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Introduction to luminescence 1
1.1 Characteristics and quality of light

The quality and quantity of the lumen output originating from a light source justifies
the imperial amount of research dedicated to improve the efficiency of the luminaire.
Time has witnessed many drastic improvements in the lighting industry. From the
dawn of life on the earth, the role of the ultimate source of light has been redeemed
by the sun. Unconditionally, the sun provides the best quality light that is still
unmatched with the present-day luminaires. The eminence of light can only be deter-
mined by the eye that perceives it. Apparently, the features of a luminaire are adjusted
to give a pleasant perception to the human eye. To optimize the lighting systems from
the perception of a human eye, several quantitative metrics were developed.

The interpretation of a light source by a human eye differs from individual to indi-
vidual due to the differences in their physiology and, consequently, the quantified
perception is likely to change from person to person. To standardize the perceptual re-
sponses to light stimuli, a statistical analysis was prepared involving several human
subjects. Based on those results, the photometric standards for different sources of
light were put forward. The part of the eye that is most sensitive to light is the human
retina, which consists of two types of cells, viz., the rod cells and the cone cells. Rod
cells and cone cells are together known as the photoreceptors. It is estimated that 120
million rod cells and 60 million cone cells exist in the retina. The rod cells are more
sensitive than the cone cells and are sensitive to the entire range of the visible light
spectrum. On the other hand, the cone cells are sensitive to only a small range in
the visible light spectrum and they are characterized into three types depending on their
sensitivity to red, green, and blue light spectrum. The cone cells are functional at high
light-levels while the rod cells show their functioning at low light-levels. At interme-
diate light-levels, both of them function together. Based on the light-levels, the vision
regimes are categorized into three types, namely photopic vision, scotopic vision, and
mesopic vision. The cone cells mediate the photopic vision, and the rod cells mediate
the scotopic vision while the mesopic vision relates to light-levels between the phot-
opic and scotopic vision regimes [1].

Radiometric and photometric units are, in general, used to characterize the physical
properties of electromagnetic radiation that is significant to the optical quantities for
light-emitting diode (LED) metrology. Light is characterized by radiometric units in
terms of physical quantities, for instance, the radiant flux, photon energy, and the num-
ber of photons. Ideally, the radiometric quantities are four in number, and those are
listed as radiant flux, radiant intensity, irradiance, and radiance. Radiant flux is the
net power emitted per unit time by a light source and is expressed in the units of
watt (W). Another quantity is the radiant intensity, which is expressed in units of
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watt per steradian (W/sr) and it is defined as the power emitted per unit solid angle. The
radiant power is measured using a detector with an active area, which is positioned at
some distance from the point source of light. The ratio of the radiant power and the
area of the detector is the irradiance, which is measured in the units of watt per square
meter (W/m2). The radiant power emitted from an area per unit solid angle is called
radiance, and it is generally measured for extended light sources. Radiance is measured
in the units of watts per steradian per square centimeter (W/sr cm2). Nevertheless, hu-
man eyes fail to have any perception of radiations other than the visible light, and
hence, these radiometric units have less significance while considering the light
perception by a human eye. In this regard, the photometric units came to the picture
and played a great role in the standardization of the perception of light by human
eyes [2]. The photometric quantities such as luminous intensity, luminous flux, illumi-
nance, and luminance define the quality of light originating from a source. The lumi-
nous intensity represents the light intensity of an optical source as perceived by the
human eye and is expressed in the units of candela (cd). A unit candela is defined
as the luminous intensity obtained when a monochromatic light source emitting an op-
tical power of (1/683) watt at 555 nm into the solid angle of 1 steradian (sr). The lu-
minous flux is another photometric quantity, which is expressed in the units of the
lumen (lm). It represents the light power of a source as perceived by the human
eye. Technically, the lumen can be defined as the luminous flux achieved after a mono-
chromatic light source emits an optical power of (1/683) W at 555 nm. On associating
the definitions of lumen and candela, it is found that 1 lumen per steradian is equal to
1 cd. When the luminous flux is measured per unit area, the quantity is expressed in
terms of illuminance. Lux is the unit used to measure illuminance and it is equal to
lm/m2. Yet another photometric quantity is the luminance, which is expressed in the
units of cd/m2. Luminance is defined as the ratio of the emitted luminous intensity
to the projected surface area in a certain direction. All the earlier mentioned metrics
are useful while defining only the quality of light from a source and do not necessarily
describe the actual merit of a luminaire.

1.2 Conceptual background of luminescence

Luminescence is a cold-body radiation or the spontaneous emission of light from a
source that does not accompany heat with it. Technically, luminescence is defined
as “the emission of light by bodies, which is in excess of that attributable to black
body radiation; and persists considerably longer than the periods of electromagnetic
radiations in the visible range after the excitation stops” [3]. The materials exhibiting
this phenomenon are called as luminescent materials, or simply phosphors. When a
phosphor is stimulated by an excitation source, it absorbs the energy from that source
and remits it in the form of light. This light can be either in the ultraviolet (UV) region,
visible region, or infrared region. On providing proper stimulus to the phosphor, the
electronic system of the material gets excited from the ground state to the higher en-
ergy state and, finally, decays from this higher energy state to a lower energy state with
the emission of photons/light. The wavelength of the emitted light is the characteristic
of the material and not of the excitation source or stimulus. Depending on the type of
stimulation, luminescence can be broadly classified as shown in the Table 1.1.
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Table 1.1 Classification of luminescence on the basis of the excitation source.

Type of luminescence Source of excitation Example

Photoluminescence Low-energy photons LED phosphors [4]

Electroluminescence Passage of electric
current

InGaN blue light emitting diodes [5]

Chemiluminescence Chemical reaction Luminol derivatives for biosensor
applications [6]

Bioluminescence Biochemical
reactions in living
organisms

Luciferase enzymes as probes for
molecular imaging [7]

Thermoluminescence Release of absorbed
light from traps or
defects on heating

Luminescence on applying thermal
energy to the g-irradiated CaSO4:
Dy phosphor [8]

Cathodoluminescence Bombardment of
high energy
electrons

Cathodoluminescence spectroscope
for nanoscale optical
tomography [9]

Radioluminescence Ionizing radiations NaGdF4/Tb@CaF2 core/shell
nanocrystals as X-ray
luminescence imaging probe [10]

Ionoluminescence Ion beams Proton-beam induced luminescence
in diamonds [11]

Electrochemiluminescence Electrochemical
reactions

Electrochemiluminescence of tris
(2,20-bipyridyl)ruthenium(II) in
high performance liquid
chromatography [12]

Candoluminescence Exposure to high
temperature

Flame-excited emission of SnO2 [13]

Mechanoluminescence Release of absorbed
light from traps or
defects as a result
of mechanical
stress

Luminescence on applying
mechanical stress on the UV-
irradiated SrAl2O4:Eu

2þ,Dy3þ

phosphor [14]

Triboluminescence Breakage of bonds in
a material due to
rubbing, scratching
or crushing

Luminescence arising from the
friction of corundum rod on
Sr3Ga4O9:Bi

3þ phosphor [15]

Piezoluminescence Induced pressure Piezoluminescence from LiTaO3:
Pr3þ phosphor [16]

Fractoluminescence Breakage of bonds in
a material due to
fractures

Luminescence from the three-point
bending fracture of crystalline
quartz [17]

Continued
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Depending on the duration of the decay lifetime, luminescence can also be classi-
fied as fluorescence and phosphorescence. Fluorescence is a temperature-independent
process, with a decay lifetime of less than 10�8 seconds. The term fluorescence was
coined by G.G. Stokes in 1852 while investigating the ability of fluorspar and uranium
glass to convert the UV light into blue light [22]. Irrespective of the intensity of the
excitation source or the temperature, fluorescence shows an immediate exponential
decay as soon as the excitation is shut down. On the contrary, phosphorescence bears
a longer decay lifetime greater than 10�8 seconds. This process depends on the inten-
sity of the excitation source and the temperature. When the excitation source is cut off,
the phosphorescent material shows a long afterglow that can continue to last from
about a few seconds to several hours. Afterglow is the slow decay of the luminescence
emission resulting from the complex kinetics occurring in the luminescent material.
The presence of electron or hole traps, lattice defects, impurities, or activators present
in the lattice lead to the formation of metastable states that delay the luminescence
emission from the material. The prerequisite for the afterglow is the thermal activation
of metastable states. The difference between fluorescence and phosphorescence on the
basis of its decay lifetime seemed to be unacceptable in the case of certain luminescent
materials. Eu2þ-doped phosphors often exhibit fluorescence with a long lifetime of
the order of few microseconds [23], while ZnS exhibited violet phosphorescence
with a short lifetime of the order of few nanoseconds [24,25]. In 1929, F. Perrin
came up with a better understanding of the distinction between fluorescence and
phosphorescence [26]. He proposed that the excited species in phosphorescence
pass through an intermediate state before emission. The precise distinction between
the two processes is pointed out under the framework of molecular photochemistry.

Table 1.1 Continued

Type of luminescence Source of excitation Example

Lyoluminescence Dissolution of
irradiated solute in
a liquid solvent

Luminescence obtained on
dissolving g-irradiated
GdCa4O(BO3)3 in dil. HCl [18]

Sonoluminescence Implosion of bubbles
in a liquid due to
sound

Sonoluminescence from
nanodispersed suspensions of
Cr(CO)6 in 74% H3PO4 [19]

Crystalloluminescence Crystallization of a
substance

Luminescence emerging from the
crystallization of benzanilide
from organic solvents of uranine,
eosine, 9,10-dibromoanthracene
[20]

Cryoluminescence Cooling of a
substance

ZnS phosphors excited by infrared
radiations showed increase in
luminescence on cooling to
temperatures w50 K [21]
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In phosphorescence, the spin multiplicity involves a change from the triplet to the
singlet state or vice versa, whereas the spin multiplicity is retained in the fluorescence
process.

1.3 Luminescence mechanisms

The theory behind the luminescence mechanisms observed in solid materials can be
best understood from the band theory of solids. An isolated atom consists of an elec-
tron cloud present in the orbitals around the nucleus. These orbitals are analogous to
the planetary orbits around the sun. The difference between these two systems lies in
the type of force acting on them: Gravitational force is responsible for the planetary
motion around the sun, while electromagnetic force is responsible for the electronic
motion around the nucleus. The electrons are allowed to occupy only the discrete
orbitals wherein the electrons can revolve without any loss of energy. The laws of
quantum mechanics govern the rules for determining the energy states of these allowed
orbitals. As per Pauli’s exclusion principle, an orbital can be shared at the most be-
tween two electrons of opposite spins. However, all the orbitals are not equidistant
from the nucleus. Some electrons occupy the lower energy orbitals that are near the
nucleus while others occupy the orbitals far away from the nucleus as the orbitals
near the nucleus are already filled. By providing a radiation pulse, the electron in
the occupied energy levels can be dislodged and vacancies can be created in them.
These electronic transitions can be a result of the absorption of energy by material
from one of the excitation sources such as photons, electrons, ionizing radiations,
and mechanical stress. This will lead to the occupation of the electron vacancy in
the lower energy level by an electron in the outermost level. The transition of an elec-
tron from the higher energy level to the lower energy level leads to an emission of
photon energy, which is equivalent to the energy difference between the two energy
levels. In certain cases, the energy difference between the higher and the lower energy
states are spaced in such a way that the electron transition results in the emission of
photon energy within the visible light spectrum.

1.3.1 Photoluminescence

Photoluminescence occurs when photonic energy excites a material and compels it to
release photons of higher or lower values of energy than that which is absorbed. The
curiosity of finding the underlying mechanism behind the luminescence phenomenon
is always a topic of keen interest among the researchers. As a result, several theories
describing the luminescence mechanisms were developed and still, research is going
on. Mechanisms, by which photoluminescence phenomenon is observed, can be
broadly classified as intrinsic luminescence and extrinsic luminescence [27].

1.3.1.1 Intrinsic luminescence

Several phosphors have shown the ability to produce luminescence on its own without
being activated by any impurity ion-doping in them. Such materials are known as self-
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luminescent materials, and the phenomenon is called self-luminescence or intrinsic
luminescence. Self-luminescent materials enjoy the advantage of lower energy losses,
which is generally observed during the energy transfer among the doped luminescent
ions. Intrinsic luminescence can be either due to the defects present in the material, or it
may be due to the charge-transfer (CT) transition between a ligand O2� ion and the
metal ion. The mechanism of intrinsic luminescence is dependent on the type of
host material.

Defect-assisted luminescence: Ideally, defect-assisted luminescence systems do not
require an activator ion and such systems come under the category of intrinsic lumi-
nescence. Even in the absence of an activator ion, such materials can show lumines-
cence by creating electronehole pairs that act as luminescence centers at certain
sites in the host matrix. One of the most promising examples of defect-assisted lumi-
nescence is the BCNO phosphor [28]. BCNO has the potential to tune its emission co-
lor from violet (400 nm) to near-red (650 nm) region of the visible-light spectrum by
varying the carbon content in them. The carbon impurities can be introduced into the
phosphor by using polyethylene glycol (PEG) as the carbon source. With an increasing
PEG concentration, the nitrogen and boron atoms in the crystals of turbostratic boron
nitride (t-BN) were substituted by carbon atoms. This led to the rearrangement of the
chemical composition and position of atoms in the phosphor, which was accompanied
by the shift in the photoluminescence emission peaks, as shown in Fig. 1.1. BCNO
exhibited high external quantum efficiency values, particularly in the blue and green
region, and hence, it forms an attractive material for the fabrication of white light-
emitting diodes (WLEDs). The presence of carbon impurities has also proved the
tuning of luminescence emission from 370 to 620 nm in the case of spherical ZrO2 par-
ticles [29]. BPO4 showed a weak purplish-blue emission centered at 409 nm. Howev-
er, after doping Ba2þ ions, oxygen-related defects were created in the BPO4 lattice that
acted as additional emission centers in the lattice [30]. As a result, the intensity of the
emission peaks enhanced and this was accompanied by a red shift in the peak position.
Most of the materials exhibiting defect-assisted luminescence are eco-friendly,
nontoxic, and produced from inexpensive raw materials. These features have empha-
sized the acceleration of these luminescent materials as a replacement for expensive
rare-earth-based phosphors.

Charge-transfer (CT) transition: CT transition is the most common type of intrinsic
luminescence. It is mostly observed in host lattices involving niobates (NbO4)

3�, van-
adates (VO4)

3�, molybdates (MO4)
2�, and tungstates (WO4)

2�. In these cases, the
photon energy is absorbed by the host due to the electron transfer from O2� ligand
to the metal ion, which may be Nb5þ, V5þ, Mo6þ, or W6þ. In general, charge-transfer
can occur due to the electron transition either from metal to ligand ions or from ligand
to metal ions, and hence, they are subsequently termed as metal-to-ligand charge trans-
fer (MLCT) and ligand-to-metal charge transfer (LMCT), respectively [31]. Most of
the inorganic phosphors are known to exhibit the LMCT type of charge-transfer
band (CTB). For instance, Ca0.5Y(1�x) (WO4)2:xEu

3þ and Ca0.5Y1�x(WO4)2:xTb
3þ

phosphors exhibit LMCT from O2� to W6þ resulting in a strong absorption in the
UV region [32]. Y2WO6:Sm

3þ phosphor showed a strong absorption band in the
300e380 nm region, which is also attributable to the charge transfer from the 2p
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orbitals of O2� to the 5d orbitals of W6þ within the (WO4)
2� group [33]. All these

phosphors will continue to show the UV absorption even in the absence of any
rare-earth activator ion. On similar terms, phosphors such as M1�xMoO4:Eux
(M ¼ Zn, Mg, Ni, Ca, and Co) [34], Sr1.98Sm0.02CaMoO6 [35], Sr9Eu2W4�xMoxO24

[36], and Y2SiO5 [37] also showed LMCT, which is not a characteristic of the rare-
earth ions present in them.

CTBs can sometimes arise as a result of the rare-earth activator ions that are doped
into a host lattice. The most widely observed example is that of Eu3þ ions that most
commonly demonstrate LMCT from the filled 2p6 orbitals of O2� to the vacant 4f7

orbitals of Eu3þ ions. The peak position of the CTB can vary depending on the
bandgap of the host in which the activator ion is doped [38]. When the activator ion
is doped into a certain host lattice, all the energy levels of the activator will be posi-
tioned within the bandgap of the host. LMCT is not just limited between the O2�

and Eu3þ ions, but other electronegative anions such as fluorides, chlorides, bromides,
iodides, nitrides, sulfides, selenides, antimonides, tellurides, arsenides, and phosphides
also demonstrate LMCT with Eu3þ ions. One factor that presents the CTB of Eu3þ
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Figure 1.1 Digital photographs and PL emission spectra of 365 nm NUV-excited BCNO
phosphor prepared under different conditions. The PEG/B ratio, operating temperature, and
heating time were set as (a) 2 � 10�3, 900�C, 30 minutes; (b) 2 � 10�3, 800�C, 30 minutes;
(c) 4 � 10�3, 700�C, 60 minutes; (d) 4 � 10�3, 700�C, 45 minutes; (e) 4.4 � 10�3, 700�C,
30 minutes.
Reproduced with permission from T. Ogi, Y. Kaihatsu, F. Iskandar, W.-N.N. Wang, K.
Okuyama, Facile synthesis of new full-color-emitting BCNO phosphors with high quantum
efficiency, Adv. Mater. 20 (2008) 3235e3238, https://doi.org/10.1002/adma.200702551.
Copyright 2008, Wiley-VCH Verlag.
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with an edge over its characteristic 4fe4f transitions is that the former one is allowed as
per the Laporte selection rules, while the latter one is forbidden. This forms the reason
for the occurrence of very intense CTB as compared to the narrow bands arising from the
4fe4f transitions. The luminescence efficiency of Gd2O3:Eu

3þ, Y2O3:Eu
3þ, and Lu2O3:

Eu3þ phosphors increased following their excitation by 260 nm CT excitation band,
which is attributed to the LMCT from O2� to Eu3þ [39]. The charge transfer absorption
energy can vary with the size of the crystalline material as the bandgap shows the vari-
ation with the crystal size. Shang et al. have reported the effect on the CT excitation band
when the size of the Y2O3:Eu

3þ phosphor was decreased to nanoscale [40]. As a result,
there was a decrease in the CT energy and a redshift in the CT excitation spectrum. The
energy of the CT transition largely depends on the nearest neighbors of the metal ion and
the optical electronegativity of the ligands [41]. Temperature can also influence the
position of the CT band and cause its luminescence quenching [42].

