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Abstract: This paper presents an extensive literature review on Light-Emitting Diode (LED) fun-
damentals and discusses the historical development of LEDs, focusing on the material selection,
design employed, and modifications used in increasing the light output. It traces the evolutionary
trajectory of the efficiency enhancement of ultraviolet (UV), blue, green, and red LEDs. It rigorously
examines the diverse applications of LEDs, spanning from solid-state lighting to cutting-edge display
technology, and their emerging role in microbial deactivation. A detailed overview of current trends
and prospects in lighting and display technology is presented. Using the literature, this review offers
valuable insights into the application of UV LEDs for microbial and potential viral disinfection. It
conducts an in-depth exploration of the various microorganism responses to UV radiation based
on the existing literature. Furthermore, the review investigates UV LED-based systems for water
purification and surface disinfection. A prospective design for a solar-powered UV LED disinfection
system is also delineated. The primary objective of this review article is to organize and synthesize
pivotal information from the literature, offering a concise and focused overview of LED applications.
From our review, we can conclude that the efficiency of LEDs has continuously increased since its in-
vention and researchers are searching for methods to increase efficiency further. The demand for LED
lighting and display applications is continuously increasing. Our analysis reveals an exciting horizon
in microbial disinfection, where the integration of UV LED systems with cutting-edge technologies
such as sensors, solar power, Internet-of-Things (IoT) devices, and artificial intelligence algorithms
promises high levels of precision and efficacy in disinfection practices. This contribution sets the
stage for future research endeavors in the domain of viral disinfection using solar-powered UV LED
modules for universal applications.

Keywords: LED fundamentals; LED history; LED efficiency; UV LED; blue LED; green LED; red
LED; white lighting; lighting and display applications; mini-LED; micro-LED; microbial deactivation;
UV dose; solar powered UV LEDs

1. Introduction

Light-Emitting Diodes (LEDs) are primarily p-n junction-based devices made of di-
rect bandgap semiconductors and emit light when an electric current is injected into the
device [1]. The choice of a particular semiconductor material (direct bandgap) is essential
to achieve the required wavelength. The wavelength of the emitted light is a function of the
bandgap, i.e., A = hc/Eg. LEDs comprise very thin layers of semiconductor materials and
the layers are quite heavily doped. When forward-biased, these emit light at characteristic
wavelengths, depending on the semiconductor material used. Figure 1 shows a schematic
of a LED with basic working principles.

Oleg Vladimirovich Losev, an influential Russian scientist, played a pivotal role in
advancing semiconductor electronics through his discovery of electroluminescence [2].
His groundbreaking research, conducted in the early 1920s using materials such as silicon
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carbide (SiC) crystals, led to a deep understanding of how electrical charges interact
within these substances to produce light. Losev’s findings laid the groundwork for the
development of modern LED lights, which have entered widespread use in everyday items
like lamps and screens. Additionally, Losev’s thorough investigation into injectional and
prebreak down luminescence effects contributed significantly to the field, which led to in
his receipt of the first patent for a pre-sample to the light-emitting diode in 1927 [3].
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Figure 1. Basics of LED structure and photon emission.

In general, there are no elemental direct bandgap materials, but compound semicon-
ductors such as GaAs, GaP, GaN, and similar others have direct bandgaps. Depending on
the energy bandgap, the emitted light will vary in wavelength, ranging from UV to infrared.
Figure 2 displays device wavelengths, frequency, and material bandgap for the emission of
UV, blue, green, and red light. Table 1 displays the growth method, material combination,
and the p-n junctions required for the emission of UV, blue, green, and red light.

The development of materials for LEDs has played a crucial role in the advancement of
this technology. LEDs have come a long way since their invention, and there is continuous
research into the improvement in the materials used for their fabrication. Earlier challenges
in making efficient LEDs were primarily related to the materials and structures used in
their design. Initially, LEDs faced issues of a low extraction efficiency due to the absorbing
substrates used, limiting the amount of emitted light [4]. The development of GaN-based
materials in the late 1980s and early 1990s marked a significant breakthrough in enhancing
the efficiency of solid-state light emitters, including LEDs [5]. GaN is a fundamental
material in LED technology, serving as the basis for almost all commercial LEDs due to its
wide bandgap and efficient light emission properties [6]. AlGaN, an alloy of aluminum
and gallium nitride, is commonly used in deep ultraviolet LEDs, although issues related to
optical power degradation have been observed over time [7]. Magnesium Oxide (MgO),
7.8 eV [8], is a key component in photonics and LED due to its unique properties. In
photonics, MgO is commonly used as a substrate material for thin-film photovoltaics, LEDs,
and solid-state lasers, providing exceptional optical and electrical characteristics. MgO,
commonly used as a buffer layer in GaN LED structures, has been shown to enhance
device performance and reliability by reducing dislocation density and improving thermal
management [9]. Epitaxial lateral overgrowth (ELO) is a semiconductor growth technique
aimed at reducing defects, particularly threading dislocations, in epitaxial layers. In ELO, a
thin seed layer is deposited on a substrate, and growth is initiated from this layer. According
to Malinauskas et al. [10] the contribution of dislocations to carrier recombination and
transport in highly excited ELO and HVPE GaN layers has been investigated. These layers
exhibit distinct dislocation densities, with ELO layers typically having lower densities
compared to HVPE layers. Under high-excitation conditions, dislocations act as significant
centers for carrier recombination, leading to variations in carrier lifetimes and transport
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properties. Thus, understanding this contribution is crucial for optimizing the performance
of GaN-based devices. Also, the defect densities in GaN can be reduced using one- or
two-step epitaxial lateral overgrowth methods [11,12].
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Figure 2. Figure showing the wavelength, frequency, and bandgap of UV, blue, green, and red light.
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Table 1. Illustrations of the growth method, material combination, and the p-n junctions used for the

emission of UV, blue, green, and red light.

uv Blue Green Red
e MOCVD (Metal Organic Chemical
Vapor Deposition) [13]
e MBE (Molecular Beam
Epitaxy) [14,15] ¢ MOCVD [22
. VD (I}’/hysical Vapor e MOCVD [21,22] e MBE [23][ :
Deposition) [16] e MBE [23] e PVD[l6]
e Solution-based methods (such as ° E\\]/]:I)’IEI] 61]8 e Hybrid approaches [20] o MOCVD [13]
Growth Method spin-coating or inkjet ey kg ® MOVPE (Metal Organic o MBE [2]
printing) [17] ¢ i yort Vapor-Phase Epitaxy) e PVD [27]
e HVPE (Hydride Vapor-Phase appranh [20]}1 [25]
Epitaxy) [18] * LPE (Liquid-Phase o VPE (Vapor-Phase
o PAMBE (Plasma-Assisted Epitaxy) [24] Epitaxy) [26]
Molecular Beam Epitaxy) [19]
e MBE-MOVPE hybrid
approach [20]
e III-V materials: [28] AlGaN, e [II-V materials [28]:
Group‘- ) AlCaInN GaN, InGaN, AlGaN e III-V materials [28]: e III-V materials: GaAs,
ICI(I)IH\I/'],JI\I;Stwn (I, e I1-VI materials [29]: ZnO, MgO ° IZI;\éIerréaégreials [30]: InGaN, AlGaInP AlGaAs, InGaP [31]

Type of Junctions
Used in
fabrication

Double heterojunction (DH)

junction [32]

Multiple Quantum well (MQW) s DH junction [32] . ﬁg&?ﬁiﬁiﬁm . ﬁg&??ﬂﬁ?ﬁ[ﬁ]m]
ti 33 i \

]u.nc ton [33] * MQW] unct.lon [33] e Single hetero [SH] e SH junction [37]

Zinc qx1de ‘(ZnO) e ZnSe homojunction [36] junction [37] e Zinc oxide (ZnO)

homojunction [34] e InGaN heterojunction )

Aluminum gallium nitride

e ZnO homojunction [34] homojunction [34]

(AlGaN) heterojunction [35]

Thus, the selection of materials for LEDs requires careful consideration of various
factors to ensure optimal performance. Researchers face challenges in material selection
due to the need for high efficiency, stability, and cost-effectiveness. Different materials such
as organic compounds, quantum dots, perovskites, and nanocrystals are being explored for
their potential in LED applications [38—40]. Challenges include ensuring lattice matching
between different layers, achieving high brightness, and addressing issues like material
degradation over time [41]. To overcome these challenges, researchers are focusing on inno-
vative solutions such as surface treatments to enhance efficiency, utilizing hybrid materials
to improve performance, and developing new fabrication techniques to optimize the proper-
ties of the materials used [42-44]. By combining the unique properties of various materials
and continuously refining the manufacturing processes, researchers aim to create LEDs
that are not only highly efficient but also durable and cost-effective [45—-47]. Additionally,
advancements in the material, such as the development of new host materials and charge
transport layers, are contributing to the improvement in LED technology [48,49]. Overall,
the ongoing research in material selection for LEDs is focused on overcoming existing chal-
lenges and pushing the boundaries of efficiency and performance in lighting technology.

Earlier designs in LED structures prioritized effective thermal management to ensure
the reliability and longevity of LED systems [50]. It was dedicated to managing thermal
paths and packaging for LEDs to address challenges related to higher electrical currents
and heat dissipation [51]. The structural configurations of LEDs was focused on balancing
compact, efficient internal layouts, and the management of heat density [52]. Researchers
also investigated the influence of structural arrangements on controlling LED junction
temperature, showing the importance of proper design considerations in this aspect [53].
The development of LED structures with improved thermal properties was a key focus,
leading to advancements in thermal simulation and measurement techniques [54].

The recent developments in LED design include the integration of quantum dots
(QDs) into LED structures, resulting in the creation of highly efficient inverted structure
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QD-based LEDs [43]. Recent research has also investigated the incorporation of flaw-
containing alumina hollow nanostructures to improve fracture strength in GaN LEDs [55].
These breakthroughs signify a move towards designing LED structures with greater effi-
ciency and output capacities, opening up possibilities for innovative applications across
various domains.

