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Abstract. Deep-UV LEDs typically refer to ultraviolet LEDs that emit wavelengths of approximately 
200–280 nm or <300 nm. Their primary material system is AlGaN, and by adjusting the Al content, 
the bandgap can be shifted into the deep ultraviolet region to achieve the desired wavelength. Deep-
UV LEDs offer advantages such as long lifespan, tunable wavelengths, and mercury-free operation, 
making them highly promising for sterilization and disinfection, water treatment, medical disinfection, 
lithography, and specific sensing applications. However, deep ultraviolet LEDs still face bottlenecks 
such as low internal quantum efficiency, limited external quantum efficiency, and insufficient device 
lifetime. One core factor contributing to these issues is the challenge in device structural design. 
Based on understanding the principles of deep-UV LEDs, this paper explores various methods for 
optimizing device architecture, such as tunnel junctions, nanostructured patterns, and ultra-thin 
quantum wells, and their impact on the performance of deep-UV LEDs. Ultimately, through these 
discussions, this review hopes to provide a reference for designing highly efficient, long-lasting deep-
UV LEDs and promote their practical application in public health, environmental protection, and 
industrial manufacturing. 
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1. Introduction 

Deep-ultraviolet (DUV) light-emitting diodes typically operate in the 200–280 nm band, which 
relies on the AlGaN/AlN material system whose bandgap can be tailored by the Al composition with 
GaN ≈ 3.4 eV and AlN ≈ 6.2 eV, following λ ≈ 1240/Eg nm. The photon energy in this wavelength 
range is 4.4–6.2 eV, directly destroying DNA and RNA. Therefore, it can be used for water treatment, 
air purification, and surface sterilization (such as in hospitals, drinking water systems, and air 
circulation systems) [1]. In another field, traditional low-pressure mercury lamps (254 nm) are the 
mainstream DUV light source, but they contain mercury and are hazardous to the environment [2]. 
AlGaN deep ultraviolet LEDs are mercury-free and environmentally friendly. Official materials from 
various countries and industry organizations also regard mercury-free LEDs as a medium- to long-
term replacement option [3]. Due to the unique properties of AlGaN and the wavelength of light it 
emits, DUV LEDs are also widely used in other fields. 

However, DUV LEDs also face technical bottlenecks and scientific issues. Due to limitations in 
their materials and structure—namely, the use of high-Al-content AlGaN materials and multi-
quantum-well structures (MQWs)—DUV LEDs face the following three primary challenges: 
difficulties in p-type doping with low hole injection efficiency, low light extraction efficiency (LEE) 
with high material defect density, and strong polarization electric fields with electron-hole 
wavefunction separation. These are the core physical bottlenecks currently limiting the development 
of DUV LEDs [1, 4, 5]. To address these bottlenecks, we are exploring approaches from the 
perspective of optimizing the device architecture of DUV LEDs. Three methods that can tackle the 
challenges above are tunnel junction (TJ), nanopatterned structure (NPS), and ultrathin quantum wells 
(UTQWs). This paper will explain these methods' mechanisms and analyze the performance 
improvements they bring to DUV LEDs. Furthermore, it will explore their advantages and 
disadvantages, the potential for complementary combinations, current limitations, and future 
development directions. Ultimately, it aims to provide a reference for designing highly efficient, long-
lasting deep-UV LEDs that can play increasingly vital roles across various fields.  
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2. Research Progress on Deep Ultraviolet LEDs 

2.1 Principles of Deep UV LEDs 

The core principle of deep UV LEDs is the same as that of ordinary visible light LEDs based on 
semiconductor bandgap luminescence. The difference is that its materials and structure are more 
difficult to achieve. Its material principle is to change the bandgap of AlGaN by altering the Al content 
to obtain photons of specific wavelengths and energies. This is our most basic principle and one that 
we repeatedly emphasize. 

 
Figure 1: Theoretical graph of AlGaN band gap as a function of Al mole fraction [6]. 

