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The realization of the first high-brightness blue-light-emitting diodes (LEDs) in 1993 
sparked a more than twenty-year period of intensive research to improve their efficiency. 
Solutions to critical challenges related to material quality, light extraction, and internal 
quantum efficiency have now enabled highly efficient blue LEDs that are used to generate 
white light in solid-state lighting systems that surpass the efficiency of conventional 
incandescent lighting by 15–20×. Here we discuss the initial invention of blue LEDs, 
historical developments that led to their current state-of-the-art performance, and 
potential future directions for blue LEDs and solid-state lighting.
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r é s u m é

La mise au point des premières diodes électroluminescentes (LED) bleues en 1993 a 
marqué le début de plus de vingt années de recherches intensives dans le but d’améliorer 
leur efficacité. Les solutions qui ont été apportées à des défis critiques associés à la qualité 
des matériaux, à l’extraction de la lumière et au rendement quantique interne permettent 
à présent de disposer de LED bleues hautement performantes utilisables pour générer de 
la lumière blanche dans des systèmes d’éclairage à l’état solide qui surpassent en efficacité 
les ampoules à incandescence d’un facteur de 15 à 20×. Nous évoquons ici les prémices 
de l’invention des LED à lumière bleue, l’histoire des développements qui ont mené à 
la performance de l’état de l’art actuel, ainsi que de potentielles futures directions de 
recherche en matière de LED à lumière bleue et d’éclairage à l’état solide.
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Fig. 1. Schematic of a simple double heterostructure LED, showing the basic operation, substrate, epitaxial layers, and recombination of electrons and holes 
in the active region to produce photons. Adapted from reference [9]. Copyright 2015 by John Wiley and Sons, Inc. Reprinted by permission of John Wiley 
and Sons, Inc.

1. Introduction

Lighting accounts for 15–22% of electricity consumption, depending upon the country, and solid-state lighting has the po-
tential to provide enormous energy savings across the globe [1]. In the United States alone, the Department of Energy (DOE) 
conservatively predicts that solid-state lighting will save 261 terawatt-hours (TW h) annually, representing a 40% reduction 
in site electricity consumption relative to incumbent technologies such as incandescent and fluorescent [1]. A more aggres-
sive forecast places the annual energy savings from solid-state lighting at 395 TW h by 2030 [1]. At the heart of solid-state 
lighting are high-brightness, high-efficiency GaN-based light-emitting diodes (LEDs), which represent the state-of-the-art 
in efficiency, reliability, form factor, and versatility for lighting and displays. The global LED lighting market in 2016 was 
estimated to be USD 26 billion [2] and commercial solid-state lighting products using GaN-based LEDs are now capable 
of providing >150 lm/W luminous efficacy and >50,000 hours operating lifetime. However, the development of such high 
performance LEDs was fraught with complex challenges. Although the first GaN growth was performed using hydride va-
por phase epitaxy (HVPE) at RCA Laboratories in 1969 [3], GaN-based materials were not an obvious platform for reliable 
high-brightness LEDs due to a variety of inherent roadblocks. GaN-based materials initially lacked a native, lattice-matched 
substrate, leading to large strains and high dislocation densities; p-type doping did not exist; and piezoelectric effects made 
it challenging to design efficient active regions. With several decades of work, these challenges were largely overcome and 
Nakamura et al. demonstrated the first high-brightness GaN-based blue LEDs in 1993 [4]. This paper summarizes the his-
torical developments associated with the invention of high-brightness blue LEDs, reviews their current performance, and 
discusses potential future directions for solid-state lighting. First, we review early breakthroughs that led to high-quality 
GaN and p-type GaN. Next, we discuss early GaN LEDs and the development of InGaN heterojunction- and quantum-well 
LEDs. We then summarize later developments on improved light extraction efficiency (LEE) and internal quantum efficiency 
(IQE), followed by a discussion of white LEDs. Finally, we highlight future directions in visible-light communication (VLC), 
laser-based lighting, and micro-pixel displays. For further details, we point the reader to several additional accounts of the 
history of blue LEDs [5–8] and the official Nobel Lecture publications [9–11]. Fig. 1 shows a generic schematic of an LED.

2. Material breakthroughs for high-quality GaN

Several critical materials breakthroughs were needed to set the foundation for the first blue GaN-based LEDs. The de-
velopment of low temperature buffer layers was particularly important for achieving high quality GaN films since effective 
buffer layers between the substrate and active layers reduce the dislocation density in materials grown on lattice mis-
matched substrates. In 1983, Yoshida et al. grew GaN films by reactive molecular beam epitaxy (MBE) using an AlN buffer 
layer [12]. In 1986, Amano et al. grew GaN films with smooth surface morphology and low residual carrier concentration 
(∼1017 cm−3) by MOCVD using an AlN buffer, which was an important milestone [13]. Nakamura et al. later developed 
a two-flow MOCVD reactor with low carrier gas flow to grow very uniform and high-quality GaN on two-inch substrates 
[14]. The main breakthrough in this novel design was the use of a subflow, which improved the thermal boundary layer 
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Fig. 2. (a) Schematic illustration of the two-flow MOCVD reactor design. (b) Illustration of the main flow and subflow components. Adapted and reprinted 
from [14], with the permission of AIP Publishing.

by pushing the carrier gas toward the substrate. Fig. 2a illustrates the chamber design for the two-flow MOCVD, while 
Fig. 2b shows the main flow and subflow gas directions. The two-flow system sped the development of GaN buffer layers 
on sapphire substrates using MOCVD [15]. Around the same time, GaN buffer layers were also demonstrated using MBE 
[16]. Two-flow MOCVD using GaN buffers enhanced the electron mobility to 900 cm2/V s in 1992 [17].

A major hurdle toward the development of electrically injected GaN-based LEDs was the lack of conductive p-type GaN. 
In 1989, Akasaki and Amano achieved a major breakthrough when they applied post-growth low-energy electron beam 
irradiation (LEEBI) to magnesium doped GaN (GaN:Mg) to realize small areas of electrically active p-type GaN [18]. The 
physical origin of this breakthrough was not understood until 1992, when Nakamura clarified that hydrogen passivation 
of Mg dopants was responsible for the low hole concentrations in MOCVD-grown GaN:Mg [19]. First principles calculations 
were later used to confirm hydrogen passivation in GaN:Mg [20,21]. In MOCVD GaN growth, the nitrogen source is ammonia 
(NH3), which dissociates into atomic hydrogen at high temperature. The hydrogen atoms react with Mg to form electrically 
inactive Mg–H complexes (Mg–H), preventing Mg from functioning as an acceptor. Removal of the passivating hydrogen was 
necessary to achieve p-type GaN. Indeed, the electron beam in LEEBI caused local heating of the GaN:Mg where hydrogen 
would diffuse out of the crystal. However, this resulted only in small isolated areas of p-GaN. On the other hand, Nakamura 
found that thermal annealing of GaN:Mg above 400 ◦C in an NH3-free ambient (e.g., N2 or air) presented a simple and quick 
method to drive out the hydrogen through diffusion [22], resulting in large areas of p-GaN. The thermal annealing method 
to activate p-GaN was ultimately commercially adopted due to its simplicity and high throughput.

