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Abstract: III-nitride light-emitting devices have been subjects of intense research for the last several
decades owing to the versatility of their applications for fundamental research, as well as their
widespread commercial utilization. Nitride light-emitters in the form of light-emitting diodes (LEDs)
and lasers have made remarkable progress in recent years, especially in the form of blue LEDs and
lasers. However, to further extend the scope of these devices, both below and above the blue emission
region of the electromagnetic spectrum, and also to expand their range of practical applications, a
number of issues and challenges related to the growth of materials, device design, and fabrication
need to be overcome. This review provides a detailed overview of nitride-based LEDs and lasers,
starting from their early days of development to the present state-of-the-art light-emitting devices.
Besides delineating the scientific and engineering milestones achieved in the path towards the
development of the highly matured blue LEDs and lasers, this review provides a sketch of the
prevailing challenges associated with the development of long-wavelength, as well as ultraviolet
nitride LEDs and lasers. In addition to these, recent progress and future challenges related to the
development of next-generation nitride emitters, which include exciton-polariton lasers, spin-LEDs
and lasers, and nanostructured emitters based on nanowires and quantum dots, have also been
elucidated in this review. The review concludes by touching on the more recent topic of hexagonal
boron nitride-based light-emitting devices, which have already shown significant promise as deep
ultraviolet and single-photon emitters.

Keywords: III-nitrides; laser; light-emitting diode; nanowires; optoelectronics; polaritons; quantum
dots; solid-state lighting; spintronics; visible light communication

1. Introduction

III-nitride materials are the materials of choice for a wide range of applications and
scientific explorations spanning across the fields of power electronics, optoelectronics,
photonics, logic circuits, spintronics, high-temperature electronics, and communication
technology. Within this variegated array of fields, optoelectronics is one of the most
promising ones owing to the suitability of III-nitride material systems as the near-perfect
solution to numerous challenges [1,2]. The direct bandgap nature of III-nitrides, coupled
with their tunable emission characteristics, spanning from deep ultraviolet (DUV) to the
near-infrared (NIR) region of the electromagnetic (EM) spectrum, makes this material
system uniquely suitable for a wide range of photonic solutions. The exotic electronic
properties of III-nitrides, such as the high exciton-binding energy, large breakdown fields,
and high-temperature stability, make these material systems all the more suitable for
room temperature operation under electrical injection, thereby offering the prospect of
controlling light output and absorption characteristics via electronic means, based on
optoelectronic devices, such as light-emitting diodes (LEDs), lasers, photodetectors, and
optoelectronic integrated circuits (OEICs). The ability to grow high-quality quantum-
confined structures in the form of quantum wells (QWs), wires, and dots has also facilitated
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the realization of III-nitride-based optoelectronic devices with unusual properties and
high-performance characteristics. In spite of the high defect density of this material system
and challenges associated with p-doping, remarkable advancements made in materials
growth and device fabrication techniques have greatly paved the way for the successful
realization of numerous III-nitride optoelectronic devices.

The most commonly employed III-nitride, wurtzite GaN, is a direct bandgap semicon-
ductor with a bandgap of 3.4 eV. The zinc-blend variant of GaN is also a direct bandgap
semiconductor, albeit with a much smaller bandgap of 1.49 eV. Wurtzite-InN and wurtzite-
AlN are two other III-nitride binary compounds with bandgaps of 0.7 eV and 6 eV re-
spectively [3]. As the band-to-band optical transition of these compounds corresponds to
DUV and NIR wavelengths, by varying the indium and/or aluminum mole-fraction of
InAlGaN alloys, the emission wavelength of III-nitrides can be conveniently tuned over
the DUV-visible-NIR region of the EM spectrum (shown in Figure 1). Consequently, even
though III-nitride compounds are popularly known for the commercialization of blue
LED-based solid-state lighting (SSL) systems, nitride-based light-emitting devices hold
significant promise for a wide range of other applications, such as display technologies,
visible light communications, sensing, environmental monitoring, quantum information
processing, optical storage, and so on (selected applications of III-nitride emitters are shown
in Figure 1b). Over the last three decades, research and development of nitride-based LEDs
and lasers has progressed at an incredible pace. In fact, the present-day maturity of materi-
als growth, doping, and fabrication techniques related to III-nitrides can be largely credited
to the remarkable progress being made with III-nitride LEDs and lasers. Even to date,
new avenues of research relevant to these devices are being explored, not only to address
existing challenges, but also to materialize disruptive technologies pertinent to numerous
areas related to the ongoing fourth industrial revolution.

Figure 1. (a) Energy bandgaps and corresponding emission wavelengths of different III-nitride materials shown against
their lattice constant; (b) selected applications of III-Nitride light-emitting devices.

In this article, we present a comprehensive review of III-nitride-based emitters, namely
LEDs and lasers, and discuss the future prospect of these devices based on the current
research trends. This article is organized as follows. In Section 2, we first review the
early research on III-nitride-based LEDs and their evolution from the first generation to
state-of-the-art, high-performance nitride LEDs for solid-state lighting-related applications.
Next, we discuss the research endeavors dedicated towards the development of nitride-
based white LEDs, UV LEDs, and micro LEDs. The more recent research on the design
and application of these devices for visible light communication is also discussed in this
section. In Section 3, we present a detailed review of III-nitride-based lasers. In this section,
discussions on the early development of nitride lasers are followed by an overview of
the progress of blue and long-wavelength nitride lasers. Ongoing research and future
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prospects for nitride-based, edge-emitting, and vertical-cavity surface-emitting lasers are
also discussed in this section. In Section 4, we provide an overview of next-generation
nitride emitters, which include nitride-based exciton-polariton lasers, III-nitride spin-LEDs
and lasers, and nanostructured nitride emitters. Finally, the review concludes with a
brief discussion on the more recent topic of hexagonal boron nitride-based light-emitting
devices, which have emerged as promising candidates for deep ultraviolet and single-
photon emitters.

2. III-Nitride-Based LEDs
2.1. Early Development of Nitride LEDs

Advancements in the field of III-nitride optoelectronics can be largely attributed to
the development of nitride-based LEDs. One of the main motivating factors behind the
research on III-nitride LEDs was the experimental realization of a true-blue LED. Such an
LED was commercially unavailable until the 1990s because of the non-compatibility of more
commonly used direct bandgap semiconductors (such as GaAs, InP, GaP, etc.) at such short
wavelength emissions. Back in the 1960s, several research groups attempted to grow nitride
crystals with the aim of realizing a blue LED. The first successful growth of GaN single
crystals was reported by Maruska and Tietjen in 1969 [4]. In their work, a single-crystal
GaN was grown on a sapphire substrate using halide vapor phase epitaxy (HVPE), where
GaCl and NH3 were used as the gaseous precursors. Based on such single-crystal material,
blue electroluminescence from an electrically driven GaN device was first reported by
RCA laboratories in 1971. The reported device had a metal-insulator-semiconductor (MIS)
structure, and it was shown that, under electrical injection, a broad emission peak at 477 nm
can be achieved in Zn-doped GaN when electrons recombine with holes generated by an
avalanche breakdown at the grain boundaries [5,6]. The output of this device was limited
to around 1–5 µW and the external quantum efficiency (EQE) was extremely low (~10−3).
There were several other reports of MIS structure-based blue emissions from GaN [7–10]. In
spite of these early successes, the development of a GaN-based blue LED faced significant
challenges in terms of epitaxial growth because of the large number of defect states present
in the material system. Moreover, attaining and controlling p-type conductivity appeared to
be extremely challenging because of the self-compensation that resulted from the presence
of a large number of nitrogen vacancies in GaN [11].

Significant breakthroughs towards the development of blue LEDs were made in the
1980s when high-quality GaN-on-sapphire was grown by metal-organic chemical vapor
deposition (MOCVD), which employed AlN buffer layers on a sapphire substrate. This
low-temperature-deposited buffer layer growth technique, pioneered by Akasaki et al.
and Amano et al., enabled the growth of uniform crystalline-quality GaN films with good
photoluminescence and electrical properties [12–14]. The same technique was employed
by Nakamura et al. to attain high-quality thin films using a GaN-buffer layer instead of
the AlN-buffer [15]. The room temperature Hall mobility of these films was 600 cm2/V-s,
whereas for the AlN-buffer-based films, the mobility was in the 350–400 cm2/V-s range.
Another significant milestone towards the development of GaN-based LEDs was achieved
in the late 1980s, when Amano et al. reported the first successful p-doping of GaN with
Mg-acceptors through the utilization of ex situ low-energy electron beam irradiation
(LEEBI) treatment [16]. This enabled the first demonstration of a GaN-based p–n junction
LED, which exhibited near-band edge emission at around 365 nm [16]. Soon afterwards,
the LEEBI technique was further confirmed and clarified by Nakamura et al. [17] and
Vechten et al. [18]. In 1991, a high-power p–n junction GaN LED, with an output power
of 42 µW at 20 mA, was demonstrated using a low-temperature GaN buffer and LEEBI
treatment [19]. Later in 1992, Nakamura et al. demonstrated that Mg-doped p-type GaN
can be obtained with simple thermal annealing as well [20]. Nowadays, thermal annealing
has become the de facto technique for the p-doping of GaN-based LEDs. A schematic
illustration of important milestones achieved during the development of nitride LEDs is
shown in Figure 2.
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Figure 2. Timeline of important milestones achieved in the development of the first GaN-based light-emitting p–n
junction diode.