The coating of organic materials on inorganic phosphor can lead to the shifting of
LMCT absorption toward the near-UV (NUV) region. LMCT absorption is significant
for white NUV-LED technology from the point of view that the phosphor absorbs light
in the UV region that overlaps with the NUV-LED emission [43]. In MLCT transition,
electrons are transferred from metal ions to ligands. MLCT transition is rarely
observed as compared to the LMCT transition. Ce4þ and Yb3þ show MLCT type of
transition. In Sr2CeO4 phosphor, MLCT emission is observed at 467 nm as a result
of the electron transfer from Ce4þ to O2� ions [44]. MLCT transition is mostly
observed in organometallic compounds. Apart from lanthanides, Mn2þ metal ions
also show MLCT absorption in the UV region, which can be attributed to the electron
transfer from Mn2þ to O2� [45].

1.3.1.2 Extrinsic luminescence

Extrinsic luminescence involves the process of luminescence from an optically inac-
tive host matrix, which is doped with an activator ion in optimized concentrations typi-
cally quantified in the values of a few mole percent. Extrinsic luminescence is also
termed as center luminescence. In this type of luminescence, only the activator ion
takes part in the luminescence process and the host lattice does not produce any lumi-
nescence on its own. The role of the host lattice is only to provide a favorable environ-
ment for the activator ions to luminesce.

The excitation and emission spectra of an externally doped luminescent ion can
either be narrow or broad. Generally, narrow bands are observed if there is less or
no electronephonon coupling of a luminescent ion in a host lattice. On the other
hand, broad bands are observed when the ground state and the excited state of the
ion have different types of chemical bonding. In other words, the coupling of vibra-
tional bands with the electronic transitions of the luminescent ion causes the broad-
ening of the excitation and the emission bands. This concept can be visualized from
the configurational coordinate model as shown in Fig. 1.2. The two electronic states
are represented by the ground state parabola and the excited state parabola under adia-
batic approximation. These two parabolas consist of a number of vibrational energy
levels associated with the two electronic states. When there is an electronic transition

10 The Fundamentals and Applications of Light-Emitting Diodes



between the ground state and the excited state, there is a change in the configuration
coordinate, the chemical bonding character, and the metaleligand distance. The
metaleligand distances for the completely relaxed excited state and the ground state
are represented by Qe and Qg, respectively.

When the luminescent center absorbs energy from an external source, the lattice un-
dergoes an expansion and initiates an electronic transition from the lowest vibrational
energy level of the ground state parabola to the vibrational level of the excited state
parabola. In Fig. 1.2, the vertical arrows indicate the absorption and emission of energy
by the excited state parabola. The difference between the absorption and emission en-
ergies is termed as the Stokes shift (DE). The Stokes shift is quantified by another
electron-vibrational interaction parameter, known as Huang-Rhys factor (S). It indi-
cates the average number of phonons of energy ћu and gives a measure of the strength
of the electronelattice coupling [46]. Sehue and Sghug are phonon energies for excited
state and ground state, respectively. For stronger electronephonon coupling, the emis-
sion and the excitation spectra become broad [47,48]. The point at which the excitation
and the emission bands intersect is known as the zero-phonon line (ZPL) position.

Energy transfer between the luminescent ions: An activator ion absorbs the energy
from an external source and emits a characteristic light with a different energy. Part of
the absorbed energy is transferred nonradiatively among other activator ions in the
host. Sometimes, the absorption of energy by the activator ion is too weak, and this
leads to very weak or no radiative emission. In such a scenario, there is a need to intro-
duce another species of ions that could efficiently absorb the energy and transfer it to
the activator ions for them to radiatively emit the energy. This new species of ions that
are codoped along with the activator ions are known as sensitizer ions. As the name
suggests, sensitizer ions produce a sensitizing action in the luminescence process by

Figure 1.2 Configurational coordinate model [Reproduced with permission from Ref. [120],
Copyright 2016, Elsevier B.V.].
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acting as a bridge for the activator ions to efficiently absorb the energy provided by an
external source. As shown in Fig. 1.3, a sensitizer ion absorbs the energy and gives an
indirect excitation to the activator ion by transferring its energy to the activators.
Generally, trivalent lanthanide ions (Dy3þ, Tb3þ, Eu3þ, etc.) exhibit weak absorption
in the UV region owing to their parity-forbidden 4fe4f transitions. This also forms the
reason for their weak and narrow-band emission in the visible light spectrum. On the
other hand, Eu2þ and Ce3þ exhibit parity-allowed 4fe5d transition, and that results in
broad as well as intense absorption and emission bands for these ions. Hence, Eu2þ and
Ce3þ ions can form efficient sensitizers to the lanthanide ions such as Dy3þ and Tb3þ

[49,50]. An important condition for the energy transfer to take place between the sensi-
tizer and the activator ions is that there should be a spectral overlap between them. In
other words, the emission spectrum of the sensitizer must overlap with the excitation
spectrum of the activator ion [51]. In addition, there should be some physical interac-
tion between the sensitizer and the activator ions. There are two types of interaction by
which energy transfer between two ions can be possible. One is the exchange interac-
tion and the other one is the electrostatic interaction. In exchange interaction, an elec-
tron is transferred from a sensitizer ion to an activator ion in an excited state and then,
from the activator ion to sensitizer ion in the ground state. In electrostatic interaction,
sensitizer induces a dipole oscillation on the activator ion by which energy is
transferred.

Persistence luminescence: In persistence luminescence, a material is subjected to
high-energy excitation and the emission of light persists for a long time even after
the excitation source is removed. This type of luminescence is also called as afterglow
phosphorescence, or long-lasting phosphorescence. In the case of persistence lumines-
cence that occurs in inorganic phosphors, the long decay time is due to the forbidden
transition within the luminescent center. Optical storage, display, safety signs, and
biomedical imagining are some of the applications of persistence luminescence [52].

Donoreacceptor pair luminescence: This type of luminescence is usually seen in
semiconductor materials that are doped with acceptor-type and donor-type impurities.

Excitation Emission Emission
Excitation

Photons

PhotonsPh
oto

ns

Ph
oto

ns

A
A

Host
lattice

Host
lattice

Direct excitation of the
activator

A = activator
S = sensitizer
ET = energy

ET
S

Indirect excitation followed by
energy transfer from the
sensitizer to the activator

transfer

Figure 1.3 Energy transfer between the sensitizer and activator ions.
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In this type of luminescence, the distance between donoreacceptor ions decides the
peak maxima of the emission and the excitation spectra. ZnS:Ag,Cl [53] and ZnS:
Cu,Au,Al [54] are some of the examples of the compounds that show donore
acceptor-type of luminescence.

1.3.2 Electroluminescence

Electroluminescence (EL) is an optical process that leads to the generation of photons
as a result of the radiative recombination of holes and electrons during the passage of
an electric current through a material. EL is broadly classified into two types: (1) low-
field EL, wherein the injection of minority charge carriers takes place, and (2) high-
field EL, wherein the majority charge carriers are accelerated to high optical energies
[55]. Low-field EL is more commonly observed in pen junction semiconductors like
LEDs, whereas high-field EL is more common in electroluminescent displays made of
phosphor or organic luminescent materials. For low-field electroluminescence to take
place, the recombination of the electrons and holes in the semiconductor material must
occur, for which they must be separated from each other before recombination. The
electrons and holes are separated from each other by creating a pen junction through
doping. On the other hand, high-field EL occurs in phosphors when the strong electric
field accelerates the electrons in the material to very high energies that are capable of
exciting the luminescent centers in the phosphor. The excited states of the luminescent
center undergo relaxation to give out an EL emission. High-field EL devices can be
further divided into AC-operated and DC-operated devices. The phosphors for EL dis-
plays are either used in the form of powder or in the form of thin films. As the name
suggests, the electric field in the active region of high-field EL devices are very high
and range in the order of 106 V/cm, whereas the electric field in the low-field devices
like LEDs is just a few volts per cm. The former shows less sensitivity to temperature,
while the latter is highly influenced by the temperature [56]. The working principle of
semiconductor LEDs will be discussed in Section 2.4.2 of Chapter 2.

1.4 Luminescence from rare-earth ions and transition
metal ions

1.4.1 Rare-earth ions

Lanthanides form the most significant class of luminescent dopants that are introduced
in inorganic solids for LEDs. Lanthanide elements have a typical characteristic to get
excited by absorbing UV or near-UV light and then bring out the emission in the form
of visible light. Lanthanides are part of the f-block series of elements and are more
commonly known as the rare-earths. Although actinides also come under this series,
they are neatly ignored from being a part of pc-LEDs. Citing the radioactive nature
of these elements, actinides are never preferred in phosphors. There are 15 elements
under the lanthanide series that extend from lanthanum (La) to lutetium (Lu). The el-
ements in the extreme ends of the series are La and Lu, which possess empty and filled
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4f orbitals, respectively. As a result, they do not produce any fef or fed transitions
capable of producing luminescence. In contrast, all the other elements of the lanthanide
series are characterized by an incompletely filled 4f orbital. As a result, the host lattice
shows very small influence on the optical transitions occurring within the 4f orbital.
Except for La and Lu, all of the elements in the lanthanide series are capable of exhib-
iting luminescence. The lanthanide elements are capable of showing their emissions in
their þ3 oxidation state. Eu has an additional feature of exhibiting luminescence in
both þ2 and þ3 oxidation states [48,57e63].

Most of the lanthanides (in their trivalent state) show sharp line spectra owing to
these transitions. However, these transitions are spectroscopically forbidden and
hence, appear with a weak intensity most of the time. However, the admixture of
forbidden 4fe4f transitions with the allowed transitions, for example, 4fe5d transi-
tions, makes it possible for the former to occur. The symmetry of the crystal environ-
ment can also affect the selection rules controlling the transitions. A transition may be
either of magnetic-dipole nature, an electric-dipole nature, or a combination of both. A
magnetic-dipole transition is independent of the symmetry and its strength does not
change with the site symmetry. In contrast, the electric-dipole transition is greatly
influenced by the crystal site symmetry, and its strength increases when the lanthanide
ion occupies a site with noninversion symmetry. The electrons in the 4f orbitals are
arranged in discrete energy levels that are unaffected by the crystal field environment
due to the strong shielding of the outer orbitals. This also remains the reason for the
trivalent lanthanides exhibiting similar energy level diagram in its free-ion state as
well as when doped into a certain host matrix. Except Ce3þ, all other trivalent lantha-
nides show their narrow-band excitation and emission peak positions with a variation
of � 500 cm�1 from that of a free ion. The electronic transitions corresponding to the
absorption and emission processes in a lanthanide ion occurs from different energy
levels. Hence, the spectral positions of absorption and emission also differ. The differ-
ence between the peak positions of the absorption and the emission spectra is termed as
the Stokes shift.

Although all the lanthanides from Ce3þ to Yb3þ can show luminescence, not all are
favorable for LED phosphors. Trivalent ions such as Yb3þ, Tm3þ, Er3þ, Ho3þ, and
Nd3þ are more inclined to exhibit upconversion luminescence and are totally out of
the frame of LED phosphors. The most prominently used lanthanides for LED appli-
cations are Ce3þ, Sm3þ, Eu3þ, Eu2þ, Tb3þ, and Dy3þ. Hence, we shall limit our dis-
cussion only to these lanthanides. Depending on the type of electronic transitions
exhibited by the ions, they may be classified into two subsections as follows:

1.4.1.1 4fe4f transition

Ce3þ is the simplest of all the lanthanides (Ln3þ) under our discussion. It has only
one 4f electron and hence, only a single discrete 4f energy level. Barring Ce3þ, all
other lanthanides possess numerous discrete 4f energy levels. These levels undergo
further splitting due to the crystal field. The excitation and the emission spectra in
these ions are ascribed to the intra 4fe4f transitions, which are parity forbidden.
However, the Ln3þ ions interact with the lattice vibrations or the crystal field that
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cause its 4f states to interact with other Ln3þ states having opposite parity. This leads
to the formation of mixed-parity states and the selection rules forbidding the 4fe4f
transitions are relaxed, as a result of which, the parity-forbidden 4fe4f electric-
dipole transitions become allowed. Consequently, these transitions are better known
as forced electric-dipole transitions or induced electric-dipole transitions. The
admixture of the states with opposite parity decides the intensity of the emission
band. The 4f energy levels are well shielded by the filled 5s2 and 5p6 orbitals. Hence,
the electronic transitions occurring within the 4f orbitals are unperturbed by the
crystal environment. This forms the reason that the peak positions of the excitation
and the emission narrow-bands occurring in Ln3þ ions do not vary much with respect
to the host lattice.

1.4.1.2 4fe5d transition

Different from other lanthanides discussed earlier, Ce3þ and Eu2þ exhibit broad exci-
tation and emission bands corresponding to the parity-allowed 4fne4fn�15d electronic
transitions. The spectroscopic features of the 4fe5d transitions are strongly influenced
by the crystal environment. This means that the intensity and the energy of the transi-
tion are strongly affected by the crystal field strength, crystal lattice symmetry, nature
of bonds (covalence/ionic), atomic coordination, bond strength, etc. The excitation and
emission properties of Ce3þ- and Eu2þ-doped phosphors can be determined directly
from their 4f and 5d energy levels, as their luminescence is greatly depending on their
intrinsic interaction with the host lattice. In the free-ion state, the energy gap between
the 4f ground state and 5d excited state of Ce3þ and Eu2þ ions are 50,000 and
34,000 cm�1, respectively [46,64]. When these ions are doped into a certain host ma-
trix, the energy gap between the two levels is significantly decreased due to the
centroid shift and the crystal field splitting [65]. The 5d orbitals experience a centroid
downshift depending on the host in which the ion is doped. It can also be associated
with the covalency of the host. This is because the centroid experiences downshift due
to the reduction of the interelectronic repulsion, which in turn is ascribed to the sharing
of electrons between the activator ions and the surrounding ligand anions. Thus, the
degree of centroid downshift determines the covalency of the host. As the anion polar-
izability, symmetry, covalency, and crystal field of the host lattice significantly influ-
ence the 5d orbitals of Ce3þ and Eu2þ, their excitation and emission spectra can be
tuned by bringing about structural change or variation in the chemical composition
of the host. The structural modification in the host compound can be achieved by per-
forming crystal-site engineering, anionic substitution, cationic substitution, cationice
anionic substitution, control of doping concentration, or mixing of multiple phases
[66]. In the crystal-site engineering approach, the activator ions (Ce3þ or Eu2þ) are
introduced into different cationic sites available in the host [67]. These cationic sites
bear different coordination environments and hence, the emission properties of the
activator ions will also experience an essence of spectral tuning. The exceptional lumi-
nescence properties of Ce3þ and Eu2þ have also rendered them as excellent sensitizer
ions for the trivalent lanthanides such as Dy3þ, Tb3þ, and Sm3þ and transition metal
ions such as Mn2þ and Mn4þ.
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1.4.2 Transition metal ions

The activator ions doped into a solid host lattice experience a local crystalline environ-
ment that has an immense influence on the luminescence properties of that activator
ion. The activator ion in the crystalline host acts as a luminescence center. This acti-
vator ion may be a transition metal ion or a rare-earth ion. They are generally coordi-
nated by ligands in a host lattice. The attraction between the positively charged
activator ion and the negatively charged nonbonding electrons of the ligands gives
rise to a crystal field interaction between the activator ion and the ligand. This interac-
tion leads to the splitting of d-orbitals of the luminescent center (transition metal ion or
rare-earth ion). Any perturbation in the crystal environment is bound to affect the spec-
troscopically active d orbitals of the transition metals more than that of the rare-earths.
As a result, transition metal ions experience much stronger crystal field effects.

