demonstrated during the COVID-19 pandemic, underscores their critical role 
in public health and environmental safety. DUV light sources offer mercury-
free operation, compactness, and wavelength tunability, positioning them as 
sustainable alternatives to traditional mercury lamps. Over the past decade, 
significant advances in substrate engineering, optimized epitaxial growth of 
AlGaN layers, and the discovery of efficient inorganic phosphor materials 
have enhanced device performance, with reported wall-plug efficiencies 
improving from below 1% to over 8% for AlGaNbased LEDs operating in 
the 250–280 nm range. The present review provides overview on the recent 
progress, advancements and existing challenges in AlGaN and other inorganic 
phosphor based DUV LEDs, focusing on efficiency device design strategies 
and overall lifetime. Despite these achievements, challenges such as limited 
external quantum efficiency (typically below 10%), high threading dislocation 
densities, and inefficient light extraction remain major issues to be resolved. 
Recent strategies like nanostructured quantum wells, polarization engineering, 
advanced reflective electrodes, hybrid AlGaN phosphor architectures and 
nano-patterned sapphire substrates, combined with optimized doping, thermal 
management, and quantum barrier engineering, have significantly enhanced 
DUV LED efficiency, stability, and reliability. Looking forward, future research 
is expected to focus on integrating advanced nanofabrication techniques, 
improving thermal management, and developing cost-effective large-area 
substrates to achieve high-efficiency, scalable DUV LED systems suitable for 
next-generation photonic, environmental, and biomedical applications.
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1. Introduction

The genesis of DUV technology finds its origin tracing to the conventional mercury lamp sources, 
and eventually evolved with the discovery of wide band-gap semiconductors. Based on their emission 
wavelength, UV LEDs have proved to support wider range of applications. UV emission is classified 
into three bands: UV-A (400 nm – 315 nm), UV-B (315 nm – 280 nm) and UV-C (280 nm – 200 nm). 
1 UV-A and UV-B LEDs initiate the process of polymerization reactions in industrial processes such 
as coatings, adhesives, inks and 3D printing. 2 Apart from displaying greater energy efficiencies, the 
main reason that led to the development of DUV LEDs is their efficacy against the chlorine resistant 
pathogens such as cryptosporidium, which proved to cause numerous gastro-intestinal illnesses. 3 

DUV LED is a well-known suitable light emitter in the UV-C spectrum (280 nm to 200 nm). 4 When 
emitted in this wavelength range, these LEDs find application, primarily for sterilisation of microbes, 
water purification, curing etc. 5,6

The commonly used traditional UV light sources such as mercury vapour lamps generally pose 
environmental hazards, due to the stated toxic nature of mercury. 7 Additionally, poor energy 
efficiencies of mercury lamps guided researchers for developing novel DUV LED materials, that 
are toxic free. 8,9 The Minamata Convention in 2013 further enhanced the development of mercury 
free alternative materials, thereby placing DUV LEDs as a sustainable solution. 10 The main reason of 
preferring UV LEDs over mercury lamps is due to their efficiency, compactness and environmental 
safety. 6 

Traditional water treatment methods like filtration and dependence on chlorine show almost no 
effect in neutralizing the microbes. 11 UV-C LEDs, when emitted in DUV region, are extremely 
effective for inactivation of viruses, bacteria and spores by inducing photochemical changes (disrupt 
the DNA/RNA replication) in their nucleic acids. Kim et al. 12 have reported that a dose of 40 mJ/
cm2 is just enough for neutralizing most of the microbes and pathogens, making these suitable for 
water purification and surface disinfection for household portable systems 13. Similarly, Stanley’s 
electric DUV LED material emitting 265 nm at 40mW output, had shown 99.9% inactivation rate 
for the bacteria E.Coli, within 120 seconds. 8 Such parameters were to be adopted in healthcare 
disinfectant systems, water purification and sterilisation. Researchers have developed several organic 
and inorganic based DUV light emitting materials for obtaining greater efficiencies.