3. Early GaN-based LEDs

The first GaN-based violet and blue LEDs were fabricated using a metal-insulator semiconductor (MIS) structure due 
to the lack of p-type GaN. In these n-type forward biased devices, holes are injected from the metal contact through the 
insulator. These devices were doped with Zn and Mg as color centers and only achieved light output powers of around 
70 μW [23–25]. Early LEDs in conventional III–V materials (e.g., GaAs) used simple homojunctions consisting of a single 
bandgap. The first p–n junction GaN LEDs also consisted of simple homojunctions (see Fig. 3), which do not require alloying 
with additional elements (e.g., In or Al). The first GaN p-n homojunction LED was demonstrated in 1989 by Amano et al. 
using an AlN buffer layer and LEEBI treatment to activate the GaN:Mg [18]. The current–voltage characteristics were obtained 
but the light output power was not reported. This first homojunction LED emitted in the ultraviolet around 365 nm, near 
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Fig. 3. Energy band diagram of a simple homojunction LED.

Fig. 4. Energy band diagram of a double-heterostructure LED.

the bandedge emission of GaN. Nakamura et al. also demonstrated a GaN homojunction LED using a low-temperature GaN 
buffer layer in 1991 [26]. LEEBI was used to activate the p-type GaN in the demonstrations by both Amano et al. [18] and 
Nakamura et al. [26]. Although the reports of GaN homojunction LEDs marked significant progress in the field, the output 
powers from these devices were too low (<100 μW) to be useful for real-world applications. In addition, since the LEDs 
employed only GaN with a constant bandgap, the emission wavelength was fixed around 365 nm. For GaN-based LEDs to 
have a significant commercial impact, InxGa1−xN alloys with tunable bandgaps were needed to access the violet, blue, and 
green regions and to enable the advanced designs necessary to improve carrier confinement and increase output power.

4. InGaN heterojunction and quantum-well visible LEDs

In 2000, Zhores Alferov and Herbert Kroemer shared half of the Nobel Prize in physics for “developing semiconductor 
heterostructures used in high-speed- and opto-electronics” [27]. A semiconductor heterostructure consists of a junction of 
two materials with different energy band gaps. The classic example of a heterostructure is GaAs/AlxGa1−xAs. The basic 
heterostructure enabled two-dimensional electron gases (2DEGs), which were leveraged to realize new types of transistors. 
By extending the single heterostructure concept and arranging the materials in the order of large band gap – small band 
gap – large band gap, a double heterostructure (DH) can be created. This revolutionary concept led to dramatic improvements 
in LEDs and enabled room-temperature operation of electrically injected semiconductor lasers. Fig. 4 shows an example of a 
DH. The key advantages provided by the DH are carrier confinement and optical mode confinement. In homojunction LEDs 
and lasers, diffusion of carriers leads to a low carrier density and the devices operate within the Shockley–Read–Hall (SRH) 
nonradiative regime. In addition, the population inversion needed for lasing cannot be easily achieved using homojunctions. 
In contrast, the DH confines carriers to a region that is smaller than the minority carrier diffusion length, allowing the carrier 
density to increase significantly. The higher carrier density ensures operation in the bimolecular radiative recombination 
regime and population inversion in lasers is more easily achieved. Optical mode confinement is also provided by the DH 
since the index of refraction is inversely proportional to the energy band gap. Mode confinement is essential for realizing 
low threshold gain in semiconductor lasers [28].

Without the invention of the GaAs/AlxGa1−xAs heterostructure, efficient and commercial GaAs- and InP-based LEDs and 
diode lasers would not have been possible. For GaN-based LEDs to also reach commercially viable performance levels, an 
analogous double heterostructure design was critically needed. The addition of indium atoms to GaAs to form InxGa1−xAs 
was already known to reduce the band gap in longer wavelength emitters. Similarly, the addition of indium atoms to GaN 
to form InxGa1−xN also reduces the bandgap, enabling heterostructures [29]. By varying the amount of indium, the band 
gap and emission wavelength are also tunable. In theory, the accessible wavelength range for InxGa1−xN alloys spans from 
365 nm (GaN) to 1771 nm (InN), providing coverage of the entire visible spectrum. However, beyond ∼480 nm the material 
quality of MOCVD-grown InxGa1−xN declines continuously due to a variety of inherent materials challenges [30,31], leading 
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Fig. 5. Device schematic for InGaN/AlGaN double-heterostructure LED.

to the green gap and the use of AlInGaP materials for red LEDs. Nevertheless, InxGa1−xN alloys are the workhorse materials 
for violet, blue, and green emitters.

The development of high-quality InxGa1−xN presented researchers with a number of significant challenges. Although 
InxGa1−xN was first realized in 1972 [32,33] and continued to undergo development over the next two decades [34,35], 
early reports of InxGa1−xN did not achieve the crystal quality necessary to make active regions in efficient light-emitting 
devices. For example, emission from deep levels dominated band-to-band emission and x-ray rocking curves showed large 
(30 min) full width half maximum (FWHM) values. One of the primary challenges with InGaN growth by MOCVD is the high 
vapor pressure of indium. This high vapor pressure necessitates relatively low growth temperatures (∼800 ◦C compared to 
GaN ∼1000 ◦C) to prevent desorption of indium atoms from the surface. The lower growth temperatures initially resulted in 
poor crystal quality, which manifested as high levels of impurities and defects that would reduce the luminescence intensity. 
At these lower growth temperatures, a very uniform and stable temperature profile is required across the wafer. Since 
indium incorporation depends very strongly on the growth temperature, even slight variations in temperature result in a 
nonuniform emission wavelength across the wafer (e.g., peak PL wavelength changes by ∼1 nm/◦C). In addition, researchers 
did not yet understand how to achieve smooth InxGa1−xN morphology and smooth interfaces between GaN and InxGa1−xN, 
which are both required for the realization of efficient multiple-quantum-well active regions. Another major challenge with 
InxGa1−xN growth is the compressive strain experienced by the InxGa1−xN layers when grown on GaN. Strain management 
is critical to prevent formation of dislocations.

