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In this article, the development of mid-UV laser diodes based on the AlGaN materials system is reviewed. 
The targeted wavelength for these lasers covers the range from 200 to 350 nm. After introducing UV laser 
diodes and explaining their applications, the challenges in growth, design, and fabrication are discussed. 
In addition, recent results from optically and electrically injected UV laser diodes are presented. Finally, 
we will discuss possible pathways to improve performance and give an outlook on the expected 
development of UV laser diodes in the near future.

Introduction
The first GaAs-based semiconductor laser diode was demon-
strated in 1962, only two years after the realization of the first 
gas laser [1, 2]. Initially, operation of the devices was limited to 
low temperatures (77 K), needed high injection current densi-
ties, and relied on pulsed operation. After another decade of 
research and the invention of the double-heterojunction, sepa-
rate-confinement structures by Alferov, GaAs lasers were able 
to provide continuous wave (cw) emission at room tempera-
ture in 1970 [3]. Today, almost all diode lasers emitting in the 
red and infrared wavelength range are based on the AlGaInAs 
system and have found broad applications and commercializa-
tion with a multibillion dollar optical communications market 
that secures millions of jobs worldwide. The extension into the 
visible wavelength range using arsenides is not possible due to 
the narrow bandgap of the material. Based on their stability, 
InGaN-based laser diodes emerged as the dominating tech-
nology for green to blue diodes. Using GaN and InGaN active 
regions, electrically injected lasing spanning the range from 
360 nm up to the red wavelength region was demonstrated, 
and laser diodes with wavelengths down to 370 nm are com-
mercially available [4, 5]. Nowadays, a further extension of the 
available laser diode spectrum is sought after, with focus on the 
UV range using AlGaN as the active region. While there are 
some successful attempts on the Ga-rich side with electrically 

injected lasing being demonstrated around 330 nm, shorter 
wavelengths are still challenging [6]. So far, only two groups 
succeeded in achieving electrically injected lasing in the UVC 
range [7, 8]. The challenges to achieve UV lasing from Al-rich 
AlGaN-based laser diodes with emission < 350 nm are mani-
fold and include control of high-quality AlGaN growth, limited 
doping capabilities, low confinement and high loss in the laser 
cavities, high resistance contacts, and limited carrier injection 
capabilities. Only when all of these challenges are addresses 
simultaneously in one device, electrically injected UV lasing 
is possible.

This review article is giving an overview over the develop-
ment of AlGaN-based UV laser diodes emitting in the sub-
350 nm regime. Following this introduction, possible applica-
tions and the impact UV laser diodes may have in the future are 
presented. Growth of AlGaN layers and related challenges are 
presented next, with special focus on using different substrates 
and the reduction of point defects in the epitaxial layers. Dop-
ing challenges will be discussed and pathways to achieve high 
free electron and hole concentrations in Al-rich AlGaN will also 
be highlighted. While the design of UV laser diodes in gen-
eral follows that of InGaN and AlGaAs-based devices, there are 
design challenges specific to the AlGaN-based system that will 
be summarized, including the p-GaN contact, waveguides and 
the refractive index, and design of the active region. Fabrication 
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and packaging of UV laser diodes will be addressed and results 
from electrically injected laser diodes present in literature will be 
highlighted. Finally, an outlook on possible future developments 
and pathways to improve UV lasing are included.

Applications, requirements, and economics 
of AlGaN‑based UV laser diodes
Lasers emitting in the UV find broad applications in many 
fields ranging from lithography to quantum computing. The 
dominating technology for UV lasers are gas lasers, followed 
by frequency doubled visible or infrared lasers for some niche 
applications. For many applications, AlGaN-based laser 
diodes could replace these conventional emitters by provid-
ing coherent light emission in the UVA (350–315 nm), UVB 
(315–280 nm), or UVC (280–210 nm) range. The advantage 
of laser diodes over gas lasers is obvious: Laser diodes are 

significantly smaller, more robust against vibrations, need 
much simpler power supplies, have lower power consump-
tion and higher efficiency, are potentially much cheaper if 
mass produced, similar to LEDs or VIS laser diodes, are more 
versatile allowing for portable applications, and have much 
longer lifetimes. The main downside of semiconductors com-
pared to gas laser is their low beam quality. The prime materi-
als system for the growth and fabrication of UV laser diodes 
is the AlGaN materials system (Fig. 1—left). This is based on 
its wide, direct bandgap and the proven capability to dope 
AlGaN over the whole compositional range to produce p/n 
junctions [9]. Laser diodes emitting at wavelength > 300 nm 
typically would be grown using Ga-rich AlGaN and devices 
emitting < 300 nm would be based on Al-rich AlGaN. Demon-
stration and commercialization of a sub 300 nm cw UV laser 
diode is understood as an enabling technology that will spawn 
many unexpected applications. Several potential applications 

Figure 1:   (left) Bandgap emission of GaN and AlN illustrating that the ternary semiconductor AlGaN can cover the UVA, UVB and UVC wavelength 
range. (right) Potential applications for AlGaN-based UVA (350–320 nm), UVB (315–280 nm), and UVC (280–200 nm) laser diodes. For most applications, 
gas lasers find already broad application, but laser diodes would, given they provide the desired power and beam quality, be superior for various 
reasons. (bottom) Schematic image for a UVC-based Raman spectroscopy system to detect viruses.
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have previously been identified and are summarized in Fig. 1 
(right) and Table 1. 

Figure 1 highlights several potential application fields for 
UV laser diodes. The potential applications are very diverse 
and include application as excitation sources for atomic clocks 
or qubits, for detection/sensing systems, and basic materials 
processing. In general, three main application fields can be 
identified: (1) materials processing and manipulation, (2) 
sensing/detection, and (3) others. Materials processing and 
manipulation is usually achieved using gas/solid state lasers 
but could be simplified or improved by using semiconduc-
tor lasers. This includes, e.g., lithography and curing, wafer 
singulation and lift-off, metal processing, low temperature 
drilling and separation, and to some extend micro machin-
ing. Many of these applications could benefit from AlGaN-
based laser diodes by making processes more stable, more 
cost effective, or more flexible, while reducing damage due 
to high temperatures typically involved in IR laser machin-
ing. Furthermore, the reduced wavelength allows for better 
resolution and smaller working areas. While for many of these 
applications, the beam quality and line width are not impor-
tant, those applications need high power densities, comparable 
to those achieved in the pulsed ArF and KrF lasers. The sec-
ond set of applications are sensing applications and include 
resonant ultraviolet Raman spectroscopy and fluorescence 
spectroscopy and have been often demonstrated under labo-
ratory conditions (Fig. 1—bottom). The advantage of both 

techniques is that they rely on resonances in the targeted 
materials, making the methods very sensitive, and provide 
high signal to noise ratio. Furthermore, these sensing applica-
tions would operate in the solar blind spectral range, which 
further reduces noise and increases efficiency. Optical spectra 
have been established for many materials and possible appli-
cations, such as detection of hazardous chemicals/bacteria/
viruses, exposure of explosives, or monitoring of water quality, 
seems plausible. However, given the size and power consump-
tion of the available UV laser sources, the desired mobile and 
rapid characterization, or continuous monitoring systems 
seem only possible if UV laser diodes are implemented. The 
laser wavelength for the spectroscopy applications depends on 
the targeted probe, with Raman applications being positioned 
rather in the UVC range, and fluorescence more in the UVB 
and UVA range. While power can be low (~ 10 mW cw to 
avoid damage of probed materials) these spectroscopy/sens-
ing applications need a good beam quality and narrow lines 
in the range of 0.5 nm.

The applications in the third group are very diverse and 
span from quantum computing to water purification. Quan-
tum computing, atomic clocks, and data storage are somewhat 
similar in terms that these applications are still very imma-
ture and need very well-defined laser beams. For example, for 
atomic clocks, the center wavelength needs to be accurate to 
at least four digits and the FWHM is desired to be < 0.01 nm 
to enable resonant excitation of the host atoms. The advantage 

TABLE 1:   Potential applications for UV diode laser.

Wavelength (nm) Application cw power (mW) Comments

 < 240 Excitation for portable UV Raman spectroscopy to 
identify bacteria, virus, chemical, fungi detection/
sensing [10–12]

≈ 100 Narrow linewidth needed (< 1 nm); cross section 
increases for lower wavelength; many chemicals have 
UV resonances; fluorescence interference is minimized 
with ultraviolet excitation below 260 nm

220–270 Water purification [13]  > 1000 Similar to UV LEDs; may circumvent challenges in light 
extraction efficiency in LEDs

280–350 Fluorescence spectroscopy for in-vivo bio-medical 
detection/tissue diagnostics [14, 15]

1–10 Absorption and resonance depend on tissue; low power 
needed to avoid damage; beam quality negligible

200–350 Fluorescence spectroscopy for chemical detection 
[16, 17]

 > 100 Absorption (excitation) is specific to the molecule

 < 320 UV high-density data storage [18] and holography [19]  < 10 Volumetric 3D, rather than a surface 2D, approach may 
be needed; high beam quality needed, price may be 
driving force

 < 260 UV lithography [20]  > 1000 High power needed, replace excimer laser

 < 300 non-line-of-sight communication [21, 22]  > 1000 Power determines range, good beam quality needed

 < 270 Wafer singulation & laser lift-off [23]  > 10 k High power density needed—pulsed lasing reasonable

 > 280 Quantum computing with trapped ions [24, 25]  < 10 Wavelength depends on qubit, high beam quality 
needed, very narrow lines needed

 < 280 Micro machining [26, 27]  > 1000 High power needed, pulsed, currently Nd:YAG (SHG)

 < 350 Materials processing including drilling and separation 
[28, 29]

 > 1000 High power, better resolution, UV allows for low 
temperature processing reducing damage, includes 
welding and curing

 > 230 Excitation for atomic clocks [30, 31]  < 1 Similar to quantum computing, needs accurate control 
of wavelength and narrow laser line
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of laser diodes over gas lasers for these applications is the pos-
sibility of on-chip integration, which enables high device den-
sity and in combination with III/Nitride detectors, switches, 
and AlN waveguides a UV integrated optics system [32]. 
While achieving the needed technical specifications may be 
challenging initially, UV laser diodes will see an accelerated 
development harnessing experience from laser diodes emit-
ting in the VIS and IR. Finally, other applications including 
non-line-of-sight communication and water purification 
require high power densities and are therefore rather further 
in the future.

The economic impact of the UV laser diodes cannot be 
underestimated. Considering that the laser diode market is 
expected to be as big as $6–7 billion in 2022, with the annual 
growth rates exceeding 5%, and that the UV LED market will be 
$1 billion in 2021, one can expect similar revenues for UV laser 
diodes. Therefore, UV laser diodes are not only important as an 
enabling technology but will also have a substantial economic 
impact.