III-V and IV-VI compound semiconductors / insulators are distinguished by their ultra-wide band-
gaps, that enable higher optical transparencies and efficient operation in DUV spectral region. 14 DUV 
LEDs which are based on group-III nitrides and inorganic phosphors offer compact form factors, 
operate at moderate direct currents, exhibit longer operational lifetimes, environmentally friendly 
and provide tunable emission wavelengths through the compositional engineering of active materials. 
This intrinsic property makes them ideal in the field of solar-blind photodetectors and other notable 
DUV sensing technologies 15. Strong structures give these materials high thermal and chemical 
stability, thereby enabling a consistent performance under extreme conditions and intense DUV 
irradiation. Adding to their stability factor, these compounds also exhibit distinct nonlinear optical 
behaviours, such as strong 2nd harmonic generation and phase matching capabilities, that are essential 
in efficient frequency conversion for photonic DUV systems. 16–18 Additionally, the environmental 
compatibility and ease of high-quality crystal growth further enhance their suitability for scalable and 
sustainable integration into next-generation DUV optoelectronic systems devices. 
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The detailed comprehensive analysis of the efficiency between conventional mercury lamps and 
DUV LEDs is presented below:

•	 Spectrum analysis

Conventional mercury lamps emit broad UV spectrum, which disables deeper curing penetration and 
involves toxic mercury and ozone generation. DUV LEDs emit narrowband wavelengths (typically 
255nm to 280 nm for AlGaN LEDs) with no toxic materials, enabling environmental benefits and 
deeper penetration. 19 

•	 Lifetime

Traditional Mercury lamps have a relatively shorter operational lifetimes, typically around 1,000 to 
12,000 hours, depending on the pressure and lamp type, with medium-pressure lamps usually lasting 
less than the low-pressure lamps. 20 DUV LEDs offer much longer lifetimes, typically up to 50,000 
to 100,000 hours for certain devices. 21 This implies fewer replacements of these bulbs and lower 
maintenance costs. LEDs operate without warmup or cooldown periods, whereas mercury lamps 
require warmup time, and these degrade progressively with more usage.

•	 Energy Efficiency

The conventional mercury lamps have a typical wall-plug efficiency (WPE), ranging from 10% to 40%, 
depending on the lamp type (whether low type, or medium type, or pressure type) and application, 
with emissions mainly cantered around 254 nm. 22,23 DUV LEDs currently have a WPE around 1% to 
3%, but the ongoing technological advances expect to increase this beyond 10% in the future. 10 LEDs 
consume significantly less power than mercury lamps, contributing to lower operational costs and 
better energy conservation.  

In addition, few advantages of III-V and IV-VI materials are summarized in the tabular column below.

Table 1 Advantages of III-V and IV-VI materials

2. Synthesis of DUV LEDs using substrate engineering and epitaxial growth

A milestone in GaN technology in the late 1980s gave rise to blue LEDs, which enabled the 
production of efficient artificial white light LEDs. 29 Gallium, when alloyed to AlN gives AlGaN based 
LED materials, which typically emit in UV range giving rise to several notable applications. 30 The 
synthesis of high performance DUV LEDs mainly depends on minimizing the crystalline defects 
present in the AlGaN layers, which directly have an impact on their Internal Quantum Efficiency 

Merit Description Reference

Wide Bandgap & DUV 
Transparency 

Enables DUV emission and solar-blind 
detection 

[24]                                 

Chemical & Thermal Stability
Ensures reliability of the device in 

harsher environments
[25]

High Sensitivity & Swift Response
Provides ultrafast and selective DUV 

detection
[26]

Enhanced Nonlinear Optical 
Properties 

Enables efficient DUV frequency 
conversion  

[27]                                   

Environmentally Friendly & 
Crystal Growth

Assists in scalable fabrication and eco-
friendly material design

[28]           
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(IQE). The dislocation density parameter, with its value lesser than 2×108 cm–3, is crucial in minimizing 
the non-radiative recombination. AlN substrates typically have low lattice mismatch as compared to 
AlGaN and have become the basis for DUV LED fabrication. 