In 1992, Mukai and Nakamura demonstrated high-quality InxGa1−xN on a GaN template on a sapphire substrate [36]. 
The films were grown at temperatures ranging from 780 ◦C to 830 ◦C under high TMI flow rates and N2 carrier gas. The 
InxGa1−xN films were 0.3 μm thick. Strong room-temperature, band-to-band photoluminescence was observed for the first 
time from InxGa1−xN and the FWHM of the x-ray rocking curve was around 8 min, similar to previously grown GaN films. 
The researchers credited the custom two-flow MOCVD reactor design and the growth on GaN templates (rather than directly 
on sapphire) for their realization of high-quality InxGa1−xN films.

With high-quality InxGa1−xN layers developed, the last missing piece to a DH GaN-based LED was in place. In 1993, 
Nakamura demonstrated the first p-GaN/n-InGaN/n-GaN DH LED [37] with an active layer thickness of 20 nm grown on a 
c-plane sapphire substrate. The light output power was 125 μW, the external quantum efficiency (EQE) was 0.22% at 20 mA, 
and the peak emission wavelength was 440 nm. Fig. 5 shows a device schematic for the first InGaN/GaN DH LED. This first 
demonstration was followed by further improvements to the blue LED design, including the addition of an AlGaN electron 
blocking layer (EBL), to prevent electron overflow from the active region, and an increase in the active region thickness to 
45 nm. The modified LEDs achieved an output power of 1.5 mW and an EQE of 2.7% at 20 mA [4]. For the first time, blue 
LED output powers were sufficient for the devices to be commercially viable, prompting the authors of reference 4 to state 
“high-brightness full-color indicators and flat-panel displays will be developed in the near future.”

Although early InGaN/GaN LEDs used DH active regions, a progression toward thin quantum-well active regions was de-
sirable for several reasons. First, the quantum well structure increases the carrier density at a given injected current, which 
results in the LED operating in the bimolecular recombination regime and improves the radiative efficiency. Second, thick DH 
active regions are more susceptible to strain relaxation due to the lattice mismatch between the InxGa1−xN active material 
and the GaN barriers. Such strain relaxation could lead to the formation of misfit dislocations. Thinner quantum wells are 
less prone to strain relaxation, which allows for the higher indium contents needed to realize longer emission wavelengths 
(e.g., green). Third, quantum-well active regions enable tuning of the emission wavelength by simply adjusting the well 
thickness, which gives engineers additional design flexibility. In 1995, Nakamura et al. demonstrated high-brightness blue, 
green, and yellow quantum-well LEDs [38]. The green InGaN/GaN LED showed an EQE of 2.1% at 20 mA, which was superior 
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Fig. 6. Single-quantum-well green LED device structure.

Fig. 7. Summary of important contributions to high-efficiency blue LEDs. Adapted from reference [9]. Copyright 2015 by John Wiley and Sons, Inc. Reprinted 
by permission of John Wiley and Sons, Inc.

to that of conventional GaP or AlInGaP green and yellow LEDs at the time. In addition, GaN-based materials had superior 
reliability to II–VI materials, which were the other candidates for fabricating green LEDs. The demonstration of green and 
yellow InGaN/GaN quantum-well LEDs marked an important turning point in the fabrication of visible LEDs ranging from 
violet to yellow. It was clear that GaN-based solutions would offer the best combination of efficiency and reliability in the 
visible region.

Continued improvement in InGaN material quality led to the development of higher power and higher efficiency blue 
and green single-quantum-well LEDs [39]. A significant modification to the LED design was the use of n-GaN, rather than 
n-AlGaN and n-InGaN, which improved the quality of the overlying active region by reducing the dislocation density. The 
450 nm blue LEDs achieved 5 mW light output power with an EQE of 9.1%, while the 520 nm green LEDs achieved 3 mW 
light output power with an EQE of 6.3% at 20 mA. Fig. 6 shows the epitaxial structure of these early high-brightness 
LEDs, which remain the foundation for modern high-brightness LEDs. Fig. 7 gives a summary of the contributions to the 
development of early GaN-based LEDs.
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Fig. 8. Evolution of light extraction efficiency over time. Some data points from [31].

Fig. 9. Various LED chip architectures discussed. (a) Conventional chip (CC) with Ni/Au, (b) Flip-chip (FC), (c) Vertical thin film (VTF), (d) Thin-film flip-chip 
(TFFC), (e) Patterned sapphire substrate (PSS), and (f) Volumetric chip on quasi-bulk GaN. © 2015 IEEE. Adapted and reprinted, with permission, from [8].

5. Further improvements to InGaN visible LEDs

Beyond the rapid development of high-brightness InGaN/GaN LEDs in 1995, researchers continued to improve the light 
output power and EQE of both blue and green LEDs through optimized growth techniques, advanced chip designs, and 
sophisticated packaging schemes designed to increase the LEE and IQE. The realization that blue LEDs could be combined 
with a commonly available yellow-emitting phosphor to produce white light emission ushered in the era of solid-state 
lighting [5,40,41]. With the opportunity for a lucrative new market, industry was motivated to devote resources to improve 
the efficiency of LEDs.

5.1. Light Extraction Efficiency (LEE)

A primary focus between 2000 and 2015 was to engineer higher LEE from the LED chips. The EQE (ηEQE) of an LED 
depends upon the LEE (ηEXE) and the IQE (ηIQE), where ηEQE = ηinjηEXEηIQE. ηinj is the injection efficiency. The majority of 
light emitted within the semiconductor layers is not easily extracted unless special chip designs are employed due to the 
high index of refraction of GaN (nGaN ∼ 2.5). For example, a flat surface of GaN emits only around 4% of the incident power 
due to the total internal reflection (TIR) for light incident beyond the escape cone, and the trapped light is mostly dissipated 
by the various light absorption mechanisms within the LED [42]. To realize higher EQE, improvements in LEE were required. 
In general, approaches to achieve high LEE involve surface or interface texturing [43,44], chip shaping [45], and high-index 
encapsulation [46]. The three main approaches now used for high LEE LEDs are flip-chip with substrate removal, patterned 
sapphire substrates, and bulk GaN substrates. Detailed discussions of LEE are given in references [42,47,48].