Mn4þ ions are the most investigated transition-metal ions for LED phosphors.
Mn4þ ions are known to produce efficient, sharp, red luminescence in the spectral
range of 600e750 nm [68,69]. It contains three electrons in its unfilled 3d shell.
Mn4þ-doped phosphors have gained great attention due to the easy availability of
raw manganese ores and cheap production costs. Mn4þ exhibits several unique
features that enable Mn4þ-doped phosphors to meet the requirements of an ideal
red-emitting phosphor for LEDs. Mn4þ ion possesses high effective positive charge,
and as a result, it experiences strong crystal field effects. Mn4þ ions always exhibit
the case of a strong crystal field. Analysis of the emission spectra can be used to distin-
guish between the weak and strong crystal field cases [70]. The spin-allowed
2T2g /

4A2g transition will give rise to a broad emission band in the case of a
weak crystal field. On the other hand, a spin-forbidden 2Eg /

4A2g transition will
give rise to sharp emission peaks in the case of a strong crystal field. Consequently,
the sharp lines corresponding to the spin-forbidden 2Eg /

4A2g transition are, gener-
ally, found to dominate the Mn4þ-emission spectrum. The 4A2 state is a spin-quartet
orbital singlet arising that forms the ground state of Mn4þ. The Mn4þ-excitation spec-
trum clearly shows two broad bands corresponding to the spin-allowed 4A2g /

4T2g

and 4A2g /
4T1g (

4F) transitions, whereas a third spin-allowed 4A2g /
4T1g (

4P) tran-
sition is often hidden within the host-lattice absorption or the charge-transfer transi-
tions [71]. Thus, Mn4þ-doped phosphors can efficiently absorb in the UV to the
blue region because of their broad excitation bands arising in that region and emit
sharp emission lines in the red region. This also validates its suitability to be used
in LED phosphors pumped with NUV or blue LEDs and can be easily blended with
yellow or green phosphors with minimal reabsorption effects during their blending.
The 2Eg /

4A2g transition shows a wide variation in the energy when doped in
different hosts. For instance, Mn4þ shows 2Eg /

4A2g emission at 16,181 cm�1

(618 nm) for Na2SiF6:Mn4þ [72], 15,360 cm�1 (651 nm) for Sr4Al14O25:Mn4þ [73],
15,220 cm�1 (657 nm) for Mg2TiO4:Mn4þ,Bi3þ [74], and 13,792 cm�1 (725 nm)
for SrTiO3:Mn4þ [75]. This variation in energy of the 2Eg /

4A2g emission transition
cannot be ascribed to the variation of the crystal field as the energy of this transition in
the d3 electronic configuration is independent of the crystal field effects [71]. It
depends more on the covalency or iconicity of the Mn4þ-ligand bonding in the host.
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If the 2Eg /
4A2g emission energy is above 15,000 cm�1, then the host is considered

as ionic, and if this energy value is below 15,000 cm�1, then the host is considered as
covalent. This feature of Mn4þ allows its application as a trustworthy indicator to
determine the ionic or covalent nature of a host. Mn4þ ions are most commonly doped
in oxides and fluorides for obtaining red-emitting LED phosphors. Oxides prove to be
more thermally and chemically stable hosts for Mn4þ as compared to fluorides. It is
proved that Mn4þ ions can stably exist only in an octahedral site of the host lattice
[76]. In most of the cases, the nearest six neighbors of the Mn4þ-octahedral site
form a distorted octahedron around Mn4þ ions. Mn4þ ions show a distinct 2Eg /

4A2g
transition in the crystal field that is octahedrally symmetric and this transition corre-
sponds to deep red luminescence with narrow-band emission peaks in the range
600e750 nm with high quantum efficiency [77e82]. Although the emission peaks
corresponding to 2Eg /

4A2g transition is spin forbidden, their excitation peaks lying
in the near-UV region and the blue region correspond to the spin-allowed 4A2g /

4T2g

and 4A2g /
4T1g transitions, respectively. The excitation peaks are broad and can be

easily excited by InGaN chips [80,83,84]. This is a noteworthy feature required for a
phosphor to be used in pc-LEDs. However, the main difficulty lies in controlling the
valence state of Mn ions that are doped in the host material. Mn can exist in 2þ, 3þ,
4þ, 6þ, and 7þ oxidation states, and the synthesis temperature has a huge effect on
the occurrence of a particular valence state of Mn ions [72]. Mn4þ emission is tuned
depending on the host material in which it is doped. When the host material is highly
ionic, as in the case of fluorides, the prominent emission peak is obtained in the range
600e630 nm [78,82,85e89]. A number of complex alkaline metal fluorides have been
reported to be excellent host materials for Mn4þ doping. Jiang et al. have synthesized
the hexagonal phase of BaSiF6:Mn4þ phosphors by the hydrothermal method [85]. Its
room temperature emission spectrum consists of narrow-band peaks at 615 nm, 632
nm, and 648 nm, with an exceptionally intense and prominent peak at 632 nm. The
peak at 615 nm gradually disappears when the emission spectrum is measured at
78 K and this peak has been associated with the anti-Stokes vibronic sidebands related
to the excited state 2E of Mn4þ ions [85]. On the other hand, the prominent emission
band is obtained in the range 630e700 nm when the host material is covalent, as in the
case of oxides [73,74,80e82,90]. The crystal field effect is found to strongly affect the
luminescence of Mn4þ ions doped in oxides such as Sr4Al14O25, Ba2GdNbO6, and
Mg7Ga2GeO12 [73,80,81,90,91]. Mn2þ is also likely to show red luminescence in
some cases. Different from Mn4þ, a broad emission band is obtained for Mn2þ-doped
phosphors [92,93].

Another form of manganese showing photoluminescence properties is in its þ2
state (Mn2þ). Mn2þ ion possesses five electrons in the unfilled 3d shell. The orbital
singlet 6A1 state forms the ground state for Mn2þ, and it is not split by the crystal field.
However, under a strong crystal field, the spin-sextet 6A1 does not remain the ground
state and instead, spin-doublet 2T2 becomes the ground state. Mn2þ ions can substitute
either an octahedrally-coordinated site or a tetrahedrally-coordinated site. In both
cases, Mn2þ shows the spin-forbidden 4T1 /

6A1 transition. However, the emission
color for this ded transition is found to vary depending on the strength of the crystal
field. When the crystal field strength is stronger, the Mn2þ-emission occurs in the
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orange to red region. On the contrary, green emission is observed when the crystal field
strength is weak. In general, an octahedrally coordinated site is found to experience a
much stronger crystal field as compared to a tetrahedrally coordinated site. Hence,
octahedrally coordinated Mn2þ often shows red emission, while the tetrahedrally co-
ordinated Mn2þ shows green emission. Nevertheless, Mn2þ suffers from the fact that it
has weak narrow excitation bands in the 400e520 nm range and hence, is incapable to
show an efficient green or red emission unless it is sensitized by Eu2þ or Ce3þ ions
[70,94e97].

Cr3þ ions also produce luminescence in the red or near-infrared (NIR) region
[98,99]. Although these ions are mostly investigated for solid-state lasers, they are
sometimes considered as a potential luminescent ion for preparing phosphors for
NIR-LEDs [100,101]. Cr3þ ions share the same electronic configuration as that of
Mn4þ, that is, d3 configuration. The 4F level of Cr3þ undergoes crystal field splitting
at the octahedral site into 4A2,

4T2, and
4T1 states. The

4A2 state forms the ground state
for Cr3þ. The 4P level remains unsplit by the octahedral crystal field and it transforms
into another 4T1 state. Thus, two 4T1 states are existing in Cr3þ. The spin-allowed
4A2 /

4T2 and
4A2 /

4T1 give rise to two broad absorption bands in the visible re-
gion. Generally, Cr3þ ions occupy sites with octahedral coordination. When Cr3þ ions
occupy weak crystal field sites, 4T2 /

4A2 transition is observed in the form of broad
emission bands. On the contrary, 2E/ 4A2 transition is observed in the form of sharp
emission lines when the Cr3þ ions occupy strong crystal field sites [102].

Other non-rare-earth activated phosphors were discovered and have attracted much
attention in the field of energy-efficient LED lighting. For instance, Bi3þ, when mixed
into different matrix materials, can realize multiple luminescence intensities ranging
from 400 to 700 nm [103]. Bismuth is one of the posttransition metals, which are el-
ements situated on the periodic table between the transition metals and metalloids. The
tunable emission results from the susceptibility of bismuth naked 6s electrons to the
crystal field surrounding Bi3þ. The multitude of bismuth states complicates, but en-
riches, the luminescence possibilities from bismuth-activated materials that exhibit
emissions from the ultraviolet to the infrared. The outer orbitals responsible for lumi-
nescence are unshielded and strongly influenced by the surrounding environment so
that their energies are host dependent [104,105].

1.5 Historical background

1.5.1 The advent of light

Light is one of themost essential requirements for the existence of light on earth. Light has
triggered the cycle of the ecosystem that enabled plants to synthesize their food and also
provide food for other living organisms in the environment. The very first light rays orig-
inated from the big bang explosion that occurred almost 14 billion years ago. The explo-
sion led to the formation of an infinite dense universe in a very hot state that began to
expand over time. The continued process of expansion is still ongoing, and this has
tremendously lowered the temperature and density of the universe. The light that emerged
from the big bang explosion was the first light that existed in the universe. This light is
present in the universe as cosmic background radiation and is filled throughout the
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universe. At the time of big bang, the light emerged as a visible light that slowly shifted to
microwave radiationwith time [106].Thus, the cosmic background radiation is now invis-
ible to the human eye. The ever-expanding universe gave birth to several galaxies, and
each galaxy is formed by numerous stars. The stars themselves are a source of light.
The nuclear fusionof hydrogen atoms on the surface of a star produces both heat and light.
In the galaxies, some planets revolve around a star and they are collectively termed as the
solar system. In our solar system, the sun forms the core around which planets revolve.
The earth is the only existing planet in this solar system that has life on it. The sun, being
a star, also produces heat and light through the nuclear fusion of four hydrogen atoms to
form a helium nucleus. At present, the sun is themost powerful source of natural light that
is available on the earth. Sunlight is utilized by bothflora and fauna, equally.Mankind has
always depended on sunlight for their day-to-day life. However, sunlight is available only
during the daytime and the night is often left in darkness. At times, the moon shines its
light on earth. But, this source of light cannot be reliable in every night. The waxing
and waning cycles disable the moon to provide a consistently bright light on earth. The
amount of sunlight received on the earth is also not the same everywhere. A tremendous
amount of sunlight is received in the regions covering the equator and the surrounding
areas. However, there are several areas on earth, such as the polar regions, that receive
a deficient amount of sunlight. The circumstances led humans to think for an alternative
source of light that could shine both in the day and night and also provide light in the areas
where sunlight is scarce. Many of the artificial light sources were discovered or invented
accidently.However,with time, these sources developed intomorepromising alternatives
that could even surpass the naturally available sunlight. The artificial light sources are
classified into four generations on the basis of their working principles. The subsequent
subsections shall be giving a brief introduction to the different generations of lighting
thatman has developed and utilized over time. Fig. 1.4 shows the classification of lighting
technologies into four generations.

1.5.2 The first generation of lighting

The earliest form of lighting came in the form of fire torches. The torch was a log of
wood that was wrapped with pieces of rag and immersed in some flammable liquid.

First
generation

Second
generation

Third
generation

Fourth
generation

Transition of light technologies

Figure 1.4 Different phases of lighting technologies classified into four generations.
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This enabled the log of wood to carry fire for a prolonged period. The fire itself was an
accidental discovery by the Homo Erectus at around 1.5 million years ago [107].
Although several mysteries and theories are surrounding the origin of the fire, it is
widely believed that lightning struck on a tree or a bush brought out the idea about
the fire in humans. Man started creating fire by rubbing flint stones or dry twigs. He
used this fire to set up campfires to obtain warmth and light in cold chilling nights.
Soon it was realized that fire can be used to cook food and also keep the wild animals
at bay. They started using campfires to protect themselves and their family by fright-
ening off these animals. While roaming around the forest, man used fire torches to
lighten their path. When he started building houses, he found that campfires cannot
be used to eliminate darkness from their homes. These houses were mainly constructed
from logs of wood and hence, there was a risk of houses catching fire if campfires are
set inside their homes. To make it possible for holding the fire inside houses without
posing any hazard to their dwelling, man developed lamps from clay. He started using
oils and fats as fuel for the fire to burn in these lamps. The biggest advantage of oil
lamps was that these gave out a controllable flame and were much smaller in size.
The very first oil lamps were made at around 70,000 BCE. Hollow stones and shells
were filled with moss that was soaked with animal fats to ignite the fire. With the
advancement of mankind, stones were replaced by metals and the lamps began to
gain shape in the molds instead of pottery wheels. Lamps were mainly fueled by
oils extracted from nuts and seeds. Nuts such as almonds, walnuts, and seeds such
as castor, sesame, flax, and olive were preferred for their oil. Oil lamps were also
ignited using animal fats such as whale blubber, shark liver, fish oil, bee wax, and but-
ter. The earliest oil lamps appeared like an open dish that could hold the oil and a small
protruding to place the wick. An added advantage of oil lamps was its facile operation
and safety as compared to fire torches. In addition, oil lamps left very less residue after
burning and are often reusable to a large number of times. However, the tediousness of
placing the wick in the oil and frequently adjusting the wick’s position inspired the
Romans to invent candles at around 500 BCE. Candles are designed in such a way
that a long wick is enclosed inside a cylindrically-shaped wax- covering. This design
ensured that the wick will automatically burn to its end without any manual
adjustment.

By the end of the 18th century, ancient forms of oil lamps were rapidly replaced by
Argand lamps. These lamps were much brighter than the earlier used lamps and pro-
duced lumens equivalent to that produced by six candles. These lamps carried a sleeve-
shaped wick mounted in such a way that air can steadily flow through the center and
around the wick toward the cylindrical chimney. This ensured that the flame burned
steadily and brightly. Argand lamps were fueled by olive oil, seal oil, whale oil, or
vegetable oil. The fuel reservoir is mounted above the burner, and the fuel supply
was achieved by means of gravity feed. As the vegetable oil was too heavy to rise
to the wick, it was essential to keep the oil reservoir above the burner. This also proved
to be a disadvantage as the lamps became very heavy and expensive than the primitive
oil lamps. By the middle of the 19th century, kerosene lamps started gaining popularity
and soon replaced the expensive Argand lamps. In those days, kerosene was a cheaper
fuel than vegetable oil and the low viscosity of kerosene enabled it to quickly rise
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towards the wick in the lamp. Kerosene lamps are the simplest, but best among the oil
lamps. Still, there are several parts of the world where electricity is still a myth or non-
affordable and people resort to kerosene lamps for lighting.

1.5.3 The second generation of lighting

With the advent of electricity, the use of oil lamps gradually decreased. In the second
quarter of the 19th century, lamps based on electricity started showing up. The very
first electricity-driven lighting came in the form of gas discharge lamps in the early
18th century. Francis Hauksbee was the first to demonstrate the working principle
of the gas discharge lamp in 1705. Inside a partially evacuated gas globe, he placed
a small amount of mercury and supplied static electricity to it. These efforts produced
light that was bright enough to let a person read using it. Later on, Vasily V. Petrov
described the principle of electric arc lamps in 1802 and at the same time, Sir Humphry
Davy successfully demonstrated its working more convincingly. Sir Humphry Davy is
credited with the invention of carbon arc lamps in the early 19th century. He made use
of the charcoal sticks and a two-thousand-cell battery to create an arc across a 10-cm
gap. Carbon arc lamps are considered as the first electric light with practical applica-
tions. It marked its entry into commercial lighting for streets and buildings from the
mid-19th century to the early 20th century, until its replacement by more advanced
incandescent bulbs. Since its inception in the lighting industry, many variants of
gas-discharge lamps have come into existence. In 1857, Heinrich Geissler constructed
the Geissler tubes that comprised colorful artistic cold-cathode tubes filled with
different gases. These tubes were found to glow with different colors. Heinrich Geiss-
ler, a German glassblower, is considered as the father of low-pressure gas-discharge
lamps. Inert gases such as xenon, krypton, argon, and neon as well as carbon dioxide
were found to be suitable for Geissler tubes.

When several inventors were busy improving the gas-discharge lamps and arc
lamps, there were some others who were working on the development of electric bulbs
working on the principle of incandescence. Although Thomas Alva Edison is credited
with the successful invention of incandescent bulbs, there was a long chain of struggles
by many scientists who laid stepping stones for the invention. At about 1802,
Humphry Davy again marked the beginning of the incandescent lamps by reporting
a glow from a platinum strip on passing an electric current through it. The glow did
not last for long but laid the foundation for the future of electric bulbs working on
incandescence. The experiments on incandescence were performed with platinum
and iridium for the next 70 years. Frederick de Moleyns made use of an evacuated
glass bulb in which a platinum filament was kept. His experiment was partially suc-
cessful but faced issues like the blackening of the bulb that caused the blocking of
the light output. The issue related to the blackening of the bulb can be sorted out by
making proper vacuum inside the glass bulb. In addition, there was a need to replace
the expensive platinum and iridium wire strips by some easily available and cheap ma-
terial. Electric bulbs lasting with a more reasonable number of hours were developed
by Thomas Edison and Joseph Swan independently. Joseph Swan made use of the
carbonized paper filament in a partial vacuum bulb to produce light with lesser success.
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On the other hand, Edison figured out a way to develop a complete vacuum inside the
bulb and managed to place a carbonized sewing thread as filament inside the bulb. He
used a mercury vacuum pump created by Hermann Sprengel, and this proved to be
highly effective in creating a vacuum inside the bulb. His success with the experiment
led to the commercialization of the incandescence bulbs for general lighting. Edison
further improved the lamp’s working life by introducing the carbonized bamboo strips
as filaments. Larger pieces of bamboo were cut into small square-shaped filaments and
directly electroplated them to the lead in wires. This way the high costs for platinum
clamps were also avoided. He also considered using carbon paste as an adhesive be-
tween bamboo and lead in wires. Filaments made of cellulose were also used by Joseph
Swan, while Edison continued with the use of bamboo filaments. In 1902, tantalum
filaments were started being used due to its superior properties than all other existing
filaments. Tantalum was also the first metal to be used as filaments. Most metals failed
to show incandescence when heated and got destroyed very easily. On the other hand,
tantalum has a very high melting point and presented a sustainable performance
without getting damaged. Tantalum continued its reign until the ductile tungsten
gained popularity. Tantalum filament-based bulbs exhibit greater brightness with
lower energy consumption. In 1904, Austro-Hungarian inventors Alexander Just
and Franjo Hanaman developed sintered tungsten filaments that enhanced the effi-
ciency of the bulb to a very large extent. However, this tungsten filament failed to
find a practical application due to its brittleness. In 1908, ductile tungsten was devel-
oped by William Coolidge and this revolutionized the future of incandescent bulbs.
Ductile tungsten filaments were efficient, durable, and long lasting. Ductile tungsten
filaments started gaining popularity soon after its development and by 1911, almost
every incandescent bulb came up with a ductile tungsten filament. The ductile
tungsten-based incandescent bulbs continued to rule till the end of the 20th century
till its phasing-out and the arrival of fluorescent lamps.