Before we further proceed on discussion on several advancements in substrate engineering, it 
is essential to understand that the main degradation mechanism in DUV LEDs mainly emerges 
from defect related non radiative recombination, thermally induced nonuniform composition and 
leakage current led optical losses. 31 The main factors that significantly minimize EQE and device 
reliability can be stated as point-defects, Al ion migration and Shockley-Read-Hall recombination 
under thermal and electrical stress. 32 Several notable effects such as advanced thermal management 
designs, carefully modified silicone / ceramic packing and graded AlGaN superlattice structures have 
been developed by researchers to mitigate the previously stated factors. These processes not only 
prevent leakage, improve heat dissipation and reduce defect densities, but also help in achieving 
greater device stabilities and longer device lifetimes. 

Recent advancements in engineering the substrate for AlN had shown an enhancement in the power 
output of DUV LEDs. A pseudo 2D growth of good quality AlN films on graphene substrate had 
a reduced effect on the dislocation density and strain, thus achieving a remarkable 22% increase 
in the output power for 272 nm devices, which was achieved through improved IQE and light 
extraction efficiency (LEE). 33 Choosing sapphire over AlN substrates had minimized the lattice 
mismatch, thus giving a 100-fold power enhancement for 280 nm DUV LEDs, through enhancing the 
carrier injection efficiency. 34 Further optimization of the AlN crystal plane orientation had shown 
benefits of anisotropic light extraction, thus boosting the emission intensity of 210 nm LEDs, which 
was achieved through the minimization of photon losses at specific crystallographic interfaces. 35 In 
addition, high-temperature annealing of hydride vapor phase epitaxy (HVPE) grown AlN substrates 
had demonstrated an improvement in the surface morphology, thus enhancing LEE by 8% for 
265 nm flip-chip LEDs, achieved through reduced interfacial roughness. 36 The stated innovations 
collectively report the critical role of the quality of substrate, via graphene integration, lattice 
matching, crystallographic tuning, and post-growth processing, for advancing DUV LED performance 
in applications for disinfection, spectroscopy, sensing etc. Between 2013 and 2023, the power output 
exhibited by DUV LEDs ranged between 10 mW to 200 mW, which was mainly due to the result of 
the enhancement of the AlN substrate quality. 13 

It is crucial to acknowledge that substrate engineering is a key factor in improving the internal and 
external quantum efficiencies of AlGaN-based DUV-LEDs, mainly achieved by optimizing the Aluminium 
composition within the active and buffer layers. Results from recent research studies show that growth 
on AlN substrates drastically reduces the threading dislocation density, that is very much crucial for 
achieving high IQE in Al-Rich AlGaN layers. 37 This results in improvement up to one order of magnitude 
compared to the conventional sapphire substrate. Though Sapphire is cost-effective, it results in significant 
lattice mismatch, thereby lowering IQE in DUV compositions due to enhanced defect densities. 38 In 
addition, the refining of the surface and advanced photonic structures on the substrates contribute to 
greater values of EQE, through promoting better light extraction. Thus, advanced substrate engineering 
techniques directly address, not only the crystal quality and optical management, but also deliver marked 
quantum efficiency gains throughout the composition range of AlGaN.

Amongst various synthesis methods of DUV materials, epitaxial growth is a unique method preferred, 
as it offers precise control on the crystallinity of the material, thickness of the layers and interface 
quality. These factors are crucial and important for the performance of DUV materials. DUV carbon 
materials like carbon nanostructures and wide band-gap graphene, are emerging as key components 
in high-performance optoelectronics, photodetectors, and next-generation quantum devices. 
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A promising approach involves the epitaxial growth of graphene on silicon carbide (SiC). In this 
technique, SiC is heated to elevated temperatures under ultra-high vacuum conditions, leading to 
the sublimation of silicon atoms. The remaining carbon atoms then re-organize into well-ordered 
graphene layers on the SiC substrate. Though this method results in graphene with excellent structural 
and electronic properties, attaining uniformity in larger area and maintaining consistent layer 
thickness is a significant hurdle for scalable DUV applications. However, this limitation is overcome 
by another innovative technique known as remote epitaxy, which involves growing crystalline films 
on a substrate that is coated with 2D material such as graphene.39 Another promising epitaxy 
strategy is known as the Van der Waals epitaxy, that relies on weak interlayer forces between the 
substrate and the deposited film, and is most ideal for integration in DUV systems. 40 Recent studies 
have also reported the epitaxial growth of carbon nano-fibres using carbon nanotubes, through the 
deposition of pyrolytic carbon in the gaseous phase, followed by high-temperature annealing. 41 Using 
this method, researchers have produced nanofibers with excellent thermal and mechanical flexibility, 
suited for extreme DUV environments. 41 Further film quality and reproducibility can be enhanced 
through substrate surface engineering techniques like application of buffer layers, surface coatings, 
or chemical treatments. These techniques help in minimizing defects, control the film thickness and 
improve the homogeneity of epitaxial layers, which are crucial for consistent DUV device fabrication. 
42 Future efforts must focus on refining the epitaxial control through exploration of novel substrates 
and incorporation of real-time growth monitoring of the DUV carbon materials.