Regarding the structural principle, DUV LEDs use a multi-quantum well (MQW) structure: a light-
emitting layer is sandwiched between n-type AlGaN and p-type AlGaN. The light-emitting layer of 
multiple quantum wells (MQWs) consists of alternating quantum wells and barriers of AlGaN/AlGaN. 
Electrons and holes recombine here, emitting deep ultraviolet light. MQWs can produce quantum 
confinement effects, confining electrons and holes in thin quantum wells, increasing the probability 
of encountering each other, and improving the radiation recombination rate. At the same time, they 
also play a role in wavelength control, precisely controlling the emission wavelength (200–280 nm) 
by adjusting the Al content and quantum well thickness [7]. 

 
Figure 2: Construction of AlGaN‐based Deep UV LED [8] 
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2.2 Limitations and Issues Arising from the Principles 

However, such material and structural principles are also the source of their limitations and 
problems—first, the difficulty of p-type doping results in low hole concentration. In AlGaN with high 
Al content, the Mg-doped acceptor level is intense (> 0.5 eV), which results in holes being almost 
unable to be effectively activated. Consequently, hole injection efficiency, electron-hole imbalance, 
and recombination efficiency are extremely low. Hole injection is more serious than electron injection 
and is one of the efficiency bottlenecks of DeTHiep UV LEDs [1]. 

Second, material issues lead to low light extraction efficiency (LEE) and high material defect 
density. For low LEE, the refractive index of AlGaN is significantly higher than that of air and 
packaging materials, resulting in a minimal critical angle. Most emitted light undergoes total internal 
reflection at the interface, forming waveguide or substrate modes within the chip that cannot directly 
escape as external photons. Meanwhile, traditional p-type contact layers (or p-GaN metal electrodes) 
exhibit strong absorption in the deep ultraviolet band. This directly absorbs emitted light and 
dissipates it as heat, reducing LE [5]. Deep-UV LEDs commonly employ AlGaN/AlN epitaxial layers 
for high material defect density, but in most cases, these are not grown on perfectly matched AlN 
substrates. Widely used substrates such as sapphire, Si, and SiC exhibit differences in lattice constants 
and thermal expansion coefficients compared to AlN/AlGaN. This mismatch prevents perfect lattice 
alignment during the initial epitaxial growth stage, leading to many threading dislocations (TDs) [9]. 
Dislocations act as non-radiative recombination centers for SRH pairs. When electrons and holes 
recombine here, their energy is dissipated as heat rather than converted into light. Consequently, the 
probability of photon emission decreases, reducing the internal quantum efficiency (IQE). 

Third, for the strong polarization electric fields and electron-hole wavefunction separation, AlGaN, 
a polarized semiconductor, exhibits spontaneous polarization and piezoelectric polarization, forming 
a strong built-in electric field within MQWs. This causes electrons and holes to separate within the 
quantum wells (the Quantum Confinement Stark Effect, QCSE), ultimately reducing the overlap of 
electron and hole wave functions and decreasing the probability of radiative recombination [4]. 

3. Optimization of Device Architecture Applied 

3.1 Tunneling Junction 

A tunneling junction typically consists of a very narrow p⁺/n⁺ junction with highly doped regions 
on both sides or a short-range potential barrier formed by a heteroepitaxial layer. When the depletion 
region is extremely narrow and abundant occupied states exist on both sides, carriers can directly 
traverse the barrier via quantum mechanical tunneling without thermally crossing the significant 
energy barrier (Esaki-type/interband tunneling principle) [10].  

 
Figure 3: (a) The energy band at zero bias, illustrating the structure and initial energy band 

conditions of the tunnel junction. (b) The energy bands in the operational state, revealing the 
formation mechanism of the tunneling current [11]. 
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The probability of tunneling generally decreases exponentially with barrier width and height. 
WKB can approximate it as 

𝑇 ~ exp ሺെ
2
ħ

න ඥ2𝑚ሺ𝑉ሺ𝑥ሻ െ 𝐸ሻ𝑑𝑥ሻ 

This indicates that thinning the depletion layer or lowering the barrier height can exponentially 
increase the tunneling current [10]. 