AlGaN UV laser diode challenges
Figure 2 shows a schematic of an AlGaN-based UV laser diode. 
The main design of such diodes follows relatively closely that 
of InGaN and InGaAs laser diodes [33–35]. An active region 
with a multi quantum well (MQW) and electron blocking layer 
(EBL) is sandwiched between a p- and n-waveguide. A p- and 
n-cladding layer provide optical confinement. Contacts are 
made to the n-cladding layer and a hole-injection layer, typically 
a thin p-GaN film. Figure 2 also highlights the main challenges 
that come with this design, some of them being unique to UV 

laser diodes. The main challenge for all diodes, independent of 
the emission wavelength (IR/VIS/UV) and type (laser/LED) is 
always control of defects. This includes control of strain and 
dislocations in the epitaxial layers and control of point defects, 
including impurities and vacancies. Because of strong carrier 
localization, InGaN-based multiple quantum well (MQW) 
structures exhibit relatively high quantum efficiency even with 
threading dislocation densities (TDDs) of 1 × 109 cm−2 [36]. 
In contrast, optical and electronic properties of AlGaN and its 
MQW structures deteriorate rapidly at high TDDs [37]. Since 
threading dislocations act as current leakage paths, bulk GaN 
and AlN substrates with low TDDs are desired for fabrication of 
AlGaN-based LDs with long lifetimes. Indeed, the first electri-
cally injected UVC laser diode and the best optically pumped 
laser diodes were all achieved on single crystalline substrates [8, 
38]. The point defects (impurities, vacancies, complexes, etc.), 
on the other hand, need to be tightly controlled during growth 
[39–45] Thereby, the focus for UV laser diodes should be on 
point defects that either act as optical traps, reducing the IQE 
of the active region, or act as compensators limiting the doping 
capabilities [46]. This also includes losses on the p-side, related 
to p-doping, that contributes to the absorption loss in the wave-
guide [47, 48]. Accordingly, various defects have been identified 
in AlGaN, which may serve as sources of absorption losses and 
Shockley–Read–Hall recombination resulting in lower IQE [49, 
50].

Other challenges that need to be addressed in order to 
improve electrically injected UV lasing are more specific to 
the targeted wavelength and AlGaN materials system. On 
the p-side, the main challenges are related to doping, contact 

Figure 2:   Standard UV laser diode design and main challenges that need to be addressed to achieve electrically injected lasing ( adapted from Ref. [51]).
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formation, band alignment, and absorption. P-type doping of 
AlGaN is achieved using Mg, and for GaN and Ga-rich AlGaN, 
resistivities in the range of 1 Ωcm have been demonstrated [52, 
53]. For higher Al content, the activation energy of the Mg-
acceptor seems to increase and incorporation of compensating 
point defects, such as nitrogen vacancies, is promoted [54]. This 
makes p-type doping of Al-rich AlGaN and achieving relevant 
p-conductivity even more challenging. Best resistivities are rang-
ing around 50 Ωcm, which is not only a challenge for carrier 
injection but presents also a significant heating source [54]. A 
potential solution for this is polarization doping; however, its 
underlying mechanisms are not fully understood [48, 55].

High Schottky barriers to Al-rich AlGaN normally result 
in poor ohmic contacts [56]. Hence contacts to the laser diode 
are typically not made to the p-cladding layer but rather to a 
GaN:Mg hole injection layer. This thin GaN layer allows for 
ohmic contacts with low contact resistance and efficient carrier 
injection [57, 58]. Unfortunately, GaN is absorbing the desired 
UV laser light, which can increase the laser threshold or even 
prevent the diode from lasing [59, 60]. This challenge, while 
unique to the UV diode lasers, can be addressed by either mak-
ing the p-GaN layer thin, making the p-cladding layer thick, 
or making contacts to p-AlGaN and thus abandoning the GaN 
layer [61]. Each solution has its own pros and cons and will be 
discussed below. In addition to the p-GaN absorption, some 
absorption from the p-AlGaN layer is expected as well [47, 48]. 
Finally, the waveguide needs to be designed to have enough Δn 
(n is the index of refraction) compared to the cladding layer 
to provide for optical mode confinement and waveguiding [62, 
63]. This can be rather challenging for Al-rich AlGaN as Δn is 
dependent on composition contrast between the cladding and 
waveguide and increasing the composition of p-AlGaN clad-
ding results in rapidly degrading resistivity and associated losses. 
Hence, typically, Δn < 0.05 between the waveguide and cladding 
layer needs to be considered for wave confinement in realistic 
laser structures [64–66].

The active region consists of the MQW and an electron 
blocking layer. For AlGaN UV laser diodes, many of the design 
rules known from LEDs and visible laser diodes can be applied. 
Here, the main challenges lie in the actual growth of the quan-
tum wells and barriers, carrier confinement and injection, and 
to some extend in the design of the electron blocking layer. The 
importance of the MQW design and growth can be seen in opti-
cally pumped laser diodes, where laser thresholds can diverge 
by orders of magnitude even when grown on templates with 
comparable dislocation densities [67].

For UV laser diodes emitting at wavelengths < 240 nm, 
the polarization of the MQW emission needs to be taken into 
account when laser diodes are designed. Since the valence band 
ordering in AlGaN switches, a crossover point from the TE 
(transverse electric) to TM (transverse magnetic) polarized 

emission is typically found around that wavelength; however, 
the exact transition wavelength depends on the strain in the 
layers [68, 69].

The n-side of the laser diode is seemingly the one with the 
least concerns. n-type doping of AlGaN has been established for 
Al contents of up to 80% [70–73]. Electron injection is achieved 
using Ti, Cr, or V-based contacts and ohmic contacts have been 
established independently by many groups [74, 75]. The main 
challenge for the n-side is to achieve thick AlGaN layers without 
relaxation and to provide sufficient conductivity to support high 
current density in the laser diode.

Lastly, AlGaN-based laser diodes have some challenges 
related to fabrication. The general fabrication steps needed to 
transform epitaxial layers into electrically addressable devices 
have been developed as part of the UV LED research [61, 
76–78]. However, some other fabrication steps that need to 
be improved for the demonstration of cw UV laser diodes are 
still pending; these include: reliable cleaving, facet coating with 
highly reflective mirrors, passivation schemes, and UV transpar-
ent packaging solutions. Also, heat transport and heat dissipa-
tion are rarely investigated for AlGaN-based devices including 
laser diodes, but it will be important considering the expected 
current densities to achieve cw UV lasing.

Native substrates for UV laser diodes
It is well recognized that the dislocation density (DD) in the 
active region has a tremendous impact on the efficiency and 
performance of the MQWs in any optoelectronic device. This 
is illustrated by the work of Ban et al., who demonstrated that 
for all UV wavelengths addressable with AlGaN the internal 
quantum efficiency (IQE) is a function of dislocation density 
(Figure 3) [37]. Only when the DD is reduced to < 107 cm−2, 
IQEs exceeding 95% can be achieved [46]. In addition, it is 
found in UV LEDs that dislocations can lead to a degradation 
of the light output especially at higher output power (driving 
current density) and that the operation lifetime (measured as 
output intensity decrease below 70% of the initial output) can 
be less than 20 h when grown on sapphire or other templates 
with dislocation density ~ 1 × 109 cm−2 [79]. Lastly, as mentioned 
before, the only electrically injected conventional laser diode 
and the lowest optically pumped laser thresholds in the UVC 
region were achieved on AlN substrates [8, 38].

Therefore, it is concluded that high-quality AlGaN active 
regions and laser diodes can only be achieved by lowering the 
DD from 1010 cm−2 on sapphire by at least two to three orders of 
magnitude. Technologically feasible solutions to reduce disloca-
tions are: (a) high temperature annealing of AlN, (b) superlat-
tices on AlN/sapphire template, (c) use of epitaxial lateral over-
growth (ELO), or (d) the use of native GaN and AlN substrates 
for low and high Al content AlGaN, respectively, as discussed in 
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the following. Table 2 give an overview over the lattice param-
eters for substrates typically used for the growth of AlGaN.

In 1862 Briegleb and Geuther were the first to synthesize 
AlN by heating of aluminum fillings under nitrogen gas flow. 
The observed increase of weight indicated that Al and N had 
reacted to form AlN [87]. Slack et al. were the first to work on 
the controlled synthesis of AlN in the 1970s. It was suggested 
that growth via sublimation in a closed tungsten crucible or in 
an open tube with a gas flow would lead to single crystal AlN 
[88]. Initial experiments produced millimeter-sized AlN crys-
tals. Subsequently, these experiments were extended to grow 
AlN crystals by the Al pellet drop method in a tungsten crucible 
in an rf-heated tungsten furnace under nitrogen atmosphere 
and crystals of up to 1 cm in length and 0.3 cm in diameter 
were achieved [89]. Very few new efforts in AlN crystal growth 
were undertaken in the 1980s and beginning of 1990s. However, 
shortly after the successful p-doping of GaN and the first avail-
able GaN-based LEDs, an increased interest was given to AlN. 

This led to a renaissance of layer and later bulk growth of AlN 
at the end of the 1990s [90].

While other methods such as hydride vapor phase epitaxy 
(HVPE) growth and solution growth of AlN were explored, over 
the years physical vapor transport (PVT) has been established as 
the most promising technique for high-quality AlN substrates. 
For PVT or sublimation growth, AlN powder is contained in a 
crucible (source) which is inductively heated. Due to the high 
applied temperature (> 2000 °C), the AlN is non-congruently 
sublimed:

Opposing to the crucible a seed is positioned which is 
heated to temperatures slightly lower than the source. The ther-
mal gradient between seed and source results in diffusion of the 
sublimed gas molecules leads to the growth of AlN via a reverse 
reaction. Despite the fact that bulk AlN crystals theoretically 
can be grown at temperatures as low as 1800 °C and as high 
as 2500 °C, temperatures around 2200 °C are more favorable 
in order to achieve high growth rates and good crystal quality 
[88, 91–93]. In addition to source and seed temperatures, the 
temperature gradient between these two is an important param-
eter for the control of transport and growth rate. Typical values 
for the temperature gradient are around 50 °C/cm. With these 
reactor parameters, growth rates in the c-direction between 
50 µm/h (1800 °C), and 1 mm/h (2300 °C) can be achieved [92, 
94]. However, high growth rates may lead to a reduced crystal 
quality so that growth rates are usually maintained at several 
hundred µm/hour.

The structural quality of the grown AlN crystals obtained by 
PVT depends directly on the type and quality of seed crystals. 
Seed crystals are needed to provide structural information for 
the condensing Al and N atoms, including polarity and orienta-
tion. The first results for SiC seeded growth were presented in 
1996 by Balkas et al. [90]. The crystals grown during these first 

AlNsolid ↔ Algas +
1

2
N2

gas

Figure 3:   IQE as a function of DD in an underlying layer for MQWs with 
different emission wavelength. The IQE starts increasing significantly 
only for dislocation densities < 108 cm−2 [37].

TABLE 2:   Lattice parameters and 
properties for substrates typically 
used in the growth of AlGaN.

*Mismatch calculations for sapphire account for 30° lattice rotation at the interface.