Fig. 8 shows a summary of LEE vs. year for a selection of important chip designs. Fig. 9 shows the schematics for 
the various III-nitride LED chip designs. Early conventional chip (CC) GaN LEDs primarily extracted light from the p-side 
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Fig. 10. Scanning electron microscope image of pyramids formed on the nitrogen face after PEC etching.

of the chip. One initial challenge for light extraction was that p-GaN is highly resistive, which prevented current from 
spreading out underneath the absorbing (opaque) p-side electrode, negatively impacting the LEE. This problem was initially 
overcome using semi-transparent thin (5 nm/5 nm) Ni/Au current spreading layers to redistribute the current on the p-side 
of the LED [4]. However, this solution created a trade-off between current spreading and light extraction due to absorption 
in the Ni/Au layers, and the thin Ni/Au layers could not withstand high current densities without failing, which would 
ultimately prevent the realization of Watt-class LEDs. Current blocking layers were also developed to improve the LEE 
by preventing current injection directly beneath the electrodes in p-side-emitting LEDs [49]. Another approach was to 
fabricate a flip-chip (FC) geometry, where the chip was flipped onto the p-side, bonded to a carrier, and light was extracted 
through the n-side (backside). The thin Ni/Au p-side electrode was replaced by a thick (∼200 nm) Ag electrode that also 
functioned as a highly reflecting mirror [50,51]. Ag was preferred over Al because it makes a better ohmic contact to p-GaN 
and has higher reflectance in the blue spectral region. The thick Ag electrode also enabled the LEDs to operate at higher 
current densities with better reliability. The flip-chip configuration solved some of the trade-off between light extraction 
and current spreading and doubled the LEE compared to initial CC designs. However, significant light still remained trapped 
in the chip due to TIR at the n-GaN/sapphire interface. To overcome TIR at the n-GaN/sapphire interface, the University of 
California Santa Barbara (UCSB) developed a vertical thin-film (VTF) flip-chip architecture where the sapphire substrate was 
removed using excimer laser lift-off [43,52]. Substrate removal also revealed the highly reactive nitrogen face of the n-GaN, 
which was easily roughened using photoelectrochemical (PEC) etching [43]. The resulting surface consisted of nanoscale 
pyramids with hexagonal bases bound by semipolar {1011} facets. Fig. 10 shows a scanning electron microscope (SEM) 
image of the nanoscale pyramids on the nitrogen face. OSRAM Opto Semiconductors soon developed a product line based 
on the VTF LED [53]. The addition of surface roughening breaks up guided modes in the thin n-GaN and creates an ergodic 
surface that randomizes the incident angle of incoming photons and increases the single-pass escape probability [42,54]. 
The surface-roughened VTF LED exhibited a higher LEE from the top surface by a factor of 2–3× compared to an LED with a 
flat top surface and showed a Lambertian emission pattern. The total LEE from the VTF LED was estimated at ∼75%. While 
the VTF LED design achieved a high LEE, the n-contact and a single wire bond remained on the emitting side of the chip 
above the active region, blocking some of the internal photons from escaping and complicating phosphor deposition. Philips 
Lumileds proposed a thin-film flip-chip (TFFC) design that placed both contacts on the submount side and improved the LEE 
to 80% [31,55]. Additional key advantages of the TFFC architecture were excellent heat dissipation and simplified phosphor 
deposition. The evolution of LEE in the CC, FC, VTF, and TFFC designs is shown in red in Fig. 8.

Around the same time that flip-chip LEDs were initially developed, growth on patterned sapphire substrates (PSS) 
emerged [56,57]. The PSS technique was originally derived from the epitaxial lateral overgrowth (ELO) technique to re-
duce dislocation densities, but was found to also greatly improve LEE. By etching microscale or nanoscale features into the 
sapphire substrate prior to epitaxial growth, the photons are scattered at the sapphire/GaN interface, breaking up guided 
modes and randomizing the photon directions. Features such as lines, cones, hemispheres, and holes have been demon-
strated on PSS [56]. When combined with a semi-transparent indium tin oxide (ITO) p-contact, PSS enabled LEEs close to 
90%. Nichia Corporation successfully incorporated PSS and ITO into their LEDs, demonstrating EQEs higher than 84% [58]. 
The effects of light propagation in the substrate and epitaxial layers, and the impact of pattern density, were thoroughly 
studied using ray tracing techniques [47]. Light that escapes into the sapphire substrate is easily extracted through the 
sidewalls because sapphire is nearly lossless and index matched to common epoxies. However, PSS designs are sensitive to 
absorption in the active region, doped GaN layers, and the ITO contact since photons remain in the epitaxial layers longer 
due to the low refractive index of sapphire relative to GaN. PSS are commonly used in commercial LEDs because this ap-
proach is relatively low cost, does not require the complicated fabrication associated with flip-chip LEDs, and provides very 
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Fig. 11. Flip-chip Tri-LED on quasi-bulk GaN from Soraa, Inc. Roughening is shown on the top surface and sidewalls. Reprinted from [66], with the permission 
of AIP Publishing.

high LEE. The evolution of LEE in PSS designs is shown in purple in Fig. 8. Note that some of the LEE numbers for PSS were 
estimated from measured EQE values assuming an IQE ∼0.9.

The availability of free-standing quasi-bulk GaN substrates [59–62] has now enabled volumetric LEDs with vertical-to-
horizontal aspect ratios close to unity. Volumetric LEDs extract light from the top surface and sidewalls, which can both be 
roughened. Soraa, Inc. has developed a bulk-GaN-based volumetric LED with LEE of 90% [63,64]. An SEM image of the Soraa 
LED is shown in Fig. 11. Two key features of this LED are the flip-chip architecture and the triangular die shape (Tri-LED). 
The triangular shape breaks the symmetry in the lateral dimensions, frustrating TIR and enabling higher LEE [65]. In addi-
tion, both the top surface and the sidewalls are roughened to increase LEE. The Soraa LED emits near 415 nm, where optical 
losses from the reflecting mirror are relatively high. Thus, the predicted LEE for a similar blue-emitting volumetric LED is 
as high as 95%, which likely represents the practical limit for GaN-based LEDs [42,66]. The reported volumetric LEDs are 
grown on low-dislocation-density (∼105 cm−2) quasi-bulk GaN substrates which permit operation at high power (current) 
densities. Soraa reported 54% EQE at a current density of 1 kA/cm2. Operation at high current densities is attractive for 
high-brightness applications. The evolution of LEE in bulk/volumetric GaN designs is shown in green in Fig. 8.

5.2. Internal Quantum Efficiency (IQE)

In many regards, it is extraordinary that InGaN/GaN LEDs are capable of reaching high IQEs (>90%). First, InGaN/GaN 
LEDs grown on non-native substrates exhibit a high density of threading dislocations (∼106–108 cm−2) due to lattice mis-
match. With conventional III–V materials (e.g., GaAs or GaP), such a high density of threading dislocations significantly 
degrades the IQE to essentially zero [67]. However, InGaN is remarkably insensitive to threading dislocations and relatively 
high IQEs were realized even in the early LEDs [68]. A proposed origin for the insensitivity to threading dislocations is 
carrier localization due to compositional fluctuations, which would prevent carriers from diffusing to dislocations [69,70]. 
This explanation is still debated in the LED community, however. Second, despite the presence of strain, high dislocation 
densities, and high-energy visible photons, InGaN/GaN LEDs do not significantly degrade from new defect formation within 
the active region during current injection. This is in stark contrast to II–VI emitters, which quickly degrade during electrical 
injection [71]. The robustness of III-nitrides is attributed to the lack of shear stress on common dislocation glide planes in 
c-plane structures. Finally, large spontaneous and piezoelectric polarization exists in III-nitrides [72–74], leading to internal 
electric fields that reduce the electron-hole wavefunction overlap and decrease the radiative recombination rate. However, 
the nonradiative recombination processes were also shown to scale down with the smaller wavefunction overlap by the 
same factor [75], so the peak IQE is not strongly affected by polarization. On the other hand, the smaller carrier recombi-
nation lifetime in c-plane structures leads to a higher carrier density for a given current density, causing the maximum IQE 
to occur at lower current density compared to nonpolar and semipolar structures [76].