Various methods of deposition are utilized in the fabrication of LEDs to achieve better
optimal performance. MOCVD has been widely employed for LED growth, providing con-
ditions conducive to device development [13]. MOCVD has been employed in the growth
of GaN-based LED structures on various substrates, including sapphire and silicon, to
achieve different emission wavelengths [22]. MBE is known for its ability to produce high-
quality epitaxial layers, as seen in the investigation of ZnO (3.37 eV) layers [56,57]. MOVPE
has been used in the growth of GaN core/shell wires for LED applications on silicon
substrates [58]. LPE is another method employed in LED fabrication, offering the potential for
the growth of multi-layer structures like InAs/InAsyP1_x—ySby /InAs/InAs, Py —y/Sby [59].
VPE methods such as MOVPE and HVPE have been extensively utilized in the production
of high-quality semiconductor films and nanostructures [60]. In summary, the choice of
deposition method in LED fabrication is crucial in determining the performance and char-
acteristics of the devices. Each technique, whether it be MOCVD, MBE, LPE, or MOCVD,
offers distinct advantages that can be harnessed to tailor LEDs for specific applications.

LEDs have a wide range of applications from lighting, displays, and decorations to
microbial disinfections. In this review paper, we discuss an evolutionary history of UV-to-
visible (blue, green, and red) LEDs and their applications. Moreover, their contemporary
and future trends are reviewed. We have left out the IR group of LEDs for brevity.

In Section 2, we focus on the evolutionary history of each color starting from UV
to red, mimicking the wide-to-narrow energy bandgap, although historically IR and red
LEDs precede the decades before UV was realized. Section 3 discusses the status and
prospects of LED lighting technology, whereas Section 4 reviews the application of LEDs
in display technology. In the ongoing discussion, Section 5 provides a detailed analysis of
the applications of UV-LEDs in the disinfection and cleansing processes. Here, a detailed
study of the microbial disinfection of water and those of diverse surfaces is presented
a bit more thoroughly. Further, in Section 6, we present a way forward in designing an
efficient disinfection system and its future development in the cleansing applications. We
also present a design of a UV LED system applicable to microbial deactivation. Finally,
Section 7 includes the discussion and concluding remarks on the future of LED applications
and is followed by the references to the pertinent literature.

2. Evolutionary History of LEDs

Reviewing a wide variety of published works in the literature, a chronological history
of efficiency and efficacy developments of UV, blue, green, and red LEDs emerged in our
study. Infrared LEDs are deliberately omitted to keep the paper concise and manageable as
well as reader friendly.

2.1. Evolution of UV LEDs

The development of UV LEDs was motivated by applications such as fluorescence-
based chemical sensing, high-efficiency lighting, flame detection, disinfection, optical
storage, and countless more. Most of these applications require deep UV wavelengths
around 300 nm. However, the ease of fabrication of UV LEDs is a function of the approxi-
mate wavelength required. Thus, the relatively shorter wavelengths are more challenging
in engineering the bandgap. In general, UV LEDs at shorter wavelengths require Al con-
tents at a higher fraction. However, the wide bandgap (high Al content) can result in high
dislocation density and make the material less efficient. Thus, an optimized amount of
Al is required to obtain the appropriate wavelength. In this section, we will review the
evolution of the efficiency of UV LEDs in two regimes of wavelengths: (i) above 300 nm
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and (ii) below 300 nm. We start with the above-300 nm regime because it is relatively easy
to fabricate.

2.1.1. UV—Wavelengths Longer than 300 nm

Figure 3 shows a data point for the first ever reported UV LED at a 375 nm wavelength
developed by Akasaki et al. [61] in 1993, with an efficiency of 1.5%. The structure of this
first UV LED was based on the understanding of the mechanism of heteroepitaxial growth
by MOVPE and hydride vapor phase epitaxy (HVPE) on a highly mismatched substrate.
This enabled them to grow high-quality nitride films on various substrates such as x-Al,Os;
thus, the epi-structures, GaN/AIN/ «x-Al,O3 layers, were grown.

Efficiency (%)

Time Evolution of UV LED (300 £ A <400 nm)
70
60 % (395 nm)
58.2% (400 nm)
60
49.8% ( 385 nm)
50
43.2% (375 nm)
40 43 % (insitu), 48.2%
(exsitu) (370 nm)
30
31.1% ( 365 nm)
20
7.5% (371 nm)
10
0,
1.5% (375 nm) 4% (343 nnl)
0 0.26% (321 nm)
1990 1995 2000 2005 2010 2015 2020 2025
Year

Figure 3. Time evolution of UV LED (>300 nm) with respect to efficiency [32,61-65].

In 1998, Mukai et al. [32] reported a 7.5% efficiency UV LED at 371 nm with an addition
of undoped InGaN, as shown in Figure 4. The undoped InGaN layer serves as a buffer layer
to reduce lattice mismatch, a diffusion barrier, and also as a stress buffer, thereby improving
the performance and reliability of the LEDs. The p-GaN/AlGaN/InGaN DH structures
were grown by MOCVD. A DH structure improves efficiency by confining carriers to the
active region (potential well), reducing non-radiative recombination at the interfaces, and
increasing the probability of radiative recombination.

In a quest to obtain relatively shorter wavelengths, in 2004 Edmond et al. [62] reported
0.26% efficient UV LED at 321 nm and 4% at 343 nm. Their structure featured an n-type
GaN layer followed by an MQW stack consisting of n-AlGaN/AlGaN/n-AlGaN layers
and then a thin p-GaN contact layer. The MQWs improve performance and efficiency
by confining charge carriers to a narrow region, enhancing the probability of radiative
recombination, thereby reducing non-radiative recombination, and allowing for precise
control over emission wavelength and efficiency.

The challenges during that time were increasing efficiency and keeping the wavelength
short. Thus, in an effort to increase efficiency, Muramoto et al. [63], in 2009, fabricated UV
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LEDs with an efficiency of 43.2% at 375 nm and 58.2% at 400 nm, respectively., They used a
GaN buffer layer and AlGaN active layers. Later, in 2013, to achieve shorter wavelengths,
the same research group was able to improve the efficiency to 31.3% for 365 nm and
49.8% for 385 nm, respectively. They achieved this by decreasing the dislocation density,
increasing the variation in In composition, and decreasing UV absorption by the GaN
buffer layer. Also, they had changed their structure from face-up LED to vertical chip LED,
as shown in Figure 5. One of the main benefits of vertical chip LEDs over face-up LEDs is
that they offer better heat dissipation, resulting in improved reliability, longer lifespans,
and higher light outputs.

p- electrode —— [ |

p-GaN,1200 A ——»
p-Alo,|5Gao.ssN.600/°\ —_—
Undoped InGaN,400 A — j
n-AloGagoN 300 A  ——

n- electrode

l 1
n-GaN, 4um e—p
GaN Buffer =—»
Sapphire e—p-
Figure 4. InGaN/AlGaN DH UV LED structure.
p-pad
_ _ n-pad
Active layer
d n-layer
n- T e
n-layer kS Active layer
Buffer layer —

_ p-pad

Figure 5. LED structure diagram (left: face-up LED, right: V-chip LED) [Substrate: sapphire; buffer
layer: GaN; n-layer: n-GaN; active layer: AlGaN/AlInGaN/AlGaN DH layers; p-layer: p-GaN].

The quest for the fabrication of a higher efficiency and power output in UV LEDs
continuously kept on growing. In 2018, Tak Oh et al. [64] compared the performance of
GaN-based UV vertical LEDs (VLED) grown on 6-inch sapphire substrates. They used an
ex situ sputtered AIN nucleation layer and an in situ low-temperature AlGaN nucleation
layer. The maximum external quantum efficiency (EQE) of the Vertical LED at 370 nm with
the in situ AlGaN and ex situ AIN were 43.7% and 48.2%, respectively [64]. The ex situ
AIN samples showed relatively lower densities of threading dislocations and were under
more compressive stress than the in situ AlGaN samples. The packaged LEDs with the ex
situ AIN nucleation layer had a higher light output power and maximum efficiency than
the in situ AlGaN-nucleation-layer LEDs. The improved performance of the ex situ AIN
sample was attributed to the lower density of threading dislocations. Those were some of
the highest efficiencies achieved for UV LEDs to that date.

Further, in 2020, a research group, Li et al. [65], were able to design UV LEDs of an
efficiency of 60% at a wavelength of 395 nm. Their design consisted of epitaxial layers on
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4-inch Si substrates, and they grew AIN, AlGaN, and undoped GaN buffer layers. A 3 pym
thick n-type GaN layer, 9-period MQWs (AlGaN/GaN/InGaN), and an electron-blocking
layer (EBL) were grown on a 200 nm thick p-type GaN layer. The introduction of the GaN
interlayer barrier improved the concentration and spatial overlap of the carriers in the
MQWs, which led to the modulation of the energy band and polarization, resulting in
enhanced efficiency. The design of their structure is shown in Figure 6.

p-GalN

51 Substrate

Figure 6. The epitaxial structures for 60% efficient UV LED (A = 395 nm).

2.1.2. UV—Wavelength Shorter than 300 nm

In the early 2000s, the fabrication of UV LEDs emitting wavelengths shorter than
300 nm was highly challenging due to the need for materials with larger bandgaps. These
materials were scarce and more difficult to manipulate compared to those used in longer-
wavelength LEDs, and the shorter wavelengths were prone to absorption and scattering by
impurities, leading to reduced LED efficiency. Figure 7 displays a “Time Evolution” of a UV
LED (<300 nm) with respect to efficiency.

Efficiency (%)

Time Evolotion of UV LED (200 £ A < 300 nm)

100
20.3% (275 nm)
11% (265 nm)
10 10.4% (278 nm)
9% (279 nm) 5% (273 nm)
1 1.2% (282 nm) 2.78% (280 nm)
0.43% (250 nm) <~
0.1 0.2% (227 nm)
0.01% (< 300 nm)
0.01 | First UV LED with A <300
nm produce by Nitride
semiconduct9<co. Ltd
0.001% (< 300 nm
0.001 L . dl )
1995 2000 2005 2010 2015 2020 2025
Year

Figure 7. Time evolution of UV-LED (<300 nm) with respect to efficiency [66-72].
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The first <300 nm UV-LEDs were fabricated by Nitride Semiconductor Co. in Tokushima,
Japan in collaboration with the University of Tokushima in April of 2000 [63]. The basic
design of those LEDs is shown in Figure 8. However, the achieved efficiency for those
UV-LEDs was quite low and was not even mentioned by the authors.

p-pad

n-clad layer ~ B-pad

n-contact layer

Buffer layer

Figure 8. A basic UV-LED structure developed in 2000.