1.5.4 The third generation of lighting

Before the phasing-out of the incandescent bulbs, the third generation of lighting also
started showing up. This era was completely dominated by the fluorescent lamps (FL)
and compact fluorescent lamps (CFLs). However, the idea for fluorescence lamps was
visualized much earlier in the mid-19th century. Alexander Becquerel, a French Phys-
icist, studied the phenomena of fluorescence and phosphorescence and put forward the
idea of constructing the fluorescent tubes in 1887. He applied a coating of luminescent
materials on the electric discharge tubes and observed fluorescence from them.
Although this setup has a short operating life and poor efficiency, it was known to
be the prototype of the modern fluorescent lamps. Still, it took almost three decades
to get a complete design of fluorescent lamps that could be brought for commercial
applications.

The idea of fluorescent lamps was taken to a further step by Nikola Tesla and Thomas
Edison separately. In 1893, Tesla became the first to demonstrate his electrodeless in-
duction lamp that was coated with greenish phosphors. Although this design seemed
to be different from the modern fluorescent lamps, it inspired the development of
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modern induction lamps to a great extent. However, the high-frequency ballasts used in
modern fluorescent lamps is a successor to those used in Tesla’s lamp. On the parallel,
Edison observed luminescence from calcium tungstate phosphors coated inside a glass
tube by passing X-rays through it. This lamp showed unpleasant color with a short life.
However, Edison soon abandoned his work on this lamp after one of his colleagues fell
ill and died due to exposure of X-rays. In 1894, Daniel McFarlane Moore developed a
lamp that consisted of carbon dioxide and nitrogen gas-filled tubes of 5-cm diameter and
2-m length. These lamps were called Moore lamps and showed much greater efficiency
than the early incandescent bulbs. However, the enormous size, massive expense, and
difficulty in its installation led to very early extinction of Moore lamps from the market.
In 1901, Peter Cooper Hewitt created the first commercial mercury-vapor lamp oper-
ating at a lower voltage. This is considered as the foundation for the development of
modern fluorescent lamps. His lamp emitted a bluish-green color, which was unpleasant
and nonsuitable for practical applications despite its superior efficiency. However, the
combination of electrodes and ballasts used in this lamp was later employed for fluores-
cent lamps too. In 1915, Georges Claude developed the neon lamp, which is a simple
version of the fluorescent lamp with neon and argon gases inside the glass tube. How-
ever, the breakthrough came in the year 1926, when Edmund Germer and his coworkers
successfully coated phosphors inside the glass tube and utilized the UV rays from the
mercury vapor lamp to excite the phosphor for obtaining light suitable for lighting.
The General Electric (GE) company bought the patent rights for Germer’s lamp and
started working on it to make it viable in the market. In 1934, George Inman of the
GE Company along with his coworkers brought about several modifications and im-
provements in the lamp. By 1938, GE Company started selling the fully developed fluo-
rescent lamps in the market. During World War II, the demand for lighting increased,
and thereby the production of long-tube-like fluorescent lamp fixtures rapidly increased.
During the oil crisis in the early 1970s, there were attempts made by the major manu-
facturers to shrink the size of fluorescent lamps to make it more convenient for house-
hold lighting. This ultimately led to the development of CFLs by Edward Hammer in
1976. Philips, a major manufacturing company for lighting, was the first to develop elec-
tronic ballasts for CFL. They also started using rare-earth-activated phosphor coatings to
provide a warm white color hue to the lighting. Soon CFLs became popular in the com-
mercial market. With the rising popularity of CFLs, the 21st century witnessed a huge
surge of CFLs in the market and a noteworthy reduction in its cost. There was a small
time gap when the rare-earth supplies were globally hit by the crisis and this affected the
CFL prices to go up for a short duration. The reign of fluorescent lamps and CFLs
continued until consumers became aware of the environmental and health hazards
arising from the mercury vapor/waste due to improper disposal of these lamps [108].
This also paved the way for the more advanced and energy-efficient fourth generation
of lighting.

1.5.5 The fourth generation of lighting

The past few decades witnessed a major revolution in the lighting industry with the
advent of LEDs. The development of LEDs did not occur in a single night, but it
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took the hardships of several decades to expand its wings in the lighting industry. The
scientific society slowly garnered all the necessary ingredients to pave way for the
most economic, energy-efficient, and incredible form of artificial lighting. All these
started with the breakthrough discovery of EL by Henry Joseph Round, an English en-
gineer by profession, in the year 1907 [109]. He observed yellow emission from a
piece of silicon carbide (SiC) through a cat’s whisker detector on passing an electric
current through SiC. Nevertheless, working with SiC seemed to be very difficult in
those days and the observed yellow light appeared to be very dim to observe. This
compelled to cease any further research on electroluminescence from SiC. Later on,
Oleg Vladimirovich Losev, a Russian scientist, reported several articles in Russian,
English, and German journals regarding the invention of LEDs in 1927 [110]. He
anticipated a reverse effect of Einstein’s photoelectric effect that may be leading to
his observations. However, his work did not produce any practical applications and
it remained shelved for several years. Numerous experiments were carried out on
zinc sulfide with several dopants in the late 1920se1940s. In 1936, George Destriau,
a French physicist, discovered electroluminescence from zinc sulfide crystals that were
doped with copper ions [111]. He applied a strong alternating electric field to the
samples that were suspended in castor oil between two mica platelets. However, these
materials also proved less worthy due to their low light output and this fact diminished
the curiosity among the researchers to undertake further research on these materials.

Till the dawn of 1950, SiC and the semiconductors belonging to IIeIV groups were
the most researched materials for electroluminescence. The new era of LED technol-
ogy and its modernization was marked by the arrival of group IIIeV semiconductors.
Rubin Braunstein, an American physicist, claimed that diodes made from semicon-
ductor alloys such as GaAs, SiGe, GaSb, and InP could produce infrared emissions [2].

In 1961, while working in the Texas Instruments, James Biard and Gary Pittman
observed the emission of infrared light from GaAs on passing an electric current
through it. Based on their findings, they received a patent on 8th August 1962.
Following this, Texas Instruments began to manufacture the infrared emitting diodes
that carried a pure GaAs crystal. Such diodes exhibited an emission at 900 nm wave-
length. A new milestone in the history of LEDs came with the discovery of the first
visible LEDs in the year 1962. Nick Holonyak Jr. developed an LED that showed
red-light emission while he was working as a consulting scientist in General Electric
Company [112]. He reported on the coherent visible red-light emission from the
GaAsP junctions and was later titled as the “Father of the Light Emitting Diode.”
His discovery was published in the first volume of Applied Physics Letters; his paper
was co-authored by S.F. Bevacqua. His devices worked as LEDs and emitted visible
light at room temperatures although a coherent emission was observed only at low
temperatures. He had used vapor-phase epitaxial growth of GaAsP over GaAs sub-
strates, a method well suited for the large-scale growth of wafers.

The Monsanto Company was the first organization to start the commercial
manufacturing of visible red LEDs using GaAsP in 1968. Until 1968, the visible
and infrared LEDs were not at all affordable, and each unit costed around US$200,
thereby, limiting its practical use in the commercial market [2]. However, a new era
of solid-state lighting started with the low-cost production of LEDs based on GaAsP
pen junctions grown on GaAs substrates in the factory set up by the Monsanto
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Company in 1968. This initiated the replacement of the incandescent and neon indica-
tor lamps with the LEDs wherever it was possible. The Monsanto Company collabo-
rated with HewlettePackard (HP) Corporation to produce LED and LED displays
from GaAsP. HP was supposed to manufacture the LEDs and the Monsanto Company
was expected to supply the GaAsP raw material. However, HP felt the inadequacy of
depending on a single source of GaAsP material for producing LEDs and backed out
from their ties with the Monsanto Company. Later, HP started growing its GaAsP
material.

The market emerged with major advances in the seven-segment numeric displays,
indicator lamps, and the more advanced alphanumeric displays. In 1972, M. George
Craford invented the first yellow LED that had employed an n-doped GaAsP active
region grown on a GaAs substrate. He achieved improved brightness in red and
orange-red LEDs that increased by a factor of 10. He was formerly a graduate student
of Holonyak. His initial days in business went in the Monsanto Company where he
managed all the optoelectronic research until the company sold it off in 1979. Later
on, he joined HP and led its research in the LEDs. He soon became the key innovator
in the research [113].

Ralph Logan et al. reported their pioneer work on the manufacture of GaP-based
green and red LEDs with high efficiency [114]. They grew an n-type GaP layer
onto ZnO-doped GaP wafers that were polished out of large solution grown wafers
to form junctions. This team discovered the process for manufacturing this novel ma-
terial while they were working in AT&T Bell Laboratories in Murray Hill, NJ, in the
early 1960s. The Bell Laboratories decided to manufacture these LEDs at its facility in
Reading, PA. N-doped GaP, which gave a green emission and ZnO-doped GaP, which
gave a red emission proved to be equally bright, efficient, and useful.

In 1987, a research team in Eastman Kodak demonstrated devices with appropri-
ately low operation voltages and attractive electroluminescence efficiencies by exploit-
ing suitable small-molecule materials and structures by using two-layer organic LEDs
[115]. In 1990, a Cambridge research team reported the polymer-based LEDs [116].

The first high-brightness blue LED was demonstrated by Shuji Nakamura of Nichia
Corporation in 1994 and was based on InGaN [117]. Critical developments in GaN
nucleation on sapphire substrates and the p-type doping of GaN were demonstrated
by Isamu Akasaki and Hiroshi Amano [118]. The trio of Shuji Nakamura, Isamu Aka-
saki, and Hiroshi Amano received the 2014 Nobel Prize in Physics for their
outstanding invention that led to the development of WLEDs. Until then, WLEDs suf-
fered due to the missing blue LED that was indeed necessary to obtain white light by
mixing red, green, and blue light. In 2015, a group of German scientists came up with a
prototype of bio-LEDs, which are hybrid devices that utilized the blue LEDs to excite
protein rubbers to emit red/green/white light. The luminescent proteins are introduced
into a polymer matrix to produce luminescent rubber, which is then packaged with a
UV-LED or a Blue-LED. At about the same time, halide perovskites started gaining
attention for their luminescent properties. In 2014, the first organometal halide
perovskite LED with an ITO/PEDOT:PSS/CH3NH3PbBr3/F8/Ca/Ag structure was
demonstrated [119]. These innovations are still in their early stages and further devel-
opments are required before considering them to build commercial LEDs.
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1.6 Conclusions

The evolution of lighting technologies, since time immemorial, has witnessed several
challenges and efforts to meet the requirements of mankind. Each time, the lacunas left
out by the existing light source were filled up by the newer technology and this led to
the phasing-out of the reign of the first three generations of a light source to a great
extent. At present, the lighting industries are ruled by LED luminaires and this will
continue to exist for a long time until an innovation strikes the world with its superior
efficiency and durability.
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Fundamentals of LEDs 2
2.1 Overview of LEDs

Light-based technologies gained lots of recognition from all over the world, consid-
ering their importance for the future development of the global society on countless
levels. This also led to the celebration of the International Year of Light in 2015. The
global bodies have stressed on the awareness of science and technologies affiliated to
light for addressing challenges such as sustainable development, energy and
community health, as well as for improving the quality of life. Light-based technol-
ogies have been considered vital for the existing and future advances in energy,
medicine, information and communications, fiber optics, agriculture, mining,
astronomy, architecture, archaeology, entertainment, art, and culture, as well as
many other industries and services. Ramifications were significant in introducing
many advances in this technology. Currently, the most significant and popular
devices among the light-based technologies are the light-emitting diodes (LEDs)
that provide direct conversion of electrical energy into light. It is foreseen as the ul-
timate lamp in the future surpassing all other conventional sources that have proven
their inefficiency in maximum conversion of electrical energy into light [1]. The
improving performance of LEDs, since 1984, showed sustainable progress in the
lighting systems from red-only LED arrays to high density, multicolor LED
chip-on-board technologies. The development of blue-green LEDs based on
aluminum gallium indium nitride (AlGaInN) in the early 1990s led to progress in
the industries related to lighting and display devices due to the availability of low-
voltage light sources in all the three primary colors (red, green, and blue) that helped
in the direct penetration into multibillion-dollar markets in indoor agricultural
production as well as medical treatment and phototherapy. Solid-state lighting is
based on the LEDs that are pen junction semiconductor chips forward-biased to
emit light. Their emission wavelength immensely depends on the composition of
the semiconductor chip and the forward bias voltage. GaN [2,3], InGaN [4,5],
AlGaN [6,7], and AlInGaP [8] were some of the LED chips that have been used
to produce different wavelengths of emission. However, there is a limit to the
wavelength range covered by such semiconductor chips. To conquer the pitfalls
accompanied by these LED chips and to provide a better spectrum of light emission,
down-converting phosphors and quantum dots were introduced into the field. The
quest for the improvement did not end here and it continued with the involvement
of organic and biological materials in LED devices. This further enhanced the
efficiency levels of LEDs but not without compromising on the device stability.
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More recently, LEDs with a combination of organiceinorganic perovskite materials
is being explored, and it is assumed to conquer the commercial markets after its
shortcomings are addressed and eliminated.

2.2 Merits and opportunities

Although LEDs are the latest entrants in the field of lighting, they have strongly sur-
passed other artificial light sources with their attractive and magnificent features. They
are inherited with loads of merits and are promising candidates to future’s low budget
scheme on lighting. LEDs produce more lumens per watt than the incandescent bulbs
can do; this makes it viable in battery-powered or energy-saving devices. LEDs can
emit light of an intended color without the use of color filters that traditional lighting
methods require, which proves to be more efficient and can lower the initial costs. The
solid package of the LED can be designed to focus its light. Incandescent and fluores-
cent sources often require an external reflector to collect light and direct it in a useable
manner. When used in applications where dimming is required, LEDs do not change
their color tint as the current passing through them is lowered, unlike incandescent
lamps, which turn yellow. LEDs are ideal for use in applications that are subject to
frequent oneoff cycling, unlike fluorescent lamps that burn out more quickly when
cycled frequently, or high-intensity discharge (HID) lamps that require a long time
before restarting. LEDs, being solid-state components, are difficult to damage with
external shock. Fluorescent and incandescent bulbs are easily broken if subjected to
external shock. LEDs can have a relatively long useful life. Reports estimate
100,000 hours of life for an LED lamp as compared to 10,000 hours of a fluorescent
lamp or 1000 hours of an incandescent lamp. Even after completing its stipulated
working hours, LED lamps continue to illuminate but at a lower intensity. Their
long lifespan make them highly reliable. They do not require any type of maintenance
throughout their lifetime. LEDs mostly fail by dimming over time, rather than the
abrupt burn-out as found in the incandescent or HID bulbs. This provides extra safety
for any area illuminated by LEDs. Even if the LEDs dim over time, they never fail
completely like HID sources before their stipulated lifespan. LEDs need to be replaced
only after they reach 30% lumen depreciation. It normally takes 17e20 years for qual-
ity LEDs to reach this stage of depreciation. LEDs light up very quickly. They do not
need a starter or a ballast to start its operation. Being low-voltage electronic compo-
nents with simple mechanism, they are easily operated with simple and cheap solu-
tions. They are very efficient even in harsh conditions. A typical red indicator LED
will achieve full brightness in microseconds. LEDs used in communication devices
can have even faster response times. LEDs can be very small and are easily populated
onto printed circuit boards. LEDs operate in weak-current electrical and electronic
systems at low input voltage and are potentially safe to use. LEDs do not contain mer-
cury, unlike compact fluorescent lamps, and hence, are stated as environment-friendly.
They are featured with the absence of harmful ultraviolet and infrared emissions,
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minimum heat emission, and nonbreakable glass tubes. They are mechanically robust
and resistant to vibrations and impact. They are moisture-resistant electronic compo-
nents able to operate at high humidity with no change in the operating parameters. Low
power consumption reduces the load on power stations that in turn reduces harmful
emissions in the atmosphere, and this acts as a prerequisite for mitigation of the global
greenhouse effect. Their features indirectly benefit the global environment, and they
are fully recyclable. Another important advantage is that LEDs are available in
many colors and they do not need any type of filter to sort out different colors.
Different combinations between monochrome LEDs can emit light with adjustable
color, including white. LED luminaires can produce light in the entire color tempera-
ture range including those that are unachievable by conventional lamps. They emit
light with constant temperature regardless of the intensity. Various LED bodies allow
varied spatial distribution of illumination that may be either uniform distribution in all
directions or concentrated into a narrow shaft of light. As opposed to conventional
lights, there are no complex mirror lenses and reflector structures leading to loss of
light. In addition, their miniature size allows for very compact light sources with
low material consumption and aesthetic lighting fixtures. The volume of the emitting
zone of the powerful white LED is several thousand times smaller than that of conven-
tional lamps. Due to the low operating temperature and the nature of the materials
employed, LEDs are found to be fire-safe.