3. Thermal management techniques for high power DUV LEDs

High-power operations typically generate significant heat at the junctions, leading to reduced LED 
lifetime; hence, efficient thermal management is essential. To address this issue, thermal-based heat 
sinks are commonly employed, while the mercury-free design of DUV LEDs further supports 
sustainable development goals. Efficient thermal management in high-power DUV LEDs largely 
depends on advancements in both material selection and packaging design, which help lower the 
junction temperature and improve device reliability. 43 Ceramic substrates such as Aluminium nitride 
(AlN) offer high thermal conductivity and enable dense packing, making them highly suitable for 
efficient heat dissipation in DUV applications. 44 However, their relatively high cost compared to 
Aluminium or Aluminium-based ceramics limits their widespread use. To further enhance heat 
dissipation and spreading, standard industrial techniques such as thermal arrays, copper planes, and 
active cooling methods (including liquid cooling and forced convection) are employed. 45 Moreover, 
microchannel cooling structures and phase-change materials have gained considerable attention for 
mitigating thermal gradients and localized hotspots in compact, high-power device configurations. 46 
Overall, substantial progress has been achieved over the past few decades through the integration of 
high-thermal-conductivity ceramic materials with advanced cooling structures, resulting in enhanced 
thermal management at both the device and system levels.

4. Wavelength conversion using phosphor materials

Though phosphors are essential ingredients in development of visible LEDs, they also play a crucial 
and important role in DUV LEDs. Band-gap engineering in GaN is essential to achieve excellent 
optoelectronic properties for applications in lasers, LEDs and several high-power devices. Thus, 
bandgap engineering in AlGaN-based deep ultraviolet (DUV) materials enables tunable emission from 
200-280 nm by systematically varying aluminium composition from GaN (3.4 eV) to AlN (6.2 eV). 47 
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Techniques like strain-engineering have reported a compressive strain in GaN/AlGaN nanowires, 
that can induce band-gap shifts up to 240 meV. 48 Similarly, it was reported that uniaxial strain of 
GaN nanowires leads to a linear decline of the band-gap. 49 Several doping and co-doping strategies 
like co-introduction of C-Ge or C-Sn create meta-stable states, which narrow the band-gap and 
enhance the visible light absorption. 50 The phenomenon of Quantum confinement observed in GaN 
nanostructures has also shown an increase in the band-gap with reduced size due to surface effects. 
51 These reported strategies have collectively enabled precise control over GaN band structure for 
DUV device applications.

4.1 GaN based DUV LEDs

Yi Lu et al. 52 reported monolithic integration of DUV and visible LEDs for the radiative sterilization 
applications. This was accomplished by cascading AlGaN/AlGaN/AlGaN multiple QWs and GaN/
InGaN/GaN QWs through the compositional grading AlGaN cascade region, as shown in figure 1. 

The inevitable overflown electrons from DUV QWs are deliberately introduced into the visible 
QWs, allowing for the electron–hole recombination and the simultaneous emission of visible light. 
Both experiment and simulation results confirmed the feasibility of the proposed dual-wavelength 
LED integration. The proposed DUV & visible LED showed an EQE and WPE of 2.03% and 1.54% at 
40 mA, respectively. 