Sapphire [80] AlN [81–83] GaN [84–86]

a-axis [Å] 4.765 3.1129 3.1878

c-axis [Å] 12.982 4.9819 5.185

RT-thermal expansion coefficient [10–6 1/K] 5.0 (a-axis)
9.0 (c-axis)

4.2 (a-axis)
5.3 (c-axis)

5.59 (a-axis)
3.17 (c-axis)

Thermal conductivity [W/cm K] 0.23 (c-axis)
0.25 (a-axis)

3.2 2.1

UV-Transparency Excellent Excellent Poor

Price Low High High

Availability Excellent Poor Good

Mismatch to GaN 16.1% 2.2% –

Mismatch to AlN 13.3% – 2.2%
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attempts showed cracks and incorporation of Si and C. As an 
alternative and because native seeds were initially not available, 
self-seeding was proposed [89]. For self-seeding, a small growth 
target was used, typically a conical tube, to limit the number of 
stable nuclei [95]. However, due to the randomness of the grain 
selection process, and constrained growth environment, the 
resulting crystals were small, randomly oriented, and had rela-
tively high dislocation density [96]. The best and nowadays most 
widely spread solution to overcome seeding related concerns 
is the use of native seeds. These seeds are typically obtained by 
spontaneous nucleation and growth of Lely-like, c-oriented 
platelets close to equilibrium conditions. First attempts using 
native seeds resulted in transparent crystals with XRD rocking 
curve FWHMs as low as 25 arcsec [92]. By establishing a pro-
cedure which includes the growth of an AlN boule, cutting and 
polishing a wafer from that boule, and subsequent re-growth on 
that wafer, Noveski et al. established a procedure which led to 
increased native seed size over time [97]. Using this procedure, 
wafers with diameters exceeding 56 mm are available nowadays.

For Ga-rich AlGaN layers low dislocation GaN substrates 
are used. The dominating techniques to achieve low dislocation 
density substrates are HVPE growth and growth via the ammon-
othermal technique. An excellent review over GaN HVPE and 
ammonothermal growth can be found elsewhere [98].

AlN and GaN single crystal substrates with dislocation 
densities in the 106 to 107 cm−2 range are possible by exploit-
ing hydride vapor phase epitaxy in combination with sapphire 
substrates [99–101]. Even the growth of AlGaN substrates is 
possible using this technique [102]. Lower dislocation density 
native substrates are only available from ammonothermally 
grown GaN, HVPE, and physical vapor transport grown AlN 
in combination with native seeds. These techniques can achieve 
dislocation densities < 103 cm−2 range [91, 103–105].

Growth of AlGaN epitaxial layers and UV laser 
structures
Growth of AlGaN layers on sapphire using MOCVD or MBE 
has been pursued since the mid-80 s. The first breakthroughs 
were made when low temperature AlN or GaN buffer layers 
were used. Ponce et al. demonstrated growth of Al0.5Ga0.5 N 
with dislocation densities in the 1010 cm−2 range [106]. In gen-
eral, for the direct growth on sapphire, improvements in the 
dislocation density and relaxation are possible by adjusting 
the buffer layer growth and annealing conditions, inclusion of 
a high temperature AlN template, or thicker growth, but the 
lowest dislocation densities achieved are still in the low to mid-
109 cm−2 range [107, 108]. This dislocation density is way too 
high to achieve electrically injected lasing or even high power 
UVC LEDs, which resulted in several approaches to reduce dis-
location densities using either ELO or AlN/AlGaN superlattices 

to relax the GaN/AlN/sapphire layers [109–111]. Wang et al. 
reported that a reduction of the dislocation density in AlGaN 
films down to the mid-108  cm−2 is possible by using AlN/
AlGaN superlattices, which subsequently allowed for the fabri-
cation of UV LEDs [109, 112]. The effect of using superlattices 
is explained by their coherent growth, which exerts compressive 
strain for the thick upper AlGaN films and eliminates cracking 
[113]. Similar results were recently demonstrated by Fukuyama 
et al. using high temperature annealing of AlN templates grown 
on sapphire [114]. Annealing of AlN templates in N2 and/or 
N2–CO gas atmosphere at 1700–1750 °C for 0.5–4 h resulted in 
dislocation densities in the low 108 cm−2 range and crack free 
films with thicknesses exceeding 3 μm. Deposition of AlGaN 
films on annealed AlN seems possible; however, the formation 
of Al–O–N needs to be controlled [115, 116]. The underlying 
mechanism for the reduction in the dislocation density has been 
explained only recently. Vacancy core diffusion-controlled dislo-
cation climb was identified as a dominant recovery mechanism 
in high temperature annealing of AlN heteroepitaxial films while 
dislocation annihilation mechanisms via dislocation glide and 
vacancy bulk diffusion were found to be less significant [117]. 
Despite the great reduction in dislocation density, high tempera-
ture annealing of AlN has not been established as a mainstream 
approach to grow high efficiency LEDs or even laser. This could 
be related to yield issues and challenges related to the growth of 
AlGaN on top of these templates [118].

As an alternative to relax AlGaN and to reduce dislocation 
density, growth on pretreated templates was tried by several 
groups. This includes the growth on epitaxial lateral over-
growth (ELO) templates, nano-patterned sapphire templates, 
and growth on templates using plastic relaxation through buried 
cracks [110, 119, 120]. Interestingly, the achieved dislocation 
density for all these techniques is around mid-108 cm−2 at best. 
While these dislocation densities are low enough to achieve opti-
cally pumped UV lasing and electrically pumped lasing in the 
visible and more recently in the UVA [121] wavelength range, 
electrically injected lasing in the UVB and UVC range on these 
templates has not been demonstrated.

AlGaN films grown on GaN substrates will be under tension 
and crack easily for any appreciable Al content. Therefore, very 
few efforts have been made to grow thick, Ga-rich AlGaN layers 
or even UV optoelectronic devices on GaN substrates [122, 123]. 
If thicker AlGaN layers are desired, a relaxation mechanism 
needs to be invoked to prevent cracking. One possible pathway 
is facet controlled epitaxial lateral overgrowth (FACELO) which 
leads to the generation of misfit dislocations at the GaN/AlGaN 
{11-22} interface and relaxation [124]. It is yet to be demon-
strated that such a process can lead to better devices than growth 
on AlN/sapphire templates.

Since AlGaN growth on AlN substrates is under compres-
sion, cracking is not expected from these layers despite the lack 
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of relaxation. Therefore, Al-rich (Al > 70%) AlGaN layers grown 
on either HVPE or PVT substrates grow pseudomorphically 
with dislocation densities in these layers being the same as in 
the substrates. This is indicated by the images in Fig. 4. For a 
homoepitaxially grown AlN film, triple-axis, high-resolution 
x-ray diffraction measurements of the (0002) Bragg peaks of 
the thin films indicate that it is epitaxial and strain-free, as 
evidenced by a perfect alignment and equal width of 15 arc-
sec of the substrate and film rocking curves (Fig. 4—top left) 
[125]. Atomic force microscopy characterization for such AlN 
films shows step-flow growth along the terraces for AlN films 
deposited at 1250 °C [126]. No pitting or V-defect formation 
was observed in these films [127]. High-quality homoepitaxy is 
further evidenced by transmission electron microscopy (TEM) 

and high-resolution TEM (HRTEM) studies, which both con-
firmed perfect epitaxy (Fig. 4—top right).

Similar observations are made for AlGaN layers grown on 
AlN substrates [126, 128]. An HRTEM micrograph of AlGaN 
on AlN, imaged along the [11–20] zone axis, is shown in Fig. 4 
(bottom left) for a nominal 80% Al content. No dislocations are 
observed along the heteroepitaxial interface between the AlGaN 
and the AlN homoepitaxial layers in the viewable area. In addi-
tion, an AFM image of AlGaN grown on vicinal (0001)-oriented 
AlN is shown in Fig. 4 (bottom right). The surface consists of 
bilayer steps with an RMS roughness of less than 50 pm. Both 
results confirm that high aluminum content AlGaN films grow 
pseudomorphically on AlN without introduction of new, strain-
relieving dislocations [128, 129].

Figure 4:   2θ-ω X-ray diffraction scan of an AlN homoepitaxial layer in comparison with the substrate (top left) and HRTEM of an homoepitaxial AlN film 
showing perfect lattice continuation across the interface (marked with arrows) (top right). HRTEM micrograph for AlGaN on AlN for a nominal 80% Al 
content; no dislocations were observed at the heteroepitaxial interface or in the AlGaN (bottom left). 5 × 5 μm2 AFM image of Al0.7Ga0.3 N grown on 
vicinal (0001)-oriented AlN. The surface consists of the desired bilayer steps with an RMS roughness of less than 50 pm (bottom right).
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By establishing the growth of pseudomorphic AlGaN lay-
ers in the range of 50–100% Al content on single crystal AlN 
substrates, the growth of high-quality AlGaN/AlGaN multi 
quantum wells becomes possible. STEM imaging of an MQW 
structure with 55% Al content in the wells and 65% Al content 
in the barriers reveals that the interfaces between the waveguide, 
wells, and barriers are atomically smooth and no inhomogeneity 
in the AlGaN layers is observed [38].

Doping of AlGaN
A high free carrier concentration is desired in both n-type and 
p-type regions to support charge carrier transport and contact 
formation. Both these factors are critical for lowering ohmic 
conduction losses and improving wall-plug efficiency by achiev-
ing electrical-injected lasing at lower input power. Thus, under-
standing the doping of III-nitride materials to achieve a high 
free carrier concentration in the epitaxial films is a crucial aspect 
for success of UV lasers. The following subsections describe the 
current status of doping in AlGaN for UV lasers.

n‑Doping

Si is typically used as donor in all III-nitride materials. It exhib-
its a very low donor activation energy (≈ 15 meV) in GaN and 
AlGaN for Al compositions < 80% [9]. Accordingly, free elec-
tron concentrations of the order of 1019 cm−3 can be routinely 
achieved using Si-doping [70, 130, 131]. For GaN on sapphire, 
beyond a free carrier concentration of 4 × 1019 cm−3, Si-doping 
introduces a strong tensile strain in the GaN layer due to dislo-
cation climb related to Ga-vacancies. This leads to formation of 
cracks and rendering epitaxial layers useless for device growth 

[132]. For native GaN substrates, due to the low dislocation 
density, this tensile strain related to Si-doping is not of concern. 
However, for both substrates compensation at high doping levels 
needs to be considered when limitations are assessed. Alterna-
tively, Ge doping of GaN/sapphire has been shown to result in 
a free carrier concentration exceeding 1 × 1020 cm−3 [130, 133]. 
The positive impact of Ge doping on optoelectronic device has 
yet to be explored. Anyways, achieving a high free carrier con-
centration in n-GaN and Ga-rich AlGaN can be considered a 
matured technology.