The published work by Shur et al. [66] in 2002 showed a GaN-based UV-LED with an
efficiency of 0.001% at <300 nm wavelength. In 2004, its efficiency was improved to 0.01%
using the alloy of gallium nitride (GaN) with aluminum, by reducing the lattice dislocation
density, thereby improving the lattice mismatch issues and the crystal quality. Since then,
it was only in 2009 that Hirayama et al. [67] developed AlGaN-based deep UV LEDs at
227 nm and 250 nm, with an efficiency of 0.2% and 0.43%, respectively. InAlGaN-based
LEDs with a wavelength of 282 nm and an EQE of 1.2% were achieved. These LEDs were
fabricated on low-threading dislocation density (TDD) AIN templates developed through a
specialized ammonia (NH3) pulse-flow multilayer growth technique. The authors used
MQWs, and EBL grown on the sapphire substrates, as shown in Figure 9. EBLs prevent
electron leakage from the active region to the electron injector layer and also improve LED
efficiency by enhancing charge separation and reducing non-radiative recombination and
in turn increasing radiative recombination rates.

Ni/Au Electrode

GaN; Mg
AloszGao.sN; Mg
AloesGaoo:N; Mg {(EBL)

_]
‘H"“Aln.?nG ap.21N/Aly 57Gag.sN
3-layer MQW

Sapphire substrate

Figure 9. UV-LED structure with MQWSs and electron-blocking layer for better confinement of
electrons, leading to improved recombination of electrons and holes [67].
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In the year 2010, Fujioka et al. were able to improve the efficiency of UV-LED of
280 nm to about 2.78%. They used multiple quantum wells in their design and high-crystal-
quality AIN template optimized epitaxial structures [68]. Later in 2012, Shatalov et al. were
successful in enhancing the performance of AlGaN-based deep-ultraviolet light-emitting
diodes grown on sapphire substrates. The objectives were achieved by reducing threading
dislocation density, improving light extraction, and optimizing chip encapsulation. With
such improvements, they were able to increase the EQE to 10.4% [69]. Their findings
suggest that the proposed methods have the potential to improve the performance of
AlGaN-based deep-ultraviolet LEDs and may have applications in various fields.

In the year 2017, Takano et al. [70] were successful in increasing the efficiency of
UV LEDs to 20.3% at 275 nm using a transparent AlGaN:Mg contact layer. They also
incorporated an Rh mirror electrode, an AIN template on a patterned sapphire substrate,
and encapsulation resin. The combination of the AlGaN:Mg contact layer and the Rh mirror
electrode significantly improved the EQE of UV LEDs, increasing the reflection of light in
the chip and eliminating absorption [70].

Later in 2018, Maeda et al. [71] developed a UV LED with 9% efficiency at 279 nm
using transparent contact layers and highly reflective Ni/ Al p-type electrodes. They found
that when reducing the Ni layer thickness, UV reflectivity increases but the EQE decreases
if it was too thin (<0.8 nm). Thus, they found an optimal Ni layer thickness of ~0.9 nm for
maximum efficiency.

Further, in 2020, Pandey et al. [72] presented a detailed investigation of the epitaxy
and characterization of LEDs operating at around 265 nm and found the EQE to be 11%. To
achieve this, they used an AlGaN/GaN/AlGaN tunnel junction structure by incorporating
a thin GaN layer between p+ and n+-AlGaN to reduce the tunneling barrier. Figure 10 is a
schematic illustration of the tunnel junction LED structure.

Al Top

Figure 10. Tunnel junction LED structure [72].

Another recent study in 2021 by Zheng et al. [73] showed an EQE of 5.19% at 273 nm. It
was demonstrated by designing a double-layer nano-patterned array for AlGaN-based deep
UV-LEDs. That significantly improved light extraction efficiency. Double nano-patterned
arrays on a UV LED surface act as a diffraction grating, reducing light absorption and
boosting UV light output efficiency.

Designing efficient UV LEDs is indeed a challenging task that requires overcoming
several obstacles to optimize device operation. The high Al composition needed in AlGaN



Photonics 2024, 11, 491

11 of 41

epilayers results in a higher TDD, causing non-radiative recombination and thereby reduc-
ing the device efficiency [74]. The low hole concentration due to the large activation energy
of Mg in a high-Al-composition AlGaN alloy also results in a high-resistance p-type layer,
affecting device efficiency [33]. Realizing ohmic contact in p-AlGaN is another challenging
task and affects the efficiency of UV-LEDs. Relatively low light extraction efficiency (LEE) in
deep UV-LEDs is attributed to transverse magnetic mode-dominant emission from high-Al-
content alloys. That in turn can reduce the light output, thus reducing device efficiency [75].
Lower “electron-hole wave function overlap” due to the strong polarization effects in
high-Al-content alloys reduces the radiative recombination rate, thereby decreasing device
efficiency [76]. The junction heating effects, caused by the low conductivity of AlGaN alloy,
also reduce device efficiency [77].

Researchers and developers are addressing these challenges steadily by improving
material quality and optimizing device design. Strategies to reduce TDD include improving
the crystal quality of AlGaN (3.4 eV to 6.2 eV) [78] alloy by optimizing growth conditions.
Novel device designs, such as patterned sapphire substrates or distributed Bragg reflectors,
have the potential to improve LEE and device performance. Addressing these challenges
shows great promise in enhancing the efficiency of UV-LEDs and expanding their range of
applications [78].

2.2. Evolution of Blue LED

Developing blue LEDs in the early days posed a major hurdle for scientists and
engineers. They were already able to fabricate efficient red and infrared LED, but green
and blue LED remained elusive. The lack of suitable materials made generating blue light
significantly challenging. However, once blue LEDs were successfully developed, they
enabled the formation of white light more cost-effectively and efficiently than the previous
methods. Furthermore, blue LED technology has a lasting impact on various industries,
including the development of high-definition displays and the popularization of blue-ray
discs through the use of blue laser technology.

In this section, the evolutionary history of blue LEDs is briefly discussed. We use the
Lumen/Watt (Lm/W) to explain the efficiency of LEDs. The reason for choosing the Lm/W
for efficacy is that Lumens are a measure of the perceived brightness of light by the human
eye. That is based on the sensitivity of the eye to different wavelengths of visible light.
However, it is not possible to calculate efficiency in Lm /W for UV since it is not visible to
eyes. Thus, we discussed the efficiency of UV in percentage in the earlier section. Thus,
“Efficiency” refers to the proportion of light produced by a light fixture and its source when
powered on, and “Efficacy” refers to the quantity of usable light generated by a source
relative to the amount of electrical energy consumed, measured in Lm/W.

Increasing the current injection in LEDs leads to an increase in the amount of light
output. In turn, it also increases the amount of heat generated in the LEDs. The heat can
reduce the efficiency of the LEDs and shorten their lifespan. Therefore, increasing the
current beyond the recommended operating range can lead to decreased efficiency and
efficacy. Thus, in general, the optimum current for LEDs is the one that provides the desired
level of brightness while staying within the recommended operating range to maintain the
efficiency, efficacy, and life of the devices.

Figure 11 is the graph displaying the time evolution of blue LED with respect to
luminous efficacy. The first blue LED was demonstrated in 1977 by Matsunami et al. [24]
based on silicon carbide (SiC with Eg = 3 eV) and had an efficiency of around 0.001 Lm/W.
Those LEDs were fabricated using LPE, forming pn-junctions by immersing a SiC substrate
in a silicon melt with nitrogen as a donor and aluminum as an acceptor. However, due to
SiC’s indirect bandgap and low radiative recombination rates coupled with phonon-related
energy losses, it was suboptimal for UV-LED applications.

The researchers were aware of the benefit of direct bandgap material over indirect
bandgap material. The quest for an efficient direct bandgap material for blue LEDs had
started in the early 1970’s. Some of the earlier direct bandgap materials considered included
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ZnSe (2.7 €V) [79] and GaN (3.4 eV) [80]. However, the realization of the efficient blue LEDs
was unsuccessful. Later, in 1989, Shuji Nakamura achieved a significant breakthrough in
the field of blue LED technology by developing high-brightness GaN LEDs. The resulting
blue LEDs had a luminous efficacy of 2.7 Lm/W, which was a major improvement over
previous blue LED efficacy [81,82]. Along with Isamu Akasaki and Hiroshi Amano, Shuji
Nakamura was awarded Nobel Prize in Physics in 2014. The key contributions of these
three noble laureates for efficient blue LED fabrication are shown in Figure 12.
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Figure 11. A graph displaying the time evolution of blue LED with respect to luminous
efficacy [24,66,82-85].

According to Craford et al. [83], the efficiency of ZnSe-based blue LEDs in 1992
was 0.1 Lm/W. During that time, the low cohesive energy and poor crystallinity in ZnSe
material made it less efficient. This efficiency was improved to 2 Lm/W in 1994. The
improvement in material quality, p-type doping, and the epitaxial growth method were the
foremost causes for the efficiency improvements.

As the exploration for improving the efficacy was going on, Shur et al. [66] showed
that the blue LED efficacy reached 10 Lm/W and was further improved to 15 Lm/W
in 2001. This improvement in efficiency was realized by improving the techniques for
growing and processing GaN crystals. Moreover, it was attributed to new methods of
doping and annealing the material to optimize its electrical and optical properties. Later
in 2008, Craford et al. showed that the efficiency of blue LED increased to 30 Lm/W by
improving the GaN epilayers, doping concentrations, and defect densities [83].

According to Brahmbhatt et al. [84] the efficiency of blue LED reached 130 Lm/W
in 2014, improving the crystal growth quality. Optimizing the pn-junction (by enhanced
p-type doping, optimizing thickness, adding MQWs, and improving the contact design)
led to significant success.

As the research was ongoing, the work in 2015 by Krames et al. showed that the
improvement in chip design, packaging, and high-current-performance blue LED increased
the efficiency to 51 Lm/W [85]. According to Brahmbhatt et al. [84] the efficiency was
increased to 200 Lm/W in 2018, with improvements in the quality of substrate mate-
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rials, epitaxial growth techniques for internal quantum efficiency (IQE), and improved
doping techniques.

Hydrogen Passivation: origin of hole

passivation [Makamura, 1592]
p-type GaN: activated by thermal

annealing. [Makamura et. al. 1992] p-type GalN: activated by electron Beam
Irradiation [Amano and Akasaki et. al. 1989]
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and Mukai, 1992]

» n-contact

/ — . AIN Buffer: [Akasaki and
GaN Buffer: [Nakamura et. al. ' _ Amano, et. al. 1988]
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Figure 12. Figure showing the contribution of three Nobel laureates (Akasaki, Amano, and Nakamura)
in producing an efficient blue LED [86-91].