2.3 Considerations while using LEDs

LEDs must satisfy some basic requirements before considering their commercializa-
tion in the global market. The materials needed to fabricate LEDs must be checked
for their safety and their effects on human health. A large number of LED devices
are checked for their quality and passed as safe for use under normal conditions.
Different from fluorescent lamps, LEDs do not contain mercury and hence, are safer
to use. However, some other elements such as copper, lead, and arsenic must be main-
tained below the regulatory limits laid down by the global bodies. LED phosphors
must exhibit an overlapping between their excitation spectra and the emission spectra.
Generally, emission spectra are in the region 420e490 nm and 360e400 nm for blue
LED and near UV LED, respectively. LEDs must have their emission spectra in the
green and red region for blue LED, whereas for near UV LED the emission spectra
must lie in the red, green, and blue region. High quantum efficiency must be exhibited
by phosphors for their use in LED. They must maintain their luminescence efficiency
while working at differing temperatures. For this purpose, phosphors must have a very
high thermal quenching temperature. They must be physically and chemically stable
during the fabrication of LEDs. Their color rendering index (CRI) must not be less
than 80.
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2.4 Semiconductor physics of LEDs

The very first LEDs that were introduced to the world were nothing but semiconductor
diodes capable of emitting light as a result of the passage of an electric current through
it. More specifically, LEDs are photonic devices that carry out the conversion of elec-
trical energy into optical radiation. Technically, they are pen junction diodes that
operates in the forward-biased condition. Generally, pen junction diodes are
constructed using silicon (Si) or germanium (Ge) as they permit the efficient flow of
electric current through them without causing any damage to themselves and they
are less sensitive to temperature. Such pure semiconductors are called intrinsic semi-
conductors. The doping of trivalent impurity ions such as boron, gallium, or aluminum
into an intrinsic semiconductor leads to the formation of a p-type semiconductor, while
the doping of pentavalent impurity ions like phosphorus, arsenic, antimony, or bismuth
into an intrinsic semiconductor leads to the formation of an n-type semiconductor.
However, Si- and Ge-based semiconductors are unable to convert electrical energy
into light; rather they convert them into heat. In addition, these materials have an
indirect energy gap that results in poor efficiencies. Hence, Si and Ge are totally
ignored in the construction of LEDs. Soon, direct energy gap materials like GaAs
came to the limelight for their higher quantum efficiencies and were used in the fabri-
cation of LEDs [9]. Thereafter, advancements in research made it possible to produce
efficient electroluminescence from indirect energy gap materials such as GaP, GaAsP,
and AlGaP. The breakthrough moment in the LED industry came with the invention of
InGaN chips that made it possible to cover the blue region of the electromagnetic spec-
trum [10]. The subsequent chapter 3 shall give a detailed description of the semicon-
ductor materials for LEDs. In this section, we shall limit ourselves to a brief discussion
on the general construction and working of semiconductor LEDs.

2.4.1 General construction

Although the basic structure of an LED is similar to a pen junction diode, the con-
struction of an LED is quite different from a normal diode. A schematic representation
of an LED structure can be seen in Fig. 2.1(a). The symbolic representation of an LED
in electronic circuits is given in Fig. 2.1(b). The semiconductor die consists of three
different layers that are deposited on the substrate. The top layer is the p-type region;
the midlayer is the active region, while the bottom layer is the n-type region. The
p-type and n-type regions have holes and electrons, respectively, whereas the active
region has both of these charge carriers. The anode is connected from the bottom of
the substrate, while the cathode is connected to the top surface of the p-layer using
a wire bond. The semiconductor die is rested on the anvil that connects the die with
the anode. There is a reflector cup attached beneath the die to reflect all possible light
toward the top. The whole setup is surrounded by a hemispherical-shaped transparent
casing made up of hard plastic epoxy resin, which acts as a shielding to protect the
LED from any shocks or vibrations and other effects from the surrounding. It is crucial
for the encapsulating resin to possess a high refractive index, optical transparency,
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temperature stability, and chemical inertness and to be airtight. The top portion of the
casing is designed in such a way that the light reflected away from the reflector cup is
focused by the dome-shaped lens to give maximum brightness. Some LEDs bear a
cylindrical or rectangular casing with a flat-surfaced top. From the bottom of the
casing, two electrodes are seen protruding from inside. These electrodes represent
the cathode and anode terminals of the LED. LEDs will work only if it is forward
biased, and hence, it is essential to identify the electrodes accurately before installing
LEDs into a circuit. Consequently, in most cases, the anodes are found to be a bit
longer than the cathode terminal to make a distinction between them. Sometimes,
a notch or a flat spot is also provided on the cathode terminal. In high-power LEDs,
a thermal sink is also provided for the heat dissipation.

2.4.2 Working principle

LEDs belong to the family of luminescent devices that works on the principle of elec-
troluminescence. Electroluminescence was discovered by H.J. Round in 1907 during
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Figure 2.1 (a) Schematic representation of an LED structure (Reproduced with permission from
Ref. [39], Copyright 2020, Elsevier B.V.). (b) Symbolic representation of an LED in electronic
circuits.
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his experiments on the passage of electric current through the contact of carborundum
[11]. For LEDs to exhibit electroluminescence, it is necessary to put them in forward-
biased condition, that is, the positive terminal of the battery should be connected to the
p-type region and the negative terminal to the n-type region. If the terminals are
connected vice versa, the diode will be set into the reverse-bias mode and will stop
functioning. In the forward-bias mode, the free holes from the p-region and the free
electrons from the n-region start flowing toward the pen junction. Although both
p-type and n-type regions are conducting, their junction is nonconductive. The region
near this junction is called the depletion region. The depletion region, also known as
the active region, is a nonconducting zone positioned between the p-type and n-type
regions, wherein the positively charged holes and the negatively charged electrons
attract and annihilate each other through a process known as recombination. The pos-
itive charge attracts the electrons from the n-type region towards the p-type region and
repels the holes from the p-type region towards the junction, while the negative charge
repels the electrons from the n-type region towards the junction. This results in the
narrowing of the depletion region and the potential barrier across the junction lowers
down, thereby enabling more electrons to cross the junction from the n-type to the
p-type region. The flow of electrons from the n-type to p-type region leaves behind
positively-charged holes in the n-type region, which then recombines with the avail-
able free electrons in the local region to give out emission of radiative energy. The
electrons that tunneled the potential barrier across the junction and traveled to the
p-type region also radiatively recombined with the holes. Most of the recombination
takes place in the depletion region itself. The crossing of the charge-carriers from their
respective regions to the other side increases as the width of the depletion region
reduces with the recombination of holes and electrons. The energy of the emitted
photon is a characteristic of the semiconducting material with which the diode is man-
ufactured and it depends upon the energy band gap of that material. The electrons hop
from hole to hole in the diode to maintain the flow of current through the circuit. A
pictorial representation of the working principle of an LED is shown in Fig. 2.2. If
the LED is forced into the reverse-bias mode, the photon energy stops radiating
from the LED. This is because the positive terminal connected to the n-type region
starts attracting all the electrons away from the junction, while the negative terminal
connected to the p-type region repels the electrons away from the junction towards
the n-type region and attracts the holes from the junction towards the p-type region.
This causes a rise in the barrier potential across the junction and the widening of
the depletion region.

2.5 Device fabrication

2.5.1 Substrate materials

The foremost phase in the development of an LED is distinguishing the vital mate-
rials required at various stages of fabrication. Before beginning the manufacturing
process, the most essential part is the selection of the substrate for deposition.
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For manufacturing an LED, the number of substrates is very few in options; espe-
cially for high-power GaN-based LEDs, the options are restricted between gallium
nitride (GaN), silicon carbide (SiC), sapphire, and silicon (Si).

GaN has gained huge recognition as one of the most promising materials for semi-
conductors with wide bandgap. It is especially known for its direct bandgap of 3.39 eV
at room temperature, which is favorable for applications in light-emitting devices such
as laser diodes and LEDs that emit ultraviolet, violet, and blue color emissions. In
1969, the first single-crystal film of GaN was reported by Maruska and Tietjen [12].
They made use of a vapor-phase growth technique to produce colorless GaN, which
was suitable for electrical and optical evaluation. Assuming that GaN will not decom-
pose at temperatures up to 600 �C, they limited the growth temperatures below 600 �C
to produce polycrystalline GaN. However, they soon raised the growth temperature
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from 600 to 850 �C after realizing that the decomposition would be suppressed by
growth in an ammonia environment. All these attempts led to the growth of n-type
GaN films although no intentional doping was introduced. The p-type GaN films
were almost impossible to obtain by these methods. Generally, single-crystalline
GaN is prepared by employing a homoepitaxial growth on GaN substrate or a hetero-
epitaxial growth on silicon/silicon carbide/sapphire substrate. However, there is a large
lattice mismatch and difference in the thermal expansion coefficients between the
gallium nitride and the sapphire substrate that created many obstacles in the production
of defect-free high-quality GaN films with a flat surface. The lattice mismatch results
in microscopic defects, known as threading dislocations, in GaN films that lead to an
undesirable decrease in the LED lifetime and luminosity. Under such circumstances,
the search for alternatives to sapphire substrate began. One such alternative was silicon
carbide (SiC) that has relatively close association with the crystal structure of gallium
nitride. Soon sapphires were replaced by SiC, and this led to a significant decrease in
the defect density and improved longevity as well as efficacy. However, the expenses
around the production of sapphire and silicon carbide substrates were tough to handle,
and their manufacture is critically challenging. It is quite difficult to meet the
high-profile demands and manufacture LEDs in massive numbers using sapphire or
silicon carbide substrates, unless measures are adopted to improve their product
consistency and quality in conjunction with larger diameters. One way to improve
the light extraction by reducing the epilayer defect densities is to create the patterning
of the substrate. Patterned sapphire substrates (PSS) involve nanoscale patterning of
the sapphire substrate surface. Such substrates provide better performance with
reduced cost and simplified manufacturing [13e15]. Mid- and low-power LEDs are
widely manufactured using these substrates for backlighting applications. However,
uncertainties still prevail over the performance achieved through PSS. With a vision
to reduce the manufacturing expenses, silicon substrates were brought forward. Silicon
is the mainstay of the semiconductor chip-fabrication industry. Unfortunately, there is
a mismatch between the crystal structures of silicon and GaN and, this case was found
to be worse than silicon carbide and sapphire substrates. In addition, silicon substrates
tend to reabsorb the emitted photons, which would have otherwise escaped from the
device and contributed to the overall luminosity of the LED.

All these drawbacks could be effectively minimized by introducing homoepitaxial
growth on GaN substrates. This would effectively eliminate any possibility of a lattice
mismatch between the epilayer and the substrate, thus, making way for simplified
epitaxial growth processes and device structures. An unsuccessful attempt was made
my Maruska to prepare a pen junction out of GaN by introducing Zn into it as a
dopant. Zn was heavily doped into GaN with an objective to produce p-type GaN.
However, heavy doping of Zn compelled the GaN films to turn insulators rather
than demonstrating p-type conduction. Zn forms an effective radiative center in
GaN that can emit blue light at 2.86 � 0.02 eV [3]. Zn acts a deep acceptor that makes
the GaN crystal insulating. There is a drastic change in the electronic concentration
with increasing Zn-concentration. This also results in the shifting of photoconductivity
peak to higher energies by about 70 meV and the disappearance of the sensitivity to
visible radiation [16]. Pankove et al. studied the optical properties of GaN thin film
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and reported an exponential rise in the absorption edge of GaN to a value of about
4 � 105 cm�1 at 3.5 eV at room temperature [2]. This suggested the existence of direct
optical transition and a high joint density of states in GaN. Blue electroluminescence
center at 475 nm was obtained from an assembly consisting of an insulated Zn-doped
layer connected with two surface probes in GaN [17]. The first current-injected GaN
light emitter was fabricated by Pankove et al. and it emitted blue and green light [18].
This assembly was a metaleinsulatoresemiconductor diode that consisted of an
undoped n-type layer, an insulating Zn-doped layer, and an indium surface contact.
Blue and violet electroluminescence was achieved from Mg-doped GaN films, which
were prepared by metalorganic halide vapor phase epitaxy technique [19]. Mg-doped
GaN films that were prepared by the low-energy electron-beam irradiation (LEEBI)
treatment were able to realize distinct p-type conduction [20]. Although remarkable
enhancement in the photoluminescence efficiency and drastic fall in the resistivity
were obtained by this treatment, it suffered a drawback that a very thin region from
the GaN epitaxial wafer’s surface showed strong p-type conduction. This is because
the penetration depth of the incident electrons from the LEEBI influences the
low-resistivity region of the Mg-doped GaN film. This created a huge obstacle in
the fabrication of several kinds of light-emitting devices due to the scarce availability
of p-type regions on the surface of GaN films. Nakamura et al. put forward a sugges-
tion to obtain highly p-type Mg-doped GaN films by thermally annealing them in
N2-ambient atmosphere at temperatures >700�C [21]. They were successful in estab-
lishing the mechanisms of LEEBI treatment and thermal annealing on GaN films [22].
They assumed that the weak blue emissions in photoluminescence measurements and
high resistivity are due to the formation of acceptor-H neutral complexes in GaN films.
There is a lowering of resistivity of p-type GaN films when subjected to thermal
annealing in the nitrogen-ambient atmosphere. This is due to the removal of atomic
hydrogen from the acceptor-H neutral complexes.

2.5.2 Packaging materials

The selection of packaging materials requires high attention to the mechanical sup-
port and protection that should be offered to a semiconductor die by these materials.
These materials must not reduce the light intensity of the LED die by absorbing the
light emitted from the die. They must ensure optimum light extraction by being trans-
parent to the emitted light and yield high light output. The LED package consists of
external contact pads for electrical and thermal connection to the die. Generally,
copper is used to make the contact patterns on the front and rear of the substrate.
Several mid- and low-power LEDs use cheap plastic packaging materials to deliver
a high power LED package with high efficacy in varied sizes. Plastic-leaded chip
carrier (PLCC) package was used in a great number of luminaires owing to their
improved efficacy, increased lumen output, and low cost. Another version of the
PLCC package is the quad flat no-lead (QFN) plastic package. Both PLCC and
QFN packaging has several features in common barring the fact that PLCC have
leads while QFN has pads located on the base of the package. An alternative to these
packaging techniques is the chip-on-flex (COF) technology, which is much cheaper
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than the former ones. Here, the LED die is directly mounted on a ceramic or a metal
core printed circuit board (MCPCB). Normally, an MCPCB is assigned with the task
of dissipating the heat from the LED to the heat sink. The circuit layer is bonded with
the base metal made of aluminum using a thermal interface layer, for which a dielec-
tric polymer layer with high thermal conductivity is used. The upper metal circuit
layer is made of copper. Chip-in-flex, which is an extension of the COF approach,
shortens the signal path down to the substrate level, reducing the interconnect length
[23]. Fig. 2.3 exhibits some of the examples of packaging technologies used in LED
fabrication.

2.5.3 Phosphors or quantum dots

A large share of the cost of a packaged LED depends on the phosphor materials or the
down-conversion materials and the associated matrix materials that have been
embedded in the package. A phosphor needs to get excited by a near-UV or blue light
from the LED die and then, emit its characteristic light in the visible part of the elec-
tromagnetic spectrum. This forms the primary requirement for a phosphor to be used in
an LED package. LED phosphors generally consist of a wide bandgap host material
that is doped with some activator ions. The luminescence centers in a phosphor are
generally localized at the sites occupied by dopant ions in a host matrix. Sometimes,
coactivator or sensitizer ions are added along with the activator ions to enhance the
overall emission from the phosphor. The sensitizer and the activator ions may either
be a lanthanide ion or a transition metal ion. Lanthanide ions are the most preferred
activators due to their ability to give emissions from ultraviolet to near-infrared regions
of the electromagnetic spectrum. Actinides are generally ignored from the phosphor
configuration owing to their radioactivity and the hazards arising from it. Some tran-
sition metals such as Mn, Cr, and Bi are also known to produce photoluminescence
emission in the visible region. However, there are certain other metals such as Fe,
Co, and Ni, which act as luminescence quenchers and extinguish the luminescence
properties.

The selection of a phosphor for an LED package requires its compatibility with the
LED to be proven at its best. Although most phosphors claim to showcase excellent
luminescence efficiency during their initial tests, they fail to withstand the harsh
temperature conditions experienced within the LED package. A phosphor must be
both thermally and chemically stable and possess uniform particle size with
well-controlled morphology. They must exhibit consistency in their luminescence
performance within the LED package for a prolonged duration of several years. It
is also essential that the color coordinates of the emitted light remain consistent
and the alterations in the CIE coordinates as well as the lumen output should be
minimum with time. A hypothesis based on the ab initio calculations suggests that
host materials with highly rigid structure and larger bandgap can be more efficient
phosphors for LEDs [24]. Apart from phosphors, another class of materials with
nanodimensional semiconductor crystals started gaining acceptance in the LED
package. These nanocrystals are called quantum dots (QD), and their dimensional
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variations could effectively tune their absorption and emission bands [25]. Thus, it is
possible to extract the color emission of the desired wavelength just by varying the
size of the quantum dots. However, the passivation of QD surface is essential to avert
the luminescence quenching or spectral shifts, which may arise due to the recombi-
nation of delocalized charge carriers at the surface. For this purpose, quantum dots
need to be grown as a shell over a core. Quantum dots exhibit a blue shift with
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decreasing size, that is, the color emission peak shifts from red to blue with
decreasing QD size. QDs are tinier than a virus. Yet, their lifetime is found to be
longer when their size is larger.

2.5.4 Encapsulation materials

The protection of the LED package from the hazards posed by the moisture or other
contaminations is entrusted to the encapsulation materials. The electronic circuits
are volatile to moisture and dust particles and are prone to damage under thermal or
mechanical stress. The materials employed for encapsulation ensure that the LED
package is isolated from any mechanical or thermal stresses. The encapsulant acts
as a protective shield for the LED die against the mechanical and chemical tensions
from the environment and also helps to enhance the extraction of generated photons.
Before depositing over the LED die, the phosphor material is dispersed within the
encapsulant matrix. Epoxy or silicone are highly stable to heat and intense blue emis-
sion exposures, and hence, they are the most widely used encapsulants. Nevertheless,
the performance of silicone encapsulants is being pushed beyond its limits by the high
thermal loads induced by high-power LEDs. This is risking them to issues like
cracking, discoloration, and degradation. Good long-term stability against such
exposures is exhibited only by certain premium grades of silicone. However, these
high-grade silicone matrix materials are very expensive and challenging to consider
if the overall manufacturing cost of LEDs is to be kept low. Spin on glass was pro-
posed as an alternative to silicone encapsulants to produce remarkable light attenuation
in comparison to silicone for prolonged lighting duration [26]. Yet, they too suffer
from a disadvantage that can be observed in the form of low brightness.