2.2. First-Generation Nitride LEDs

Although the realization of crystalline GaN films and Mg-based p-doping significantly
paved the way for the development of GaN-based LEDs, epitaxial growth of the InGaN
active region was essential to attain blue emission from band-to-band transitions. Based
on earlier works on InGaN [21–23], high-quality InGaN growth on GaN-on-sapphire
substrates was reported in 1991. This work demonstrated strong violet or blue emission,
depending on the In-composition of the epilayers [24]. Later in 1993, such high-quality
InGaN was used as the active region of the first GaN-based blue LED, which comprised a
p-GaN/n-InGaN/n-GaN double heterostructure (DH) [25]. The output power and EQE
of this device were 125 µW and 0.22% respectively. A commercial blue LED with an
output power of 1.5 mW, an EQE of 2.7%, and an emission wavelength (λ) of 450 nm was
reported by Nakamura et al. in 1994 [26]. This device was the first instance in which a
p-AlGaN-based electron-blocking layer (EBL) was used to prevent carrier overflow from
the active region of the LED. Another milestone in the development of first-generation
LEDs was achieved in 1995 when Nakamura et al. demonstrated the first InGaN quantum
well-based blue, green, and yellow LEDs [27]. These single-quantum-well (SQW) devices
had 5 mW (3 mW) output power with EQE values of 9.1% (6.3%) at blue (green) emission
wavelengths. The heterostructure of these devices has since been serving as the basis for
all commercially available first-generation single- and multi-quantum-well nitride LEDs.
Energy band diagrams of the GaN-based LEDs at different stages of their development are
shown in Figure 3.

In spite of such significant advancements within a short span of time, the performance
characteristics of first-generation LEDs pioneered in the 1990s were limited by a large
number of threading dislocation densities (in the order of 108–1010 cm−2) present in GaN-
on-sapphire substrates [28–30]. Such large defect densities originate from the non-trivial
lattice mismatch present between the GaN overlayer and the sapphire substrate. The light
extraction efficiency of these devices was also limited owing to the high refractive index
contrast (~2.5) between GaN and the air, which caused a significant fraction of light to
reflect back into the device upon emission from the active region.
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Figure 3. Energy band diagram of the GaN-based LED, as this device evolved from (a) the metal-insulator-semiconductor
(MIS) structure reported in the 1970s to (b) the homojunction-based device reported in the late 1980s, and then gradually
materialized into (c) the more efficient double heterojunction LED reported in the early 1990s. Since the mid-1990s, the
device has been mostly realized with InGaN/GaN (d) single- and (e) multi-quantum-well-based heterostructures.

2.3. Next-Generation High-Performance Nitride LEDs

With the development of better-quality substrates, as well as advancements in epitax-
ial growth techniques [31–35], the focus shifted towards the performance enhancement
of nitride LEDs based on low-dislocation density GaN substrates, semi- and non-polar
substrates, or patterned sapphire substrates. One of the early works on non-polar, free-
standing GaN substrates was published in 2005, which demonstrated a 450 nm LED with
an output power of 0.24 mW [36]. A significantly better performing device with a 38.9%
EQE and an output power of 23.7 mW was reported in 2007 based on a non-polar m-plane
bulk GaN substrate with threading dislocation densities of less than 5 × 106 cm−2 [37].
Since then, research on GaN LEDs based on non- and semi-polar substrates has received
a lot of traction. High-performance blue and violet LEDs based on such substrates have
already been reported with EQE values of 54.7% and 52.7% respectively [38,39]. Whereas
conventional c-plane III-nitrides are characterized by spontaneous and piezoelectric po-
larization owing to the wurtzite crystal structure’s lack of inversion symmetry, non-polar
and semi-polar substrates offer enhanced radiative efficiency, better charge transport, and
reduced efficiency droop because of the smaller or nearly-zero polarization effects [40]. In
spite of these advantages, the non- and semi-polar GaN LEDs have not been able to replace
the conventional c-plane devices primarily owing to the non-availability of low-cost, large-
area substrates. The heteroepitaxy of non- and semi-polar GaN epilayers on less-expensive
non-native substrates may serve as an alternative, although this is still an active area of
materials research because such heterostructures suffer from a significant number of point
defects and impurities [41,42], dislocations [43,44], as well as stacking faults [45].

The state-of-the-art GaN LEDs reported so far are based on patterned sapphire sub-
strates (PSS) or quasi-bulk GaN substrates. In 2010, the development of low-power
(<100 mW) blue LEDs using PSS was reported by Nichia Corporation. The reported
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devices had a maximum EQE of 85% and WPE of 81.3% at 20 mA bias current [46]. The
development of high-power violet (up to ~800 mW) LEDs with a peak EQE of 73% using
low-defect density (~105 cm−2) quasi-bulk GaN substrates was reported by Sora [47]. This
device, which could operate at 54% EQE at a very high current density of 1000 Acm−2,
enabled Sora’s commercialization of the first 50 W equivalent LED lamp in 2012. The
development of a higher-performing violet (λ = 415 nm) LED based on a quasi-bulk GaN
substrate, which had a WPE of 84% at an 85 ◦C operating temperature, was reported in
2015 [48]. Besides the optimization of growth techniques and the utilization of alternative
substrates, more recently, significant efforts have been made to enhance the light extraction
efficiency (LEE) of nitride LEDs. The LEE of conventional GaN LEDs is relatively low
owing to the high refractive index of GaN, which causes a significant fraction of the emitted
light to become trapped within the device by total internal reflection (TIR) [49,50]. Three
main techniques have been explored to enhance the LEE of nitride LEDs, which are the
flip-chip (FC) technique by substrate removal, the utilization of pattered sapphire substrate,
or device fabrication based on volumetric bulk GaN substrates.

As shown in Figure 4a, in the FC technique, the LED chip is flipped onto the p-GaN
side, bonded onto a submount, and light is collected from the n-side of the device [51–53].
Instead of the previously used thin Ni/Au p-contact, a thick layer of Ag is used as the
p-contact, which not only facilitates the operation of the device at high current densities,
but also serves as a back reflector to increase the LEE of the device. As the refractive index
contrast at the GaN–sapphire interface is smaller than the refractive index contrast at the
GaN–air interface, light trapping because of TIR is smaller for the FC devices. The LEE
of flip-chipped GaN LEDs has been further enhanced by removing the sapphire substrate
using an excimer laser, and also by roughening the n-GaN surface to increase the single-
pass escape probability of emitted light [53,54]. By positioning both p- and n-contacts
on the submount side, the LEE of the so-called vertical injection thin film (VTF) flip-chip
design has been extended up to 75–80% [55]. Higher LEE values have been reported with
PSS, which uses features such as lines, cones, hemispheres, etc., to further enhance light
output (Figure 4b). By incorporating ITO contact with LEDs grown and fabricated on PSS,
Nichia Corporation have reported EQEs higher than 84% [46]. More recently LEE values of
90% have been reported using bulk GaN-based volumetric LEDs, which have near-unity
vertical-to-horizontal aspect ratios and roughened surfaces not only on the top but also on
the sidewalls. Such a geometry significantly reduces lateral loss from sidewall emission
and enhances light extraction from the top surface of the device (a representative schematic
is shown in Figure 4c) [47,48,56].

Figure 4. Schematic illustration of nitride-LED structures commonly employed for enhancing light extraction efficiency:
(a) a flip-chipped device placed onto a submount with light being collected from the roughened, top n-GaN surface; (b) a
non-inverted device epitaxially grown and fabricated onto a patterned sapphire substrate; (c) a volumetric flip-chipped
device with a roughened n-GaN sidewall and light being collected from the top n-GaN surface.