For the optical gain resulting from the tunnel junction, using a tunnel junction to make the top of 
the device n-type or employing a transparent/low-absorption TJ layer eliminates the absorption and 
blocking of DUV light by the p-GaN/p-AlGaN/metal layers, thereby significantly increasing the 
number of photons escaping from the top surface. This effect is particularly pronounced in top/front-
emitting devices. Experiments and device operation have demonstrated that this structure enhances 
light output power [12]. For the electrical gain introduced by the tunnel junction, n-type AlGaN/n-
type contacts facilitate the formation of low-resistance contacts. Introducing TJ reduces the series 
resistance across the entire device, resulting in more uniform current distribution. This enhances 
power efficiency and minimizes voltage drop. Multiple experimental sets demonstrate that TJ LEDs 
exhibit more stable I–V characteristics and EL intensity at high currents [11][13]. 

3.2 Nanopatterned Structures 

Nanopatterned Structures (NPS) introduce submicron/nanoscale periodic or random topographies 
(pits, cones, pillars, photonic crystal lattices, etc.) onto substrate or epitaxial surfaces. These structures 
simultaneously enhance Deep-UV LED performance through two primary pathways: optical 
coupling/sc nanoscale periodic or random topographies (pits, cones, pillars, photonic crystal lattices, 
etc.) onto substrates or epitaxial surfaces. By simultaneously enhancing light extraction efficiency 
(LEE) and material quality (reducing dislocation density, TDD) through optical coupling/scattering 
and epitaxial growth control, NPS significantly boosts the external quantum efficiency (EQE) of 
deep-UV LEDs [14][15]. 

Nanopatterns act as scattering centers or diffraction gratings for NPS, enhancing LEE through 
optical mechanisms. They convert waveguide/substrate modes initially confined into radiative modes 
via Bragg scattering or weak coupling, enabling extraction into the external light cone. This coupling 
is most effective for structures with periods close to or slightly smaller than the emission wavelength. 
Specific patterns can shift the light field away from the near-absorbing top layer (metal or p-GaN) or 
deflect the emission direction toward the n-layer, thereby reducing the probability of absorption by 
the p-contact/metal. Under specific optimized geometries, the LEE can be increased from ~4.6% to 
~15% [5][15]. 

For NPS, TDD is reduced through the regulation of epitaxial growth. When AlN/AlGaN grows on 
nanopatterned sapphire substrates, initial island-like growth occurs along the pattern edges. Lateral 
merging between islands can bend or block threading dislocations, achieving lower TDD at thinner 
epitaxial thicknesses. For example, the co-growth thickness of AlN on NPSS can be significantly 
reduced, facilitating subsequent AlGaN growth. This has been confirmed in multiple studies [16][14]. 
Meanwhile, the pattern helps locally release strain, prevent crack propagation, and modulate the 
surface micro-morphology, thereby facilitating the formation of subsequent epitaxial layers with 
improved flatness and crystalline quality [17]. 

3.3 Ultrathin Quantum Wells 

Ultrathin quantum wells (UTQWs) refer to quantum wells whose thickness is reduced to the scale 
of a single layer or a few atomic layers (monolayer, or ≤1–2 nm). At this scale, electrons and holes 
become strongly quantized with large energy level separation and significant bandgap engineering, 
and the interaction between the electric field within the quantum well (e.g., the built-in field generated 
by polarization) and quantum confinement effects differs significantly from that in conventional 
thicker quantum wells. UTQWs can be formed from genuine monolayer GaN/AlN or thin AlGaN 
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structures, or approximate “ultrathin well” effects can be achieved through short-period 
superlattices/digital-alloy structures (alternating several monolayers) [18]. 

When the thickness of the quantum well (QW) is significantly smaller than the length required to 
generate a potential drop, the “total potential difference” within the well decreases, resulting in 
reduced separation between electrons and holes. Concurrently, quantum confinement causes the wave 
function to become more localized, increasing the transition matrix elements. Experiments 
demonstrate that the radiative properties of ultra-thin (single-layer or few-layer) QWs are 
significantly enhanced [19, 20]. Narrow wells and high barriers, such as AlN barriers, better confine 
electrons, preventing them from leaking into the p-region under appropriate designs. Simultaneously, 
higher overlap enables equivalent radiation output at lower currents, reducing power consumption 
and thermal effects. The EL/IV performance and lifetime of related devices have been validated in 
several studies [21]. 