N-type doping of Al-rich AlGaN is still a major chal-
lenge. There are two primary factors limiting doping in Al-rich 
AlGaN: (a) seemingly increased activation energy and (b) com-
pensation. A sudden increase of Si donor activation energy in 
n-AlxGa1−xN as x increases beyond 0.8 has been observed, as 
shown in Fig. 5a [134]. Si in Al-rich n-AlGaN does not behave 
as a shallow donor; it presumably undergoes a deep-acceptor 
(DX) transition with increasing Al composition in the AlGaN 
film [135]. Recent results indicate shallow donors in Ga-rich 
AlGaN actually undergo a deep donor transition instead of a 
deep-acceptor DX [71]. Anyways, this transition is seen as a high 
carrier activation energy. In principle, higher activation energy 
may be overcome by increased doping levels by mini-band 
formation or screening effects assuming a deep donor transi-
tion. However, with an increase in Si-doping beyond a critical 
concentration, the free electron concentration reduces in the 
Al-rich AlGaN as a consequence of the second major challenge, 
i.e., increased compensation [136]. Harris et al. have reported 
on the formation of VAl + nSiAl complexes acting as compensa-
tors in highly-doped Al-rich n-AlGaN films as the source of the 
observed self-compensation [137]. Thus, Si-doping results in a 

Figure 5:   (left) Comparison of activation energy in AlxGa1-xN obtained from different literature [9, 71, 139, 140], and (right) conductivity of Si-doped 
Al0.7Ga0.3 N showing the “knee behavior” with Si-doping concentration [134]. A positive impact of a native AlN substrate (red) and low dislocation 
density template (LDDT—blue—108 cm−2) was found compared to a standard, high dislocation density template (HDDT—black—1010 cm−2) was 
found.
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“knee behavior” in the resistivity of the Al-rich n-AlGaN films, 
as shown in Fig. 5b [138]. Further, even at low doping, carbon 
and vacancy-oxygen complexes act as acceptor-type compen-
sating point defects at densities higher than those observed 
in GaN [70]. Hence, control of compensating point defects is 
necessary to achieve a high free carrier concentrations in the 
Al-rich n-AlGaN films. This is typically achieved by controlling 
the chemical potential of the growth and impurity species via 
reactor pressure, V/III ratio, temperature, carrier gas, etc., or by 
controlling the electrochemical potential via minority carrier 
generation during growth [45, 73, 131, 138].

Traditionally, AlGaN films grown on sapphire substrates suf-
fer from high DD due to the lattice mismatch. In addition, Bryan 
et al. have shown that the compensating point defect incorpo-
ration is a strong function of the threading dislocation density 
(TDD) [134]. Hence lowering TDD, by growing on native sub-
strates is expected to increase doping efficiency. Accordingly, it 
was reported that the lowest DD (< 103 cm2) achieved by grow-
ing Al-rich n-AlGaN on single crystal AlN substrate resulted 
in orders of magnitude higher free carrier concentration as 
compared to films grown on sapphire under similar conditions, 
Fig. 5b. A similar, albeit smaller, effect was observed on low DD 
AlN templates [134].

As an alternative to conventional n-type doping, either the 
use of superlattices or polarization doping has been proposed 
[141–144]. The first approach exploits that the composition 
modulation of a uniformly doped ternary semiconductor can 
enhance the donor/acceptor activation and is primarily used 
in low Al content devices. It often also serves as a relaxation 
scheme a described before [112]. For superlattices, n-type con-
ductivities with free carrier concentrations in the 1019  cm−3 
range have been demonstrated. Similar results were achieved for 
polarization doping using graded layers. Here, grading AlGaN 
exploits that the polarization of the layer can field-ionize the 
acceptor/donor dopants efficiently at room temperature. How-
ever, at least on the n-side, superlattices and polarization doping 
are rather uncommon approached due to the success of conven-
tional n-type doping in AlGaN:Si and challenges in achieving 
n-type contacts to these layers.

Nevertheless, all these results point toward the importance 
of and research required to understand the point defect control 
and growth of high-quality epitaxial films with low TDD for 
improved free carrier concentrations and better contact forma-
tion in Al-rich n-AlGaN films for future UV laser diodes.

p‑Doping

Mg is the only known acceptor impurity that can be easily incor-
porated into GaN and AlGaN during the growth and allows 
for reasonably high hole concentrations [52, 145, 146]. While 
passivation of Mg by hydrogen has been solved through the 

seminal works by Amano et al. and Nakamura et al. [52, 147], 
self-compensation is still a major challenge at high Mg concen-
trations when grown on foreign substrates, primarily due to the 
formation of nitrogen vacancies, thereby limiting the maximum 
hole concentration in the p-GaN film. Consequently, the rela-
tively high acceptor activation energy of Mg lying in the range 
of 120–200 meV results in typical peak hole concentration in 
p-GaN films grown on foreign substrates using MOCVD in the 
range of 1017–1018 cm−3 [148]. The difference in carrier concen-
trations between the n-type and p-type GaN along with a sig-
nificantly lower hole mobility compared to the electron mobility 
results in a greatly lowered charge balance efficiency in laser 
diodes resulting in increased threshold currents and low injec-
tion and wall-plug efficiencies [53].

One way to enhance free hole concentration in p-GaN is 
low temperature growth. Typically, NH3 is used as a precursor 
gas for the growth of GaN, and is a source of H, which forms a 
neutral complex with Mg during the high temperature MOCVD 
growth [149]. Hence, thermal activation is usually performed to 
reduce the hydrogen concentration and increase the free hole 
concentration in p-GaN. On the other hand, low temperature 
growth techniques such as molecular beam epitaxy (MBE) or 
pulsed sputter deposition (PSD) has been demonstrated to show 
significantly lower hydrogen content in the p-GaN films [149, 
150]. Accordingly, free hole concentration exceeding 1018 cm−3 
can be achieved (even without any post growth treatment) in 
low temperature MBE-grown p-GaN films [151]. Other ways 
to achieve a higher free hole concentration is to reduce com-
pensating point defects like nitrogen vacancies in p-GaN [53]. 
This can include control of the growth condition (supersatu-
ration) or other approaches including defect quasi Fermi level 
control [152]. Finally, growth of p-GaN on single crystalline AlN 
substrates has been shown to mitigate the typically observed 
nitrogen vacancy-related blue luminescence in PL spectra [145, 
153]. As a result, p-GaN films grown on AlN substrates using 
MOCVD showed nearly an order of magnitude high free hole 
concentration (~ mid-1018  cm−3) [53]. The relation between 
compensating defects and dislocations in p-GaN (and p-AlGaN) 
has yet to be clarified.

Mg doping in AlGaN is still not well understood with no 
clear consensus on fundamental properties, including the acti-
vation energy or type of conduction. Initial reports by Suzuki 
et al. and Li et al. indicated increasing activation energy with 
increasing Al composition, resulting in higher resistivities in 
p-AlGaN in comparison to p-GaN [154, 155]. However, the 
studies were limited to Ga-rich compositions. A similar con-
clusion was made for Al-rich Al0.75Ga0.25 N grown on AlN with 
a large activation energy of ~ 400 meV and resistivity > 1 kΩcm 
even at elevated temperatures (100 °C). Recently, Kinoshita et al. 
reported on a low activation energy (< 50 meV), albeit with hop-
ping conduction, in Mg-doped Al-rich AlGaN, resulting in a 
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resistivity of ~ 50 Ωcm; however, this is significantly larger than 
that of p-GaN at ~ 1 Ωcm [54]. Aoyagi et al. have also reported 
on a low activation energy (75 meV) in p-Al0.4Ga0.6 N using 
pulsed supply of source gases during the MOCVD growth [156]. 
Similarly, the activation energy of Mg-doped p-AlN nanowires 
was reported to be ~ 23 meV [157]. It is interesting to note that 
recent reports on the activation energy in p-AlGaN are lower 
than p-GaN. Although low activation energies were reported, 
the resistivity is consistently orders of magnitude higher than 
that of p-GaN due to a significantly reduced hole mobility. The 
high resistivity is a major challenge and a source of large ohmic 
losses and associated heating at high current densities needed 
for lasing. Further, the variations in the reported values indicate 
the uncertainty in p-AlGaN properties. Hence, p-type doping 
of Al-rich AlGaN should be an important focus of research, 
essential for the implementation of AlGaN-based laser diodes.

A major challenge that arises in conventional Mg-based 
p-doping in addition to high resistivities discussed in the previ-
ous section is the Mg or impurity-based absorption losses [47]. 
Consequently, alternatives to regular doping have also been 
studied. For example, growth of superlattice structures are a 
popular technique to achieve a high free hole concentration in 
p-AlGaN [158]. A short period superlattice (SPSL) consists of 
several thin Mg-doped AlGaN films with alternating Aluminum 
content instead of a bulk p-AlGaN film [159]. The periodic 
oscillations of the valence band due to short periods of p-AlGaN 
layers may lead to tunneling of holes from the acceptor level 
in the higher bandgap layer into the valence band of the lower 
bandgap layer. Consequently, the effective activation energy 
is reduced, and the SPSL p-AlGaN films show a significantly 
improved conductivity [160]. Another promising technique is 
the polarization-induced doping and is discussed in the follow-
ing section.

Polarization‑induced p‑doping

So far, the only working electrically injected UVC laser diode 
with edge emission is based on polarization doped AlGaN lay-
ers on the p-side of the device [8, 59]. Therefore, this technique 
demands an in-depths discussion. The basic idea of polarization 
doping and graded AlGaN is that by creating a composition-
ally graded layer in AlGaN, a gradient in the dipole moment 
and associated polarization charge are generated. The gradient 
results in a net uncompensated charge given by:

where PS is the spontaneous polarization and PP is the piezo-
electric polarization. For wurtzite AlGaN, spontaneous polariza-
tion is directed along the -c-axis, i.e., toward the N-polar face. 
Calculation or measurement of the polarization coefficient is 
challenging and exact values are still under discussion. A good 

ρπ = ∇
(

�PS + �PP
)

discussion about this topic can be found elsewhere [161]. None-
theless growth along c-axis, with Ga molar fraction increasing 
along the growth direction, the divergence of the spontaneous 
polarization vector in equation is negative. The requirement 
of a charge neutrality requires a similar density of positive 
charge carriers, which may be mobile holes or immobile ion-
ized point defects (intrinsic or extrinsic). Interestingly, for the 
n-type polarization-induced doping, as seen in the 2D electron 
gas (2DEG)-based HEMTs, the charge neutrality is achieved 
via free electrons and a separate dopant source is unnecessary, 
with the source of the 2DEG hypothesized to be the surface. 
2D hole gases in III-nitrides were only recently observed by 
Chaudhuri et al. and the authors stressed the importance to 
control the compensation level and sharpness of the interfaces 
[162]. However, doping was also not necessary to achieve 2D 
hole gases. In contrast, for graded layers, acceptor (Mg) dop-
ing seems necessary to provide the mobile charge carriers, i.e., 
holes to account for charge neutrality. The graded layer may be 
partly Mg doped as was the case with first demonstrated UVC 
laser or the adjacent layer may be Mg doped [59]. Accordingly, 
assuming a polarization charge density of ρπ/q, the sheet hole 
concentration is then given by

where t is the thickness of the graded region, and w is the thick-
ness of the depletion region. Hence for a known composition 
grading and thickness, the polarization charge density and sheet 
hole concentration may be estimated.