Ke Jiang et al. 53 fabricated AlGaN-based DUV LEDs with different wavelength on high-temperature-
annealed (HTA) AlN/Sapphire templates. The AlN/AlGaN superlattices were employed between the 
template and upper n-AlGaN to release the strong compressive stress (SCS), improving the crystal 
quality and interface roughness. DUV LEDs with the wavelength of 256, 265, and 278 nm, corresponding 
to the light output power of 6.8, 9.6, and 12.5 mW, were realized. They argued that GaN/AlN QWs 
possess strong quantum confinement in one-monolayer limit which dramatically enhances the exciton 
binding energy (up to 230 meV). This provides extreme 2D confinement of excitons, being ideally 
suited for light generation in the deep ultraviolet. Toropov et al. 54 have reported a single monolayer of 
GaN in AlN as a heterostructure fabricated by molecular beam epitaxy 55 which provides extreme 2D 
confinement of excitons, which is ideal for light generation in the DUV region. They have also reported 
an internal quantum yield of 75% at room-temperature, due to excitonic emission at 235 nm.  Lu et al. 
56 demonstrated a truncated pyramid nanostructure in (AlN)8/(GaN)2 digital alloys, fabricated using 
nanoimprint lithography and etching techniques. They further stated that the design enhanced LEE by 
191%, compared to planar structures, as shown in figure 2.

Figure 1 Schematic structure of the proposed LED, containing visible emitting 
QWs grown on top of the DUV emitting QWs. 
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Figure 2 Truncated pyramid nanostructure of AlGaN DUVs

Chenguang He et al. 57 achieved self-organized high crystalline quality of AlGaN quantum wire arrays, by 
engineering the surface morphology of AlN templates, that resulted in IQE of 70% for DUV emission. 

4.2 Band gap engineering in AlGaN based DUV LEDs 

The energy band gap of AlxGa1–xN alloys increases steadily as more Aluminium is added from about 
3.4 eV in pure GaN (x = 0) to about 6.2 eV in pure AlN (x = 1). This change in composition lets us 
adjust the light emission wavelength from 365 nm (near-ultraviolet) to 210 nm (deep ultraviolet), which 
is useful for things like killing germs, cleaning water, and detecting chemicals. The increase in band gap 
happens because the conduction band moves up and the valence band moves down as Aluminium 
content rises as illustrated in figure 3. This shift makes the emitted photons more energetic, producing 
shorter wavelengths. In LED devices made from AlGaN, the light-emitting region called the multiple 
quanta well can be designed with specific Aluminium levels to control the colour of light. This idea, 
known as “Emission Tunability via Al Content Engineering” is key to making advanced deep-UV light 
sources. Experiments and computer models show that the band gap doesn’t change in a straight line, it 
bends slightly, which scientists describe using the Varshni equation and a bowing factor. 

Figure 3: (a) Band-gap energy (Eg) increases smoothly from ~3.4 eV (GaN) to ~6.2 eV (AlN) as 
a function of Al mole fraction (x). Emission wavelength with band gaps 365 to 210 nm are shaded  
highlighting the tunable DUV emission window (range: 200 to 300 nm). (b) Band alignment for GaN, 
AlGaN and AlN illustrating conduction band upward shifts and valence band downward shifts with 
increasing Al content, Arrows show electric transitions of DUV photons with varying energy (λ1, 
λ2, λ3). (c) AlGaN based LED structure emphasizing emission tunability via Al composition in multi-
quantum wall layers. 
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4.3 Research Gap in AlGaN and Phosphor-Based DUV LEDs

AlGaN-based DUV LEDs face inherent challenges such as low hole injection efficiency and UV 
absorption in p-layers. Recent advancements, including nanoscale structuring, reflective contact 
design, substrate engineering, and the incorporation of molecular p-type dopants such as DPI–TPFB 
and F4TCNQ to enhance hole mobility and reduce injection barriers. 58 Strategies for interfacial 
engineering such as energy-level tuning of hole transport layers and valence state optimization via 
UV zone treatment have collectively led to significant improvements in charge balance and defect 
reduction. 59 Up to fourfold enhancements in EQE and device lifetime in blue PeLEDs and solution-
processed QLEDs advance the overall reliability and performance of optoelectronic devices.