A concern related to the degradation of the LEE and electrical performances of GaN-
LEDs is current crowding resulting from the low conductivity of the nitride heterostruc-
tures [57,58]. This issue is specially related to the large activation energy (~150–210 meV)
of Mg-dopants in GaN [59], which results in the low conductivity of p-GaN, and therefore
affects uniform current spreading and the extraction efficiency of high-brightness LEDs. An
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effective means of overcoming this limitation is the incorporation of a modulation-doped
AlGaN/GaN heterostructure, which is capable of enhancing the effective hole concentra-
tion of the active region [58]. Modulation doping is already an established technique for
GaP and GaSb-based LEDs [60,61] and this technique is widely utilized for high-power
nitride devices, such as AlGaN/GaN high electron mobility transistors (HEMTs) [62].
The strong polarization field at the AlGaN/GaN interface promotes the formation of
sheet carrier densities in the order of 1013 cm−2 in nitrides. In addition to AlGaN/GaN
heterostructures, unintentionally doped GaN/p-GaN has also been utilized to increase
conductivity by a factor of about 40 [63]. Such enhancement of conductivity significantly
improves the current spreading characteristics of nitride LEDs. Modulation doping has
also been observed improving the endurance of the device in the face of high electrostatic
discharge (ESD) pulses [57,64].

2.4. Nitride-Based White LEDs

It goes without saying that GaN-based LEDs have served as a disruptive technology
in the field of lighting and illumination. In fact, the remarkable success of the solid-state
lighting (SSL) industry is largely attributed to the advancements made in the development
of high-performance nitride LEDs [65,66]. Since the early development of blue-emitting
nitride LEDs back in the mid-1990s, significant attention has been given to the realization of
white LEDs for visible lighting-related applications. In 1996, Nichia Corporation commer-
cialized the first white LED by combining GaN-based blue LED with Ce: YAG phosphor,
which partially absorbs the blue emission and then re-emits a broadband spectrum centered
around the yellow wavelength [67–69]. Owing to the high efficiency, high stability, and
low cost of this technique, it has been the most widely adopted approach by the industry
for realizing white LEDs. An alternate approach is to use blue nitride LEDs together
with phosphor-converted green and red LEDs, though this approach is limited by the low
conversion efficiencies of the green and red phosphors [70]. From a theoretical standpoint,
the highest possible luminous efficacies of nitride LEDs (in the range of 300–400 lm/W) can
be achieved by directly combining red, green, and blue (RGB) emitting LEDs onto a single
chip [71]. The challenge with this approach is that it necessitates not only high-performance
blue LEDs, but also green- and red-emitting nitride LEDs. As commercial red-emitting
nitride LEDs have remained elusive owing to their poor performance metrics, the more
matured AlInGaP red LED may serve as an alternative for fabricating direct-emission-based
RGB arrays. This, however, poses additional challenges, not only in terms of integration,
but also in terms of control, as optimizing the operating conditions of LEDs based on
two different material systems is rather challenging [72]. Consequently, there has been
continued research aimed towards the development of red and green nitride LEDs so that
they can be monolithically integrated onto the same chip with blue LEDs.

Different techniques, such as growth optimization of the InGaN-QW with an AlGaN-
interlayer [73], doping of the GaN-active region with Europium [74], reduction of in-
plane residual stress using thick GaN underlayers [75], and the incorporation of V-pit in
the InGaN active region [76], have been employed to attain red nitride LEDs with peak
emission wavelengths ranging between 620 nm–633 nm. However, in comparison to
state-of-the-art blue and green LEDs, the performance characteristics of these red LEDs
are substantially low. In fact, to date, the highest EQE of reported red nitride LEDs is only
2.9% at 629 nm wavelength [73]. While the performance characteristics of red-emitting
nitride LEDs need massive improvement, significant improvement needs to be made with
InGaN-based green LEDs as well. Green nitride LEDs suffer from efficiency droop, low
EQE values, and also high peak current densities at the maximum power point. In fact,
the ‘green gap’, which is referred to as the non-availability of efficient green-emitting
nitride or phosphor-based LEDs at long wavelengths, has been a long-standing challenge
in the field of optoelectronics [65,77,78]. It has been observed that power conversion
efficiency decreases and peak efficiency shifts to higher current densities as more indium
is incorporated in the active region of the nitride LEDs. Such diminishing characteristics
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are attributed to the strain developing from the large lattice mismatch between the InGaN
(QW)/GaN (barrier) layers [79–81], carrier localization resulting from In-composition
fluctuation [70], impurities and point defects owing to the low-temperature growth used
for indium incorporation [82–84], and reduced electron–hole wavefunction overlap in
InGaN QWs of high In-composition [85,86].

In spite of these challenges, there have been remarkable improvements in the per-
formance of phosphor-based white LEDs with blue nitride LEDs as the main compo-
nent. Whereas the first white LEDs reported by Nichia had a luminous efficacy of only
5 lm/W [68,69], white LEDs exceeding 200 lm/W have been developed and commercial-
ized by Cree, Nichia, and Osram since the late 2000s [87]. In fact, Cree already broke the
300 lm/W barrier in 2014 with white LEDs that have correlated color temperature values
of 5150 K. In 2017, white LEDs exceeding 200 lm/W were commercialized by Philips [88].
Such remarkable progress of nitride-based white LEDs well exceeds Haitz’s law, which
forecasts that every 10 years, the amount of light generated by a LED would increase 10-
fold, while the cost per lumen will fall by a factor of 10 [89]. For comparison, the evolution
over time of the average cost and light output of nitride-based white LEDs and red LEDs
are shown in Figure 5. It is obvious that the advent and development of nitride LEDs has
played a major role in enhancing light output while reducing energy costs at the consumer
level. The reduced energy cost and carbon footprint of white LEDs have further promoted
the market penetration of this technology. According to the latest forecast by the USA
Department of Energy (DOE) [90], with further research and development, the transition
to white LED sources may result in an annual energy saving of about 569 TWh by the year
2035. This is equivalent to about USD 890 billion in avoided energy costs over the duration
of 2017–2035.

Figure 5. Evolution over time of the cost per luminous flux and the output luminous flux per lamp
for high-performance red and white LEDs reported between 1970 and 2020. Here, the solid symbols
represent cost per luminous flux and the open symbols represent luminous flux per lamp (plotted
based on data available in [87–89]). The solid lines are guides for the eyes.

2.5. Nitride-Based UV LEDs

Although the development of nitride LEDs has historically been aimed at advancing
the field of SSLs, with already remarkable advancements made in this area, the focus
has more recently shifted towards new avenues of nitride LED-based research. Among
these, the design, growth, and fabrication of nitride-based UV LEDs is currently one of
the most promising ones. Research in this area is primarily motivated by the need to
create the next generation of UV sources, which may serve as alternatives to toxic mercury
lamps and gas lasers for applications related to air and water purification, sterilization,
bio and environmental sensing or monitoring, UV curing, plant growth lighting, and
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phototherapy [91,92]. Since around 2005, AlGaN-based UV LEDs have been extensively
studied owing to the tunable bandgap (3.4–6.1 eV) of AlGaN, which covers all three
spectral bands of UV radiation, namely UVA (400–320 nm), UVB (320–280 nm), and UVC
(280–100 nm). The research outcomes of AlGaN-based UV LEDs, however, suggest that the
performance of these devices tends to diminish as the light output shifts from near-UV to
deep-UV wavelength. This is primarily owing to the high threading dislocation densities
(in the order of 108 cm−2 to 1010 cm−2) arising from the large lattice mismatch at the
AlGaN/GaN interface, as the Al mole fraction of the active layer increases [93]. Whereas
InGaN-based near-UV (400–365 nm) emitters have performance characteristics similar to
those of blue LEDs, with EQEs ranging from 46–76%, the EQEs of AlGaN-based UVB and
UVC LEDs have mostly hovered below 10% [91,94–105]. The highest performing DUV
LED reported so far has had a peak EQE of 20% at an emission wavelength of 275 nm [103].
EQE values of some of the highest reported nitride UV LEDs are shown in Figure 6a for
different emission wavelengths covering the UV band.

Figure 6. (a) External quantum efficiency of nitride UV LEDs spanning over the entire UV spectrum (plotted based on
data available in [91–93]). (b) Typical energy band diagram of a nitride UV LED comprised of the (i) electron injection
layer, (ii) multi-quantum well (MQW) active region, (iii) AlGaN electron blocking layer (EBL), (iv) hole injection layer, and
(v) p-contact layer.

Research initiatives regarding the further enhancement of the figure-of-merits of UV
LEDs are being made on multiple fronts, such as the growth of better quality materials
by reducing threading dislocations in AlGaN [93], better n- and p-doping of AlGaN to
achieve higher conductivity [106–108], design of better contacts and heterostructures for
efficient carrier recombination in the active region [92,106,109–111], and the application of
photon management techniques for enhancing light extraction efficiency [103,104,112–116].
It may be noted that for efficient carrier injection and to prevent carrier overflow from
the active region, different heterostructures of DUV LEDs have been explored for band
engineering [92]. The most commonly employed heterostructure for a UV LED comprises
n- and p-contact layers, GaN/AlGaN multi-quantum wells, n- and p-AlGaN layers for
electron and hole injection, and Al-rich, p-doped electron blocking layers to prevent carrier
overflow during high injection. The energy band diagram of such a heterostructure is
shown in Figure 6b. As p- and n-doping of AlGaN are yet to be optimized, the high-
resistivity of Al-rich epilayers make Joule heating an important challenge to overcome for
attaining high-performance characteristics in these devices.