Polarization-induced doping in conjunction with Mg doping 
offers two primary advantages over conventional Mg doping: (a) 
zero activation energy for the hole concentrations required to 
compensate the polarization charge, i.e., a temperature-inde-
pendent high hole concentration ensuring low resistivities [55], 
and (b) the Mg-doped region (source of holes as countercharge 
for the polarization charge) can be separated from the graded 
region with polarization charge, which can then be employed 
as undoped cladding, thereby reducing modal losses [48, 59].

Most visible, UVA, and UVB lasers demonstrated in the lit-
erature so far do not need polarization doping to operate; they 
typically simply reduce p-doping to avoid absorption-related 
losses in the waveguide and cladding. On the other hand, so far, 
the only electrically injected UVC laser is heavily dependent on 
polarization doping [8], which may point to the importance of 
that technology for the UVC range.

Carrier injection layers and contacts
Robust contacts with low specific contact resistance are nec-
essary for laser diodes due to the requirement of very high 
current densities that enable overcoming the electrical lasing 

ns ≈
1

q
(t − w)ρπ
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threshold. While this may not be of concern for laser diodes 
based on GaAs/AlGaAs and GaN/InGaN systems, it is of prime 
importance, especially when transitioning from UVA to UVC 
regimes, where in Al-rich AlGaN, high electron and hole bar-
riers at the charge neutrality levels (Fermi level pinning) at the 
surface of AlGaN present a substantial challenge to an efficient 
carrier injection [56]. As a consequence, many approaches have 
been employed or proposed that may be broadly grouped into 
two categories: (a) contacts to n-AlGaN on one terminal and (b) 
hole injection layers, tunnel junctions and contacts to p-AlGaN 
on the other terminal.

n‑Contacts

The contacts to n-GaN or Ga-rich AlGaN films are a mature 
technology and are implemented in visible and UVA emit-
ters [163, 164]. A Ti/Al-based contact metallization scheme 
with rapid thermal annealing is the most commonly used 
to form the ohmic contact to n-GaN or Ga-rich n-AlGaN. 
While Fermi level pinning due to surface states results in 
a Schottky barrier at the Ti/n-GaN interface, it is believed 
that a high temperature anneal enables Ti to extract N from 
the GaN via the formation of TiN at the Ti/n-GaN interface 
[164]. The resulting donor type nitrogen vacancies generated 
in the underlying GaN film result in large electric fields at 
the interface, narrowing the depletion region and allowing 
electrons to tunnel from the metal to GaN, and vice-versa 
[165]. This mechanism allows achieving an ohmic contact to 
n-GaN or Ga-rich AlGaN with very low contact resistances. 
A specific contact resistance of the order of 10–6 Ωcm2 has 
been reported for GaN and Ga-rich AlxGa1−xN (0 ≤ x ≤ 0.35) 
[164]. Further reduction in contact resistance is possible by 
using surface treatments. Reactive ion etching (RIE) of n-type 
GaN before contact deposition has been shown to introduce 
additional nitrogen vacancies at the GaN surface. The surface 
thus becomes highly n-type, and further lowers the contact 
resistance [166].

However, the formation of ohmic contact to Al-rich 
n-AlGaN is a major challenge due to the increasing Schottky 
barrier height and the Fermi level pinning (charge neutrality 
level) with increasing Al composition [56]. The typically used Ti/
Al-based metallization scheme shows the presence of a Schottky 
barrier at the metal/n-AlGaN interface [167]. Accordingly, the 
contact formed on Al-rich n-AlGaN shows a very high contact 
resistance. As a possible solution, Pt/Au, V/Al, Zr/Al, Nb, etc.,-
based contact schemes have been shown to offer a significantly 
lower contact resistance as compared to the Ti/Al-based metal-
lization [168–170].

Another major approach to lower the contact resistance is 
to achieve a high doping and free carrier concentration in the 
Al-rich n-AlGaN films which may enable low contact resistances 

[167, 171]. For example, the growth of Al-rich n-AlGaN films 
on single crystalline AlN substrates (DD < 103 cm−2) has been 
shown to offer orders of magnitude higher free electron con-
centration due to a reduction of dislocation related compensa-
tors [171]. Consequently, the V/Al-based contacts to Al-rich 
n-AlGaN grown on AlN substrates show orders of magnitude 
higher current than similar composition n-AlGaN films grown 
on foreign substrates.

However, these higher currents through AlGaN films 
grown on AlN substrates are observed only at higher voltages 
(≈ 5 V) where field emission is the dominant current conduc-
tion mechanism. At low voltages (< 5 V), it was observed that 
the Al-rich n-AlGaN films grown on AlN substrate show orders 
of magnitude lower current conduction than the films grown 
on foreign substrates, as shown in Fig. 6 [167]. Primary reason 
for this lower current is attributed to the lower defect density 
in AlGaN films grown on native AlN substrate resulting in a 
low trap-dominated conduction mechanisms. However, sur-
face treatments such RIE is believed to introduce a higher trap 
density underneath the contact interface thereby improving 
the currents through the contacts at lower voltages, as observed 
for current through etched surface in Fig. 9. Therefore, apart 
from adopting native AlN substrates that can offer a significant 
improvement in the free carrier concentration in the epitaxial 
film, understanding the surface treatments and their effects in 
minimizing the contact resistance is necessary to obtain a low 
contact resistance in Al-rich AlGaN films. It is clear that work on 
ohmic contacts to Al-rich n-type AlGaN is ongoing with many 
possible pathways being explored.

Figure 6:   Current through V/Al-based contacts to n-Al0.7Ga0.3 N on 
sapphire substrate (AlGaN/sapphire), AlN free surface and RIE treated 
AlN etched surface [167]. Contacts in this study had transfer length 
measurement (TLM) geometry, whereas AlGaN films corresponding to 
free surface and etched surface were grown on native AlN substrate.
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p‑Contacts

Direct contacts to p-AlGaN, especially on the Al-rich side, are 
an enormous challenge due to an extremely large hole barrier at 
the charge neutrality level and challenges in effective p-doping, 
as discussed earlier [56]. Consequently, most of the III-nitride 
emitters rely on p-GaN as a contact and hole injection layer into 
p-AlGaN irrespective of the emission wavelength [172]. How-
ever, strictly speaking, low resistance ohmic contacts to p-GaN 
are still elusive [172, 173]. The Fermi level pinning at about 
1.4 eV above the valence band, compared to 0.6 eV below the 
conduction band on n-GaN, and the resulting higher Schottky 
barrier greatly impacts the contact resistance [174, 175]. A Ni/
Au contact metallization scheme is typically used to form ohmic 
contacts to p-GaN [173]. Although a few authors reported on the 
p-GaN contact resistance of the order of 10–5–10–6 Ωcm2 [176], 
most reports quote it in the range of 10–1–10–3 Ωcm2 (Fig. 7) 
[177]. Many models have been discussed to explain the cur-
rent conduction mechanisms for the Ni/Au contacts to p-GaN. 
Initially, the contact anneal, either in air or oxygen ambient, 
was presumed to result in better p-contacts due to formation of 
semiconducting NiO at the p-GaN surface with aligned valence 
bands [178–180]. On the other hand, other reports attributed 
the current conduction to the formation of Ga-vacancies at the 
metal/p-GaN interface, similar to contacts on n-GaN, where 
N-vacancies are expected to form [181]. Finally, the observation 
of post-anneal reversal of Ni and Au in the Ni/Au metalliza-
tion stack and the concurrent formation of the Au–Ga alloyed 
clusters [179, 182] indicated that the conduction occurred at 
isolated clusters due to geometrical field enhancement [179, 
183]. In recent work, Sarkar et al. framed a model to address 
most of the commonly observed mechanisms in Ni/Au con-
tacts to p-GaN [177]. It was proposed that the Ni/Au forms an 
alloyed contact (or clustered contact) to p-GaN, similar to the 
contact model originally developed by Braslau et al. for GaAs 

[184]. Accordingly, the Ni/Au contact anneal in air or oxygen 
ambient results in the formation of NiO, which allows Au to 
diffuse through it and reach the GaN surface in isolated clus-
ters. The formation of Au–Ga clusters results in the formation 
of Ga-vacancies, which offer a lower barrier height compared to 
the other areas under the contact. Since the conduction occurs 
at these cluster sites, the contact resistance thus comprises of 
two contributions: (i) a series resistance in the semiconductor 
generated by the current crowding around the cluster, and (ii) a 
metal–semiconductor interface resistance being lower by field 
enhancement at the clusters. Typically, the field enhancement 
factor is assumed to be large enough that the contact resistance 
is limited by the series resistance of the semiconductor and 
hence the hole concentration.

Figure 7 shows the dependence of contact resistance as a 
function of hole concentration in the p-GaN films. MOCVD-
grown p-GaN films (on foreign substrates) mostly show a 
free hole concentration in the mid-1017 cm−3 [148], and the 
corresponding contact resistance lies in the 10–2–10–3 Ωcm2 
range. Nonetheless, similar as discussed for n-contact to Al-
rich n-AlGaN, it is clearly evidenced that contact resistance to 
p-GaN is a function of the free hole concentration, which might 
explain the use of p++ contact layer discussed in literature as 
well [185, 186].

As alternatives to Ni/Au contacts on p-GaN, significant 
efforts were made to study the feasibility of tunnel junctions and 
direct contacts to p-AlGaN. The use of highly-doped n-GaN/p-
GaN tunnel junctions (TJ) has been demonstrated by several 
authors [187–189]. During operation, the TJ structure allows for 
inter-band tunneling between the conduction band of n-GaN 
and valence band of p-GaN [189]. Note that this requires addi-
tional voltage across the reverse biased tunnel junction to allow 
holes to be injected into the active region [188]. Complications 
in fabricating such tunnel junctions arise in MOCVD where 
growth of subsequent GaN films on p-GaN at high growth tem-
peratures suffers from a commonly observed mechanism known 
as the “Memory effect” [190, 191]. It is believed that the Mg 
source molecules adsorb on the MOCVD reactor walls during 
the p-GaN growth. Once the Mg gas source is turned off, the 
adsorbed Mg from the reactor walls incorporates into the subse-
quent epitaxial films grown on the p-GaN. Removal of Mg-rich 
p-GaN surface followed by a low temperature n-GaN re-growth 
has been shown to strongly reduce the Mg incorporation in the 
subsequent n-GaN films [191]. In a recent work, Agarwal et al. 
demonstrated the possibility of suppressing the memory effect 
using low temperature flow modulated epitaxy (FME) or pulsed 
MOCVD growth [192]. Prior to the re-growth, the p-GaN sur-
face was exposed to a UV-ozone treatment and an HF etch. The 
re-grown n-GaN film (on p-GaN) showed a strong reduction 
of Mg incorporation and a better-quality. Extending the TJs to 
AlGaN with bandgaps larger than the emission energy, Zhang 

Figure 7:   Reported relationship between the contact resistance (ρC) and 
the free hole concentration (p) in p-GaN films [177].
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et al. demonstrated 292 nm emission using p-AlGaN/InGaN//n-
AlGaN TJ [193].