Indeed, InGaN/GaN LEDs exhibit a unique behavior known as efficiency droop, which refers to the non-thermal roll over 
of the IQE as the current density is increased. The LED community has invested enormous effort into understanding and 
mitigating the efficiency droop phenomenon because it prevents efficient operation at high current densities where high lu-
men densities can be achieved from small-area chips. In general, efficiency droop is commonly observed to differing degrees 
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Fig. 12. EQE vs. current density illustrating high and low droop devices.

in both electroluminescence (EL) and photoluminescence (PL), under pulsed and continuous-wave (CW) operation, in both 
blue and green LEDs, in polar, semipolar, and nonpolar structures, and in multiple quantum well (MQW), single quantum 
well (SQW), and DH active region designs. In addition, efficiency droop is typically more severe at longer wavelengths such 
as green and yellow. Fig. 12 illustrates the concept of efficiency droop.

IQE can be expressed in general as the number of photons emitted from the active region per second divided by the 
number of electrons injected into the active region per second. In terms of the recombination rates and carrier lifetimes, 
IQE is given by

ηIQE = ηinjηr = ηinj
Rr

Rr + Rnr
= ηinj

τnr

τr + τnr

where ηinj is the injection efficiency, ηr is the radiative efficiency, Rr and Rnr are the radiative and nonradiative recom-
bination rates, respectively, and τr and τnr are the radiative and nonradiative carrier lifetimes, respectively. Thus, for high 
IQE, it is desirable to achieve high (low) radiative rate (lifetime) and low (high) nonradiative rate (lifetime). Since the var-
ious radiative and nonradiative processes depend upon the carrier density (and by extension, also the current density), an 
empirical model known as the ABC model is often used in IQE analysis, where

ηIQE = ηinj
Bn2

An + Bn2 + Cn3

Here, n is the carrier density, A is the SRH coefficient, B is the bimolecular radiative coefficient, and C is the Auger coeffi-
cient. We note that while quite common, the ABC model has limitations. For example, it assumes the LED is a homogeneous 
system and does not account for compositional inhomogeneity [77], asymmetry in electron and hole injection in MQW 
structures, or current crowding [78]. In addition, the ABC coefficients are not categorically constants, since they depend 
upon the wavefunction overlap, which is a function of carrier density as injected electrons screen the internal electric field, 
resulting in increased electron–hole wave function overlap. The basic ABC model has been extended to account for the car-
rier density dependence of the ABC coefficients at high carrier density (i.e. phase space filling) [79,80] and carrier leakage 
processes [81]. A detailed discussion on the limitations of the ABC model is given in reference [82]. Here we use the basic 
model to simply illustrate the effects of various types of recombination on LED performance and efficiency droop. At very 
low carrier densities, the ABC model illustrates that nonradiative SRH recombination (An) is dominant and leads to low IQE. 
At higher carrier densities the radiative Bn2 term is dominant and the efficiency increases. At even higher carrier densities, 
the Cn3 term dominates, causing the efficiency to decrease. The net effect of the three recombination processes gives rise 
to IQE curves with the characteristic efficiency droop.

The origin of efficiency droop has been heavily debated, with proposed causes including Auger recombination [80,83,84], 
carrier leakage [85,86], carrier delocalization and recombination at defect sites [87], and saturation of the radiative rate 
[88]. After much debate in the LED community, strong recent evidence points to Auger recombination as the primary source 
of efficiency droop. Shen et al. originally proposed the explanation of Auger recombination for efficiency droop using a 
photoluminescence technique and ABC model to extract Auger coefficients on the order of 1.4–2.0 · 1030 cm6 s−1 [83]. More 
evidence for Auger recombination was generated in studies using electroluminescence and photoluminescence to obtain 
the carrier lifetime and ABC coefficients [89–92]. In addition, there now exists theoretical support for the Auger hypothesis 
[93–96]. A direct measurement of hot electrons associated with Auger recombination was more recently performed [84,97,
98]. Iveland et al. studied the electron energies emitted from a commercial LED into vacuum and observed the presence 
of high energy electrons consistent with Auger recombination at high injection currents. The authors also correlated the 
missing droop current with the Auger current, providing evidence that the observed high-energy electrons are directly 
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Fig. 13. IQE and EQE vs. current density for Soraa LED on quasi-bulk GaN substrate. Reprinted from [63], with the permission of AIP Publishing.

responsible for efficiency droop. For more in depth discussion of efficiency droop and related mechanisms, we point the 
reader to several excellent and detailed reviews [82,99–101].

From a practical perspective, there are several approaches to mitigate efficiency droop. Commercial LEDs are commonly 
based on large-area chips that operate at low current (carrier) density to avoid efficiency droop. The lower carrier density 
delays the onset of nonradiative recombination associated with the Cn3 term or any nonradiative process related to high 
carrier densities. Another approach is to grow thick DH or MQW active regions to lower the carrier density for a given 
current density. In this case, the peak IQE is shifted toward higher current density where the light output can be maximized. 
Philips Lumileds was the first group to report DH active regions with peak efficiency at high current density [89]. The DH 
LED contained a single 13-nm-thick InGaN active region and reached peak EQE at a current density above 200 A/cm2. 
This approach has not been widely commercially adopted due to the difficulties in growing thick DH active regions and 
overall lower efficiency of DH active regions compared to QW active regions due to the lower material quality increasing 
the A coefficient. In principle, the carrier density can also be lowered by using MQW active regions. Gardner et al. also 
compared the DH active region to a 6 × 2.5 nm MQW active region. The MQW active region exhibited a peak efficiency at 
only ∼10 A/cm2, despite having more total thickness than the DH active region. The result was attributed to lack of hole 
transport beyond the first p-side QW [102]. Recent precise modeling supports this phenomenon [103].