2.6. Nitride Based Micro-LEDs

The field of III-nitride micro LEDs has emerged as an important area of research over
recent years primarily with the emergence of wearable, portable, and futuristic display
technologies, such as smartphones, smartwatches, smartglasses, micro-displays and micro-
projectors, augmented reality (AR), and virtual reality (VR) [117,118]. Device dimensions of
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LEDs used in the backlight of conventional liquid crystal display (LCD) panels are generally
kept in the order of millimeters to lessen the effect of efficiency droop. LEDs of 100–200 µm
in size are also used as a backlight for LCDs to attain high contrast and high dynamic
range (HDR) in the display [119,120]. Micro LEDs, on the other hand, are sub-100 µm
(often sub-20 µm) in size, designed specifically for state-of-the-art high-resolution display
technologies [118]. The idea of micro LEDs (µLEDs) was first developed by Jiang et al. in
early 2000 [121]. In this work, a prototype blue micro-display using InGaN/GaN LEDs was
demonstrated with 10 × 10 pixels of 12 µm diameter, and it was predicted that III-nitrides
may provide unsurpassed performance metrics in terms of brightness, resolution, contrast,
wide-viewing angle, full-color spectrum, long-lifetime, and low-power consumption for
small-sized displays. The research and development of III-nitride based µLEDs has since
come a long way, and µLED displays have already demonstrated remarkable performance
characteristics in terms of high brightness, power efficiency, and HDR [117,118]. In spite
of such advancements, there are important issues to be addressed before µLEDs can be
commercialized and mass produced. An important concern is the decrease of peak EQE of
µLEDs as their dimensions are reduced. The highest reported EQE value of nitride µLEDs is
48.6% for 10× 10 µm2 arrays [122]. As a matter of fact, EQE values of most reported µLEDs
are less than 15% [117]. Consequently, the peak output power per pixel for µLEDs is still
low compared to the LEDs being used for SSLs. Such performance degradation is attributed
to the increased non-radiative effects resulting from surface recombination and sidewall
damage effects, which are less consequential in devices of larger dimensions [123,124].
Another important consideration is that to be able to compete with OLED-based emissive
displays, high-performance red, green, and blue LEDs are required on the same chip.
This takes us back to the previously referred challenges associated with the green gap.
To overcome the green gap-related challenges for µLEDs, techniques such as growth on
non-polar and semi-polar substrates [40], the incorporation of AlGaN interlayers in a
multi-quantum-well (MQW) active layer [125–127], and epitaxially grown disk- or dot-in-
nanowires have been proposed [128,129]. A schematic illustration of red-, green-, and blue-
emitting nitride nanowires/columns affixed onto the same substrate is shown in Figure 7.
Such an array can be grown by selective area growth-based epitaxial techniques, which
are more advantageous than the rather time-consuming, resolution-limited, and sidewall-
damaging conventional etching-based approach. Furthermore, the epitaxial growth-based
approach allows the scaling of RGB LED pixels into small areas of 10 × 10 µm2 or smaller.
Another unconventional technique of attaining RGB µLEDs is to use a dilute amount of
As or P, or a rare earth element such as Eu, with GaN, which facilitates the tunability of
emission wavelengths over the entire visible spectrum [130,131]. More recently, red–green–
blue (RGB) 3× 10 µm2 pixels on the same substrate were developed using nanoring-shaped
nitride µLEDs together with CdSe/ZnS red quantum dots, where the nanorings were strain-
tuned from blue to green emission [132]. In addition to such device-level improvements,
the mass transfer of µLEDs is an important challenge that needs to be addressed [133,134].
This is especially so given the fact that, unlike OLEDs, inorganic nitride LEDs are grown
on rigid sapphire or GaN substrates. The mass transfer of these devices from the original
substrate to non-native, flexible substrates is rather challenging for flexible display-related
applications. Techniques, such as laser lift-off, fluidic assembly, and electrometric stamping,
have been employed so far in the quest for cost- and time-effective transfer technologies,
while ensuring best possible pixel-control and yield of the devices [133].
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Figure 7. Schematic illustration of an RGB chip comprised of red-, green-, and blue-emitting nanowire (NW) array-based
µLEDs mounted onto the same substrate.

2.7. Nitride LEDs for Visible Light Communication

Visible light communication (VLC) systems are considered to be highly promising for
next-generation ultra-broadband protocols, especially for indoor applications [40,72,117].
Nitride-based LEDs have played an important role in advancing this area of optical com-
munication technology. In fact, the early demonstrations of VLC in the 2000s were based
on nitride LEDs, which were conventional broad area (0.1–1 mm2) devices designed for
SSL-related applications. The RC parasitic and slow response time of these large-area
devices meant that the achievable data rates were limited up to about 100 Mbps [135]. More
recently, the development of sub-100 µm sized LEDs in the form of µLEDs has rejuvenated
the field of VLC. The miniaturized chips that are developed with nitride µLEDs yield a
small RC time constant, thereby offering high-speed operation with optical bandwidths
ranging from several hundred MHz to a few GHz [136–145]. As shown in Figure 8a, most
of these reported devices operate in the green and blue emission wavelengths, though a
number of white LEDs have also been utilized to attain data rates in the gigabits/second
range [135,136,140,146–150]. The first GHz bandwidth for visible light communication has
been reported with cyan LEDs which have InGaN/GaN QW active regions. The nearly
two-fold enhancement of electric-to-optical bandwidth, in comparison to previously re-
ported visible LEDs, has been attributed to the lowering of the spontaneous recombination
time that has resulted from the aggressive downscaling of the active layer thickness to
about ~37 nm [143]. The uniform distribution of injected carriers also has had a positive
impact on the high-speed operation of these devices. More recently, a 1.5 GHz modulation
bandwidth at 1 kA/cm2 injection current density has been achieved with non-polar m-
plane GaN substrate-based InGaN/GaN µLEDs [145]. Such performance enhancement has
been attributed to the high spontaneous emission rate resulting from better electron–hole
wavefunction overlap in QWs grown on the polarization-free non-polar substrate. The
development of high-speed, low-power LEDs for VLC is still an active area of research,
and this field is expected to progress further as the modulation bandwidth of nitride LEDs
improves. Different techniques, such as the design of resonant cavity nitride LEDs, growth
on semi- and non-polar substrates, incorporation of small-area current injection regions,
and the fabrication of nanowire-based nitride LEDs, etc., have been proposed and are being
explored in this regard [151].
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Figure 8. (a) Modulation bandwidth and corresponding emission wavelengths of some of the high-frequency LEDs reported
for visible light communication (plotted based on results reported in [141–145,151]); (b) data rates of different types of
nitride LEDs used for high-speed VLC reported in [135,136,140,146–150].

2.8. Temperature Dependence and Reliability of Nitride LEDs

An important consideration related to the operation and performance of III-nitride
LEDs is thermal management. Because of the low thermal conductivity and high operating
voltage of nitride-based devices, temperature rise resulting from self-heating is observed
to have significant influence on the internal and external quantum efficiency of nitride
LEDs. Detailed theoretical analyses, combined with experimental measurements, have
been conducted on the temperature dependence of the quantum efficiency (QE) of nitride
LEDs [152–154]. These studies show that the QE of nitride LEDs should decrease with
increasing temperatures at low injection current densities because of the temperature de-
pendence of the recombination coefficients. Under high injection conditions, though the QE
decreases, the radiative recombination efficiency becomes less dependent on temperature
because of the dominance of the Auger process [154]. Self-heating and heat dissipation is
observed to have a significant impact on the reliability of nitride LEDs [155–157]. It has been
reported that nitride LEDs may fail under a few hours of high temperature (250–300 ◦C)
stress because of degradation mechanisms, such as emission crowding and series resistance
increase [158,159]. Such degradation has been attributed to the thermally activated inter-
diffusion of hydrogens and the formation of Mg-H bonds in the p-doped regions [160,161].
To enhance the reliability of nitride LEDs by improving thermal management, techniques
such as the incorporation of heat sinks [162,163], flip-chip packaging [164], liquid cool-
ing [165,166], and thermoelectric cooling [167] have been proposed. Very recently, the
piezo-phototronic effect has been demonstrated as an effective means of enhanced heat
dissipation in nitride LEDs [157] Thermal management continues to be an active area of
research and development for the reliable high-temperature operation of nitride LEDs.