As another alternative, establishing contacts directly to 
p-AlGaN has also been proposed and studied. Note that the 
free hole concentration and resistivity are expected to be sev-
eral orders of magnitude lower and higher, respectively, in com-
parison to p-GaN, resulting in significant electrical loss in the 
p-AlGaN layer and contact. In addition, since Ni and Au are 
both absorbing UV light, the advantages of such contacts are 
negligible compared to the contact applied straight to a thin 
GaN film. Using reflective, e.g., Al- or Mo-based contacts, simi-
lar to those established in UV LEDs, may increase the barrier too 
much and make lasing impossible [79]. Despite all these efforts, 
all lasers demonstrated in the UV range employed p-GaN/Ni/
Au-based contacts. Yoshide et al. have successfully demonstrated 
a 342 nm AlGaN multiquantum well based laser using contacts 
to thin p-GaN on a relatively thick p-AlGaN [194]. In addition, 
the recently demonstrated UVC laser diodes also utilized thin 
p-GaN and a contact to that layer to achieve electrically injected 
lasing. It is therefore concluded, that for the time being, Ni/
Au-based contacts to thin p-GaN layers may still be the most 
efficient contacts for laser diodes.

Design and technology solutions 
toward deep‑UV lasers
The design of UV laser diodes is challenging due to the inherent 
materials properties of AlGaN. The challenges that make UV 
lasers special are diverse since they involve control of optical 
properties such as waveguiding and control of electrical proper-
ties such as low conductivity p-type AlGaN. While the general 
design of UV laser diodes follows that of visible InGaN laser 
diodes few attempts have been made to simulate UV laser diodes 
[59, 60, 195–198]. This is partially because of the missing pos-
sibility to confirm theoretical data with experimental data and 
partially because some fundamental fitting parameters are still 
unknown or uncertain. The main challenges in the design of UV 
laser diodes that need to be addressed are: (a) waveguiding and 
p-GaN absorption, (b) MQW and electron blocking layer design 
for efficient carrier injection and confinement, and (c) impact of 
additional optical losses such as impurity related losses and facet 
related losses on the laser threshold. The following sections will 
discuss published data regarding these challenges and provide 
suggestions on how they can be overcome.

Waveguides, p‑GaN losses, and optical modes

An essential part for laser diodes is to understand how well the 
laser mode is traveling in the waveguide and how much light 
is leaking into the p- and n-side. For UV lasers leakage on 
the p-side is detrimental since the p-GaN contact layer, if not 

designed correctly, will absorb the laser light and may prevent 
lasing at all. Leakage on the n-side is normally only a concern 
if the n-AlGaN cladding has a large impurity density (leading 
to absorption losses) or if a GaN substrate is used (for Ga-rich 
devices). In order to correctly simulate and predict waveguiding 
the refractive indices of all involved layers need to be known. 
Typically, the bulk refractive indices derived using Sellmeier 
equation are used to estimate the difference in the refractive 
indices between the cladding and waveguiding layers [64, 65, 
198]. Since the difference of the Al content between these two 
layers is often rather small (10–20%), the resulting Δn is in the 
range of 0.05 to 0.1, which limits the waveguiding efficiency 
and decreases the confinement for the laser mode. Approaches 
to improve the confinement of the laser light in the waveguide 
include the use of a graded layers for polarization doping, which 
helps in the confinement by providing a higher effective refrac-
tive index and in addition avoids Mg doping related losses. This 
approach is similar to that used in visible lasers (GRINSCH) and 
has been a critical part of the first UVC laser diode [8].

Experimentally, the effective refractive index of the opti-
cal mode is accessible by observing cavity modes in optically 
pumped laser diodes [63, 199]. Figure 8 shows cavity modes 
recorded around the laser threshold from lasers emitting at 
265 nm and 271 nm. Both MQWs were exhibiting a comparable 
laser threshold and were grown on undoped and n-type AlGaN 
waveguiding layers, respectively. The latter result is significant 
as it proves that n-doping of the optical confinement layers does 
not introduce additional absorption or refractive index change 
that would detrimentally influence the gain.

The longitudinal modes are equally spaced and the effective 
refractive index of the cavity can be obtained by the Fabry–Perot 
etalon equation. If the cavity length is d, for a given wavelength 
(λ) the distance between two neighboring longitudinal modes 
is given by:

where neff is the corresponding effective refractive index of the 
waveguide (depending on the wavelength—Fig. 9—left) [63]. 
In Fig. 9 (left), cavity modes for two different cavity lengths 
(120 µm and 290 µm) are shown. As expected, and following 
the above equation, the mode separation increases for shorter 
cavity length. Figure 9 (left) shows the mode separation for a 
variety of laser cavity lengths (red and black dots). The curve 
was fitted using the above equation and a refractive index of 3.5 
was calculated. This is much higher than the refractive index 
of bulk AlGaN (n = 2.4) obtained by the ellipsometry measure-
ments [64].

With these updated refractive indices, the confinement 
factors can be calculated. It is found that in optically pumped 

�� =
�m�

2

2d(neff − �
dneff
d� )

≈
�
2

2dneff
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structures with the MQWs (targeted emission 270 nm) sitting 
on top of 500-nm-thick AlGaN layers (70% Al content), most of 
the light will travel in the AlGaN and not the MQW. Using the 
definition of the confinement factor Γ as the overlap between the 
gain medium and the optical mode, it was found that for such 
an optically pumped laser with no effective waveguide, Γ can be 
as small as 1% or even less [67, 200]. A reduction of the AlGaN 
layer thickness from 500 to 100 nm in optically pumped lasers 
results in Γ ≈ 2%.

Naturally, for real lasers, the MQW would be embedded in 
two AlGaN layers forming the actual waveguide (embedded in 

the cladding layers). Simulations suggest that for symmetrical 
waveguides with the MQW embedded in a 200 nm Al0.7Ga0.3 N 
(50 nm p-type + 50 nm n-type AlGaN) layer, grown on a n-type 
Al0.8Ga0.2 N cladding layer, more than 95% of the mode is con-
fined in the waveguide (Fig. 9—right). For an active region of 
20 nm thickness a confinement factor of Γ > 5% is found which 
is comparable to that of InGaN laser diodes [63, 201].

Having as much of the UV light confined in the wave-
guide and preventing leakage into the cladding layers is of 
utmost importance in UV lasers. As discussed above, UV laser 
diodes typically use thin GaN contact layers for hole injection 

Figure 8:   (left) Experimentally observed cavity modes from a mid-UV laser emitting at 265 nm for two different cavity lengths. The structure consisted 
of 11 MQWs with 4 nm AlN barriers and 2 nm 55% AlGaN wells. As expected, the separation between the cavity modes changes with cavity length 
(120 µm vs. 290 µm). This allows for a calculation of the effective refractive index of the waveguide, which is otherwise practically impossible to 
measure. (right) Cavity modes were also observed for doped waveguides and no influence of Si-doping on the refractive index or absorption was 
found.

Figure 9:   (left) Cavity length of two lasers emitting at 265 nm (black) and 271 nm (red) as a function of the mode spacing. The laser emitting at 271 nm 
was grown on an n-type AlGaN cladding layer. The dots indicate the experimentally determined mode spacing of different lasers and lines are best 
fits to the measurements. The calculated refractive indices are 3.4 and 3.5 for the two wavelengths, respectively. (right) Light intensity distribution for 
an electrically injected UVC laser diode based on Silvaco simulation. The refractive index profile is indicated in the figure. For the simulation a non-
absorbing AlN substrate was assumed.
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which are, similar to the Ni/Au contacts, absorbing for light 
emitted below 350 nm (above bandgap absorption results in 
α > 100,000 cm−1). If enough of the UV laser light wave pen-
etrates the p-GaN contact layer the threshold is significantly 
increased or the laser may not show lasing at all because it 
cannot sustain the high absorption loss. As a rule of thumb, 
considering band edge absorption coefficients, it can be pre-
dicted that if less than 0.05% of the optical wave travels in the 
absorbing p-GaN (or Ga-rich AlGaN in polarization doped 
AlGaN) the loss should be comparable to maximum achiev-
able gain of the active region. The simulation in Fig. 9 (right) 
does include a p-GaN contact layer. However, due to the thick-
ness of the p-AlGaN cladding layer and the low thickness of 
the p-GaN contact layer (20–40 nm), the confinement factor is 
only slightly impacted compared to a device without p-GaN; if 
designed correctly the p-GaN losses can be avoided. It is found 
that for reasonable layer thicknesses the threshold for electrically 
injected lasing can be kept at achievable values, but it is pointed 
out that it strongly depends on cladding thickness, particular Al 
contents, and GaN thickness [59, 63].

Figure 10 shows simulation results for the laser threshold 
as a function of optical loss in a laser structure consisting of a 
n-cladding layer (500 nm, 75% Al), n-waveguide (60 nm, 65% 
Al), 3xMQW (AlGaN/AlGaN, 3 nm/3 nm), electron blocking 
layer (EBL, 10 nm, 80% Al), p-waveguide (60 nm, 65% Al), 
p-cladding (75% Al), and a p-GaN contact layer (20 nm) [60]. 
The optical loss for different cladding thicknesses is indicated 
in Fig. 10 as well. The data only considers loss in p-GaN due to 
the cladding layer thickness, other losses such as those related 
to defect absorption centers, facet losses, or scattering losses are 
not considered. It is found that for a 500-nm-thick p-cladding 

layer the calculated loss is on the order of 5 cm−1, which reduces 
the expected threshold to about 2 kA/cm2, which is close to the 
value needed to achieve population inversion in the MQWs. A 
reduction of the thickness increases the loss non-linearly and for 
cladding layer thickness < 60 nm the absorption loss becomes 
so dominant that lasing cannot be achieved as the required 
threshold currents are prohibitively high. Choosing the desired 
p-cladding thickness needs to consider these losses and in addi-
tion the electrical properties of the laser device. Since the doping 
efficiency of AlGaN:Mg is very low due to compensation and 
high activation energy of the acceptor, the p-AlGaN cladding 
layer has a very high series resistance. Too thick of a p-AlGaN 
layer is not favorable for hole transport which makes thin-
ner cladding layer more favorable. However, since the optical 
loss increases so significantly with decreasing p-AlGaN thick-
ness, a 500-nm-thick cladding layer is suggested for a 270 nm 
laser structure to reduce absorption from p-GaN layer. Similar 
p-cladding thicknesses are incorporated in UV laser grown on 
absorbing GaN substrates and were successfully used to achieve 
UVA lasing [121, 194, 198].