Currently, the efficiency of blue LED has reached a peak EQE of 82% at room tempera-
ture and a hot/cold factor (HCF) of 94%, which has been demonstrated using the functional
thin AlGaN interlayers in the MQWs [92]. Since higher efficiency (%) means higher efficacy
(Lm/W), the efficacy for blue LEDs also keeps on improving as time goes on.

Extensive research is ongoing on improving the efficiency of blue LEDs, with particu-
lar attention to addressing challenges associated with chloride-based perovskites, known
for their poor quality [93]. Despite these hurdles, record efficiencies have been achieved for
blue-emitting perovskite nanocrystal LEDs, reaching maximum external quantum efficien-
cies (EQEs) of 2.4% and 6.2% at wavelengths of 465 nm and 487 nm, respectively [94]. These
advancements underscore the ongoing endeavors to enhance the efficacy of blue LEDs
through improvements in perovskite nanocrystal LEDs and semipolar LED technologies.

2.3. Evolution of Green LED

Historically, the first green LED was built and patented by Egon Loebner in 1958 [95].
They used lead antimonide dot alloyed to p-type Ge for its fabrication. There was not much
research on these LEDs until the early 1970s. In the 1960s, Nicholas Holonyak Jr. was
working on GaAsP materials, specifically on GaAs and GaAsP (with varying As/P ratios)
substrates, as a means of making tunnel diodes. Those efforts led to the development of
hetero-junction semiconductor devices, marking a significant step forward in the field. It
was only in 1967 that Craford et al. [96] were able to invent the green LED using GaAsP on
a GaA substrate. However, the luminous efficacy of this LED was extremely low. Figure 13
shows the time evolution of the green LED family.

In the year 1972, Akasaki et al. [97] were able to fabricate a GaP:N-based green LED
with efficacy of 1 Lm/W. They used the method of LPE for its fabrication. In order to
fabricate the n-side of the junction, they used sulfur instead of other donor impurities.

Though continuous research was going on, there was not much significant progress
or a breakthrough in the efficacy of the green LED. It was in the year 1992 that Craford
et al. [83] were able to fabricate the efficacy of a InGaN-based green LED to 2 Lm/W by
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improving doping and lattice matching. For LED-based lighting applications with red,
green, and blue (RGB), both red and blue LEDs became available with moderate efficiency.
But green efficient LEDs remained elusive. In the LED lighting applications, this became
known as ‘green-gap’. Then, of course, later ‘green LEDs’ technology improved in efficiency
to fill the gap.
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Figure 13. A graph displaying the time evolution of green LED with respect to luminous
efficacy [83,95-105].

In the year 1995, another research group, Eason et al. [98], was able to fabricate a green
LED with an efficacy of 12 Lm/W using a II-VI DH structure device made of ZnSe-based
material. They used MBE as the method of fabrication. It was the highest efficacy for a
green LED ever reported at that time. Figure 14 shows a sketch of their LED structure.
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HgSe
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4

Eagle-Picher ZnSe Substrate

Figure 14. DH green LED structure based on ZnSe.
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Similarly, in 1997, Nakamura et al. [99] used an InGaN-based material to produce an
efficacy of 12 LM/W with a single quantum well (SQW). By introducing an SQW into the
active region of an LED, the probability of radiative recombination was increased due to the
quantum confinement effect. In SQW, the thickness of the active region was reduced to the
order of the de Broglie wavelength of the carriers, leading to a quantization of the energy
levels. Additionally, the use of an SQW can also lead to a narrower spectral linewidth
and improved temperature stability of an LED. Figure 15 shows the design of their SQW
green LED.

SQW structure
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Ino.45Gag.ssN
n-GaN
p-electrode
| Energy
p-GaN
p-Alo2GaogsN

Ing 45Gag 55N

n-GaN

n-electrode
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Figure 15. The structure of green SQW LED.

By the year 1999, Craford et al. [83] were able to improve the efficiency of the green
LED to 30 LM/W, and by the year 2002 efficacy was improved to 50 Lm/W using the
InGaN material. They were able to achieve this increased efficacy by improving the p-type
doping, reducing the lattice mismatch issue and material quality. They used the superlattice
structure and introduced MQWs into their design. Improvement in these factors increases
the radiative recombination rate and thereby increases the light output/efficacy.

In the year 2009, Peter et al. [100], fabricated an InGaN-based green LED with four
MQWs using MOVPE, with it having an efficacy of 90 Lm/W. The emission wavelength
was 525 nm, and the size of the fabricated LED was 1 x 1 mm?Z. One of the main causes of
loss in InGaN based LEDs is an indirect Auger effect, which was reduced by decreasing
the carrier density per emitting well and using the optimized MQWs. In the same year, in
2009 researchers from 3M Company claimed that they were able to fabricate GaN-based
green LEDs with an efficacy of 181 Lm/W [101]. Instead of using a green GaN-based chip,
3M technology employed a different approach. They bonded a substance to a GaN-based
blue LED chip that converts blue color to green. The material, developed by 3M, has the
ability to absorb the blue light produced by the LED and emit it again as green light.

In 2015, another group, Yan et al. [102], showed the efficacy of a green LED to be
153 Lm/W. It was a GaN/InGaN based LED. They developed a strain relaxation buffer layer
for a GaN/InGaN green MQW by simultaneously achieving a strain-reduced and balanced
status for QWs and Quantum Barriers (QBs) in the MQW. The peak emission efficacy for
their designed LEDs was 280 Lm/W. The QBs helped to confine the electrons and holes
within the active region, preventing them from escaping to other parts of the device, where
they would have been lost as heat. Such confinement increases the probability that the
electrons and holes will recombine radiatively within the active region and emit light.
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In the year 2016, Abdullah et al. [103] demonstrated very-high-luminous-efficacy green
light-emitting diodes employing a Alg3Gag7N cap layer grown on patterned sapphire
substrates (PSS) by MOCVD. The peak external quantum efficiency and luminous efficacies
were 44.3% and 239 Lm/w, respectively. The patterned sapphire substrate interface between
the semiconductor layer and the sapphire substrate can cause light to be trapped and
reflected back into the device, reducing the overall efficiency of the LED. A PSS solves
that problem by creating a series of small, pyramid-shaped structures on the surface of the
sapphire substrate. These structures scatter and redirect the light that is emitted within the
LEDs, allowing more of it to escape, and increasing the overall light extraction efficiency of
the device. Figure 16 shows the schematic of their design.

p-contact
Cr/Ni/Au

S5x MQW 3 nm Ing24Gag 76N

n-contact
Ti/AI/Ni/Au

2 pm n-GalN

Patterned sapphire Substrate
Figure 16. Cross-sectional schematic of the green LED structure.

As a continuous effort to improve the efficacy, another study in 2018 by Li et al. [104]
showed that green LED efficacy was 259 Lm/W using an InGaN-based material. They
used PSS, and material growth was improved using MOCVD. The crystal quality of the
InGaN/GaN MQWs was assessed using X-ray diffraction; the material had few defects,
and the crystal quality was significantly improved.

The next year, in 2019, Hu et al. [105] fabricated green LEDs with an efficacy of
264.7 Lm/W using MOCVD. They used an InGaN/GaN quasi-superlattice interlayer while
an Al-doped Indium Tin Oxide (ITO) current spreading film was used. A basic outline of
their design is shown in Figure 17.

Figure 17. Schematic drawing of green LED epitaxial wafers.
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Generally, green LED efficacy is lower compared to other colors (red and blue). This
phenomenon, as mentioned earlier, is known in the literature as the “green gap”. The green
gap is characterized by a dip in the luminous efficacy of LEDs in the green spectral range
of approximately 500 to 570 nanometers. This can be attributed to the poor crystal quality
of ‘InGaN’ material as compared to GaN and AlGaN. The major source of such disparity
is the lattice constants of InGaN [106]. Additionally, the green LED structure typically
has a thicker active layer, which can lead to higher carrier scattering and re-absorption,
reducing light extraction efficiency. Efforts are being made to address the “green gap”
through advances in materials science, device engineering, and manufacturing techniques,
with the aim of improving the performance and efficiency of green LEDs.

With researchers working on increasing efficiency, in 2021, InGaN-based LEDs in
the blue—green light range were successfully commercialized, signifying significant ad-
vancements in efficiency [107]. In 2022, the development of pure-colored red, green, and
blue quantum dot light-emitting diodes using emitting layers composed of cadmium-free
quantum dots and organic electron-transporting materials were reported, demonstrating
advancements in achieving high color purity in green LEDs [108].

2.4. Evolution of Red LEDs

Figure 18 is a graph displaying the time evolution of red LEDs with respect to luminous
efficacy. The first practical red light-emitting diode (LED) was developed by a team of
researchers led by Nick Holonyak Jr. at General Electric (GE) in 1962 [109]. They used
Ga(As;_Py) for the fabrication of diodes with a polished active area of 1073 cm? and a
donor impurity concentration greater than 10'® cm~3. Those LEDs were fabricated using
vapor-phase epitaxy and emitted light at around 650 nm, with a performance of less than
0.1 Lm/W.
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Figure 18. A graph displaying the time evolution of red LEDs with respect to luminous

efficacy [83,109-115].
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In 1966, Gershenzon et al. from Bell Telephone Laboratories were able to fabricate a
red LED using GaP/Zn-O, with an efficiency of about 0.1 Lm/W (1 = 0.007%) [110]. They
found that the efficiency is determined by the relative abundance of radiative recombi-
nation centers and by the effectiveness of nonradiative recombination mechanisms. This
shows that the p-type layer must contain a large number of ZnO pairs, and the crystal
imperfections and undesired dopants must be eliminated from p-n junction to reduce the
nonradiative recombination rate.

Later, in 1968, Monsanto Co. in Japan made a significant contribution to the field of
solid-state lighting (SSL) by becoming the first company to commercially produce visible
red LEDs based on a GaAsP p—n single SH junction grown on GaAs substrates [111]. The
efficacy of these LEDs was about 0.2 Lm/W. Before that, visible and infrared LEDs were
not widely used due to their high cost (around $200 per unit), but the low-cost production
of GaAsP-based LEDs initiated the replacement of incandescent and neon indicator lamps
with LEDs in various applications. Later, in 1972, Monsanto Co. was able to improve
the efficacy of red LED by 10 times to 1 Lm/W by using nitrogen-doped GaAsP (GaAsP:
N) [83]. Figure 19 shows the first red LED as a packaged device.