2.5.5 Luminaires

LED luminaires can be sensed as a stunning compilation of the mechanical, electronic,
electrical, and optical designs shaped out of numerous research outputs. An LED
fixture consists of an arrangement of LEDs with components such as heat sink, driver
circuits, and optical lenses, all of which are assembled in a unit. There is a general
misconception on the heating issues of an LED. It is often assumed that LED lumi-
naires do not get heated-up on operation. However, the fact is that LEDs often heat
up when it draws more power and the heat that is generated must be dissipated out
from the LED package. There is no proper system configured with the LED package
to drain out this excess heat. Hence, a heat-sink is positioned at the bottom of the LED
to dissipate the heat into the surrounding environment and protect the electric compo-
nents from any thermal damage. Heat-sink protects the LED package from
self-damage due to overheating and thereby, enhances the lifespan of the luminaire.
It ensures proper thermal management of the luminaire. Apart from this, heat-sinks
also provide attractive appearance to the LED luminaire. Heat-sinks are available in
various innovative and attractive designs that offer a magnificent look to the luminaire.
In general, LED fixtures possess metal fins, whereas aluminum fins or ceramic fins are
used in high-power LEDs. Ceramic fins have low thermal capacity and have tiny pores
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that facilitate easy dissipation of heat; hence, they are more effective than the metal
fins. Graphene films have also garnered huge reputation as an excellent heat-sink
[27]. Graphene exhibits fourfold better thermal conductivity compared to copper.
Originally, certain malfunctions persisted with the addition of more layers of graphene.
The weak adhesive forces of graphene posed a big issue and this was due to the weak
van der Waals forces that formed the bonds in graphene. This issue was soon recog-
nized and resolved by managing to produce strong covalent bonding between the
surface and the graphene film by adding (3-aminopropyl) triethoxysilane.

LED luminaires are available in a variety of designs such as retrofitted light bulbs,
tube lights, spotlights, downlights, and strip lights as shown in Fig. 2.4. It is
unworthy to use small-chip packaged LEDs for lighting as they are deficient of
proper thermal management systems. For such applications, high-power LEDs
must be preferred. High-power LEDs are capable of performing for an extended
period without experiencing any damage. They produce continuous light output
with desirable light characteristics and are specially designed to maintain their
performance throughout their lifespan. The quality of the components included in
an LED package decides the quality of the luminaire and it is a matter of foremost
concern to obtain luminaires with top-class performance. The deciding factors
behind the quality of an LED luminaire are the design of the fixture, illumination
produced, thermal management, low cost, and the long lifespan. Hence, it is highly
recommended to opt for the standard luminaires manufactured by reputed
companies.

LED spotlights

LED panel lights

LED striplights LED tube lights

LED Downlights

LED retrofit bulbs

Figure 2.4 Different types of LED luminaires.
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2.6 Characteristics of LED phosphors

LED phosphors must satisfy several requirements before considering it in an LED
package. Different standards and recommendations are used to measure the eligibility
of the phosphors. At present, the only internationally recognized agency to provide
standard recommendations for LED measurements is the CIE (Commission Internatio-
nale de I’Eclairage). In this section, some of the characteristics that are considered as
the basic requirement for an LED phosphor and the standards associated with it are
discussed.

2.6.1 Temperature quenching

Phosphors find it quite difficult to maintain the efficiency and performance under
different thermal conditions. In most cases, there is a drastic drop in their efficiency,
when the operating temperature reaches a critical limit. Generally, the operating tem-
peratures of an LED can exceed 150 �C and the phosphor encapsulated on the LED die
is subjected to tolerate these harsh thermal conditions. Under such circumstances, the
quality of the phosphor starts degrading and the overall light output is affected. This
can be witnessed in the form of change in the color point, drop in the efficiency,
and the intensity. The drop in the quantum yield should not exceed 10% at 150 �C.
It is also essential that the color point do not vary with the variation in the temperature.
High-power LEDs draw a huge amount of power for their operation and hence, their
temperatures go much higher than 150 �C. The temperature is elevated due to the high
input-power densities in the chip, and this heat is transferred to the phosphor and the
encapsulant that are in close contact with the chip. Consequently, the phosphors used
for high-power LEDs must have much better thermal stability than that used for
ordinary LED packages. One way to avoid the ill-effects of heat on the phosphor is
by adopting the strategy of the remote phosphor-coating on the inner walls of the
epoxy lens. Although the remote phosphor technique will evade the rapid degradation
of phosphor, it suffers from the disadvantage that light output is poorer than that
obtained when the phosphor is directly encapsulated on the die. The lifespan of the
phosphor can be fundamentally reduced due to the thermal quenching effect. It may
even put an end to the color emission of the phosphor.

The thermal quenching of the phosphor can lead to certain serious effects such as a
spectral shift in the emission peak and a decline in the overall color emission of the
phosphor. A strong thermal quenching behavior was exhibited by Ba2SiO4:Eu

2þ

phosphor whose integrated intensity at 150 �C was 28% of that observed at room tem-
perature [28]. The thermal stability of Ba2SiO4:Eu

2þ phosphor was improved by
bringing about a structural modification in the lattice. Shao et al. proposed the idea
of introducing Sr2þ ions at some of the Ba2þ sites. The idea prospered and they
were successful in optimizing the thermal stability of the phosphor by maintaining a
1:1 ratio of Ba2þ and Sr2þ ions. The drop in the luminescence intensity with the
increasing temperature is a general phenomenon. However, Xia et al. reported an
unusual behavior in Ba2Y(BO3)2Cl:Eu

2þ wherein the luminescence intensity
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proportionally increased with temperature up to 200 �C, as shown in Fig. 2.5. The in-
tegrated intensity for Ba2Y(BO3)2Cl:Eu

2þ at 200 �C was noted to be 136% of that
observed at room temperature [29].

2.6.2 Luminous efficacy

The most convenient term to evaluate the number of lumens produced at the expense
of electric power is the luminous efficacy. The maximum luminous efficacy value for
the photopic vision was determined by Pulli et al. as 683.002 lumens per watt [30]. The
green light with an emission peak at 555 nm is the most sensitive to the human eye.
Hence, the luminous efficacy value for the photopic vision was calculated using
only the 555 nm light. However, to obtain a higher color rendering index (CRI), it
is essential to obtain the spectral dispersion over the entire range of visible light spec-
trum. Thus, the color-rendering index and the luminous efficacy contradict each other.
There is a significant effect of the size of the phosphor particle on the luminous efficacy
[31]. The particles will scatter more light when their size is smaller. The backscattered
light is then reabsorbed by the Blue LED chip in the package, thereby leading to a drop
in the luminous efficacy. In addition, there is a critical effect of temperature on the
luminous efficacy. There is often a decline in the efficacy of the phosphor with rising
temperatures.
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Figure 2.5 Emission spectra of (a) Ba2Y(BO3)2Cl:Eu
2þ, (b) Ba2Gd(BO3)2Cl:Eu

2þ, and (c)
Ba2Lu(BO3)2Cl:Eu

2þ phosphors at different temperatures from 20 to 300 �C under the
excitation of 365 nm.
Reproduced with permission from Z. Xia, X. Wang, Y. Wang, L. Liao, X. Jing, Synthesis,
structure, and thermally stable luminescence of Eu2þ -doped Ba2Ln(BO3)2 Cl (Ln¼Y, Gd and
Lu) host compounds, Inorg. Chem. 50 (2011) 10134e10142. https://doi.org/10.1021/
ic200988w. Copyright 2011, American Chemical Society.
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With time, the term “lumens” has fallen out from the list of metrics to assess the
actual efficiency of an LED luminaire. Lumens are unable to measure the perceived
brightness of the LED. This factor can be understood by taking an example. Consider
two LED luminaires emitting a similar number of optical watts. The first luminaire
takes the color rendition into account and emits photons of lower energy (longer wave-
length) with deep red tones. On the other hand, the second luminaire completely
ignores the aspect of color rendition but emits the same number of optical watts as
the first one. The first luminaire is heavily penalized in terms of the lumen output.

Better accuracy in the assessment of the efficiency of an LED luminaire can be
achieved by calculating the number of optical watts produced for every unit of electri-
cal watt provided as an input to the luminaire. This new metric provides more infor-
mation about the luminaire’s efficiency and is termed as “White Efficiency.” This
metric is a physical quantity measuring the conversion efficiency of the electric input
power into optical output power in the form of white light. It also describes the amount
of electric input power that is lost in the form of heat. In practical devices, the heat-
sinks are limited and there is a substantial amount of heat generated in the driver
circuit, due to which, the phosphor’s efficiency and performance are adversely
affected. Hence, it is essential to understand the conversion ratio of input power
into heat in the luminaire and this piece of information can be recognized from White
efficiency. From the knowledge gained from this metric, the energy loss in the lumi-
naire can be effectively reduced by bringing about certain modifications in its design.

2.6.3 Color rendering index

Color rendition is an important aspect of a light source that describes an object under
illumination defining the true reflection of its colors. The metric that defines the color
rendition property of a light source is expressed in terms of the color rendering index
(CRI). In general, CRI is denoted by Ra. The quality of the light is considered to
improve the luminaire’s CRI to higher values. The value of CRI for a light source is
determined by considering the broad daylight from the sun as the reference. An object
portrayed in broad daylight has 100% CRI. Thus, the light source is found to have
characteristics similar to broad daylight if it can exhibit 100% CRI. Greater the value
of CRI, greater will be the probability of obtaining a light spectrum closer to broad
daylight. Apart from the luminous efficacy and brightness of a luminaire, the color
rendering index of the luminaire must also be sufficiently high. From Fig. 2.6, the vari-
ation in the color appearance of an object exposed under light sources with different
CRI values can be witnessed. The cost of a luminaire is proportional to the value of
CRI of that luminaire.

LED phosphors involving the rare-earth ions as dopants often add to the overall
manufacturing cost of the luminaire. As a result, manufacturers often compromise
with the quality of the phosphor to lower the overall luminaire cost. In this pursuit,
the CRI of the luminaire gets ignored and the integrated color emission of the lumi-
naire is adversely affected. As a result, the white light produced from the LED appears
differently at various spots, thus giving a clear indication of the degraded quality of
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light. It is ultimately a challenge for LED manufacturers to maintain the same color
purity and CRI. High-quality phosphors possess high CRI value that enables the lumi-
naire to emit in the desired color region almost throughout its lifespan.

In the recent, CIE addressed the shortcomings of color rendering index that often
led to a mismatched perception for solid-state lighting sources against the perception
made by a human eye [32]. CRI has failed to accurately define the color gamut and
describe the color fidelity of a light source. Consequently, the scientific society was
compelled to adopt a new and more accurate metric to quantify the color fidelity of
a light source. CIE released a technical report to introduce the color fidelity index
(Rf) as the new metric to fill the gaps left out by CRI. Technically, it is defined as a
measure to describe “how closely the color appearances of the entire sample set are
rendered on average by a test light as compared to those under a reference illuminant”
[32]. Yet, it is too early to rule out the CRI, as the color fidelity index does not perform
as a replacement to the existing CRI, nor does it describe the minimum performance
standards or specifications of a light source.

2.6.4 CIE chromaticity coordinates

In 1913, the CIE, also known as the International Commission on Illumination, was
founded as an international independent body to universally standardize the metrics
related to light and exchange ideas pertaining to the science of light, color, vision,
and lighting. To give analog and digital representations of colors, CIE introduced
the concept of color spaces. Till now, three models for the color spaces were proposed
by CIE, namely CIE 1931, CIE 1960, and CIE 1976, which are displayed in Fig. 2.7.
The color space model proposed in 1931 was the first complete representation of the
colors perceived by human eye quantitatively linked with the distribution of
wavelengths in the visible light spectrum. This model was created after a series of in-
dependent experiments by W.D. Wright and J. Guild [33,34]. The CIE 1931 color
space makes use of the tristimulus values X, Y, and Z to define the composition of

CRI 40

CRI 80

CRI 60

CRI 100

Figure 2.6 Variation in the color appearance of the object illuminated by light sources with
different color rendering index (CRI) values.
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colors. The ratio of X, Y, or Z to their sum (X þ Y þ Z) leads to a new set of coordinates
(x, y, z), which are known as the CIE chromaticity coordinates. As the sum of x, y, and z
is always unity, each color can be sufficiently represented by using only (x, y) coordi-
nates on the 1931 CIE color space. There were some minor issues with the uniformity
of the 1931 color space. These were tried to be rectified in the subsequent models that
came up in 1960 and 1976. Nevertheless, the modifications were not enough to pull out
the 1931 color space from the limelight, which is still more popularly used than the
latter ones.

2.6.5 Correlated color temperature

The color appearance of a light source is, usually, described by correlating it with the
temperature of an ideal blackbody radiator. Thus, the color appearance of the light
source is measured in terms of the color temperature and is expressed in the units of
kelvin (K). However, such kind of terminology is appropriate only if the light source
emits thermal radiation. One such example is the incandescent bulb that uses 90% of
its energy to emit heat. The color temperature failed to find significance in case of the
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light sources that gave cold light emission, such as luminescence. In such cases, the
terminology was modified as correlated color temperature (CCT). For light sources
emitting cold light, the temperature of the emitted light is not a true color temperature.
Instead, the temperature of the light is decided depending upon the wavelength of the
emitted light. The CCT of the light source is rated as warm light if the emitted light has
wavelength nearer to red/infrared region. On the contrary, the CCT of the light source
is rated as cool light if the emission is near the blue region of the electromagnetic spec-
trum. It is quite necessary to note that the temperatures depicted for warm and cool
light are contradicting to their nomenclatures. A warm light falls in the temperature
range of 2500e3500 K, while the cool light has correlated color temperatures above
5000 K [35,36].

2.6.6 Quantum efficiency

The efficiency of a phosphor is considered to be of prime importance before involving
it in the fabrication of an LED device. Sometimes, those phosphors that show
unmatched efficiency out of the package can be slightly inefficient within the LED
package. Hence, different terminologies were stated to describe the phosphor effi-
ciency in different stages of fabrication. The term quantum efficiency or the quantum
yield is often used to describe the phosphor’s efficiency. Quantum yield can be defined
as the ratio of the number of photons emitted to the number of photons absorbed by the
phosphor. On the other hand, the efficiency of an LED chip is expressed in terms of the
external quantum efficiency (EQE). This term signifies the efficiency of the chip to
convert the electrons into photons. Precisely, it can be defined as the ratio of the
number of photons emitted from the LED to the number of electrons passing through
the device. An EQE of an LED depends upon the injection efficiency, internal quantum
efficiency, and extraction efficiency by the following relation:

External Quantum Efficiency¼ ½Internal Quantum Efficiency�
� ½Injection Efficiency� � ½Extraction Efficiency�

The electrons injected into the active region of the LED chip are required to tunnel
through the device to undergo electronehole recombination for producing photons.
The ratio of the number of electrons passing through the device to the number of elec-
trons injected into the active region gives the injection efficiency. Nevertheless, it is
not necessary that all the electron-hole recombinations will lead to the generation of
photons. Those that can produce electrons are known as radiative recombinations.
The ratio of all the radiative electronehole recombinations in the active region to
the total number of recombinations occurring between the electronehole pairs is
known as the internal quantum efficiency or the radiative efficiency. The photons,
which are produced from the radiative electronehole recombinations in the active
region, escape from the LED chip. The proportion of such photons produced in the
active region and that are able to escape from the device is called extraction efficiency.
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The energy conversion efficiency of a device that is required in converting the electri-
cal power into optical power is called the wall-plug efficiency or radiant efficiency of
the device. The optical output power is the radiant flux output of the device, which is
measured in watts. The radiant efficiency can be correlated to the external quantum
efficiency by the following relation:

Wall � Plug Efficiency¼ ½External Quantum Efficiency�
� ½Feeding Efficiency�

where the feeding efficiency is defined as the ratio of the mean energy of photons
emitted by the device to the total energy acquired by the electronehole pair from the
power source.

2.6.7 Life span

Despite being hailed as the most energy-efficient and long-lasting lighting, LEDs fail
to complete its life span with full performance. It is observed that LED luminaires do
not burn out completely, rather they start dimming over time and continue its operation
with reduced lumen output. Every lamp has a critical point at which the lumen output
undergoes depreciation by 30%. This point is rated as the lifespan of the luminaire.
Thus, an LED luminaire will continue to illuminate, even after reaching its stipulated
lifespan of 1,00,000 hours but with a lower lumen output. However, it is observed that
some LED luminaires completely fail to operate before reaching its lifespan. In such
cases, external factors such as the operating voltage, operating temperature,
manufacturing defects, exposure to voltage spikes, mechanical shocks, and vibrations
are responsible for the degradation of luminaires. Failure of the heat-sink inside the
LED package also forms a major factor responsible for the breakdown of the LED
luminaire. Even though the luminaire has a high-quality LED chip and phosphor to
boast, it may not withstand the high operating temperatures and could breakdown
very early in the absence of a decent-quality heat-sink. The electronic circuit in the
device also forms an integral part of the LED package. Ignoring the complexities asso-
ciated with the device electronics, the lifespan of an LED luminaire can be extended by
operating under ambient conditions where it can cool down easily.