Improving the efficiency of MQWs

The active region of a laser diode is the MQW structure. It is 
difficult to assess how a MQW will perform in a laser diode 
without having a working device. Given the few demonstra-
tions of AlGaN-based lasers in the UVB and UVC, the internal 
quantum efficiency (IQE) and the laser threshold in optically 
pumped devices are typically used to provide at least some guid-
ance. However, both values are never to be understood as abso-
lute and are rarely even comparable from one group to another 
due to the difficulties in the experimental setup and challenges 
in the calibration. This is especially true for the laser thresh-
old measurement, where estimating the actual power density is 
rather challenging (with the spot size being the highest contribu-
tor to the error). A more reliable benchmark for AlGaN-based 
MQWs is the IQE, which can be calculated using either room 
temperature/low temperature relative intensity measurements or 
by integrated PL intensity as a function of excitation power using 
the Shockley–Read–Hall (SRH) model. The first is a quick and 
commonly utilized method, however, it assumes 100% efficiency 
at low temperature which may not be reasonable at all times 
[38, 202]. In the SRH model, the recombination rate (neglecting 
Auger recombination) is given by:

where n is the carrier density, A is the non-radiative coefficient 
and B is the radiative coefficient.

Previously, temperature-dependent and power-depend-
ent IQE measurements both produced similar IQE values 
in AlGaN-based MQWs, allowing the use of the SRH model 

G = An+ Bn2

Figure 10:   Simulation results for the threshold current as a function of 
optical loss in the laser diode. The loss in p-GaN for different p-cladding 
layer thickness is indicated. For thin p-cladding layers a higher loss and 
therefore a higher threshold are expected.
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to determine the A coefficients. Auger recombination in 
AlGaN-based devices is typically neglected due to the wide 
bandgap of the material and experimental findings, however, 
recent findings indicate that under certain circumstances it 
has to be included [202]. Figure 11 (left) shows the IQE for 
Al0.75Ga0.25 N/AlN MQWs as a function of the optical pump-
ing power. Here, a strong dependence on the well width is 
observed. This is related the impact of the quantum confined 
Stark effect [51, 203]. IQE close to 100% was observed for 
devices grown on native substrate, which is enabled by the 
low dislocation density in the active region [37]. This by a 
factor of 2–3 higher than the best IQEs reported on sapphire 
substrates [77, 204].

In addition to the dislocation density, the growth condi-
tions during the MQW growth and with it the incorpora-
tion of point defects, was found to be a crucial factor that 
impact the IQE of AlGaN-based MQWs [38, 46, 205]. For 
example Bryan et al. showed that with an increase in the 
V/III ratio by a factor of 10, which resulted in the reduc-
tion of impurities and other native point defects, the IQE 
increased from 57 to 91% [46]. These high IQE values 
where achieved at relatively low excitation power densi-
ties around 20 kW/cm2, corresponding to carrier densi-
ties around 1018 cm−3, which is below the carrier densities 
required to achieve population inversion for lasing. The 
high IQE is a direct result of decreasing the non-radiative 
(A) coefficient to the values below 105 s−1. Figure 11 (right) 
shows a comparison between the non-radiative (A) coef-
ficients obtained from best structures grown by Ban et al. 
on sapphire and by Bryan et al. on AlN substrates [37, 46]. 
Both the decrease in non-radiative coefficient and improve-
ment in IQE with an increase in V/III ratio in these low 

dislocation density structures indicate the importance of 
dislocation and point defect management and their role in 
non-radiative recombination.

Another important factor for the performance of UV 
laser active regions is the optical gain. A positive net gain is 
a necessity to achieve either optically- or electrically pumped 
lasing. The gain achieved in the active region must overcome 
any other losses as discussed above. Achieving high gain is 
therefore of utmost importance since it is a direct measure 
of material’s potential for light amplification. The materials 
gain of most III-nitrides, including AlGaN, can be as high as 
4000 cm−1 [206, 207]. However, the modal gain typically has 
much lower values since it’s given by the overlap of the optical 
wave and the active region (MQW), the Γ-factor. Given typi-
cal thicknesses of the MQW (20–40 nm) and the waveguide 
(100–200 nm), one can expect Γ-factors up to ~ 7%, resulting 
in peak modal gain of < 100 cm−1 [63, 208].

Most gain studies in AlGaN were made using the Varia-
ble-Stripe-Length (VSL) method. Alternatively, Hakki–Paoli 
method and segmented contact technique were used [209, 210]. 
The VSL method allows for the measurement of the net optical 
gain and gain threshold in the entire UVC range. The relation 
between the intensity of the emitted light and the stripe length 
is described as:

where IASE(l,λ) is the amplified spontaneous emission intensity, 
α is a constant related to the spontaneous emission, G is the net 
optical gain, and l is the stripe length [206]. Figure 12 shows 
modal gain spectra under different pumping power densities 
for a MQW structure emitting at ~ 260 nm. The laser threshold 

IASE(l, �) =
α

G(�)

(

eG(�)∗l − 1

)

Figure 11:   (left) Power-dependent IQE of Al0.75Ga0.25 N/AlN quantum well structures grown on AlN for different quantum well thicknesses. A decrease in 
quantum well thickness increases the IQE significantly. Thin quantum wells as they were used in our initial experiments are beneficial for high IQE and 
consequently low threshold and high gain. For the thinnest MQW structures a record IQE exceeding 90% was demonstrated for relatively low pumping 
powers. (right) Non-radiative coefficient (A) as a function of dislocation density for MQW structures grown on different substrates [37, 46].
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pumping power density for this structure was around 10 kW/
cm2 and the measured modal gain values as high as 60 cm−1 
were obtained.

The actual peak modal gain of a MQW structure will 
strongly depend on the MQW design including well width, 
barrier width, composition, etc. Furthermore, any point 
defects or extended defects that lead to an absorption of the 
targeted wavelength will further reduce the achievable peak 
gain. Experimental and theoretical work from Guo et  al. 
showed that for electrically injected structures with targeted 
emission around 265 nm, a 3 × MQW with 2 nm well and 6 nm 
barrier width may be beneficial [67]. These numbers are close 
to those values of MQWs typically employed in UVC LEDs. 
This finding was further confirmed by a recent work from 
Witzigmann et al. who claimed that maximum gain may be 
achieved in MQWs with well width of 2.2 nm [208]. Interest-
ingly enough, they also found that a comparable gain may be 
achieved in single quantum wells with width exceeding 6 nm. 
The latter is exactly the strategy employed by Zhang et al. to 
achieve electrically injected lasing [8]. The advantage of SQWs 
over MQWs is the potential to achieve population inversion 
at lower currents and thus lasing at lower current densities. 
However, this is only true for low loss devices (including mir-
ror losses, absorption, etc.).

The reported peak modal gain values of optimized 
AlGaN-based MQWs are typically comparable and around 
50–80 cm−1 [206, 207, 211, 212]. This is despite using different 
substrates (sapphire, AlN), having different MQW designs, 
and having different epitaxial layer quality. While this may 
be initially surprising it is pointed out that these peak gain 
values are achieved at vastly different pumping power densi-
ties ranging from just a few kW/cm2 to MW/cm2, which is in 
agreement with reported optically pumped laser thresholds. In 

other words, while most MQWs can achieve peak gain values 
that are reasonably high, they do so at orders of magnitude 
different carrier densities.

The reported peak gain values of UV emitting MQWs 
are comparable to those in InGaN emitting in the visible part 
of the spectrum. For example, Nakamura et al. reported in 
one of the first InGaN-based MQWs for blue laser diodes 
peak gain values of 110 cm−1 and intrinsic losses of 60 cm−1 
[34, 213]. Such gain values were found to be reasonable for 
electrically injected laser diodes, which highlights that this 
is also be achievable in the UV range if sufficient and stable 
carrier injection can be achieved in AlGaN-based devices. 
Lastly, a potential pathway to increase the IQE further was 
recently highlighted by Murotani et al. [214] They found that 
temperature dependence of the threshold excitation power 
density suggested that the mechanism of optical gain forma-
tion changed from excitonic transition to degenerated elec-
tron–hole plasma between 200 and 250 K. Fostering room 
temperature, excitonic-driven recombination should reduce 
the threshold of UV laser diodes below the already demon-
strated numbers, however, the underlying methods to control 
this as still unknown and need further exploration.

Innovations in electron blocking layer design

In semiconductors, the electrons in the conduction band typi-
cally exhibit a much lower effective mass relative to the holes 
in the valence band. For example, in GaN, the effective mass 
of electrons is 0.2 and that of “heavy” holes is 2 [215]. Conse-
quently, the electron mobility is typically an order of magnitude 
higher than the hole mobility, resulting in an excess electron 
current in the GaN/InGaN-based laser p–n diode in addition to 
electron–hole recombination current thus greatly lowering the 
injection efficiency. As a solution, in GaN/InGaN-based laser 
diodes, an electron blocking layer consisting of AlGaN with an 
appropriate Al composition ensuring bandgap sufficiently larger 
than GaN is employed. This has ensured high efficiency emitters 
in the UVA and VIS range. However, AlGaN presents a more 
interesting challenge. The mobility of holes in Al-rich AlGaN 
is expected to be much lower than in p-GaN as evidenced by 
the resistivity of p-AlGaN being approximately two orders of 
magnitude higher than p-GaN even with a lower activation 
energy [54]. Consequently, the asymmetry between the elec-
tron and hole conduction is much larger in Al-rich AlGaN and 
the associated losses are expected to be much larger in deep-UV 
emitters. This issue is further exacerbated by the requirement of 
thick p-AlGaN cladding to reduce absorption losses in p-GaN 
employed as hole injection layer and p-contact layer. Among the 
challenges is that the conduction band offset even with AlN EBL 
isn’t sufficient to prevent electron overshoot [180] with the likely 
side-effect of presenting a hole barrier as well. Consequently, 

Figure 12:   Gain as a function of the wavelength obtained from VSL 
method.
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EBL design has been actively researched for improved charge 
injection efficiency. As a notable advancement in this direction, 
multiple quantum barrier electron blocking layer (MQB-EBL) 
has been demonstrated to improve the external quantum effi-
ciency in deep-UV (250 nm) LEDs by a factor of 3 where the 
AlGaN/AlGaN superlattice-based EBL is expected to act as a 
better electron barrier by multiple reflections of the electron 
wavefunction, while allowing for sufficient thermal emission 
of holes across the superlattice [180]. Nonetheless, despite the 
novel approaches and the potential to use results from UV LEDs, 
optimization of EBLs for laser diodes will need to be addressed 
in the future to reduce thresholds.

Optical losses and distributed Bragg reflectors

Optical losses in AlGaN-based UV laser diodes have already 
been discussed above. If not taken care of, one of the biggest 
losses can be absorption in the p-GaN contact layer and at the 
p-contact (if employed as hole injection layer). However, this 
loss can be managed by designing the p-cladding layer correctly 
and by reducing the p-GaN thickness as much as possible. Other 
losses include (a) loss in p-type (Mg-doped) AlGaN waveguide 
and cladding, (b) mode leakage to the n-side (through impuri-
ties and substrate leakage), and (c) optical loss at the facets.

P-AlGaN-related absorption loss has been reported to be 
substantial (50 cm−1) [47]. In visible laser diodes, the p-side is 
often not doped at all or has a reduced p-doping level. An illus-
tration of the loss related to p-AlGaN is shown in Fig. 13.