4. Analysis of Device Architecture Optimization Applied: 

The advantages of the tunneling junction are those we discussed: improved light extraction 
efficiency in the optical domain and more uniform current distribution in the electrical domain, 
enabling more thorough tunneling and enhancing hole injection efficiency. However, it also faces 
challenges and trade-offs: tunneling junctions typically require nanometer-level thickness control and 
high-quality interfaces, as any interface states may increase resistance or introduce leakage or non-
radiative channels [22]. In addition, achieving p⁺-doping in high-Al-content AlGaN is challenging, 
limiting the feasibility of homogenous tunneling junctions relying solely on doping. In high-Al-
content DUV devices, polarization engineering is often required to address their first disadvantage 
for the future development prospects of tunneling junctions. Future objectives may involve using 
ultra-thin (several nanometer-level) GaN, extremely thin InGaN intercalations, or short-period 
AlGaN/GaN superlattices. This approach reduces barrier height and width while controlling 
intercalation thickness to avoid significant absorption of deep ultraviolet (DUV) light. It can 
circumvent absorption points with flip-chip and back-illumination designs [11, 24]. Achieving stable 
growth of nanometer-scale intercalation layers in MOCVD/MBE while avoiding phase separation 
and interfacial states. Experimentally, Pandey et al. have already obtained promising results [11]. 

On the one hand, NPS can enhance LEE and reduce TDD through optical mechanisms and 
regulation of epitaxial growth. Still, on the other hand, deep-UV LEDs operate at wavelengths 
between 200 and 280 nm, necessitating effective scattering/coupling pattern sizes typically ranging 
from tens to hundreds of nanometers. Achieving periodic photonic crystals or regular NPSS requires 
high-precision processes such as nanoimprint lithography (NIL), electron beam lithography (EBL), 
and nanosphere lithography. These methods are costly or suffer from insufficient large-area 
uniformity [25]. The following future development directions address this bottleneck: First, adopt 
advanced nanoimprinting for large-area replication to resolve cost issues. Second, nanosphere self-
assembly can be combined with etching control to balance low cost and random scattering 
enhancement. Third, atomic layer etching (ALE) should be integrated with atomic layer deposition 
(ALD) to provide nanometer-scale control while minimizing etching damage [14][25]. These 
approaches correspond to three parallel future manufacturing pathways for NPS: industrialization, 
commercialization, and high-end optimization, which may ultimately converge. 

For ultrathin quantum wells, they effectively reduce QCSE, preventing electrons and holes from 
being strongly separated, while quantum confinement localizes the wave function. However, they 
also have limitations and require trade-offs. When the barrier is extremely thin relative to the gate, 
electrons or holes may reduce their recombination probability through tunneling or thermal escape, a 
phenomenon particularly pronounced at high temperatures and currents. A balance must be achieved 
between barrier thickness, gate thickness, and height [26]. Additionally, UTQW offers optical 
advantages, but if the top layer or electrodes—such as the p-layer or metal—still exhibit significant 
absorption, the improvement in EQE remains limited. Typically, this requires combined optimization 
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with structures like flip-chip packaging, transparent electrodes, or tunnel junctions. Advancements in 
molecular beam epitaxy (MBE) and atomic layer deposition (ALD) technologies have enabled more 
precise control over layer thickness and composition. These techniques reduce defect density and 
enhance the overall quality of UTQWs, thereby improving their performance in deep ultraviolet LEDs 
[7][17]. 

5. Conclusion 

This paper first reviews the current status of deep-UV LEDs, analyzing the underlying bottlenecks 
and their origins from the perspectives of materials and structural principles. The primary bottlenecks 
are threefold: First, difficulties in p-type doping and low hole injection efficiency; second, low LEE 
and high material defect density; third, strong polarization electric fields and electron-hole 
wavefunction separation. To address these challenges, we focus on exploring three device-structural 
optimization approaches: Tunnel Junctions (TJ), Nanopatterned Structures (NPS), and Ultrathin 
Quantum Wells (UTQWs). We then delve into each approach, detailing its mechanisms for enhancing 
Deep-UV LED performance and the resulting improvements. We also address their limitations and 
trade-offs, concluding with their respective future development prospects and potential for 
complementary synergies. This paper aims to elucidate the current state of deep-UV LED 
development and elaborate on structural approaches to enhance their performance. It provides a 
reference for their expanded applications in public health, environmental protection, and industrial 
manufacturing. 
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