Whereas issues such as thermally activated failure mechanisms become important
during the high-temperature operation of nitride LEDs, an interesting scenario arises when
nitride LEDs are operated close to the cryogenic temperature. Because of the remarkable
difference between the activation energy of n- and p-dopants in nitrides (~13 meV for Si
dopants and ~150–220 meV for Mg-dopants), asymmetric carrier freeze-out takes place
in the n-type and p-type layers of the device heterostructure. This significantly increases
the asymmetry of the carrier transport in these devices. Such asymmetry results in the
degradation of performance characteristics in the form of high operation voltage [168], low
injection efficiency [169], carrier overflow [170] and non-uniform light emission charac-
teristics [171,172]. To overcome these limitations, polarization-induced doping has been
proposed, which results in a ~300% enhancement of output light intensity at 4 K compared
to the value obtained at room temperature in a deep-UV LED [107,173]. More recently,
a bottom-tunnel junction-based inverted LED has been proposed and demonstrated, in
which the built-in polarization direction with respect to the direction of the current flow
is reversed [174]. Such reversal of the internal field reduces carrier transport asymmetry
by limiting electron overflow into the active region of the device. Furthermore, parasitic
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recombination elsewhere in the device is also reduced in such a design. The overall mech-
anism, being temperature independent, offers enhanced performance characteristics of
nitride LEDs during operation at or near-cryogenic temperatures. It is worth mentioning
that the temperature dependence of the material bandgap dictates that cryogenically cooled
LEDs will have wider bandgaps than usual. This attribute, together with carrier freeze-out,
will further reduce carrier recombination rates at or around cryogenic temperatures. It is
important to estimate the recombination rates and the fraction of carrier freeze-out under
such conditions to better understand and optimize the cryogenic operation of nitride LEDs.

3. III-Nitride Based Lasers
3.1. Early Development of Nitride Lasers

Stimulated emission and lasing action in GaN-based material systems based on opti-
cal pumping were first demonstrated by Dingle et al. in the early 1970s [175]. However,
it wasn’t until the 1990s when the first electrically pumped GaN-based laser diode was
demonstrated by Nakamura et al. [176]. Materials growth and p-doping-related research
endeavors dedicated towards the development of III-nitride-based blue LEDs paved the
way for the demonstration of the first nitride laser diode in 1996, which had an output
power of 215 mW at 2.3 A forward current and an emission wavelength of 417 nm. The ac-
tive region of this device comprised InGaN/GaN MQWs, and the waveguide and cladding
layers were comprised of GaN and AlGaN, respectively. It is noteworthy that mirrors on
the cavity facets of these electrically pumped devices were formed by reactive ion etching
(RIE), as cleaving of GaN crystals grown on sapphire was initially found to be challenging
because of the presence of multiple cleavage planes of equal strength and within small
angular distances [82,177]. Later, as the cleaving of sapphire was optimized by initial
thinning and polishing, better-quality mirror facets could be produced. This significantly
reduced the emission linewidth of nitride laser diodes (LDs) down to ~0.05 nm [178]. By
further enhancing optical confinement, a relatively lower threshold (~4.2 kA/cm2), longer
lifetime (~300 h) InGaN/GaN MQW laser was developed in 1997 [179]. In the following
subsections, we will discuss the breakthroughs made in the research and development of
nitride lasers. The current research trends and prevailing challenges related to thin-film
III-nitride lasers will also be discussed in this section. It is to be noted that, considering the
practical importance and versatility of applications, the discussions in this review will focus
on electrically pumped nitride lasers, which are referred to as laser diodes (LDs) henceforth.

3.2. Performance Enhancement of Blue Laser Diodes

A significant breakthrough in the development of nitride LDs was the utilization of
epitaxial laterally overgrown (ELOG) GaN-on-sapphire substrates to reduce the thread-
ing dislocation density from 0.1–1 × 1010 cm−2 to around 5 × 106 cm−2 [180–183]. By
using this growth technique, the lifetime of the blue LD was extended beyond 1000 h,
and continuous wave (CW) operation with 30 mW output power was achieved at 60
◦C [184]. Such enhancements promoted the implementation of nitride lasers on free-
standing GaN substrates. These substrates not only offered lower defect densities, but
also better thermal properties than the GaN-on-sapphire substrate, and also facilitated the
formation of high-quality cleaved facets and n-type back-contacts. An order of magnitude
enhancement of output power up to about 200 mW was reported for a blue LD grown
on a free-standing GaN substrate [185]. It is to be noted that the device’s heterostructure
comprised an Al0.1Ga0.9N/GaN modulation-doped strained-layer superlattice (MD-SLS),
which prevented the formation of cracks in the AlGaN cladding that may have otherwise
arisen from the difference between the lattice constant and thermal expansion coefficients
of AlGaN and GaN [186,187]. Modification of the device dimensions and cavity facets
led to further enhancement of output power up to about 500 -MW. A wall plug efficiency
(WPE) of 21.6% was also reported in the mid-2000s [188]. By improving packaging and
thermal resistance, the output power of these blue LDs was extended beyond 1 W [189].
Watt-class blue (465 nm) LDs with an output power of 5.2 W and a WPE of 37% were
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developed on conventional c-plane GaN substrates [190]. Around the same time, by im-
proving carrier and optical confinement, blue (442 nm) LEDs with WPE values of 40.5%
were reported with an output power exceeding 5 W [191]. Follow up of this work led
to the development of a 455 nm blue LD with an output power of 5.34 W and a WPE of
43.4% under CW operation [191]. More recently, state-of-the-art blue LDs with an output
power of 5.67 W with a peak WPE of 49.1% have been reported under CW operation [192].
Gradual improvement of the WPE of some of the best performing blue laser diodes is
shown in Figure 9a. As far as the reliability is concerned, state of the art nitride LDs have
lifetimes ranging from between 10,000 to 20,000 h [190,193]. Recently, it has been shown
that, by optimizing the growth condition of electron blocking layers, dislocation densities
in these devices can be reduced from about 108 cm−2 to 105 cm−2 [194]. This resulted in a
nearly five-fold enhancement of the lifetime of blue LDs (from ~2000 h to about 100,000
h). These studies suggest a direct correlation between the degradation rate and the defect
density of nitride LDs.

Figure 9. (a) Comparison of the wall plug efficiency (WPE) of some of the reported high-performance blue and green nitride
lasers reported between 2004 and 2020 (plotted based on results published in [191,192,195,196]); (b) comparison of threshold
current density of typical high-performance nitride lasers spanning from UV to green emission region of the spectrum
(plotted based on results published in [197,198]).

3.3. Nitride-Based Long-Wavelength Laser Diodes

The steady progress in the improvement of the performance characteristics of III-nitride
blue LDs has been accompanied by research efforts aimed towards the development of
longer-wavelength nitride laser diodes. The design of longer-wavelength nitride LDs,
however, requires higher indium content in the active region, which leads to issues such
as the degradation of material quality, owing to higher strain in the GaN/InGaN active
region, enhancement of the piezoelectric field and the consequent smaller overlap between
electron–hole wavefunction, the broadening of spontaneous emission spectra resulting
from reduced layer homogeneity in the In-rich active region, and also the formation of
non-radiative recombination centers during materials growth owing to the higher vapor
pressure of InN compared to GaN. Another area of concern related to nitride lasers is
the optical field loss because of the relatively small refractive index contrast between the
waveguiding and cladding layers of these heterostructures [199,200]. Altogether, these
issues significantly reduce the modal gain of long-wavelength nitride LDs and also their las-
ing thresholds [197]. A summary plot of threshold current density vs. the lasing threshold
of reported nitride LDs illustrates this point (shown in Figure 9b). In spite of the abovemen-
tioned challenges, significant developments have been made with green (515–535 nm) LDs
since their early development in 2009–2013 [195,196,201–203]. The first watt-class green
laser, with an emission wavelength of 520 nm, was reported by Nichia on a conventional
c-plane GaN substrate in 2012 [204]. Another watt-class laser of the same wavelength and
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with a WPE of 13% at around room temperature under CW operation was reported by
OSRAM in 2014 [191]. A 532 nm green LD with a higher output power of 2 W was reported
in 2017 on free-standing semipolar GaN substrates [190]. State-of-the-art green LDs with
emission wavelengths of 525 nm and 532 nm reportedly have an optical output power rang-
ing from 1.2 to 1.8 W, with WPEs of 18–21% [192,205]. Wall plug efficiency values of some
of the reported high-performance green LDs are compared with the WPE values of blue
LDs in Figure 9a. Though these characteristics are inferior compared to the performance
metrics of state-of-the-art blue nitride LDs, it is envisaged that continued research and
development initiatives will further enhance the characteristics of long-wavelength LDs.
As will be discussed later, over the last few years, nitride lasers extending from red to NIR
regions have been developed based on nanostructures, such as nanowires and quantum
dots. These developments should go a long way to meet the demand for high-performance
RGB LDs for applications related to large laser projectors, digital cinema projectors, and
projectors for televisions and smart devices.