The maximum efficiency reported for DUV LEDs varied across different studies, with significant 
advancements in recent years. The highest EQE achieved reported was 11% for 278 nm AlGaN 
based DUV LEDs, due to the improvement in material quality and light extraction techniques. 60 
Such lower values of EQE generally limits the antibacterial and sterilization effectiveness. Other 
notable efficiencies include 7.2% for a 255 nm tunnel junction LED, which represents a substantial 
increase over previous designs. 61 Additionally, a 254 nm tunnel junction LED demonstrated an IQE of 
approximately 88%, marking a significant milestone in DUV LED technology. 62 The typical challenges 
of these include higher threading dislocation densities due to lattice mismatch with substrates, 
low light extraction efficiency (LEE), and carrier injection issues reducing IQE. 63 To combat these 
issues, packaging of these LEDs, device reliability, efficiency improvement in hole injection, control of 
electron leakage and optical extraction are the active research avenues for the researchers. The main 
reason in using of AlGaN based DUV LEDs lies in raising the WPE parameter and stable outputs 
comparable to the mercury lamps, to enable broader industrial and biomedical applications.

4.4 Inorganic Phosphors / Nanophosphors based DUV LEDs

Phosphate-based phosphors, such as Bi doped yttrium phosphate (YPO4), Pr activated Ca2Al2SiO7, 
and  Pr3+-doped Li(Al7B4O17) have proved to be a potential material for tunable emission spectra. 
47–49 When activated by  Bi or Pr, these inorganic phosphors emit DUV-C light under UV excitation, 
thus offering methods for development of multifunctional DUV devices, for potential applications 
for both illumination and disinfection. 50 However, phosphors based DUVs require excellent stability 
when irradiated with higher energies, which is an area of further research. Xu et al. 64 have stated in 
their work the unique features in the atomic and electronic configurations of DUV light emitters. 
They have reported the fundamental genetic reasons as to why DUV light emitters are extremely 
rare. They have studied the design and synthesis of several DUV light emitters and established the 
genetic nature of ultrawide band-gap semiconductors. They have also worked and arrived at a high-
throughput computational search for DUV light emitters, based on specially designed screening 
criteria relating to electronic structure. Through this approach, they have identified 5 promising 
material candidates that exhibit comparable or higher radiative recombination coefficients than AlN, 
like BeGeN2, Mg3NF3, KCaBr3, KHS, and RbHS. Lin et al. 65 reported β-Ga2O3 p–i–n heterostructure 
grown on p-GaN by sequential vapor-cooling condensation of i-Ga2O3 and Si-doped Ga2O3, 
followed by 900°C annealing. The device showed strong deep-UV electroluminescence peaking at 
248 nm. They have also measured and reported the electron concentrations to be ~1×1015 cm-3 
in i-Ga2O3 and 2.2×1017 cm-3 in n-Ga2O3:Si. Mohammad M. Afandi et al. 66 have also reported DUV 
electroluminescent device using Bi3+ doped yttrium phosphate (YPB) phosphor. They have optimized 
dopant concentration, phase-morphological, and electro-optical properties of the developed YBP 
phosphor. They also reported that under AC-driven sinusoidal waveform, the EL emits a narrowband 
DUV spectrum peaking at 243 nm. Rojas-Hernandez et al. 67 reported in their work that undoped 
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ZnAl2O4 fibers which were synthesized though cost-efficient wet chemical route. The rare-earth-
free ZnAl2O4 nanofibers exhibited a strong UV emission with two bands, peaking at 5.4 eV (230 
nm) and 4.75 eV (261 nm) respectively. The emission intensity was controlled through tuning the 
Zn/Al ratio. Xulong Lv et. al. 68 synthesized ScBO3:Bi3+ phosphors via a high-temperature solid-state 
reaction method. These phosphors exhibit intense and long-lasting DUV-C luminescence centred 
at 299nm due to the presence of various defect levels and external stimulus, which show excellent 
energy storage capabilities. Yan-Min Yang et al. 69 developed Pr-doped polycrystalline fluoride lepidolite 
persistent phosphors (Cs2NaYF6:Pr3+) which was prepared by high temperature solid-state reaction 
method. This phosphor showed strong UV-C emission at 250 nm, with an initial power density over 
10 mW/m2 and an afterglow greater than 2 hours. Wang et al. 70 reported Pr3+ doped Li(Al7B4O17) 
nanocrystals (NCs), embedded with fluoride in the glass matrix. These nano-GCs reported DUV 
emission at 250 nm, with the photoluminescence quantum yield of 25.93%.   	  