Another cause that leads to LED failure is the degradation of phosphor or yellowing
of the epoxy resin. There is degradation or discoloration of epoxy resins after repeated
exposures to high operating temperatures and radiations. An instance of the yellowing
of epoxy resin can be seen in Fig. 2.8 [37]. In some cases, white LEDs (WLEDs)
employ blending of tricolor (red, green, blue or simply RGB) phosphors or chips to
produce white light of desired color temperature. In such cases, the degradation of
each of the phosphor or chip is different from one another. As a result, there is a
significant change in the color output of the WLEDs after a certain period of operation
[38]. This has inspired researchers to work on single-phased materials that can emit
white light by absorbing the near-UV radiations from the LED chip. To some extent,
this will certainly be a solution to the problems discovered in tricolor WLEDs.
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2.7 Concluding remarks

LEDs have proved itself as the most trustworthy and artificial lighting source that is
blessed with loads of advantages. It scores above all when it comes to the matter of
environmental safety. The integration of semiconductor light-emitting chips with the
insulating/semiconducting phosphors facilitated the production of light of almost
any color. Close inspection is necessary to ensure that the quality of the materials
used in the LED package is of top class to achieve extended lifespan and better lumen
output from the package.
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Semiconductor LEDs 3
3.1 Introduction

The progress made by the semiconductor physics paved way for the emergence of
solid-state lighting (SSL) that brought about a revolution in the lighting industry.
SSL devices consists of light-emitting diodes (LEDs) working on the inorganic and
the organic materials. The onset of LEDs came with the introduction of certain semi-
conductor materials that produced luminescence on passing an electric current through
it. It was also observed that such phenomenon was observed typically for the semicon-
ductor materials based on group IIIeV elements. Although LEDs have progressed way
ahead, their initial days completely relied on semiconductor materials, and they still
form the crux of an LED luminaire that is commercially available for lighting. At pre-
sent, there are several variants of LEDs available that are based on organic materials,
quantum dots, metalorganic perovskites, or inorganic phosphors, but each has their
own merits and limitations. Also, the device architecture and the working mechanism
for each of these variants are different from the originally proposed semiconductor
LEDs. But the dominance of semiconductor LEDs in the commercial market makes
it a good deal to discuss the concepts and background of semiconductor materials
used for LEDs.

As discussed in the previous chapter, LEDs are constructed from the conjunction of
very thin layers of p-type and n-type semiconductor materials. The p-type layer has a
deficit of electrons, whereas the n-type layer has an excess of electrons. These layers
can be as thin as half a micron or less than that. The p-type and n-type layers are
created by intentionally doping a trivalent and a pentavalent impurity, respectively,
in an intrinsic semiconductor. This helps in achieving the required hole and electron
densities in the two respective layers, thereby enabling the semiconductor material
to conduct electricity. The manufacturing of an LED chip can be divided into four
stages: (1) preparing semiconductor wafers for substrate, (2) growing epitaxial layers
over the wafers, (3) defining metal contacts on the wafer, and (4) mounting and pack-
aging of the semiconductor dies. Depending on the color of the LED being fabricated,
the composition of the semiconductor wafer for the substrate is decided. These wafers
must have uniform composition and must be free of any imperfections. This is one of
the essential conditions to achieve fault-free deposition or growth of epitaxial layers
over the wafers and, thereby, ensure a smooth and efficient LED device construction.
In the subsequent sections, there shall be discussion over the various growth tech-
niques employed to grow epitaxial layers of semiconductor crystals over the surface
of the wafer. We shall also briefly report some of the semiconductor material compo-
sitions that are commonly used in LED packages.
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3.2 Growth techniques

Epitaxial growth techniques are the most widely adopted methods for the growth of
layers or thin films of materials for optical, electronic, microelectronics, photonics,
magneto-optical, and optoelectronic applications. Epitaxy is a process in which a
thin layer of a crystalline material is grown on a crystalline substrate, and the grown
layers are known as epitaxial layers or epitaxial films. The epitaxial layers have a
well-defined orientation with respect to the crystalline substrate. The orientation of
the crystalline substrate controls the orientation of the epitaxial layer. Each of the
new epitaxial layers grown over the substrate shall have only single-crystalline orien-
tation and shall not have polycrystalline growth with any random orientation or amor-
phous growth. Depending on the composition of the substrate and the epitaxial layers,
epitaxy can be classified as homoepitaxy, heteroepitaxy, homotopotaxy, heterotopo-
taxy, and pendeoepitaxy. When the multiple epitaxial layers of the same composition
are grown over the substrate, the process is termed as homoepitaxy [1]. If the epitaxial
layers of different materials are grown on the substrate, then the process is termed as
heteroepitaxy [2]. Homotopotaxy and heterotopotaxy are processes similar to homoe-
pitaxy and heteroepitaxy, respectively, with the exception that the growth of thin films
is not restricted to two-dimensional growth [3]. In pendeoepitaxy, the heteroepitaxial
growth is allowed to occur simultaneously both laterally and vertically [4].

Epitaxial growth can be achieved by any of the methods such as liquid-phase
epitaxy (LPE), vapor-phase epitaxy (VPE), molecular beam epitaxy (MBE), metale
organic chemical vapor deposition (MOCVD), and so on. However, none of the
growth techniques can satisfy the requirements of all the materials meant for magnetic
devices, magneto-optical devices, optoelectronics, photovoltaics, microelectronics,
microelectrochemical systems, electrochemical devices, semiconductor devices, ther-
moelectrics, or thermophotovoltaics. The selection of epitaxial growth technology is
usually made as per the material system, which is to be grown, and the device appli-
cation, for which the material is required. The choice of growth technique also takes
into account the basic principles of chemical kinetics, thermodynamics, surface en-
ergies, etc. as well as the practical concerns regarding the infrastructure costs, process
control, reproducibility, scalability, and instrumentation safety.

3.2.1 Liquid-phase epitaxy

LPE is a high-temperature solution growth method for growing layers of semicon-
ductor crystals by depositing thin layers of required material from the melt or a solu-
tion onto a suitable solid substrate. The very first LPE systems were considered to be
developed by Nelson for producing multilayer semiconducting structures for tunnel
and laser diodes [5]. Thereafter, the technology extended for the development of semi-
conductor materials belonging to IIIeV group for LEDs, lasers, photovoltaic cells, and
photodiode applications. This technique found applications in the development of a
large number of materials for diverse applications. These include materials for ferro-
electric, magnetic, optical, and superconductivity applications.
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When compared with other epitaxial techniques involving vapor phase, the growth
process in the LPE technique is characterized as a near-equilibrium one [6]. There are
several advantages of using LPE technique. LPE is highly favorable for the growth of
thick layers of semiconductors owing to their very high growth rates. LPE is 10e100
times faster than other VPE methods. Additionally, the expenses pertaining to the
infrastructure setup and operation costs of LPE are much lower than the vapor-
phase techniques. The segregation of impurities into the liquid phase is favorably
achieved in LPE, which also leads to much lower probability of the residual or back-
ground impurities from appearing in the epitaxial layers. The structural perfection of
the materials prepared by LPE is highly excellent. The substrates prepared by this
method would have very flat surface and lower point defects. There is no involvement
of toxic precursors during the growth or formation of toxic by-products in this tech-
nique. The material growth can be carried out in a wide range of temperatures after
establishing an appropriate phase diagram. This technique also has the advantage of
involving a wide range of materials unlike vapor-phase techniques, wherein major pre-
cautions must be taken in the growth kinetics while developing materials from volatile
precursors. On the other hand, most of the liquids or solids can be incorporated within
the layers or added directly to the melt in LPE. However, there are some disadvantages
associated with this method. There are complications while attempting for abrupt in-
terfaces between successive layers within the structures. The poor reproducibility of
the materials grown by the LPE technique and the difficulty in scaling up the quan-
tity/yield further add to the woes. The difficulties also arise while controlling the
doping concentrations, alloy compositions, thickness of the layers, and the smoothness
between the interfaces.

LPE involves bringing the substrate in contact with the melt or the growth solution
and facilitating the growth of the epitaxial layer over the substrate. After the required
amount of growth is achieved, the epitaxial layer grown over the substrate must be
cleanly separated from the solution. The deposition of the layer on the substrate is
driven by the supersaturation in the growth solution. Two-phase growth, transient
growth, constant-temperature growth, step cooling, ramp cooling, supercooled growth,
or electroepitaxy can contribute in the occurrence of supersaturation [6]. The compo-
sition and requirements of the material to be grown decide the choice of the method
among the aforementioned ones to initiate the supersaturation. There are three mani-
festations of the LPE technique which are realized in the form of tipping, dipping,
and sliding boat. A simplified illustration of the three LPE arrangements can be visu-
alized from Fig. 3.1. The dipping method is usually considered to grow structures from
Hg-rich melt [7]. More than 90% of the growth solutions comprise Hg, and the vapor
pressure of Hg has a significant role in the design and operation of the dipping furnace.
The growth solution or the melt is held in a pot carefully installed in a vertical high-
pressure furnace. The pot is positioned at the center of the furnace where the temper-
ature is optimum enough to maintain the melt form. These systems can hold about
10e20 kg of melt at 550BC without any degradation of its integrity or purity for
several years [6]. In the sliding boat approach, the substrate is positioned in a cavity
in a slider [8]. The slider is supported by a base section. In the upper section of the
boat, the growth solution is held in the wells. The push rod arrangement can be
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used to reposition the wells over the substrate. The gap between the bottom of the top
section and the top of the grown layer can be controlled using a wipe-off, which is
featured in the critical design of the boat. If the gap is too small, the grown layer
will bear scratches. On the other hand, if the gap is too large, the layer will retain
some melt over it. If the retention of the melt over the layer is kept minimum, then
multilayer growth can be possible using the sliding boat method. When the melt is
thin, the edge growth can be constrained due to the suppression of the thermal convec-
tion. Scaling-up can also be achieved by incorporating several substrates in a single
run. In a tipping arrangement, a boat is placed in a work tube, which is kept in the cen-
ter of a tilted furnace [5]. The boat is, generally, made from graphite or silica. The boat
is arranged in such a way that one end of the boat carries the substrate and the other end
carries the growth solution/melt. After the equilibration of the melt, the temperature is
gradually decreased, and the furnace is tilted to bring the solution over the substrate.
After an appropriate period, the boat is tilted back to the initial position so that the so-
lution flows off from the grown layer over the substrate. The tipping approach is rela-
tively cheap and simple method. However, the technique is suitable only for the
growth of single layers due to the difficulty experienced during the removal of solution
from the grown layer. Among the three approaches, the sliding boat technique is the
most versatile and popular one [8].

3.2.2 Vapor-phase epitaxy

VPE growth method can be considered as a manifestation of the chemical vapor depo-
sition (CVD), which is widely used for the growth of thin films. This method is suitable
for even those materials, which cannot be grown using LPE. For instance, silicon
cannot be dissolved in some liquid easily, and hence, LPE is not a suitable process
for them. But silicon can be considered to be grown using VPE. The working principle
of VPE is relatively simple and can handle growth of multiple large wafers. It also
allows flexibility during the growth process, which includes the type of doping,
concentration levels of dopant, etc. VPE is essentially employed in the microelec-
tronics industry to grow very good-quality epitaxial layers of the IIIeV semiconduc-
tors such as InGaAsP, InP, GaAsP, GaAs, GaP, and so on [9]. Its major advantage is

Sliding boat Tipping

MeltMelt

S Graphite

Dipping S

Melt

Melt

S

Figure 3.1 The dipping, sliding boat, and tipping arrangements used in the LPE technique. LPE,
liquid-phase epitaxy.
Reproduced with permission from P. Capper, S. Irvine, T. Joyce, Epitaxial crystal growth:
methods and materials, in: Springer Handb. Electron. Photonic Mater., Springer, Berlin,
Heidelberg, 2006: pp. 271e301. https://doi.org/10.1007/978-0-387-29185-7_14, Copyright 2017.
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the scope to achieve higher growth rates (mm/min) for the epitaxial growth, which also
forms the reason for its extensive usage in the industry. It is crucial to deploy proper
equipment to ensure high-quality yield through the VPE growth.

In VPE, the material transport is in the form of vapors, and hence, the precursors are
in the gaseous form. In principle, the gas precursors above the substrate are dissociated
by providing them with enough energy, and then, they are deposited onto the substrate
with uniform arrangement of atoms on its surface. A general experimental setup con-
sists of a sample holder, wherein the sample is loaded and a gas is allowed to flow over
the sample. On certain occasions, a liquid with very high vapor pressure is used that
can be easily vaporized. The reactants are carried through this gas flow, which is
controlled by the mass flow controllers. When the gas flows over the sample, the re-
actants are deposited on top of the samples. In the vicinity of the sample, the reactants
in the gas may decompose or dissociate to react with the sample. The gas species un-
dergo adsorption on the surface of the sample substrate. The species are, then, diffused
into the preferential sites of the substrate. They undergo chemical decomposition to get
incorporated into the lattice of the epitaxial film. The secondary products, thus, formed
during these processes undergo desorption and are diffused away from the surface.
This method can be carried out by various means, and they are classified depending
upon the type of reactor equipped for the deposition as well as the energy supplied
for the vaporization in the chamber. The major requirements for a basic epitaxial
reactor are as follows:

(i) A reactor tube or a chamber: To carry out the epitaxial growth in an isolated environment.
(ii) Distribution system: To initiate a controlled distribution of the chemical species for the

epitaxial growth.
(iii) Heating system: To initiate heating of wafers.
(iv) Cleaning system: To diffuse away the secondary products and scrub off the effluent gases

from the epitaxial layer.

High-temperature CVD systems are used as epitaxial reactors for VPE. These reac-
tors can either be a hot-walled reactor or a cold-walled reactor. The heating system can
be either RF heating or resistance heating. RF heating is preferred for cold-walled re-
actors, whereas resistance heating gives rise to hot-walled reactors. When the deposi-
tion reaction is exothermic in nature, hot-walled reactors are preferred. On the
contrary, cold-walled reactors are preferred to carry out depositions that are endo-
thermic in nature. Since the reactor wall is cold, the deposition of the contaminants
is more likely to be on the walls of the reactor. On the other hand, if the walls are
hot, the contaminants can get deposited on the sample itself. The top layer of the wafer
substrate is more prone to contamination, and if the epitaxial layer is grown on this
surface, the quality of the grown layer will be inferior. Also, the devices fabricated us-
ing such layers will show degraded performance. Consequently, cold-walled reactors
are preferred over hot-walled ones for most depositions. There is provision for in situ
cleaning in the chamber so that the sample can be cleaned before the epitaxial growth
without taking the sample out of the chamber. The growth and the deposition takes place
at atmospheric pressure and at low pressure in the atmospheric pressure chemical vapor
deposition (APCVD) and the low-pressure chemical vapor deposition (LPCVD),
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respectively. The gas filling speed is higher in APCVD than in LPCVD. Yet, heating in
both the types of reactors is provided by the magnetic induction or the Joule’s heating
effect. Another type of VPE is the rapid thermal chemical vapor deposition (RTCVD),
wherein the heating is provided by halogen lamps. There is another type of reactor that
operates at low temperatures by providing energy through a plasma discharge. This type
is known as plasma enhancement CVD (PECVD). In all these manifestations of VPE,
there are several stages of the growth kinetics that consists of two categories: (1) trans-
portation of the chemicals and (2) surface chemical reactions [9].

The configuration of the reactor can be either, horizontal, vertical, or barrel-shaped.
The horizontal reactor, as illustrated in Fig. 3.2, is the simplest among them [10]. The
costs surrounding the construction of this reactor are very less. It consists of a horizon-
tal quartz tube in which wafers are horizontally positioned on a graphite susceptor. The
susceptor is coupled with RF coil to provide heating to the wafer. There is a gas inlet at
one end of the tube to allow the gases necessary for the epitaxial growth to flow in the
tube. The gas exhausts from the outlet provided at the other end of the tube. The gas is
allowed to flow parallel to the substrate surface, and the necessary reactants are carried
by the gas. The gas flow supplies the reactant species to the growth interface of the
wafer. However, there are difficulties faced in controlling the growth over the entire
susceptor. Some other limitations experienced in this reactor are the difficulties in
achieving appropriate temperature, layer thickness, and uniformity in the doping levels
within the wafer [9]. The horizontal reactor got its name due to the horizontal flow of
the gas through the tube. Similarly, vertical reactor got its name due to the fact that the
gas flow is in a direction normal to the surface of the sample. But the design of a ver-
tical reactor is more complex than the horizontal reactor. Also, not many samples can
be loaded at a time in this type of reactor. A schematic representation of the vertical
VPE reactor is shown in Fig. 3.3.

RF coil
Quartz tube

Gas outlet

To pump
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viewport
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Graphite
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Figure 3.2 Schematic representation of the cold-walled horizontal VPE reactor for the epitaxial
growth of SiC. VPE, vapor-phase epitaxy.
Reproduced with permission from A. Sch€oner, New development in hot wall vapor phase
epitaxial growth of silicon carbide, in: W.J. Choyke, H. Matsunami, G. Pensl (Eds.), Silicon
Carbide. Adv. Texts Phys., Springer, Berlin, Heidelberg, 2004: pp. 229e250. doi:10.1007/978-
3-642-18870-1_10, Copyright 2004.
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A vertical VPE reactor working at atmospheric pressure consists of the SiC-coated
graphite susceptor on which the wafers are positioned. Similar to horizontal reactor,
the susceptor is coupled with RF coils to provide heating. Frequencies ranging from
few kHz to few hundreds of kHz are used for achieving temperatures between 1000
and 1200BC by RF heating. The gas containing the reactant species is entered through
the center of the circular susceptor. The gases rise towards the top of the reactor and
spread downward. The gases flow evenly across the wafers and then proceed to exit
from the outlet at the bottom. Any nonuniformity in the gas flow is smoothened by
the rotation of the susceptor. This aids in achieving uniformity in the doping and
good thickness of the grown layer. Vertical reactors can operate at both atmospheric
pressures and low pressures. The third type of the reactor is the barrel-shaped reactor
that is preferably used for mass-production and better throughput. In this type, the
reactor is shaped like a barrel or a drum on which several small grooves are carved
out to position the samples in them. Each of the grooves can hold a single whole wafer.
Such type of system is suitable to support the mass-production. The barrel can be
rotated for achieving better and uniform deposition. Similar to horizontal reactor,
the gas flows parallel to the sample-surface in the barrel reactor. A barrel reactor
can accommodate large quantities of samples at the same time, as opposed to the other
two versions of the VPE reactor. A schematic representation of the barrel-shaped
reactor is shown in Fig. 3.4.