For devices emitting in the 265 nm range, different wave-
guide configurations were investigated. It was found that for 
symmetric and asymmetric doping, as well as inclusion of 

Si-doping, the optically pumped laser threshold was impacted 
only negligibly (Sample 1–3). However, Mg doping of on one 
part of the waveguide (mode confinement < 50%) resulted in 
orders of magnitude higher laser threshold.

For visible lasers grown on native GaN substrates and with 
AlGaN cladding and/or waveguiding layers, mode leakage into 
the n-side is a major concern (since GaN effectively traps light 
due to its high refractive index) and is addressed by using hybrid 
InGaN/GaN waveguides [201, 216]. This may also be a major 
obstacle for UVB laser diodes grown on native GaN substrates 
(here the UV light is even absorbed), especially if the n-cladding 
is not thick enough. Devices grown on sapphire do not suffer 
from the same challenge due to the lower refractive index of 
sapphire compared to GaN and AlGaN. The same principle 
applies for UVC lasers grown on AlN single crystal substrates. 
This agrees well with theoretical data (e.g., Fig. 9–right), thus, 
for native AlN substrates n-side leakage is not considered a chal-
lenge (except if the cladding layer is defect-rich and provides for 
absorption losses).

Finally, due to the relatively low refractive index in ultra-
wide bandgap Al-rich AlGaN, the mirror losses are also rela-
tively high. Consequently, high threshold current densities are 
expected in these deep-UV laser diodes and may be prohibi-
tively high. An important technology that may be employed to 
greatly lower the mirror loss and thereby reduce the threshold 
current is that of Distributed Bragg Reflectors (DBRs). Deposi-
tion of such DBRs on the facets of laser diodes can reduce the 
laser threshold of electrically injected devices. It was demon-
strated that highly reflective mirrors with low absorption can be 
achieved with sputtered HfO2/SiO2 (99%) or YSZ/SiO2 (99.9%) 
[217]. Compared to ~ 20% reflection at AlGaN facets, this rep-
resents a reduction in mirror loss from ~ 15 cm−1 for AlGaN 
facet exposed to air (cavity length of 1 mm) to 0.1 cm−1 and 
0.01 cm−1 for facets coated with sputtered HfO2/SiO2 (99%) or 
YSZ/SiO2 (99.9%), respectively. Hence a significant reduction 
in laser threshold current is expected. Accordingly, employing 
DBRs of HfO2/SiO2, Kao et al. demonstrated a reduction in 
laser threshold from 250 to 180 kWcm−2 and the first electri-
cally injected UVC laser also employed DBRs [218, 219]. For the 
latter, DBRs were deposited in-situ using ALD on etched facets 
that limits the number of pairs and hence the reflectivity, and the 
advantage of high reflectivity sputtered DBRs on cleaved facets 
is to be exploited in the future.

Optically and electrically induced UV lasing
Electrically injected (pulsed) UV lasing based on AlGaN tech-
nology has been demonstrated in the UVB and UVC range 
down to 260 nm, however, the commercially available shortest 
wavelength is still based on InGaN and emitting around 380 nm. 
Generally, the achieved electrically pumped laser diodes can 

Figure 13:   Threshold power values of the four optically pumped laser 
samples for different waveguide configurations. Sample 1 has an 
asymmetric waveguide (100 nm AlGaN/ MQW) and sample 2–4 have 
symmetric waveguides (50 nm AlGaN/MQW/50 nm AlGaN) but different 
doping configurations. All samples were grown on AlN substrates [from 
Ref. 51].
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be subdivided in three groups: (a) laser diodes emitting in the 
340–350 nm range, and (b) diodes emitting below 340 nm but 
still UVA, and (c) UVB and UVC lasers. The first group utilizes 
efforts from InGaN laser growth: Low Al content AlGaN layers 
with high doping capabilities can be grown on sapphire sub-
strates using the same growth and fabrication routine employed 
for InGaN lasers. Typical thresholds for these laser diodes are in 
the single digit kA/cm2 range and output powers as high as a few 
tenth of mW have been demonstrated [4, 194, 220–222]. While 
almost all of these diodes were grown on non-native substrates, 
they all benefit from low dislocation templates or ELO technol-
ogy with dislocation densities in the 108 cm−2 range, which is 
in agreement with laser diodes in the visible wavelength range.

The second group of laser diodes is based on mid-range Al 
contents. For these devices, InGaN technology is not helpful 
anymore and special efforts to achieve thick AlGaN layers and 
doping must be made. Most devices in the 320–330 nm (UVA) 
wavelength range have been demonstrated by Hamamatsu and 
their collaborators. These devices were grown on sapphire and 
GaN substrates and relied on facet controlled epitaxial lateral 
overgrowth (FACELO) substrates [223, 224]. Using FACELO, 
dislocation density reduction and relaxation of AlGaN with 
30–40% Al content is possible, which in turn allows the growth 
of laser structures with relatively low dislocation densities. Using 
this technology, lasing down to about 320 nm has been dem-
onstrated and output power of up to 1 W was achieved [194, 
225]. However, the threshold current density was typically in 
the 10–40 kA/cm2 range, indicating significant losses and sig-
nificant heating, which in turn limits the lifetime of the devices. 
Interestingly enough, the device performance does not improve 
when the FACELO technology was applied on GaN substrates 
instead of GaN/sapphire substrates, indicating that the relaxa-
tion of AlGaN on GaN is still challenging [121].

UVB and UVC emitters are rather new. The first electri-
cally injected UVC laser diode was based on nanowires and self-
aligned cavities [7, 226]. For the UVC wavelength range, it is 
suspected that lasing in these nanowire lasers was achieved by a 
decreased defect density and increased conductivity due to the 
small feature size of the active region. Self-aligned cavities were 
then formed and emission at 262 nm was observed. Operation 
temperature seemed to be limited to 77 K due to the maximum 
achievable gain, related to very large inhomogeneous broaden-
ing associated with the 3D compositional variations in randomly 
formed AlGaN nanowire arrays.

More recent UVB and UVC lasers rely on more traditional 
approaches. Sato et  al. presented operation of an AlGaN-
based UVB laser diode emitting at 298 nm and operating at 
room temperature [227]. Growth was done on relaxed AlGaN/
AlN/sapphire substrates with assumed dislocation density of 
108 cm−2. Depending on the device configuration, laser thresh-
old current densities between 40 and 70 kA/cm2 and operating 

voltages around 30 V were needed, resulting in limitation to 
pulsed operation and low output power (≈ 0.3 mW). The first 
edge emitting laser diode operating in the UVC range was dem-
onstrated by Zhang et al. [8] This diode was grown on native 
AlN substrates to reduce the dislocation density below 105 cm−2. 
Emission wavelength was between 270 and 280 nm and output 
power was in the single digit mW range (Fig. 14).

The UVC laser diode had a lower threshold and operat-
ing voltage compared to the UVB laser from Sato et al. This 
resulted in a 4–6 times lower electrical power needed to oper-
ate the device. Nonetheless, the operation was limited to pulsed 
operation with a duty cycle of 0.02%. Achieving of UVC lasing 
at these relatively good values is likely related to a few unique 
innovations that were included in this device: (a) the use of a low 
dislocation AlN substrate, (b) implementation of an undoped 
graded layer on the p-cladding side, (c) use of a 9-nm-thick 
single quantum well compared to the more commonly used 
MQWs, (d) deposition of oxide-based DBRs on etched facets, 
and (d) fabrication of relatively short cavities (400 µm) with 
4 µm wide injection areas (p-contact).

Apart from electrically injected lasing, optically pumped 
lasing has been demonstrated more commonly over the whole 
UVB and UVC range. The shortest wavelength stimulated 
emission (not lasing) was achieved from pure AlN structures at 
216 nm with threshold optical power density of approximately 
9 MW/cm2 [228]. For MQW structures and other confined 
structures the early work focused on the Ga-rich side and UVA 
[229, 230]. The first UVC optically pumped lasing using MQWs 
was achieved by Takano at 240 nm [231]. The initial thresh-
old pumping power was approximately 1200 kW/cm2 at room 
temperature and the laser was grown on a 4H-SiC substrate. 

Figure 14:   I–V and I–L curve of an edge emitting diode with peak 
emission around 280 nm [from Ref. 8].



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
36

  
 I

ss
ue

 2
3 

 D
ec

em
be

r 2
02

1 
 w

w
w

.m
rs

.o
rg

/jm
r

Invited Feature Paper-Review

© The Author(s), under exclusive licence to The Materials Research Society 2021 4658

Since then, optically pumped lasing has been demonstrated on 
many different substrates and templates. Again, and as shown in 
Fig. 15, a general trend toward lower threshold for laser grown 
on lower dislocation templates is observed. However, it was also 
shown that point defects and impurity density have a significant 
impact on the optical laser threshold [38]. Therefore, for both 
optically and electrically pumped laser diodes, it is of utmost 
importance to control and reduce extended and point defects.

Outlook
While the early works on UV laser diodes started at the end 
of the last century, the main efforts were made only in the last 
ten years. This is a short range of time compared to any other 
effort for optoelectronic devices. Even GaAs laser diodes needed 
decades to mature before widespread commercialization was 
possible. Even though it may not be obvious, the advances that 
have been made in this field are tremendous and the outlook is 
positive. With the recently demonstrated lasers in the UVB and 
UVC range this outlook gets even brighter. The fact that opti-
cally pumped lasing can be achieved in UVC devices even on 
sapphire substrates indicates that the non-radiative recombina-
tion and losses of the waveguide cannot be too high to forbid 
lasing in the UV. It rather indicates that the electrical proper-
ties such as doping, contacts, and carrier injection need to be 
controlled and improved, which is where the main effort should 
be put in the years to come. While the first electrically injected 
laser in the UVC utilized polarization doping, this technology 
is still not fully understood. More investigations are needed to 
clarify the underlying mechanisms of this polarization doped 
layer especially with respect to band engineering and injec-
tion efficiency improvements. Thereby, traditional or mixed 
approached in designing UVB and UVC laser should not be 
neglected as they may offer more stability and ultimately lower 
threshold currents which in turn decrease heating and enable 

cw operation. By comparing the predicted laser threshold of 
UVB and UVC devices to theoretical values and those achieved 
in VIS laser, it is clear that the recent results are only a starting 
point and not the end.

It is clear that UV lasers based on AlGaN can only be 
made on substrates or templates with dislocation density in 
the low 108 cm−2 or below. Achieving these values consist-
ently and with a high yield is mandatory for future commer-
cialization efforts. Further efforts should be made to improve 
growth and fabrication of lasers. This includes such funda-
mental research as improvement of native AlN substrates 
and epitaxial growth on these substrates, development of 
low resistivity contacts to the p-side, and strengthening of 
the facet formation procedure and mirror deposition tech-
niques. It is believed that at this point AlGaN-based lasers 
can greatly learn from efforts made for InGaN laser at the 
beginning of the century. For the coming years a steep learn-
ing curve is needed to finally allow for commercialization of 
UVC and UVB lasers, cw operation, and implementation of 
these devices on the system level.
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