3.4. Nitride Based Ultraviolet Laser Diodes

As has been discussed in Section 2, nitride material systems are already under ex-
tensive investigation for the development of UV emitters in the form of nitride LEDs.
However, for applications such as free-space non-line-of-sight communications, sensing,
remote disinfection, and biomedicine, UV lasers are undoubtedly more suitable than their
LED counterparts [206]. Nitride LDs are unmistakably considered to be the most promising
candidates for the development of semiconductor lasers that can cover all three bands
of the UV spectrum. To date, a number of groups have experimentally realized nitride
LDs with emission wavelengths in the UVA band. These devices have been designed with
InGaN, InAlGaN, or AlGaN MQW active regions. Among these, the lowest threshold has
been achieved with the InGaN active region [191,207–217]. The emission wavelength of
InGaN-based UV LDs, however, is fundamentally restricted within 367–400 nm. In fact,
until 2003, all reported nitride-based UV LDs had emissions above 365 nm [207,208,218],
which corresponds to the band-to-band emission wavelength of bulk GaN. The first re-
alization of a sub-365 nm UV LD, reported by Kneissl et al., was based on Al0.02Ga0.98N
MQW, comprised of InAlGaN barrier layers [211]. The reported device had an emission
wavelength of ~360 nm and a minimum threshold current density of 23 kA/cm2 at room
temperature. By increasing Al-content in the active region, the emission wavelength of the
LD was lowered down to 336 nm by Yoshida et al. [214]. Experimental realization of nitride
LDs of smaller wavelengths, however, remained a long-standing challenge for about a
decade, primarily because of epitaxial growth, n-/p-doping, electrical contact formation,
and facet formation-related complexities associated with Al-rich heterostructures. Thresh-
old current density, therefore, tends to increase as the emission wavelength shifts towards
the DUV region (as shown in Figure 9b). Though a high-power UV LD with a peak output
of 1 W was developed in 2015, the emission wavelength of the device (~338 nm) was still
within the UVA band [217].

The development of the first ever thin-film nitride LD that could operate in the UVC
range was reported rather recently in 2019 [219]. The device heterostructure, comprised
of AlGaN MQW, cladding, and waveguiding layers, was grown on a single-crystal AlN
substrate, and, consequently, issues related to dislocation or crack formation were success-
fully overcome. Under a pulsed operation, the threshold current density of this device was
recorded to be 25 kA/cm2. More recently, UVB laser diodes of λ = 298 nm have been demon-
strated on AlN/sapphire templates with a composition-graded p-AlGaN cladding layer.
The reported device had a threshold current density of 67 kA/cm2 at room temperature
under pulse operations [220]. A UVB laser of a lower threshold (~25 kA/cm2) was reported
by the same group using an Al0.6Ga0.4N/AlN/sapphire substrate [221]. A 279 nm UVC
nitride laser of an even smaller threshold current density (~19.6 kA/cm2) was also reported
in 2020 [219]. These recent developments of thin-film nitride-based UV LDs have been
closely accompanied by research efforts dedicated towards the development of III-nitride
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nanowire-based UV LDs. In fact, AlGaN nanowires grown on silicon have already been
utilized to realize room temperature, electrically pumped UVC lasers with λ = 239 nm [222].
Just as semiconductor-based LDs emitting in the visible and NIR wavelengths have found
widespread applications because of their high efficiency, long-lifetime, small form factors,
and robustness, it is expected that with further development, nitride-based UV lasers will
also become viable alternatives to traditional UV laser sources, such as excimer lasers,
argon ion lasers, He-Cd lasers, 3rd/4th harmonic mediated Nd: YAG lasers, or nitrogen
lasers—all of which invariably suffer from limitations, including low-efficiency, heating,
toxicity, high-voltage requirements, and limited lifetimes [198].

3.5. Nitride-Based VCSELs

Even though the vertical-cavity surface-emitting laser (VCSEL) is a matured technol-
ogy for III-V materials, such as GaAs and InP, III-nitride VCSELs are effectively still in
their early stages of development. In fact, the first electrically pumped nitride VCSEL was
reported only in 2008, which is about a decade after the edge-emitting blue nitride lasers
were commercialized [223,224]. The schematic diagram of a typical nitride edge-emitting
laser is shown in Figure 10a. As can be observed, this structure is rather convenient to
produce using epitaxial growth, while the mirror facet can be formed by cleaving. The later
arrival of nitride VCSELs is attributed to several material growth and fabrication-related
challenges associated with the practical realization of these devices. Whereas high-quality
distributed Bragg reflector (DBR) mirrors are routinely produced in GaAs-based VCSELs
using alternate pairs of epitaxially grown AlGaAs/GaAs, the large lattice mismatch be-
tween AlGaN/GaN precludes the production of such high-quality mirrors. Furthermore,
the small refractive index contrast between AlN and GaN necessitates the growth of a large
number of DBR pairs for nitride VCSELs, which makes material growth even more chal-
lenging. Consequently, nitride VCSELs are designed either with hybrid reflectors, which
are comprised of an epitaxial mirror on one side and dielectric mirrors on the other side (as
shown in Figure 10b), or with dual-dielectric reflectors comprised of dielectric DBR mirrors
both at the bottom and on top of the heterostructure (as shown in Figure 10c). Different
dielectric combinations, such as SiO2/TiO2 [225], SiO2/Nb2O5 [226], Ta2O5/SiO2 [227],
have been reportedly utilized for realizing DBR mirrors of nitride VCSELs. Poor current
spreading because of the relatively large contact resistance of p-GaN is another area of
concern for realizing nitride VCSELs. This issue is commonly addressed by employing an
intracavity contacted structure, in which highly transparent and conductive oxides such as
ITO are formed between the p-GaN and the DBR mirror so that holes are injected laterally
into the active region. This, to some extent, mitigates current crowding and increases the
overlap between carrier recombination centers and the optical mode profile [223]. More
recently, it has been shown that the tunnel-junction current spreading layer, instead of
the ITO, can further reduce threshold current density and the operating voltage of nitride
VCSELs [228–231]. ITO-based current spreading layers, however, are unsuitable for opera-
tion in the UV region because of the high absorption coefficient of this material below the
visible wavelength range. To overcome this limitation, a modulation-doped short-period
super-lattice structure has been proposed for nitride-based UV VCSELs [232]. The holes in
this device are expected to encounter less ionized impurity scattering in the unintentionally
doped narrow bandgap region. This should minimize scattering-mediated absorption
losses during the buildup of photon roundtrip gain in the active region of these devices.
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Figure 10. Schematic illustration of 2D cross-sectional views of: (a) edge-emitting InGaN/GaN MQW edge-emitting laser,
comprised of cladding, waveguide, active regions, and cleaved mirror facet; (b) hybrid VCSEL comprised of bottom 33 pairs
of AlInN/InN epitaxial DBR and top dielectric DBRs; and (c) VCSEL comprised of dielectric DBRs both at the bottom and
the top of the GaN-based heterostructure.

Another challenging area related to the development of nitride VCSELs is the attain-
ment of lateral optical confinement (LOC). In commercial GaAs VCSELs, selective lateral
oxidation is conveniently achieved by lateral oxidation of the high Al-content AlGaAs layer.
As this technique is not applicable to AlGaN, nitride VCSELs are prone to anti-guiding
effects which result in high optical losses and consequently high threshold gains [233]. To
enhance the LOC of nitride VCSELs, techniques such as the incorporation of ion-implanted
aperture [234] or photochemically etched air-gap aperture [235] have been attempted. More
recently, nitride VCSELs with LOC structures have been developed which employ a buried
SiO2 layer beneath the epitaxial layers [225,236]. In another work, a curved mirror has been
monolithically formed on a GaN wafer to limit light diffraction [227]. This approach allows
the realization of a longer cavity VCSEL, which has a smaller threshold current density.
In spite of these recent signs of progress, significant performance enhancement of nitride
VCSELs is required, especially in terms of threshold current density and output power. As
VCSELs can be conveniently fabricated as a 2D array of devices which can emit light from
the top in unison, blue nitride VCSEL lasers are considered to potentially be highly suited
for applications related to VR/AR displays and micro-projectors. Watt-class blue VCSEL
arrays with high-quality far-field beam patterns have recently been developed for such
applications [226]. It is envisaged that the scope of nitride VCSELs will broaden further
as devices of higher output power density, tunable spectral ranges, and lower threshold
current densities are developed.