Using tunnel junctions to cascade multiple active regions together in series is a newer approach to reduce the carrier 
density without carrier transport issues [104–107]. The addition of tunnel junctions also improves current spreading by 
replacing the majority of the highly resistive p-GaN with more conductive n-GaN. Improved current spreading prevents 
regions of high carrier density, resulting in lower efficiency droop. One approach to realize low-resistivity tunnel junctions 
uses NH3 MBE to grow ∼10–20 nm of highly doped ([Si] = 2 ·1020 cm−3) n-GaN on the p++ layer of an MOCVD-grown LED 
[108]. A low differential resistivity of 1.5 · 10−4 � cm2 was demonstrated. UCSB utilized this approach on a commercial LED 
on PSS to demonstrate tunnel-junction-based LEDs with over 70% WPE and low efficiency droop [109]. The tunnel junction 
approach has also been used to realize GaN-based vertical-cavity surface-emitting lasers (VCSELs) [110] and edge-emitting 
lasers [111].

Some nonpolar and semipolar orientations have also shown promising performance. For example, low-droop has been 
achieved in semipolar (2021) LEDs using 12-nm-thick DH active regions [76]. A study of the ABC coefficients in a semipolar 
(2021) SQW LED found that the ratio of the radiative coefficient to the Auger coefficient is larger in semipolar (2021) 
compared to a similar c-plane LED [112]. Both electron and hole transport were also shown to effect the performance of 
semipolar LEDs, depending on the orientation of the residual built-in electric fields [113]. The major challenge with nonpolar 
and semipolar orientations is that large-area substrates are not widely available. Also, so far, the maximum IQE of nonpolar 
or semipolar LEDs has been smaller than that of c-plane LEDs.

Finally, we briefly mention two additional techniques that are applied to increase the LED efficiency. EBLs have been 
shown to prevent carrier overshoot and carrier leakage from the active region [114]. EBLs are typically 10–20 nm thick and 
composed of AlGaN with 15–30% aluminum. EBLs must be p-doped to reduce the Fermi level and prevent the formation of 
a hole barrier. Most commercial GaN-based LEDs now contain EBLs. Finally, some LEDs contain a dilute (In ∼3%) InxGa1−xN 
layer or InxGa1−xN/GaN superlattice layers beneath the active region to improve the efficiency. Armstrong et al. studied the 
effects of these InxGa1−xN underlayers on radiative efficiency using carrier lifetime measurements and deep level optical 
spectroscopy (DLOS) [115]. The underlayers were found to reduce the concentration of deep level defects in the active 
region, leading to higher radiative efficiency.

5.3. State-of-the-art violet and blue LEDs

Improvements in LEE and IQE have enabled violet and blue LEDs with very high EQE and wall-plug efficiency (WPE). Here 
we highlight some reports of high-performance LEDs. In 2010, Nichia reported low-output-power (<100 mW) blue LEDs on 
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Fig. 14. Three approaches to generating white light using blue LEDs. Figure courtesy of Lumileds from reference [124].

patterned sapphire substrates with an ITO p-electrode with a maximum EQE = 85.9% and a WPE = 81.3% at 20 mA on a 
450 × 450-μm2 chip. A higher power version using a 1 mm2 chip showed a maximum EQE = 80.8% and an EQE = 76.7% 
and WPE = 71% at 350 mA (35 A/cm2) [58]. The high-power LED had maximum light output power around two Watts. In 
2015, Soraa, Inc. reported a flip-chip violet (415 nm) LED on a quasi-bulk GaN substrate with peak WPE = 84% at 85 ◦C 
[63]. The maximum EQE also reached more than 80%. The LEDs also showed low efficiency droop and the EQE remained 
above 70% at 100 A/cm2. Fig. 13 shows the IQE and EQE vs. current density for the Soraa LED for 25 ◦C and 85 ◦C.

6. White LEDs

After the initial development of high-efficiency blue LEDs, attention turned to using blue LEDs to engineer white LEDs 
capable of sparking a revolution in lighting. This new phase in lighting became known as known as “solid-state lighting” 
and refers to the field of lighting using white LEDs. One implication of solid-state lighting is the replacement of conven-
tional incandescent and fluorescent sources with more efficient LEDs. The energy, economic, and environmental impacts of 
solid-state lighting are thoroughly discussed by Tsao et al. [116,117]. Here we briefly discuss white LEDs, but a detailed 
review is given by Cho et al. [118].

The first and most successful approach to create white light using visible LEDs involves combining a blue LED with 
a phosphor that partially absorbs the blue light and re-emits in a broadband spectrum centered on the yellow region 
[5,40,41]. The combination of blue and broadband yellow gives the appearance of white light. Associated with the color 
conversion is an energy loss known as the Stokes-shift loss that is common to all phosphor-based approaches. The blue 
LED + phosphor approach is illustrated in Fig. 14a. The most commonly used phosphor is cerium-doped yttrium–aluminum 
garnet (Ce:YAG), which was proposed by Shimizu [119,120]. The blue LED + Ce:YAG phosphor approach has been widely 
adopted by industry due to its high efficiency, simplicity, stability, and low cost. Nichia Chemical Corporation was the first 
to commercialize white LEDs in 1996 using this approach [40]. The primary challenge with this approach is that the single 
phosphor converter emits very little red light, resulting in relatively high color temperatures (5000–6500 K) that gives 
the light an unpleasant appearance. However, the color temperature can be reduced to 2500–3300 K at the expense of 
efficiency by adding gadolinium to the phosphor. In some cases, separate red and green phosphors, or full conversion using 
a combination of red, green, and blue phosphors, may be used. For example, Soraa LEDs emit is the violet region (∼415 nm) 
and use red, green, and blue phosphors to enable white light products that simultaneously achieve Ra and R9 values above 
90 and low color temperatures [121,122]. This approach trades off lower efficiency droop and better color properties with 
larger Stokes loss from absorption of higher energy photons within the phosphors.

The second approach uses a hybrid of phosphor-converted and direct-emitting LEDs and is shown in Fig. 14b. A common 
configuration is the use of partially converted blue LEDs and green phosphor combined with direct-emitting red LEDs. 
Another configuration involves using direct-emitting blue LEDs combined with phosphor-converted green and red. Although 
hybrid LEDs with efficient blue and red emitters and efficient narrow-band green phosphors is a practical approach to high 
efficacy LEDs [82], key challenges with the hybrid approach are obtaining higher efficiency red and green phosphors and 
narrower band red phosphors [123]. Current red phosphors have broad emission (∼80 nm), resulting in significant light in 
the far-red region, which reduces lumen output. Reducing the linewidth of red phosphors could increase the lumen output 
by as much as 20% [124].

For the third approach, direct emission from multi-chip red, green, and blue (RGB) (or RYGB with the addition of yellow) 
LEDs can be combined in the appropriate power fractions to create white light. This approach is shown in Fig. 14c and was 
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Fig. 15. Maximum EQE vs. wavelength of different commercial InGaN LEDs illustrating the green gap. Reprinted figure with permission from [30]. Copyright 
2016 by the American Physical Society.