Figure 19. Monsanto MV1—the first successful red LED (http://www.lamptech.co.uk/Spec%20
Sheets/LED%20Monsanto%20MV1.htm, accessed on 20 March 2024).

Until 1975, the specific defects that limit efficiency and the techniques to eliminate
such defects were not studied intensively. Low efficiency, material quality, color quality,
heat dissipation, and cost were the main challenges during those times [116]. The external
quantum efficiency of GaP LEDs degraded under forward-biased operation. One of the
causes of such degradation was the use of impurity materials such as copper. The life and
efficiency of junctions grown through the LPE process were improved by ensuring that
metallic impurities were removed during both the material growth and device processing
stages, using high-purity gallium as the material [117].

The quest for improving the efficacy of LEDs was continuously growing. Thus,
in around 1976, ‘Stanley Electric Company’ in Japan made significant progress in the
development of high-performance red-light emitters. They used a temperature difference
LPE growth technology, which was pioneered by Prof. Nishizawa at Tohoku University. The
company first introduced single-heterostructure devices and then double-heterostructure
devices, achieving luminous efficacy as high as 10 Lm/W [83]. This technology became a
major milestone in the field of red-light emitters. Those LEDs were important because, for
the first time, LEDs were bright enough to be used for outdoor applications. However, the
AlGaAs layer had reliability problems in hot and humid outdoor applications.

Thus, further improvements were necessary for commercial production and appli-
cations. In the year 1994, Kish et al. [112] designed a very high-efficiency semiconductor
wafer-bonded transparent-substrate (TS) using AlGaInP/GaP. A maximum luminous effi-
cacy of 41.5 Lm/W was realized at A~604 nm. Thus, by the year 2000, by improving the
material quality and fabrication method, Craford et al. [83] were able to fabricate a red LED
based on MOCVD growth of an efficacy of more than 100 Lm/W.
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Later in 2010 “Osram Opto Semiconductors R&D Lab” was able to build red LEDs
using a QW-based photonic crystal that reached an efficiency as 119 Lm/W or 44% [113].
Further, in 2011, the efficiency was improved to about 168 Lm/W by improvements in chip
design and material quality [114].

In 2017, Pattison et al. were able to increase the efficacy of red LEDs to 149 Lm/W [115].
Red LEDs based on ‘aluminum indium gallium phosphide’ (AllnGaP) materials faced two
challenges. Firstly, their efficiencies decreased as the red wavelengths became shorter, and
secondly, these LEDs had a higher thermal efficiency droop, requiring a control system to
maintain a consistent color point. These challenges were associated with an unfavorable
energy band structure in the shallow red for carrier transport, confinement, and radiative
carrier recombination. This was attributed to a direct-to-indirect bandgap crossover. They
suggested a possible solution could be a novel variant of AlInGaP or a different material
system entirely, such as InGal.

High-efficiency LED light sources could provide a reduction in global energy con-
sumption. If red LEDs with an efficiency greater than 250 Lm/W can be economically
manufactured, it is believed that the energy consumption for general lighting in the U.S.
would be reduced by more than 60% [118]. Thus, the development of high-efficiency red
LEDs has been a research challenge owing to their poor external quantum efficiency, and
low internal quantum efficiency caused by material defects in the epitaxial growth and
device structures.

The current research trend in red LEDs focuses on micro-LEDs and mini-LEDs, but
these advancements present fabrication challenges that reduce efficiency. In 2020, re-
searchers demonstrated ultra-small (<10 um) 632 nm red InGalN micro-LEDs with an
on-wafer external quantum efficiency exceeding 0.2%, signifying progress in achieving
high efficiency in mini-displays [119]. The efficiency progress of red LEDs has also been
associated with advancements in material science and device engineering. In one study,
they measured the enhanced internal quantum efficiency of red-emitting InGaN /InGaN
quantum wells, with a value above 10% at 640 nm, indicating substantial improvements
in efficiency [120]. Furthermore, they developed 621 nm wavelength InGaN-based single-
quantum-well LEDs with an external quantum efficiency of 4.3% at 10.1 A/cm? in 2022,
indicating substantial efficiency gains in red LEDs [121].

Various techniques can be used to enhance the efficiency and output of LEDs beyond
adding EBL, using MQWs, lattice matching materials, high-quality substrates, etc. For
instance, incorporating organometal halide perovskite emitters between larger-bandgap
layers effectively confines electrons and holes for radiative recombination [122]. It was
proposed that the local doping modulation in specific quantum well barriers would
suppress Auger recombination rates and reduce electron leakage, thus improving LED
efficiency [123]. Moreover, the integration of heterostructure quantum dots, as explored by
Bae et al. [124], has been observed to mitigate Auger recombination and achieve balanced
electron and hole injection, consequently enhancing LED performance. Lu et al. [125]
showed that the simultaneous doping and surface passivation of perovskite nanocrystals
could enhance photoluminescence quantum yield and stability, leading to improved LED
performance. These techniques, along with interfacial control, charge transport enhance-
ment, and geometrical optimization, collectively contribute to advancing LED efficiency
and output capabilities.

Now, in the upcoming sections, we will focus on the different applications of LEDs.
LEDs are widely used in various fields due to their diverse applications and advantages.
The key parameters that indicate the performance of LEDs in different applications include
internal quantum efficiency, extraction efficiency, drive current, operating temperature,
and optical coupling efficiency [126]. These parameters are crucial for high-luminance
applications and enable higher lumen/USD ratios. LED applications span across fields
such as lighting, indicators and displays, farming, medicine, and communication [111].
The development in packing and coating technology has led to a decrease in the size and
cost of LEDs, making them suitable for applications such as street lighting, digital boards,
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sign boards, architectural buildings, and automotive lighting [127]. Additionally, wearable
LED patches are being investigated for photo-medical applications such as dermatolog-
ical treatment, alopecia, and Alzheimer’s disease treatment, owing to their noninvasive,
portable, and safe use [128].

In the field of optoelectronics, LEDs have been integrated with chemical/pressure
sensors and off-chip communications circuitry, demonstrating their versatility and potential
for directed cell growth or remediation [129]. Furthermore, quantum dot light-emitting
devices (QLEDs) have shown promise for various photo-medical applications, including
cancer cell treatment and cell metabolism enhancement [130]. However, it is noted that
current OLEDs or QLEDs may not be suitable for applications requiring strong light,
such as photodynamic therapy [131]. Thus, LEDs exhibit a wide range of parameter
indicators that are crucial for their performance in various fields, including optoelectronics,
bioimaging, photo-medical applications, and communication. The diverse applications of
LEDs underscore their significance in modern technology and their potential to address
multifaceted challenges across different domains.

3. Prospects of LED Lighting Technology
3.1. Application of LED in White Lighting

Generally, white light can be produced from three mechanisms. One method is by
mixing the three primary color LEDs, red, green, and blue (RGB), in appropriate proportions.
Thus, after the invention and optimization of blue LEDs, white light was successfully
obtained by mixing these three primary colors. The other method of producing LED-based
white light is use of the “phosphor method”. This allows the production of white light by
single-color LEDs using short-wavelength LEDs such as UV or deep blue with a yellow
phosphor coating [132,133]. However, a third method for white light production is by the
combination of RGB phosphor with UV. Figure 20 is the pictorial representation of the
production of white light using the three different methods.

Blue LED
_»
White Light - White Light » White Light
_, Green LED » Yellow Phosphor » RGB Phosphor

» Blue LED » UV

~—

Figure 20. White light can be produced using red, green, and blue LEDs (Left); white light can be
produced from blue LED and yellow phosphor (Middle); and white light can be produced from RGB
phosphor and UV light (Right).

After the discovery of methods for producing white light using blue LEDs, there has
been significant development in SSL in the past decade. White light-based LED technology
was developed in Japan in 1972 and its basic structure consisted of an LED Chip and
fluorescent element used in solid-state lighting systems [134]. LED lighting technology is
the fourth and latest generation of light sources after incandescent, fluorescent, and HDI
lamps, respectively. Improvements in efficiency and cost reduction were the leading cause
of the monumental paradigm shift.

LED technology readily surpasses the benefits of other conventional light sources in
terms of lifespan, compactness, portability, efficiency, zero toxicity (no mercury contents),
and a negligible IR and UV content. Moreover, LED-based lighting renders itself for
selected spectral contents, architectural appeal and ease, and biochemical and desired
biophysical effects.
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In order to generate white light from LEDs that is comparable to natural light, there
must be an optimal color rendering. If the color of the light is not equivalent to sunlight
or light from a filament bulb, it will be different from the natural one and can cause some
difficulties in the eyes [135]. Recent advancements in III-Nitride materials in semiconduc-
tor technology have revolutionized SSL and LED technology, emphasizing the need for
highly efficient and durable materials. The basic principle involves injecting electrons into
the conduction band, leading to recombination with holes in the valence band and the
production of photons with energy matching the semiconductor’s bandgap.

The recent developments in the SSL are also focused on energy saving and environ-
mental friendliness. Due to the SSL device’s vibrant and shock-resistant nature, various
design possibilities [136], intensity, and color availability, these lights have a wide range
of applications from home to street lighting, and decorative and environmental effects. A
compound annual growth rate (CAGR) of 10.5% is forecasted for the LED lighting market
from 2022 to 2030, valuing it at USD ~60 billion in 2022 and 133 billion in 2030 [137]. The
main reason behind such growth is that workplace lighting must meet/comply with the
government’s standards and regulations for low energy consumption and efficient lighting
devices. Figure 21 shows the growth in the North America LED lighting markets.

North America LED Lighting Market
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Figure 21. North America LED lighting market predicted from 2020 to 2030 [137].

In addition to the semiconductor-based material discussed in the foregoing pages,
LEDs can be fabricated from organic materials as well. Here, we briefly review and
discussing various lighting techniques and their applications in architecture, agriculture,
entertainment, and therapy.

3.2. OLED Lighting

OLEDs stands for Organic Light-Emitting Diodes. This technology can be used for
lighting applications because of its ultra-thin, lightweight, and homogeneous light emission
nature. OLED technology can readily be used to create SSL by sandwiching thin, carbon-
based organic layers between two electrodes [138]. Organic molecules are excited when DC
bias is applied for injecting holes from the anode or electrons from the cathode, respectively.
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The wavelength of the light produced depends on the structure of the organic molecule
used. Figure 22 shows the basic principle of the devices used in OLED lighting.

Cathod

Light

Glass Substrate

Figure 22. A typical structure of an OLED.