4. Next-Generation Nitride Emitters
4.1. Nitride-Based Exciton-Polariton Lasers

Exciton-polariton lasers are a new class of coherent emitters that operate based on
the principle of the stimulated scattering of light matter-coupled Bosonic quasi-particles,
known as polaritons. When an emitter in the form of bulk, quantum well, quantum wire,
or quantum dot is placed inside a suitably designed microcavity, the strong interaction
between the optical modes and the exciton states gives rise to new eigenstates in the form
of exciton-polaritons. The typical dispersion relation of the exciton-polariton is shown in
Figure 11a, where a coherent population of polaritons builds up at the k|| = 0 point of
the lower polariton (LP) branch under optical or electrical pumping. The possibility of
generating coherent light by spontaneous radiative recombination from a coherent exciton-
polariton condensate in a semiconductor microcavity was first proposed by Imamoglu
et al. in 1996 [237]. The separation of stimulation and emission in a polariton device
ultimately results in coherent emission without population inversion. Hence, it is expected
that the threshold energy required for coherent emission from this device would be much
smaller (about one to two orders lower) than that of a photon laser [237–239] (a schematic
illustration of two-threshold lasing in a polariton device is shown in Figure 11b). For this
reason, polariton lasers are considered to be highly promising low-power, coherent light
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sources for medical and biomedical applications, high-speed optical interconnects and
photonic-integrated circuits, all-optical routers and switches, and quantum information
processing [240–243].

Figure 11. (a) Schematic illustration of the polariton dispersion relation exhibiting the lower and upper polariton branches
and also the continuum of carriers; scattering-mediated relaxation of exciton-polariton down to lower energy states and
coherent emission from k|| ∼ 0 also shown in the diagram; (b) qualitative depiction of two-threshold lasing from a device,
with polariton- and photon-lasing regions highlighted.

Advancements in the areas of epitaxial growth and device fabrication techniques have
already led to several realizations of this novel coherent light source based on different
material systems. Because of the relatively matured growth and fabrication techniques,
GaAs had been the preferred material of choice for the early development of polariton
lasers, and the first electrically pumped polariton lasers were demonstrated using the
GaAs-VCSEL structure in 2012 [244,245]. The operation of these devices, however, was
limited to cryogenic temperatures because of the low exciton-binding energy of the material
system. Wide bandgap materials, such as GaN and ZnO, appeared to be strong contenders
in this regard owing to their high exciton-binding energies and oscillator strengths, which
meant that excitons in these material systems would not dissociate at room temperature, if
not higher [246,247]. As far as electrical pumping is concerned, GaN has been considered
to be more promising than ZnO because of the advancements made with epitaxial growth,
p-doping, and fabrication of nitride material systems.

Because polariton lasing inevitably requires high-quality microcavities with dimen-
sions in the order of emission wavelength, GaN-based polariton lasers were initially
attempted with the VCSEL structure. In fact, the first room-temperature polariton lasing
was reported to employ an optically pumped bulk GaN emitter, which was sandwiched
between high-quality SiN/SiO2 and AlInN/AlGaN DBR mirrors to form a vertical cav-
ity surface-emitting structure [248]. In spite of this milestone, experimental realization
of an electrically pumped room-temperature polariton laser remained elusive, primarily
because of the high resistivity of a large number of lattice-mismatched epitaxial pairs in
the DBR mirror. In order to circumvent the limitations of the GaN-based surface-emitting
structure, an edge-emitting structure has been regularly employed for creating electrically
pumped polariton devices, where bulk GaN is used as the active region and SiO2/TiO2
DBR mirrors are formed on both sides of the structure [249–252]. The device structure,
the schematics of which are shown in Figure 12, may be viewed as an in-plane VCSEL
or a very short-cavity Fabry–Pérot laser, where optical feedback and current injection
are orthogonal to each other. Based on this novel structure, the first electrically pumped
polariton LD, which could operate at room temperature, was developed in 2014 [249].
This bulk GaN-based device had a threshold current density of 169 A/cm2, which was
several hundred times smaller than the threshold current density of photon lasing obtained
from the same device. This work was followed by the first experimental demonstration
of the small-signal modulation response of a polariton laser diode. A maximum −3 dB
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modulation bandwidth of 1.18 GHz was obtained from these measurements [250]. It is
to be noted that the emission wavelength of these polariton laser diodes is around the
GaN band-edge of 365 nm, i.e., in the UVA region of the EM spectrum. With further devel-
opment, these low-threshold, low-power, UV-coherent emitters undoubtedly hold great
potential for applications, including biochemical analysis, photo-alignment of nematic
liquid crystals, eye surgery, sensing, etc. [71,253–257]. III-nitride polariton lasers continue
to be an active area of research. Very recently a ridge waveguide polariton laser with
ultra-short Fabry–Perot ridge cavities (5–60 µm) have been demonstrated to be promising
for integrated phonics-related applications [258].

Figure 12. Schematic diagram of the GaN-based edge-emitting electrically pumped polariton laser (inset shows cross-
sectional view of the 5λ microcavity diode with DBR mirrors on both sides of the structure).

4.2. Nitride-Based Spin LEDs and Lasers

An electrically pumped light-emitter, in which circular polarization of the output
light can be appreciably controlled, is useful for a plethora of applications, such as the
preparation of chiral compounds and chiro-optical spectroscopy of biochemically active
molecules, non-invasive medical diagnosis, optical information processing, image projec-
tion, and display applications, including reconfigurable optical interconnects, ultrafast
optical switches, cryptographic optical communications, and telecommunications with
enhanced bandwidth [252,259–263]. Spin-LEDs and –lasers are considered to be viable
means for attaining such control over the polarization degree of freedom of light. The
operation of both these optoelectronic devices is governed by the spin selection rules,
which dictates the transfer of spin information of injected carriers to the output circular
polarization of light. The majority of spin-optoelectronic devices, realized with GaAs
material systems, operate in the NIR region of the spectrum [259–261]. However, ever
since the last decade, there has been a growing interest in the research of nitride-based
spin-LEDs and spin-LDs, which are capable of emitting circularly polarized light under
electrical injection at room-temperature.

The first nitride LEDs were reported in 2005–2006, which used transition metal dilute
magnetic semiconductor (DMS) GaMnN as the spin injector [264,265]. In spite of the
ferromagnetic nature of the alloy, the output degree of polarization of the device was
low (<1%). Similar values of circular polarization were reported with a near-visible spin-
LED, which had an InGaN/MQW active region and a (Ga, Mn)N DMS spin injector. A
spin-LED with higher values of circular polarization (6% at 5 K and 2.5% at 200 K) was
reported with n-type GaCrN as the spin injector. The emission wavelength of this device
was 410 nm [266]. A major breakthrough was made in 2014, when the first nitride-based
spin-LED was reported with a 10.9% circular polarization at room temperature, under a low
magnetic field of 0.35 T [267]. The 300 nm diameter InGaN/GaN multiple quantum disk
device used Ni-ferromagnetic contact and Fe3O4 magnetic nanoparticles, which enabled
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the selective transfer of spin-polarized electrons with the disks, thereby increasing the
number of electrons which had preferred spin orientation in the multi-quantum-disks. The
follow-up to this work led to the development of the first nitride spin laser, which exhibited
28.2% spin polarization at room temperature under a low magnetic field of 0.35 T [262].
The reported optically pumped device used GaN nanorods of ~200 nm diameter and
Fe3O4 nanoparticles for spin transfer. Optical feedback in the device was attained using
whispering gallery resonant modes formed at the periphery of the GaN nanorods.

Circular polarization in the absence of a magnetic field was reported with a GaN-based
edge-emitting spin-LED, which utilized remnant magnetization of the n-type FeCo/MgO
spin contact [263]. Using similar spin-contacts, the first spin-polariton laser was de-
veloped in 2017, which exhibited 25% circular polarization under remnant magnetiza-
tion at room temperature. A schematic illustration of this device is shown in Figure 13.
Whereas the threshold current density of previously reported spin VCSELs ranged from
2–8 kA/cm2 [259,260], the reported electrically pumped spin-polariton lasers could operate
at an ultra-low threshold of ~69 kA/cm2, primarily owing to the co-existence of polariton
lasing and spin-transfer phenomena. In spite of the smaller spin-orbit coupling and about
an order of magnitude shorter spin-relaxation time compared to the GaAs material sys-
tem, a robust spin-dependent gain was obtained for wurtzite GaN at room temperature.
Such characteristics are considered to be highly conducive for realizing robust, electrically
pumped spin lasers. Moreover, it has been predicted that with further development, nitride
spin-lasers can far exceed the performance of conventional photon lasers, and may serve
as a workhorse for ultrafast operations [268].