Fig. 16. Evolution in luminous efficacy of conventional lighting sources and visible LED sources. Figure from reference [118]. Copyright 2017 by John Wiley 
and Sons, Inc. Reprinted by permission of John Wiley and Sons, Inc.

first enabled by the development of efficient blue and green LEDs using InGaN active regions. High-efficiency red LEDs based 
on the AlInGaP system already existed. The highest possible luminous efficacies can be obtained using this approach, with 
theoretical maximums in the range of 300–400 lm/W depending on color temperature and color rendering index [125]. 
A key challenge for this approach is that the efficiency of green LEDs is still quite low compared to those of blue and 
red. The highest performance InGaN green LEDs show maximum EQEs ∼44% at 2 A/cm2, but still suffer from significant 
efficiency droop, showing EQEs of only ∼30% at 20 A/cm2 [126]. Alternatively, OSRAM has demonstrated full conversion of 
a blue LED using a green phosphor to obtain an EQE ∼50% at 540 nm [127]. Fig. 15 illustrates the green gap in InGaN/GaN 
LEDs, where neither nitride-based nor phosphide-based LEDs can currently achieve high efficiency. An additional challenge 
with color mixing of direct-emitting LEDs is separately controlling the operating conditions (e.g., temperature) of LEDs from 
two different material systems: InGaN for blue and green and AlInGaP for red.

The evolution of luminous efficacy (lm/W) for visible LEDs and conventional light sources is shown in Fig. 16 [118]. 
The first white LEDs commercialized by Nichia had a luminous efficacy of 5 lm/W, with some samples reaching 12 lm/W 
[118]. For comparison, the luminous efficacies of tungsten filament incandescent bulbs, compact fluorescent lamps, and 
linear fluorescent lamps are ∼15 lm/W, ∼60 lm/W, and ∼80 lm/W, respectively. For LEDs to compete with incumbent 
technologies, improvements in luminous efficacy were required. In 2004, Nichia reported more than 100 lm/W at very low 
(<1 mA) currents [128]. In 2006, Nichia reported a luminous efficacy of 174 lm/W at low currents (2 mA) and 138 lm/W at 
∼20 A/cm2 [129]. Over the following ten years, further improvements in the efficiency of blue LEDs (described above) led to 
announcements of laboratory results of 208 lm/W with color temperature of 4600 K at 350 mA by Cree [130], 249 lm/W at 
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very low current by Nichia [131], 215 lm/W with color temperature of 3000 K by OSRAM [132], and 303 lm/W with a color 
temperature of 5150 K by Cree [133]. Haitz originally predicted that the lumens per lamp would increase by a factor of 20 
per decade [117]. While white LEDs have surpassed this prediction, Haitz’s law illustrates the long-term trend of increasing 
luminous flux over time.

7. Future directions

The solid-state lighting ecosystem has evolved very rapidly over the last few years, with significant improvements in 
the technical performance of LEDs and the commoditization of LED-based lighting fixtures. The first wave of solid-state 
lighting based on phosphor-converted white LEDs has already led to commercial products with luminous efficacies beyond 
150 lm/W. Furthermore, recent recognition that significant gains in lighting efficiency and functionality can be achieved at 
a systems level has motivated the industry to pursue so called “smart lighting” systems that will improve energy efficiency, 
human health, and productivity. These advanced lighting systems will include high-performance light sources, specialized 
sensors, and dynamic controls to deliver high quality, energy efficient, color tunable lighting with customized spatial delivery 
and integrated VLC capability [134].

To achieve these capabilities, advanced lighting systems will place greater demands on the performance of light sources. 
In addition to having energy efficient sources with low droop, sources that provide additional functionalities will be required. 
Some specific requirements for smart lighting sources include:

(1) low droop for efficient operation;
(2) relatively large (>1 GHz) modulation bandwidths for high-speed VLC;
(3) spatial coherence and high beam quality for compatibility with beam shaping/steering elements for customized spatial 

light delivery and simultaneous illumination/projection;
(4) multi-color (e.g., RGB) configuration for the ultimate efficiency and color tunability and for VLC multiplexing.

Here we highlight emerging device work focused on VLC and discuss the potential of using diode lasers for next-
generation lighting systems. In addition, we briefly describe an emerging application for blue and green LEDs in micro-pixel 
displays.

7.1. Visible-light communication with LEDs

Mobile communications traffic is increasing beyond the limit where radio frequency (RF) technology can support the 
demand [135,136]. Thus, there is a need for new supplementary wireless technologies to cooperate with existing RF net-
works [137]. VLC is a promising candidate for next-generation (5G and beyond) network systems, especially for indoor 
applications [138,139]. InGaN/GaN LEDs are attractive for VLC since they have the potential to simultaneously provide ef-
ficient lighting and data communications at minimal extra cost and power consumption [136,140]. However, commercially 
available highly efficient lighting-class LEDs have low modulation bandwidths (<50 MHz) and cannot easily provide the 
gigabit-per-second data rates needed for VLC. The bandwidth limitation is imposed by three factors: (1) the LEDs are large 
and have significant RC parasitics; (2) the LED active regions are designed for efficiency, but not speed; (3) the LEDs con-
tain phosphor-based down converters, which have a slow response time. Recently, micro-LEDs (μLEDs) specifically designed 
for high-speed operation have achieved large modulation bandwidths ranging from 100 s of MHz to 1 GHz, leading to 
multi-Gb/s data communication rates [141–146]. μLEDs enable high-speed through reduced parasitic capacitance and oper-
ation at high current densities where the carrier lifetime is short. To achieve higher light output powers, arrays of μLEDs 
may be formed. To show the potential for parallel data transmission a CMOS-controlled 8 × 8 μLED array with individually 
addressable pixels was demonstrated by McKendry et al. [144,147]. μLED arrays on silicon have also been demonstrated. 
A key challenge with high-speed LEDs is that they need to operate at high current densities to achieve high speed, which 
results in significant efficiency droop. Recent studies have focused on understanding the recombination physics and carrier 
lifetimes in III-nitride LEDs [148,149]. Such studies are relevant to optimizing LEDs for VLC and understanding the trade-offs 
between speed and efficiency. Nonpolar and semipolar orientations may mitigate the trade-off between speed and efficiency 
due to their shorter carrier lifetimes at low injection. A detailed review on the use of GaN-based LEDs for VLC is given by 
Rajbhandari et al. [136].