OLED light bulbs offer enhanced flexibility and customization, making them a popular
alternative for homes and businesses. Unlike LEDs, OLEDs use stacked organic material
on a glass or plastic substrate, while LEDs grow inorganic layers on various substrates.
OLED:s provide soft, diffuse illumination, contrasting with the concentrated light of LEDs,
which often require additional optical apparatuses. LEDs are primarily used for residential,
commercial, and street lighting, whereas OLEDs are designed for energy-efficient interior,
decorative, and mood-enhancing lighting.

Organic materials lie at the core of OLED technology, crucial for light emission, charge
transportation, and device reliability. Small-molecule organic compounds, characterized by
a low molecular weight and precise chemical structures, form the foundation of OLEDs,
commonly deposited as thin films through methods like vacuum thermal evaporation.
The materials used in making OLEDs primarily consist of organic compounds, including
polymers, small molecules, and fluorescent or phosphorescent materials [139]. These ma-
terials are known for their flexibility, low cost, and easily controlled preparation, making
them ideal for OLEDs. The third generation of emissive materials for OLEDs includes
thermally activated delayed fluorescent (TADF) emitters, which have become the leading
emissive materials for highly efficient OLEDs [140]. Additionally, blue fluorescent mate-
rials, especially deep-blue fluorescent materials, are indispensable in OLEDs due to the
relatively poor stability of blue phosphorescent materials [141]. Furthermore, the use of
thiophene-based materials has shown improved optical performance in OLEDs due to their
outstanding chemical and physical properties [142]. Thus, the materials used in OLEDs
encompass a wide range of organic compounds, each contributing to the unique properties
and performance of OLED devices.

3.3. LED Lighting in Agriculture

It has been widely researched, established, and accepted that LED lighting (with se-
lected wavelengths/colors) can significantly improve productivity in plants. The intensity,
duration, and spectral properties of the lighting are critical factors in determining the extent
and character of plants’ growth and development [143]. Research at the University of Wis-
consin showed that a combination of red LEDs and blue fluorescent lamps could elongate
the hypocotyls and cotyledons of lettuce seedlings [144]. However, this effect could be pre-
vented by replacing blue light with 15 mmolm~2S~! [145]. Red light has shown impacts on
the flowering and promoting internode elongations of plants [146,147]. Blue light showed
its impact and importance in phototropism and stomatal opening [148,149]. These findings
suggest that LED applications in agriculture could alleviate future food scarcity. Efficient
LEDs may revolutionize crop productivity and the lighting color combination can lead
to multiple crops in short period harvesting. Tailored lighting algorithms based on plant
responses could enhance yield, quality, and efficiency, reducing costs and time cycles.
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3.4. LED Lighting in Decoration and Entertainment

LED lighting products are widely being used in numerous entertainment and dec-
orative applications. These include various events, concerts, stage, home, automobile
applications, and much more. Owing to the availability of a wide variety of colored LEDs
that can even be used as enhancements to artwork, LED lights themselves are being used as
artwork and are environmentally friendly. Special events are yet another place where LEDs
and LED lighting products find perfect usage. Party planners, event planners, caterers, DJs,
audio/visual specialists, and other special event planners or designers use LED lights to
add accents, single-color ambient lighting, or even color changing RGB LED lights to jazz
up their parties or events.

3.5. LED Lighting in Therapy

Various experiments have shown that LED light has its therapeutic effects. LEDs are
used for a wide range of medical conditions through phototherapy. According to derma-
tological trials, LEDs treat acne vulgaris, wound healing, skin rejuvenation, photoaging,
and inflammatory conditions safely and effectively. Red LED (670 nm) daily irradiation
reduced oral mucositis severity and incidence among pediatric patients [150]. There is
a growing trend among people seeking solutions such as photo-rejuvenation to treat ag-
ing skin conditions including sun damage, hyperpigmentation, and enlarged pores. For
this, LED therapy can be a potential antiaging technique [151]. Yellow LED lighting with
wavelengths between 570 nm and 590 nm can penetrate the skin up to 2 mm depth. As
an adjuvant treatment after laser therapy, Yellow LEDs have been used to treat stress and
photo-aging. The adjuvant effect of Yellow LEDs is seen in patients who receive intense
pulsed light. According to a blind observer, the erythema and pain on the irradiated side
were reduced by approximately 10% [152]. It has been reported in many studies that blue
light is effective in treating Gram-positive bacteria such as P. acnes [153]. Actinic keratosis
and acne vulgaris can be treated with blue light with a wavelength of 400-470 nm since it
penetrates to a depth of 1 mm. Moreover, due to its porphyrin content, P-acne contains
oxygen free radicals that promote its effect on acne in the presence of blue light. With all
these discussions on the application of LEDs in therapy, it is evident that LEDs are effective
in therapy and the medical field. Further research and the area of application has to be
established for its maximum application.

Despite the considerable advancements in utilizing LEDs for solid-state lighting,
there are still obstacles preventing the realization of their maximum benefits or output.
Ensuring the stability and efficiency of LED lighting devices is crucial across various
applications such as lighting, display, communication, sensing, imaging, and medical
diagnostics [154]. A significant challenge lies in discovering phosphors with high quantum
efficiency, improved thermal stability, and controllable excitation/emission properties
to enhance the performance and versatility of LED lighting systems [155]. Additionally,
urgent efforts are needed to develop flexible LED components that can meet the diverse
demands of modern lighting applications, where flexibility and adaptability are essential
requirements [156].

4. Applications of LEDs in Display Technology

Contemporary electronic devices are inextricably linked to pervasive display technol-
ogy. The displays in electronic devices have enormous applications in smartphones, tablets,
computers, laptops, TVs, projectors, and VR/AR devices. In the advertising industry,
large-size display screens require improvement for cheaper and more efficient systems.
Prior to the invention of the Liquid Crystal Display (LCD) system in the late 1970s, bulky
and heavy cathode ray tubes (CRTs) were the dominant technology [157,158]. However,
LCD technology also required backlighting units, which had limited flexibility and a large
thickness. This made those display-systems bulky and complex. Owing to improvements
in semiconductor materials and advancements in manufacturing techniques, there is the
widespread use of LED and OLED display systems [138,159]. OLEDs are an even better
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technology because of their smaller thickness and better freeform factor. This technology,
being self-luminous, has a wider view angle, high contrast, and fast response, and is
power saving [160,161]. However, it needs improvements in lifetime, efficiency, and mass
production capacities.

When LEDs are used as pixel-based resolution, the size of the LED has to be reduced
for high color saturation, high brightness, and power saving [162]. The High Dynamic
Range (HDR) is the basis for next-generation displays. The LED display technology is being
optimized in the form of OLED, mini-LED (mLEDs), and micro-LED (LLEDs) displays. In
the forthcoming sub-sections, we present a brief analysis of diverse display technologies.

4.1. Liquid Crystal Displays (LCDs)

In LCD technology, there is fluorescent backlighting behind the screen to provide
illumination for the colors on the screen; LCDs have an LCD panel in the front that can
show colors. In recent years, LCDs have become increasingly obsolete, and production
is close to ceasing. Due to the fluorescent backlighting just behind the LCD panel, these
are relatively cheap but quite thick. Black does not reproduce well due to the bright
backlighting, which casts a greyish shade on the black parts or the corners. Since there is
only one backlight, it cannot be dimmed at one point behind the display. LCDs require a
lot more energy because they are fluorescent backlit; however, they are/were better than
CRT displays in terms of energy consumption.

4.2. Plasma Display

In plasma display panels (PDPs), small cells containing plasma, an ionized gas that
responds to electric fields, create a display. However, low-cost LCD and high-contrast
OLED flat-panel displays have reduced the market share of plasma displays to nearly zero.
Market share of PDP dropped very low by 2013 and its manufacturing was stopped in the
US in 2014 and also stopped in China in 2016 [163].

Compared to OLED displays, plasma displays consume a lot more power and are
quite thick. Additionally, they consume a lot of power even though they do not offer a
very impressive contrast ratio. Although plasma displays reproduce black colors more
accurately than LCD and LED displays, they are not as good as those OLED displays.

4.3. OLED Displays

OLED displays emit visible light, not requiring backlights. They can produce deep
black levels and can also be made thinner and much lighter than LCDs [164]. OLEDs
typically emit less light per area than inorganic counterparts due to their low thermal
conductivity. The main benefits of OLED displays are their better response time, energy
efficiency, wider viewing angles, flexibility, and softness on the eyes. The disadvantages of
OLED:s include their relatively shorter lifetime, sunlight effects, and highly water-prone
and moisture-sensitive nature.

4.4. Mini-LED (mLED) Displays

mLED displays use LED backlighting for local dimming, with over 1000 full array local
dimming zones (FALD) [165]. The mLED display is used for the backlight unit rather than
a display’s pixels for the LCD system, as it must have both an excellent dark state and high
peak brightness to achieve a HDR with a contrast ratio (CR) greater than 100,000:1 [166,167].
The mLED size generally ranges from 100 to 200 um. Thus, because of the smaller size, more
LEDs can be used for the backlighting, which increases brightness and improves contrast.

4.5. Micro-LED (uLED) Displays

The first uLED was reported to be built in the year 2000, with a thickness of 12 pm,
at Texas Tech University [168]. The uLED does not use LED backlighting for the display;
however, it can control its individual pixels for better contrast. The size of the uLED is
generally less than 100 um. In order to increase the flexibility of the pLED, the flexible
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substrate can be combined with the ptLED [169]. According to “Research and Markets”,
the global uLED display technology market will increase to USD 20.5 billion by 2025, with
a compound annual growth rate of about 80% [170]. It is estimated that the micro-LED
display market will reach 330 million units by 2025 [171]. Figure 23 forecasts the increase
in the use of different display devices with a micro-LED display.

The uLED display technology is in its early stages. In order to commercialize the
uLED technology, the challenges, e.g., the transfer printing of LLED chips for commercial
production and full-color method for display applications, have to be addressed [172-174].
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Figure 23. Forecast of development in micro-LED display [175].

It was observed that the development of color filtering and display technologies has
primarily been focused on high resolution, color vibrancy, and high efficiency, as well as
slim dimensions. Metallic nanostructures can manipulate the properties of light to achieve
these goals through surface plasmon resonances [176].