DUV LEDs have emerged as a green and sustainable alternative to conventional mercury-based 
lamps, particularly for applications such as disinfection and sterilization. This transition has sparked 
significant research interest, aimed at enhancing the performance and efficiency of DUV LED devices. 
Amongst them, AlGaN-based DUV LEDs have gathered particular attention, as researchers strive to 
address persistent challenges related to reliability, efficiency, and thermal management. For example, 
Li et al. have reviewed AlGaN DUV LEDs and reported that these materials typically have EQEs 
below 10%, due to polarization fields and poor p‑type doping. 55 Selective promising techniques such 
as thermal annealing of reflective electrodes 38,71 have shown promise, by offering significant gain in 
the EQE. Researchers have also relied on several computational screening methods for identifying 
potential DUV light emitters with desirable properties. 

Progress in UV-C emitting phosphors and study of nonlinear optical (NLO) crystals like Rb2ScB3O6F2 

have opened new arenas for next-generation DUV photonic devices. These advancements promise 
potential applications, from water purification to high-resolution, maskless photolithography, etc. 
Recent studies have shown the development of several NLO based materials 72–76 for application in 
DUV devices. Additionally, there are few more prominent review papers 77–81 published in the recent 
years, that discuss the development and evolution of DUV C LEDs.

4.5 AI-based approaches for design of novel DUV emitters

In the past decade, researchers have stated and proved that computational and AI-based methods 
are gaining pivotal role in designing novel DUV emitters due to their ability in handling complex 
datasets of various materials, used in applications related to optimize the device architectures. 
Several notable Machine learning (ML) frameworks such as stacking ensemble models and Light GBM 
regression models have been found to rapidly screen ultra-wide bandgap (UWBG) semiconductors, 
thus enabling identification of promising DUV materials amongst the thousands of similar materials. 
82 Integration of ML with first-principles calculations (such as DFT) fine tunes the predictions for 
ideal (and practical) bandgaps, optical properties and stability. 83 Also, effective AI approaches like 
SHAP uncover the structure property relationships which reform the material selection. 84 Deep 
learning models and convolutional neural networks (CNNs) have been often used to extract crucial 
features that affect the luminous performance of AlGaN-based DUV LEDs, thus predicting the device 
efficiencies. Additionally, numerous data-driven optimization methods, including genetic algorithms 
or reinforcement learning, fine-tune layer structures and compositions, significantly accelerate the 
discovery and advancing of high-performance DUV emitters. 85
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5. Conclusion

DUV LEDs have emerged as sustainable light sources, offering significant advantages over the 
conventional mercury lamps, in terms of ecofriendly nature and high efficiency. The present review 
focusses on advancements in AlGaN-based quantum structures which emerged as promising 
approaches to develop novel LEDs for notable applications in various fields, such as sterilization, 
biomedical imaging, and environmental monitoring, as reported in the past decade. The article also 
discusses the synthesis of novel inorganic phosphor materials which have expanded the application 
scope of DUV LEDs. Future progress centres on optimizing quantum well designs, enhancing 
the crystal quality, and improving light extraction methodologies. Additionally, the incorporation 
of innovative phosphors and nanostructures also revealed new performance metrics, mainly for 
emission tunability and efficiency. The discussion in this article centres and concludes with innovation 
of DUV LEDs for application in next-generation devices for global health, safety and sustainability.   

6. Future Directions

Research on DUV LEDs must focus on overcoming the efficiency barrier through several factors 
like optimization of quantum well structures, improving high Al content in the AlGaN crystal quality 
and enhancing the light extraction techniques. The integration of novel inorganic phosphors and 
nanostructures offer promising approached for enhancing the emission efficiency as well as tunability 
of the spectra towards DUV region. Development of robust, compact, and low-cost packaging 
materials is essential for real world applications. With an increased demand for applications related 
to sterilization, biosensing, and environmental monitoring, notable interdisciplinary strategies 
involving cross cultural disciplines such as materials science, photonics, and device engineering will 
be essential. The stated advancements will aim for developing next-generation DUV LEDs with 
enhanced performance, safety, and global applicability.
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