7.2. Lasers for next-generation lighting

By 1996, further improvements in III-nitride material quality led to the demonstration of the first pulsed [150] and CW 
[151] violet diode lasers by Nakamura et al. CW blue diode lasers emitting at 450 nm were demonstrated in 2000 on 
GaN substrates using epitaxial lateral overgrowth (ELO) [152]. Fig. 17 shows a device schematic for the first violet InGaN 
laser, which contained an InGaN MQW active region and AlGaN cladding layers. A full account of the early history of violet 
and blue laser development is given by Nakamura, Pearton, and Fasol [5]. More recent InGaN lasers have reached WPE of 
∼40% and multi-watt output powers [153–157]. III-nitride lasers initially entered the market as sources for high-density 
optical data storage. Devices with an emission wavelength in the violet region (405 nm) enabled high-density optical disc 
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Fig. 17. Device schematic for the first violet InGaN laser.

systems with approximately five times the storage capacity of traditional digital versatile disc (DVD) systems, which utilize 
650-nm red lasers. Due to their spectral purity, potential for high WPE, and focus-free operation, lasers are also attractive 
components for a variety of projection and display systems such as televisions, full-color pico-projectors, and head-up and 
head-mounted displays.

Recently, InGaN diode lasers have been proposed as next-generation sources in smart lighting systems [158–160] as they 
provide many beneficial characteristics, including capping of efficiency droop [161], large modulation bandwidths [162,163], 
spatially coherent output beams, and small form factor. The key ingredients of a laser are a gain medium and a resonant cav-
ity waveguide [28]. The resonant cavity waveguide provides feedback through the gain medium, where stimulated emission 
causes the photon density to increase rapidly. Above threshold, a laser is dominated by stimulated emission, the linewidth 
narrows, and a spatially and temporally coherent beam is emitted. Operation based on stimulated emission also ensures a 
short carrier lifetime, leading to fast modulation speeds (∼5 GHz). The fast modulation speeds of lasers are advantageous 
for VLC systems to achieve high data rates.

A key advantage of using lasers for lighting is the suppression of efficiency droop above threshold – the laser carrier den-
sity clamps due to the high speed of the stimulated emission process. Thus, any rates that depend upon carrier density, such 
as SRH and Auger recombination and spontaneous emission, no longer increase above threshold. Any new carriers that are 
added to the laser above threshold recombine in the form of stimulated emission, leading to nearly 100% carrier-to-photon 
conversion efficiency above threshold. Carrier clamping leads to droop-free operation above threshold, enabling lasers to op-
erate at higher efficiencies at higher input power densities than LEDs. Efficiency droop has a detrimental impact on lighting 
system design, as it dictates LED operation at low current densities, requiring large device sizes and driving up system costs. 
Additional advantages of lasers include simultaneous illumination and projection and spatial light delivery when integrated 
with tunable micro-electro mechanical systems (MEMS) mirrors for beam steering. Already several auto manufacturers are 
using laser-based headlights, leveraging the small pot size of focused laser light, allowing for precise beam shaping [164]. 
Fig. 18 illustrates some of the potential advantages of using lasers for next-generation solid-state lighting systems. There are 
also several challenges with using lasers in lighting systems. First, the current maximum WPE of lasers is only ∼40%, while 
state-of-the-art WPE for LEDs is ∼80%. Although lasers can be operated at higher current densities where they potentially 
have an optical efficiency advantage, the large resistive loss at high current densities presents a challenge for higher WPE. 
On the other hand, lasers are much brighter than LEDs (by a factor of ∼10,000) and the power emitted per chip area is 
significantly higher (by a factor of ∼20) [157]. This allows lasers to provide higher delivered lm/W in directional applica-
tions even with lower WPE. Another issue is that the temporal coherence in lasers leads to random intensity fluctuations 
known as “speckle.” The presence of speckle is the result of a random interference pattern due to the time coherence of the 
light source and creates major challenges in using lasers for simultaneous illumination/projection applications. Lasers re-
quire light tunnels or optical scramblers to avoid speckle in projection applications. These optical elements increase system 
cost and lower the light level. The extremely high spatial coherence of lasers also raises issues with eye safety. Finally, the 
ultra-narrow linewidths (<0.1 nm) of lasers raises issues with their ability to render color properly and with color quality 
metrics such as Ra and Rf in multi-color RGB-based systems. However, some studies have shown that high color quality 
is achievable using a four-color laser source [165]. We note that infrared lasers achieved maximum WPE > 70% [166,167]
after intensive research efforts. If visible lasers can approach similar WPE, they may offer significant advantages to future 
lighting systems.
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Fig. 18. Illustration of the potential advantages of using lasers for next-generation lighting systems, including illumination, spatial delivery and projection, 
and visible-light communication. In addition, lasers may provide a viable solution to efficiency droop.

7.3. Micro-pixel LED displays

Another emerging area for GaN-based blue and green LEDs is micro-pixel displays [168–170]. These displays include 
indoor/outdoor video walls, smart phones, tablets, televisions, and smart watches. Inorganic μLEDs offer potential advan-
tages compared to conventional organic LEDs (OLEDs) and liquid crystal displays (LCDs). Some advantages include higher 
brightness, higher transparency, longer lifetimes, lower power consumption, and shorter response times. III-nitride based 
μLEDs exhibit a luminance of 105 cd/m2, while the luminescence of LCDs and OLEDs are 3000 cd/m2 and 1500 cd/m2, re-
spectively. Additionally, μLEDs exhibit nanosecond response times, in contrast to the millisecond and microsecond response 
times of LCDs and OLEDs, respectively [170]. Some μLED displays are based on pick-and-place technology where individual 
red, green, and blue LEDs are integrated to form a single pixel. Another approach involves using bottom-up nanostruc-
ture growth to realize monolithic red, green, and blue LEDs on the same chip by varying the pitch spacing between the 
nanostructures [171–173]. Apple and Google have recently invested in μLED start-up companies using pick-and-place and 
monolithic nanostructure technology, respectively [174,175].

8. Conclusion

We have reviewed the historical developments associated with the invention of blue LEDs. The realization of the first 
high-brightness blue LEDs in 1993 sparked a more than twenty-year period of intensive research to improve their effi-
ciency. After solving critical challenges related to material quality, light extraction, and internal quantum efficiency, current 
blue LEDs reach WPEs of more than 80%. The application of blue LEDs to white-light generation uniquely enabled the 
field of solid-state lighting, where white LED sources are now capable of generating luminous efficacies in the range of 
200–300 lm/W, a 15–20× increase relative to conventional incandescent technology. Future LED-based lighting systems are 
expected to include advanced functionalities such as VLC, simultaneous illumination and projection, and integrated controls. 
Such systems may be tailored to improve energy efficiency, human health, and productivity. Building upon the developments 
of efficient blue LEDs, efficient blue lasers may be compelling candidates for future lighting systems due to their droop-free 
operation, high brightness, large modulation bandwidth, and directionality.
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