Plasmonic colors arise from resonant interactions between light and metallic nanos-
tructures. This promising field of research could have a significant technological impact
on the engineering of plasmonic colors. Furthermore, quantum dot-based displays could
also be the future of display technology. Nanoparticles with semiconductor properties
called quantum dots are man-made nanoparticles. Typically, their size ranges from two
to ten nanometers, and their size determines the wavelength (color) of the light they emit.
Light sources based on quantum dots (QDs) emit specific colors corresponding to their
bandwidth: If the dots are larger, they will emit red light, while if they are smaller, they
will emit green light. Quantum dots showcase several advantages for display applications,
including their high illumination efficiency, color rendering, low cost, environmentally
friendly nature, and mass production capability [177].

Next-generation light-emitting diodes (LEDs) in lighting and display applications
may employ these QD materials as alternative light-emissive materials. Although QLEDs
have excellent performance, several factors limit their efficiency, including nonradiative
recombination, energy transfer, and field-induced quenching. Moreover, the majority of
past research has focused on Cd-based quantum dots, so their commercialization has also
been limited. QD properties have been understood in more depth, their application in LEDs
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has been explored, and challenges to making high-efficiency QDs have been overcome
since the development of nanotechnology [178].

With all these discussions and reviews on display technologies, it is difficult to predict
which display technology will win in terms of mass production and utilities in the future.
However, ostensibly tLEDs and quantum dot-based display technology may surpass the
other display technologies [175,178].

As discussed above, ptLEDs and OLEDs are two emerging and promising technologies
for display applications. Fabrication of these LEDs with higher external quantum efficiency
is indispensable for their future application and economical manufacturing. Figure 24
shows the current status of the EQE of uLEDs and OLED:s for three primary colors.
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Figure 24. Improvement in external quantum efficiency of pLEDs vs. OLEDs producing three
primary colors. [Graph recreated using data from Yole (https://displaydaily.com/porotech-could-
be-disruptive/, accessed on 20 March 2024)].

Since then, LED technology has made substantial progress in display sectors. Specif-
ically, the introduction of inorganic mini-LEDs (mLEDs) and micro-LEDs (uLEDs) has
boosted the performance of LCDs and facilitated the creation of sunlight-readable emissive
displays [179].

Despite notable advancements in LED technology, significant challenges persist in
the mass transfer process for manufacturing micro-LED displays, impeding their full
development [180]. Mass transfer technology aims to efficiently and accurately transfer
millions or even tens of millions of Micro-LED pixels from sapphire substrates to the glass
substrates needed for display devices. This process ensures proper electrical and mechanical
connections between the Micro-LED pixels and the drive circuitry. LED luminous output
falls short compared to traditional UHP lamps, posing a bottleneck in applications such
as micro-projection displays, where brightness is crucial for image quality [181]. Thus,
addressing these technical hurdles is crucial for realizing the full potential of micro-LED
displays in various applications.

5. Applications of LEDs in Disinfection of Microbes

The air, water, and surfaces of various objects are often soiled with bacteria and viruses
that we encounter every day. People touch these frequently, which increases their chances of
getting infected. Thus, to control those harmful pathogens and their effects, UV-C exposure
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has proven effective in disinfection and thereby reducing the likelihood of infection in hu-
mans and cross-contamination. Therefore, the most efficient and environmentally friendly
method to disinfect surfaces and closed environments might be the use of UV-LEDs. In
order to produce UV-C radiation, extra-wide-bandgap semiconductors are utilized. In the
following sections, we will discuss the use of UV-C LEDs in water purification and surface
disinfectant processes.

5.1. Application of UV-LEDs in Water Purification

Safe drinking water is a paramount worldwide issue, as almost 800 million people
lack access to basic drinking water. Globally, at least 2 billion people use water sources that
are contaminated with pathogens such as bacteria and viruses. Contaminated water is the
major cause of transmittance of diseases, e.g., diarrhea, cholera, dysentery, typhoid, and
polio. Drinking contaminated water is predicted to cause ~485,000 diarrheal deaths each
year. By the year 2025, half of the world’s population will be under water stress [WHO,
June 2019] [182]. Consequently, providing safe drinking water cost-effectively using UV
LED-based purification technology is very promising.

UV light exposure is one of the effective methods of disinfection and is widely used in
equipment sterilization through a germicidal UVC of ~254 nm emitted by a mercury (Hg)
lamp. Due to Hg's toxic nature, disposal issues, and its vulnerability to shock and vibra-
tions, mercury-based UV lamps are being replaced by UV LEDs. UV LEDs have unique
properties compared to other conventional UV sources. There is a high demand for im-
proved disinfection applications, especially for water treatment and microbial disinfection
usage. UV LEDs can be highly effective in deactivating pathogens that are chlorine-resistant
and produce negligible amounts of byproducts. They are easy to retrofit into existing treat-
ment units [183]. Water purification prototype and sterilization systems based on UV LEDs
have been demonstrated using wavelengths in the 210-to-365 nm range [66,184].

Numerous studies have delved into the effectiveness of different wavelengths in deac-
tivating bacteriophages, bacteria, and viruses. A noteworthy investigation by Cheveremont
et al. [185] highlighted the potent microbial reduction achieved through the coupling of UV-
A and UV-C in wastewater treatment. Furthermore, the specific combinations of 280/365
and 280/405 nm proved highly effective in significantly reducing mesophilic bacteria.

The methods used in the study involved precise analytical techniques and multiple
measurements to ensure accuracy. The research aimed to assess the effectiveness of UV LED
irradiation in treating wastewater and to understand its impact on various parameters such
as organic carbon, nitrogen, and metal concentrations. For the exposure of 280/365 nm
LED coupling, the log reduction for Mesophilic bacteria and fecal enterococci was 2.3. The
log reduction for total coliforms and fecal coliforms was 3.7 and 3.2, respectively [186].

While UV-C light demonstrates remarkable efficiency in virus elimination, it faces
limitations in penetrating certain cellular layers and structures, such as the outer dead cell
layer, the ocular layer in the eye, and the cell cytoplasm. Encouragingly, UV-C light has
been established as a safe method for eradicating a broad spectrum of viruses without
causing harm to human skin [187,188].

The research of Oguma et al. [189] provided valuable insights into the inactivation
of E. coli using UV LEDs at varying wavelengths. Notably, 265 nm and 280 nm UV LEDs
achieved over 4 log inactivation of E. coli at dose levels of 10.8 and 13.8 m]/cm?, respectively.
In contrast, the 310 nm UV LED requires a substantially higher dose level of 56.9 m]/cm?
for a 0.6 log inactivation.

Our investigation centered on the bacteriophages MS2 and Phi6 as these are the mi-
crobes frequently used in disinfection research. MS2 represents non-enveloped viruses,
while Phi6 stands as an exemplar for enveloped viruses. Both these bacteriophages have
been widely adopted as surrogates for assessing the environmental behavior of pathogenic
viruses [190,191]. One of our previous studies showed that our designed 275 nm UV LED
was able to deactivate the bacteriophages MS2 and Phi6 using a UV dose of 26.82 mJ/cm?
and 32.81 mJ/cm?, respectively. The corresponding log reduction was 1.16 and 1.26,
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respectively [192]. The “inactivation-efficiency” also depends on the nature of the mi-
croorganism, wavelength dependence, and UV dose level. It was observed that diverse
microorganisms have different responses to UV wavelengths. For the Escherichia virus, i.e.,
MS2, it can be inactivated at 280 nm with a UV dose of 30.5 mJ/cm?. Numerous studies
have suggested that UV-C LEDs are more effective in deactivating pathogens. Table 2
summarizes the dose response and log inactivation in some microbes, using UV-LED for
microbial disinfection.

Table 2. Table showing wavelength, dose-response and log inactivation in some microbes (E. coli,
MS2 and Phi6) using UV LEDs for water disinfection.

Wavelength

UV Dose Log Dose Response m]J/cm?

(am) Microbes  Disinfection Medium (m]J/cm?) Inactivation per log Inactivation References
255 MS2 Water 41 3.2 12.8 [193]
255 Ms2 Water 60 2.3 26.1 [194]
255 E.Coli Water 9 2.7 3.3 [194]
254 Ms2 Gelatin-based medium 2.51-6.5 2 1.25-3.25 [195]
254 Phi6 Gelatin-based medium 7.75-10 2 3.87-5 [195]
260 MS2 Double agar layer 30.3 2 15.15 [196]
280 MS2 Double agar layer 38.5 2 19.5 [196]
260/280 MS2 Double agar layer 32.8 2 16.4 [196]

Accordingly, from these reviews, we conclude that UV-LED would be better alternative
for water treatment and pathogen inactivation compared to traditional disinfectants and
other UV sources. Since UV-LEDs do not contain mercury, consequently there are no
disposal problems. Due to their robust and compact nature, they are more durable and
relatively easier to handle. Thus, there is great potential for improving the efficiency, cost,
and lifetime of UV LEDs for future applications in diverse areas.

5.2. Application of UV LEDs in Microbial Disinfection from Surfaces

The outbreak of Coronavirus disease in December 2019 (COVID-19) caused by coro-
navirus 2 (SARS-CoV-2) has infected more than 704 million and resulted in the death of
more than 7 million people worldwide (as of 2 May 2024) (WHO COVID-19 data). This
has become a major challenge to the scientific and medical community and to the entire
human civilization. Research is ongoing about the virus; however, there are no effective and
well-approved methods for inactivation that have yet been developed for wide adoption.
UV radiation is effective in deactivating different bacteriophages such as MS2, T4, T7, and
bacteria like E. coli [197]. Consequently, there is a promise that UV LED irradiation can be
effective and promising technology for SARS-CoV-2 deactivation. The size of SARS-CoV-2
is about 100 nm, with a volume of ~106 nm? and a mass of ~1 fg [198]. Figure 25 shows
the general structure of a coronavirus. Coronavirus has a single-stranded, non-segmented
RNA genome coated by a protein and lipid envelope. If there is any damage to these
components, this could lead to the inactivation of the viruses [199]. Also, UV light employs
a range of mechanisms to inflict damage on viruses and bacteria, as elucidated in Figure 26.
There are major five mechanisms for microbial deactivation by UV radiation. They are
thymine formation, protein cross-linking, inactivation of enzymes, oxidative damage, and
disruption of the protein structure.

Thus, UV-C LEDs could be highly effective in controlling such viruses. UV-C LEDs
of specific wavelengths and particular doses and a certain exposure duration could be
highly effective in the sterilization of contaminated surfaces, leading to inactivation of the
virus [200]. It has been observed that the UV-C light of wavelengths of 207 nm to 222 nm
has been proven to be highly efficient in killing various microorganisms without causing
a harmful effect on the skin [201]. The penetration ability of these wavelengths is limited
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as compared to other sources of UV (254 nm) [187]. However, this limited penetration is
enough to pass through the size of the virus. Thus, UV-C light efficiently kills the virus but
cannot penetrate the outer dead cell skin layer, the ocular layer in the eye, or the cytoplasm
of the cell. Thus far UV-C light has been proven to be safe for killing a wide range of viruses
without damaging the human skin [187,188].