Figure 13. Schematic diagram of the bulk GaN active region-based spin-polariton laser diode
consisting of FeCo/MgO tunnel injector spin-contact with in-plane remnant magnetization.

4.3. Nanostructured Nitride Emitters

In spite of the tremendous progress made with material growth, the performance of
conventional thin-film III-nitride light emitters is severely limited by problems associated
with large dislocation densities of the starting substrate, lattice-mismatched epitaxial
growth, and the strain-induced piezoelectric polarization field. Furthermore, challenges
associated with the incorporation of high indium content precludes the realization of
high-performing nitride emitters in the long-wavelength region. It is expected that many of
these challenges can be appreciably overcome by employing nitride nanostructures, such as
nanowires, nanorods, disk-/dot-in-nanowires, and self-organized quantum dots [269–271].
Among these nanostructures, III-nitride nanowires are considered to be one of the most
promising candidates for realizing the next generation of nitride emitters. The radial
stress-relaxation mechanism associated with the large surface area of III-nitride nanowires
results in remarkably small dislocation densities (in the order of 102 cm−2 or smaller), as
well as reduced piezoelectric polarization fields. Furthermore, employing patterned or
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self-organized growth, the emission wavelength of In(Al)GaN nanowires can be tuned
from the DUV to the NIR region of the spectra. Carrier confinement in III-nitride nanowires
can be attained in axial or radial directions, depending on the coaxial or core-shell structure
of the nanowires (shown in Figures 14a and 15b respectively). These nanowires can be
grown in the form of a self-organized, uniform random array, or in the form of a periodic
array (as shown in Figure 14c) using selective-area growth techniques. In addition to these,
low-dimensional systems in the form of quantum dots, disks, and wells can be conveniently
incorporated in the active region of nitride nanowires to attain strong carrier confinement.
From the photonic point of view, strong optical confinement—even in the form of Anderson
localization—can be attained in III-nitride nanowires, and such confined modes can be
conveniently tuned by controlling geometrical aspects of these nanostructures [222,272].

Figure 14. Schematic diagram of (a) co-axial and (b) core-shell InGaN/GaN multi-quantum-well (MQW) nanowires on a
GaN substrate; (c) an edge-emitting nitride device comprising a periodic array of co-axial nanowires with heterostructure
similar to the one shown in (a).

Figure 15. (a) Representative heterostructure of an electrically pumped laser diode comprising seven layers of quantum dot
(QD) active regions, AlGaN-cladding layers, InGaN-waveguide layers, and GaN-barrier and buffer layers; (b) schematic
illustration of the InGaN/GaN dot-in-nanowire single-photon emitter.

The mentioned exotic electrical and optical properties have encouraged the experi-
mental realization of numerous LEDs and electrically pumped lasers based on III-nitride
nanowires. Particularly with the recent drive towards the development of µLEDs for the
next generation of displays, there has been growing interest in developing InGaN/GaN
nanowire-based on-chip RGB LEDs [128,129]. Another major advantage of III-nitride
nanowire-based light emitters is that these nanostructures can be grown on silicon sub-
strates with little or no-strain [270,273]. This offers the prospect of monolithic integration
of nitride emitters in the form of LEDs or lasers for future high-speed optoelectronic
integrated circuits (OEIC). In fact, a monolithic III-nitride photonic integrated circuit
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comprising a 1.3 µm InGaN/GaN nanowire-array laser has already been demonstrated
on (001) silicon substrate [274]. Similar nanowire arrays have been utilized to successfully
develop edge-emitting nitride LEDs and lasers extending from red to 1.3 µm emission
wavelengths [275]. These lasers represent the handful examples of long-wavelength ni-
tride emitters, which have been otherwise extremely difficult to obtain with conventional
thin-film nitride epitaxy. Besides long-wavelength operation, operation in the UV and
DUV regions has also been successfully demonstrated using nitride nanowire-based LEDs
and laser diodes. This is owing to the fact that the radial strain-relaxation mechanism of
nanowires allows the growth of significantly better quality AlGaN/GaN heterostructures
compared to the structures grown by thin-film epitaxy. In addition to the conventional
edge-emitting structures, high-quality-factor resonant micro- or nano-cavities in the form
of Fabry–Perot lasers [276,277], plasmonic lasers [278,279], photonic-crystal lasers [280],
micro-stadiums [281], and ring-cavity [282] lasers have been designed and experimentally
demonstrated using InGaN/GaN nanowires. In spite of these significant achievements,
a number of challenges need to be overcome to make nitride nanowire-based emitters
mature enough for commercial, widespread utilization. The doping and electrical contact
formation of nitride nanowires need further optimization to improve the conductivity and
reliability of the devices. The non-radiative recombination associated with surface states
of these nanowires also needs to be mitigated to enhance the output power and efficiency
of these devices. More detailed reviews of III-nitride nanowire-based LEDs and lasers are
available in [269–271].

Besides III-nitride nanowires, self-organized InGaN/GaN quantum dots (QDs), grown
by Stranski–Krastanow or Volmer–Weber growth techniques have also been utilized for
the successful development of III-nitride emitters. The strain-relaxation mechanism-based
growth technique of QDs significantly reduces the piezoelectric field in the active region
of these heterostructures, which usually comprise several layers of QD arrays [283,284].
Non-radiative recombination is also significantly reduced because carriers are quantum-
confined within these quasi-three-dimensional nanostructures, and therefore cannot easily
migrate to the trap centers. These attributes have aided the experimental realization of high-
performance red-emitting (λ = 630 nm) nitride lasers, where multiple layers of InGaN/GaN
quantum dots were incorporated (shown in Figure 15a) by molecular beam epitaxial
growth [285]. The threshold current density of these devices is around 1.6 kA/cm2, which
is one of the lowest for long-wavelength nitride lasers. Very recently, an external quantum
efficiency of 18.2% has been obtained for green µLEDs based on self-assembled InGaN
quantum dots. This value is about two times higher than the EQE values reported for
conventional quantum well-based green µLEDs [286]. Polarized single-photon emission,
which is highly desirable for quantum cryptography-related applications, has also been
attained from an electrically driven single InGaN/GaN dot-in-nanowire single-photon
emitter (a schematic illustration of the device shown in Figure 15b) [287]. These results
suggest that nitride nanostructures hold significant promise for realizing next-generation
emitters, particularly for applications where performance characteristics of thin-film nitride
devices are rather limited. Consequently, the design, growth, and experimental realization
of nanostructured-based nitride emitters continue to be a highly active areas of research.

5. Conclusions

In summary, a comprehensive review of III-nitride-based light-emitting electrically
pumped devices, i.e., LEDs and lasers, have been presented in this work. A scientific explo-
ration that started in the early 1970s with the aim of developing a working blue-emitting
optoelectronic device, culminated in the practical realization of a technology that changed
the landscape of an entire industry, namely the solid-state lighting industry. Further scien-
tific explorations and engineering ventures based on III-nitride emitters have led to the
emergence of a plethora of novel avenues of research which have flourished immensely
in the already rich field of photonics and optoelectronics research. The present review,
within its limited scope, provides an overview of this tremendous progress of nitride-based
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emitters, and also points out the directions towards which research in this area is heading.
It should be noted that this review touches on almost all topics relevant to the research and
development of III-nitride-based LEDs and lasers, a topic that has not been discussed so far
is the emerging field of research on boron nitride (BN)-based light emitters. Boron nitride,
in particular its 2D variant known as hexagonal BN (h-BN), holds tremendous potential for
optoelectronic applications owing to its wide bandgap (~6 eV) nature with good radiative
recombination properties [288–290], atomically smooth surfaces [291], and suitability for
Van der Waals epitaxy [292]. The unique electronic and optical properties of h-BN offer
emission both in the visible and UV regions [293–296], with high brightness, controllability
of output polarization, and tunable emission characteristics [297]. By controlling defect-
mediated color centers of h-BN, a number of nitride-based single-photon emitters have
already been reported since 2016 [293,296,298–300]. These emitters are deemed to be highly
suitable for applications related to quantum sensing, quantum information processing,
and quantum communication. By exploiting the acceptor-like Boron vacancy formation in
h-BN, Mg-dopant free III-nitride deep-UV LEDs with an emission wavelength of 210 nm
and an electrical efficiency of 80% have also been developed [295]. Research on III-nitride
thus continues to evolve and flourish with the continued development of materials growth
techniques, fabrication technologies, and measurement systems. As Niels Bohr is famously
quoted saying, “Prediction is very difficult, especially if it’s about the future!”, it is always
difficult to foretell which next-generation nitride emitters will pass the test of time and
become mature enough to become a commercial success. However, looking back into the
exemplary rise of blue nitride LEDs, it can be safely surmised that nitride light-emitting
devices will significantly impact the photonics and optoelectronics related technological
evolution of the 21st century.
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