It is worth mentioning here that III-V AlGaN/AlN-based Quantum Well LEDs are a ma-
ture and established technology. However, achieving wavelengths below 250 nm has been
challenging. Despite this, an Australian company, Silanna UV, recently reported success in
developing 225 nm UV LEDs using the short period superlattice (SPSL) technique. Their
approach, utilizing AIN and GaN, shows promise for high-efficiency short-wavelength UV
LEDs [202,203]. Keeping in mind the length of the present review manuscript, we are only
providing the references of the breakthroughs deserving a separate review paper to fully
describe the physics and engineering of these far/deep-UV devices. This discovery could
be one step closer to a high performance and highly efficient disinfection system. Now, the
nature of microbes (coronavirus) and the response of microorganisms to UV radiation is
analyzed further.
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Figure 26. Different mechanisms of microbial deactivation by UV.
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5.2.1. Coronavirus Types

Coronaviruses are named because of the crown-like spikes (6—10 nm) on their surface.
Some common coronaviruses in humans are (i) 229E (alpha coronavirus); (ii) NL63 (alpha
coronavirus); (iii) OC43 (beta coronavirus); and (iv) HKU1 (beta coronavirus). Other
types of coronaviruses infecting humans include MERS-CoV, SARS-CoV, and SARS-CoV-2
(COVID-19). As noted earlier, various studies have shown that UV-C LEDs are effective
in deactivating coronaviruses. Table 3 displays some of the coronaviruses that can be
deactivated at specific wavelengths using different doses of UV radiation.

5.2.2. Microorganism Response to UV Radiation

As noted earlier in several literature reports, UV radiation is highly effective in deacti-
vating microbes. However, diverse microorganisms have revealed different responses to
UV light and processing conditions. Generally, the sensitivity of microorganisms to UV
light is measured in terms of the inactivation rate constant, k. It can be determined from
the relation between the log inactivation (log reduction) and the UV dose [205].

Log inactivation = k x UV dose (1)

where the value of k is different for the different microorganisms. A higher k-value means
that the microorganism is more sensitive to that particular UV radiation and a relatively
small dose of UV radiation would deactivate the microbe. For example, the k-value
inactivation for bacteriophage ¢X174 using 255 nm and 280 nm UV-LEDs was found to
be 0.578 and 0.360 cm?/m] [193], respectively. This means that 255 nm UV radiation will
be more effective than 280 nm for bacteriophage X174 deactivation. The basic statistical
equation that can be used to find the log inactivation rate is

LOglO I= LOglO (NO/N) (2)

where Logqg I, is the infectivity /reduction in the logj( scale; N, and N are the virus sample
infectivity rates before and after UV exposure.

To evaluate the effectiveness of UV LED disinfection, the UV dose, and log inactivation
data were measured. The log inactivation for disinfection is a mathematical expression
used to express the relative number of pathogens killed /eliminated during the disinfection
process. For example, 1-log inactivation corresponds to the inactivation of 90% of target
pathogens with pathogens counts reduced by a factor of 10 and the inactivation of 99%,
99.9%, 99.99% of pathogens corresponds to 2-, 3-, and 4-log inactivation, respectively.

Table 3. UV dose and wavelength required for the deactivation of various types of coronaviruses.

Viruses Wavelength (nm) Sample Condition UV Dose for log Reduction (m]J/cm?) References
HCoV-229E (alpha o5, Aerosol 0.56 [206]
coronavirus

OC43 (beta 2 Aerosol 0.39 [206]
coronavirus)

MERS-CoV 254 Droplets No dose information but successfully deactivated [207]
HCoV-229E 254 Liquid serum cell culture No dose information but successfully deactivated [207]
HCoV-0C43 254 Liquid serum cell culture No dose information but successfully deactivated [208]
SARS-CoV Hanoi 254 Liquid serum cell culture 22.67 [209]
HCoV-0C43 267 Vero E6 cells 6.8 (for 4-log reduction) [210]
HCoV-OC43 279 Vero E6 cells 8.7 (for 4-log reduction) [210]

SARS-CoV 254 Salt solution No dose information but successfully deactivated [211]
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6. The Future in Designing a UV LED Disinfection System
6.1. Building a Deactivation System for Wealthy and Underprivileged Populations with PV Power

As described earlier, UV LEDs have been proven to be effective for microbial disinfec-
tion but developing an efficient, cost-effective system is quite a challenge. The sprouting
nature of human-affecting microbes poses global health risks, necessitating urgent solutions.
The recent COVID-19 pandemic, emerging variants, and rising cases of other viruses such
as Monkeypox highlight the demand for UV LED-based disinfection systems. These offer a
superior alternative to chemical methods. In order to address environmental concerns and
global accessibility, we have focused on the design of a solar-powered UV LED disinfection
system for diverse settings. This renewable energy source can be harnessed worldwide,
even in areas lacking grid electricity. The goal is to develop a self-contained, portable
UV LED system accessible to all, including regions with limited electricity access. The
envisioned system incorporates a solar-powered charging mechanism and a rechargeable
battery for nighttime operation. Figure 27 illustrates the design of a portable rechargeable
UV LED unit for disinfection. Its optimization will be necessary for all aspects e.g., cost,
efficiency, and portability. In Figure 28, the rudimentary design of a UV LED-based dis-
infectant system is outlined. This can be installed in larger/open areas such as hospitals,
schools, airports, and so on. The proposed system would store power with its large battery
capacity and would remain effective for a long time.

Figure 27. Design of portable and rechargeable solar-powered UV LED disinfectant light.
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Figure 28. Outline of a solar-powered UV LED system for large area applications.



Photonics 2024, 11, 491

32 of 41

6.2. Manufacturing of Cost-Effective Portable High-Precision Virus Deactivation System

Designing cost-effective and highly accurate UV LED disinfectants presents significant
challenges. The integration of solar modules (cells/wafers), batteries, and UV LED arrays
in the basic module, termed “Solar UV-LEDs"”, is the key area for potential cost reduction.
In order to compete with conventional energy sources, advancements in solar power tech-
nology must prioritize lowering the cost per kilowatt. This involves minimizing electrical
conversion losses, improving cell efficiency, and enhancing manufacturing processes for
wafers, cells, and modules. Increasing the production volume and reducing metallization,
substrate, and epitaxial growth costs are crucial areas for improvement. An optimal battery
design is also essential for efficient energy storage. Recent advances in battery technology
offer various lithium-based options, but durability under diverse conditions remains a
priority. Research into battery materials and combinations is crucial for longevity and
performance. Additionally, cost-effective UV LED disinfection devices can be achieved
through the strategic use of LED chips/strips considering material choice and fabrication
techniques. The number of UV LED lights used should align with deactivation needs to
control costs. Precise design based on factors such as the UV dose, exposure time, and
wavelength requirements would further enhance its accuracy and effectiveness.

7. Discussion and Conclusions

We carried out a detailed investigative review of the historical development of UV
and RGB LEDs, leaving IR out of the scope of this manuscript. The application of LEDs
in the lighting and decoration industry, the agricultural sector, and display technology,
with their current trends and future roadmaps, were reviewed and discussed. From our
review, we saw that the efficiency of LEDs is continuously increasing. Different design
techniques, appropriate material compositions, different deposition techniques, etc., are
used to improve the efficiency of LEDs. An overview of applications of LEDs that we
discussed above were summarized in Figure 29.

Applications of LEDs and UV LEDs

Solid State . Microbial
Liohti Display o
ighting deactivation
White Lighting Liquid Crystal Display Water Disinfection
OLED Lighting Plasma Display Surface Disinfection
LEDs in OLED display Solar Powered UV-
Agriculture LEDs for Microbial

Mini LED Display Deactivation
LEDs in
Decoration and Micro LED Display

Entertainment

LEDs in Therapy

Figure 29. Summary of applications of LEDs and UV LEDs.

From our review, we conclude that the demand for LEDs is on the ascent, and their
applications in lighting, agriculture, and display technology are still in the growing stage.
Micro-LED display technology could possibly revolutionize the display market in the
future. Further research into and development of LEDs in agriculture would significantly
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improve crop production quality and frequency. The lighting industry is still advancing,
with new developments in the decoration and entertainment sectors as well.

A thorough review and analysis of UV LED applications in microbial disinfection was
conducted while leaving other industrial applications out of the discussion. Based on the
literature review and analyses of UV LEDs and the response of microorganisms to UV light,
we conclude that UV radiation is highly effective in deactivating various microorganisms.

However, the results of the reported experiments do not yet seem consistent. The
diverse parameters e.g., UV dose, wavelength, and the exposure time required for the wide
range of microbial deactivation scenarios, have not been well established. To date, most
of the research regarding the inactivation of microorganisms has been carried out with
conventional sources of UV such as mercury vapor lamps. The application of high-efficiency
UV LEDs will be precise and effective. Determining the most effective wavelength, UV
dose and exposure time for deactivation has huge application potential in disinfection
methodology. UV LEDs disinfection can be applied to water purification and as a surface
disinfectant as well as in various medical applications. If a multiple-wavelengths UV LED
system is developed, it would be a ‘death trap’ for a large range of microbes. This would
revolutionize surface disinfection and water and air purification research and applications.

Furthermore, UV LEDs powered with solar modules and a self-sustained design have
also been summarized. This will help in applying it to numerous applications, especially
as a surface disinfectant. They will readily find applications in numerous areas such as
airports, hospitals, and schools, as well as homes. Likewise, if one could develop a portable
module, it would be highly useful in any part of the world with limited or no electricity. We
also presented an outline of the design of a UV LED disinfectant system. The most efficient
system and optimum design should be built based on the power required to light-up a
UV LED, the solar energy absorbed by solar cells, and the storage capacity of the battery
used. Another possible application of this device in computing is the development of
smart disinfection systems. By integrating UV LED systems with sensors, Internet-of-
Things (IoT) devices, and artificial intelligence algorithms, disinfection could become more
targeted and efficient. To summarize the discussion, we can confidently say that there
is tremendous potential and scope for developing a solar-powered UV LED system that
will be effective in destroying microorganisms and UV LED-based disinfectant technology
could be revolutionized.
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