3.2.3 Molecular beam epitaxy

MBE is a popularly used epitaxy method for the thin-film deposition of semiconductor
materials. This method was first observed by Arthur and LePore in 1969 while
growing the epitaxial films of GaAs, GaP, and GaAsxP1-x in the Bell Telephone Lab-
oratories [11]. Subsequently, this method caught the attention of Cho, who then closely
studied and described it in detail [12]. The foundation for this method was laid down
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Figure 3.3 Schematic representation of a vertical VPE reactor. VPE, vapor-phase epitaxy.
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on the basis of the studies conducted on the surface kinetics of silane (SiH4) beam with
the silicon substrate [13], as well as Ga and As2 beam with GaAs substrate [14]. The
earlier versions of MBE took long periods of system pumpdown between the growths.
This is particularly because the system consisted of only a single vacuum chamber for
the loading, deposition, and analysis. This put a bar on the growth of very high-quality
thin film using MBE. In 1971, Cho reported the growth of p- and n-type GaAs thin
films for devices using MBE method [15]. For this purpose, he provided thermal insu-
lation to the system by surrounding the effusion cells with a liquid nitrogen cryopanel.
MBE can be used to achieve atomic (or molecular) layer-by-layer deposition with
controlled thickness. The epitaxial layers are grown by the reaction of neutral atomic
or molecular beam with the heated crystalline substrate in an ultrahigh-vacuum (UHV)
environment. Due to unidirectional nature, the beams do not show any interaction be-
tween or within them. Hence, the growth is only influenced by the beam fluxes and the
surface reactions. This forms the reason that the structures grown by this method grant
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Figure 3.4 Schematic representation of a barrel-shaped VPE reactor. VPE, vapor-phase epitaxy.
Reproduced with permission from M. Lemiti, Vapor phase epitaxy, in: K. Nakajima, N. Usami
(Eds.), Cryst. Growth Si Sol. Cells. Adv. Mater. Res., Berlin, Heidelberg, 2009: pp. 159e175.
https://doi.org/10.1007/978-3-642-02044-5_10, Copyright 2009.
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reproducibility and unrivalled control over the layer thickness, alloy compositions, and
uniformity in the doping levels. The beams directly interact with the substrate giving
rise to the desired epitaxial layers. The reaction of the molecular beam with the sub-
strate follows the reaction kinetics such as incorporation, adsorption, dissociation,
and migration. MBE shares some similarities with the vapor deposition technique,
but it shows some advanced and superior features such as the use of UHV environment
[16]. UHV environment provides highly pure and dust-free epitaxial layers. Hetero-
structured semiconductors with high purity and precise control of doping (particle
size in the nanometre scale) can be achieved by this method, as it relies on the reaction
kinetics that can be controlled accurately. This also leads to bandgap engineering of the
semiconductor materials. Though the method seems to be very beneficial over other
methods, experimental setup for MBE is very challenging, especially when achieving
the UHV environment is a major task. Yet, majority of the semiconductor LED chips
are grown using the MBE method and this includes the III-nitride materials such as
AlGaN. AlGaN LED emits light in UV region in the wavelengths ranging from 280
to 400 nm [17]. The UV-emitting AlGaN chips are technologically very important
class of LED materials. MBE techniques can be used for the growth of LED materials
belonging to the IIeIV group such as MgZnSSe/ZnSSe/CdZnSe [18].

Fig. 3.5 shows a schematic representation of an MBE system. [19] The system con-
sists of a growth chamber with UHV environment, a gas handling system, Knudsen
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effusion cells, a sample holding chamber, and RHEED (reflection high-energy electron
diffraction) system. Knudsen effusion cells are specially designed for the MBE
method. They are endowed with the heating system and a fast action refractory metal
shutter for each of the cells. The operation of the shutters is either pneumatic or sole-
noid. They evaporate the material (Ga, As2, etc.), which is to be deposited as a thin
film, by converting it to a molecular beam, and allow the beam to fall on the crystalline
substrate (Si, Ge, or GaAs). The amount of material deposition can be controlled with
the help of shutter. The substrate can be positioned in the substrate holder, which can
rotate and heat the substrate. The RHEED system consists of a RHEED gun and a
RHEED screen. It performs the in-situ characterization of the thin film deposited on
the substrate. The RHEED gun emits an electron beam at a very low angle with respect
to the substrate. This electron beam, after diffraction from the substrate, falls on the
RHEED screen. The diffracted pattern reveals the information about the surface of
the film and the thickness down the single layer. The growth of the thin film is contin-
uously monitored by the RHEED system by which the growth of the layer can be
controlled. Prior to growth, the cleanliness of the surface is confirmed through the
RHEED system. In this method, formation of the epitaxial layer is done very slowly
and gradually. Although this method is having merits of developing high-purity,
thin, and complex epitaxial layers, it is very slow and laborious method. The opera-
tional setup is expensive as it requires UHV environment, and hence, the method is
suitable for laboratory research only. The UHV system is generally constructed by
stainless steel. The ultimate vacuum of the system is less than 5 � 10�11 torr, which
is achievable with the filled liquid-nitrogen cryopanels and a clean system after baking
[6]. Another limitation is the complications experienced during the substrate temper-
ature measurements, which is normally faced while rotating the substrate. There is no
direct contact between the substrate and the thermocouple, and hence, the actual tem-
perature of the substrate will always be different than the one indicated by the thermo-
couple. The rotation of the substrate is essential to achieve uniformity in their growth
rate. But the mechanical requirements are quite demanding for setting up the rotating
substrate stage in the system. One such challenge is achieving a prolonged lifetime of
the rotating stage to make it rotate several million times. This challenge is mainly
because no conventional lubricants can be used to lubricate the bearings or feed-
throughs. Inspite of these issues, MBE method is still popular due to their several pro-
nounced benefits. One such advantage is their growth-control precision to less than a
monolayer, which has granted unparalleled ability to grow high-quality nanostructures
and quantum dots using this method.

3.2.4 Metaleorganic chemical vapor deposition

MOCVD, which is also known as the metaleorganic vapor-phase epitaxy (MOVPE)
or organometalic vapor-phase epitaxy (OMVPE), is a well-established technique for
the growth of IIIeV group semiconductor materials on the silicon substrate. MOCVD
is a technique that has also shown industrial applicability for the solid-state lighting. It
is important in both research field as well as large-scale production of semiconductor
wafers. It has the advantage of being flexible and faster in growth-rate as compared
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with other growth techniques. It can also be used to fabricate materials for photovoltaic
cells, lasers, photodetectors, and transistors. This technique enables deposition of very
thin layers of atoms of semiconductor compounds onto a semiconductor wafer of sil-
icon or sapphire. It is mostly used for making IIIeV semiconductor, especially GaN-
based LEDs. GaN-based LEDs are very important, as they emit in the visible region.
This method provides controlled growth of layers leading to uniformity of crystals and
controlled doping. Different layers can be grown in the same system. In MOCVD,
deposition of the layer is achieved from the vapor phase. Manasevit and Simpson
invented this method in 1969 to develop optoelectronic semiconductors such as
GaAs [20]. In this method, for the deposition of IIIeV layer on various substrates,
alkyl organometallic (trimethyl or triethyl species) of the group III element and hydride
of the group V element (AsH3/PH3) are used as precursors. These precursors are gener-
ally volatile in gas stream, and they are chemically stable at appropriate temperature.
Carrier gases such as H2 and N2 are used to carry out the growth process. Precursors, in
the vapor form, are mixed with each other in the gas stream. After mixing, precursor
vapors are injected into the reaction chamber so that they get deposited on the hot sub-
strate after the surface chemical reaction. Flow of the gas in the reaction container is
controlled by the valve and mass flow controller.

Fig. 3.6 gives the schematic representation of GaAs layer formation by MOCVD.
Chemical reaction that would take place in the reaction chamber for GaAs is as
follows:

(CH3)3Ga þ AsH3 / GaAs þ 3 CH4

Although this reaction looks very simple, there are complexprocesses occurring during
eachstepofthereaction.Firstly, trimethylgallium(organometalliccompoundd(CH3)3Ga)
is converted to dimethylgallium and methyl radical (CH3) by gas-phase homolysis.
Then, this methyl radical reacts with hydrogen gas and produces stable methane (CH4)
gas and hydrogen radical. Also, methyl radicals react with arsine (AsH3) to produce
AsH2 and stable methane gas. In this way, the methyl group is removed step by step from
Ga, and the hydrogen is removed from arsine to yield GaAs. Carrier hydrogen gas
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Figure 3.6 Schematic representation of the epitaxial layer formation of GaAs in MOCVD.
MOCVD, metaleorganic chemical vapor deposition.
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plays an important role in the decomposition reaction of precursors. Temperature for
the decomposition of (CH3)3Ga is 500 �C, whereas for AsH3, it is 700 �C. Radicals
initiate the reaction in the system; hence, different decomposition temperatures of the
precursors do not affect the reaction kinetics. Gases that are produced in the reaction
such as methane, trimethyl gallium, and arsine are highly explosive, so special care is
taken to avoid the danger. Growth of epitaxial layers is determined by three different
temperature regimes that are evaporation-limited, transport-limited, and kinetic-
limited. At lower-temperature kinetic-limited, growth will be dominated, as growth
rate will depend on the temperature of the substrate. As the temperature increases,
growth rate will become a function of the supply of precursors to the substrate
and, hence, called as transportelimited growth. In this regime, the growth of layer
will be controlled by the precursor concentration, and the temperature will have
less influence. In this region, depletion layer is formed above the surface; diffusion
through this depletion region to the surface will govern the growth rate. There will be
some dependence of growth on the temperature in this region also as the diffusion
rate increases with temperature. At very high temperature, precursors become highly
volatile and will get expelled from the reactor without reacting, and hence, growth
will be evaporation-limited in this regime [6]. There are two types of design for
MOCVD reactors. One is the horizontal reactor and another is the vertical reactor,
which are illustrated in Fig. 3.7 and Fig. 3.8, respectively. [21][22] In the horizontal
reactor, gases are supplied laterally with respect to the substrate placed on a graphite
suspector plate. Suspector plate is rotated and heated by RF oscillator. The reactor
wall is coiled by water circulation to minimize the deposition on the walls. In the ver-
tical reactor, gas enters from the top of the reactor and is directed onto the substrate
mounted on the suspector plate.

MOCVD has experienced a major evolution in the past five decades. It has evolved
from a basic research tool to a sophisticated manufacturing technology for large-scale
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Figure 3.7 A schematic representation of the horizontal MOCVD reactor used for the epitaxial
growth of GaN film. MOCVD, metaleorganic chemical vapor deposition.
Reproduced with permission from K. Kim, S.K. Noh, Reactor design rules for GaN epitaxial
layer growths on sapphire in metal-organic chemical vapour deposition, Semicond. Sci.
Technol. 15 (2000) 868e874. https://doi.org/10.1088/0268-1242/15/8/314, Copyright 2000,
IOP Publishing.
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production of semiconductor materials for optoelectronic applications. Advances in
MOCVD led to better gas handling systems, in-situ monitoring, safety assurance,
and precursor purification [21]. It also underwent significant improvements in the
reactor designs that led to its massive adoption in the semiconductor-manufacturing
industry.

3.3 Semiconductor materials for light-emitting diodes

The IIIeV compound semiconductors have brought out a revolution in the semicon-
ductor industry and paved way for the rapid commercialization of optoelectronic ma-
terials. The IIIeV semiconductors formed a new class of materials, especially known
for their light-emitting properties. This class of semiconductors were obtained by
combining the group III elements (B, Al, Ga, In) with the group V elements (N. P,
As, Sb). There were 12 possible combinations with these eight elements, viz., BN,
BP, BAs, BSb, AlN, AlP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, InN, InP, InAs,
and InSb. However, only few of them were successful as light-emitting semiconductor
materials. Among these, the most prominent semiconductors were GaAs, InP, GaN,
AlN, and GaP as well as their ternary and quaternary compounds. While all other
III-semiconductors stably exist in sphalerite (zinc blende or ZnS) structure, the stable
crystal structure of III-nitrides at standard temperature and atmospheric pressure is
hexagonal wurtzite. The III-nitrides were the first to be reported and explored for their
properties. Fitcher reported about the AlN and later about InN in 1907 and 1910,
respectively [23,24]. It took almost a couple of decades for the first report on GaN
semiconductors [25]. Furthermore, it took another couple of decades for the first report
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on the III-phosphides and III-arsenides [26]. But III-arsenides and III-phosphides
garnered more momentum as they were easily grown over native substrates. On the
other hand, III-nitrides were grown over nonnative substrates such as Si or sapphire.
In this section, we shall discuss some of the semiconductors that established their pres-
ence in the light-emitting devices.

3.3.1 III-arsenides

Among the III-arsenides, the gallium arsenide (GaAs) and its ternary compounds with
Al and In were found to be the most popular in the optoelectronic industry for LEDs.
GaAs is a direct bandgap material with energy bandgap equal to 1.424 eV. They
exhibit higher thermal conductivity, chemical resistance, mechanical strength, and
hardness. Although GaAs have shown potential applications in infrared (IR)-emitting
LEDs and laser diodes, they are more often considered as substrates for the epitaxial
growth of other semiconductors belonging to the group IIIeV. Indium gallium arse-
nide (InGaAs) and aluminum gallium arsenide (AlGaAs) are also grown using
GaAs as substrates. Sometimes, indium arsenide (InAs) is also used as a substrate
for growing materials for mid-IR LEDs [27]. Aluminum gallium arsenide (AlxGa1-
xAs or more commonly known as, AlGaAs) covers a wide range of spectra from
red to IR emission. AlGaAs is a ternary compound formed between GaAs and
AlAs. AlAs is a semiconductor with an indirect bandgap of 2.168 eV [28]. There is
a large difference between the energy gaps of AlAs and GaAs. In their ternary com-
pound, the energy gap of AlxGa1-xAs increases from that of AlAs to GaAs with the
increasing composition of Al. When the composition of Al reaches 0.45, the
AlxGa1-xAs starts showing transition from the direct bandgap to indirect bandgap.
At this point, the bandgap of the compound is 1.98 eV, and hence, the emission wave-
length of AlxGa1-xAs is limited to about 650 nm [29]. As a result, AlxGa1-xAs is suit-
able only for red and IR LEDs and not for obtaining orange or yellow emission from
LEDs. Yet, the LEDs fabricated from AlGaAs materials showed very high efficiency
[30]. One of the factors that contributed in the large-scale adoption of the fabrication of
AlGaAs devices is the close matching in the lattice constants of AlAs and GaAs. The
lattice mismatch between these two materials is just 0.2% at normal room temperature.
As a result, very high-quality films of AlGaAs materials can be grown on GaAs sub-
strates. Also, there is very low interface defect densities created during the deposition
of such heterostructures [31,32]. The device performance can be, thus, optimized by
growing such complex device structures. Although AlGaAs material system was
conceived in the late 1960s, it took more than a decade for the LEDs based on this sys-
tem to become commercially available [33]. One of the reasons behind this delay was
the lack of proper LPE reactors that could support large-volume production of high-
quality multilayer device structures [34]. Interestingly, AlGaAs-based red LEDs
were the first LEDs to surpass the luminous efficiency of incandescent bulbs [28].

AlGaAs have been grown by several crystal growth methods such as LPE, MBE,
and MOCVD. But there were always difficulties while growing high-quality layers
of AlGaAs with high Al content by techniques other than LPE. One of the issues faced
is the sensitivity of aluminum to oxygen that leads to contamination in the AlGaAs

74 The Fundamentals and Applications of Light-Emitting Diodes



phase [35]. To ensure the removal of moisture during the growth, ultrahigh-purity
hydrogen carrier gas is used in MOCVD as a precaution to avoid oxygen contamina-
tion. Hashimoto et al. achieved growth of 700 nm emitting AlGaAs heterojunction on
Si substrates using MOCVD technique [36]. An outstanding resistivity of 0.018 U/cm
was observed for AlGaAs grown on the sapphire substrate by MOCVD [37]. The LPE
technique has provided an added advantage of growing thick epitaxial layers. Hence,
LPE emerged as the most commonly used technique to grow these crystal layers. There
are many benefits of employing LPE technique while growing III-arsenides. The ma-
terials grown by LPE have shown higher luminescence efficiency. This is mainly
attributed to the low concentration of nonradiative centers and deep trap levels in
the materials grown by LPE. Also, the layers grown by LPE showed uniformity and
controlled doping of n-type and p-type impurities as well as good reproducibility
[38]. In MBE growth, the net flux of the group III (Ga or Al) atoms decides the growth
rate. A flux of 6.25 � 1014 atoms cm�2 s�1 of Ga or Al can lead to a growth rate of
1 mm per hour [6]. At low-growth temperatures, there is minimum loss of group III
atoms, and almost all of them are incorporated into the growing film. The stoichiom-
etry is also maintained, as sufficient amount of arsenic atoms are incorporated along
with the group III atoms and the excess of As atoms are desorbed. However, the
desorption of As atoms becomes more prominent at temperatures above 600 K [39].
As a result, excess flux of As atoms is required to retain the stoichiometry. When
the growth temperature is high, there is a significant loss of group III atoms and the
growth rate falls below the expected rate. Typically, AlGaAs exhibits best optical
properties when the growth temperatures are above 923 K [40]. To ensure that the
composition of the compound is maintained even at high temperatures, the Ga flux
is considerably increased than that used at lower temperatures.

3.3.2 III-phosphides

Since the discovery of the first red-emitting GaAsP LED in 1962, phosphide materials
such as GaP and InP gained attention as light-emitting semiconductors [41]. Also, their
ternary compounds gallium arsenide phosphide (GaAs1-xPx or GaAsP), indium gal-
lium phosphide (InxGa1-xP or InGaP), and aluminum gallium indium phosphide
((AlxGa1-x)yIn1-yP or AlGaInP) were found suitable for fabrication of LEDs.

GaP is a semiconductor that possesses an indirect bandgap of 2.26 eV at 300 K
[42]. In polycrystalline form, it has a pale orange appearance. On the other hand, it
shows clear orange appearance in its undoped single crystal form. When they are
strongly doped, they show darker appearance as a result of the free-carrier absorption.
Since GaP is transparent to yellow and red wavelengths, they prove to be better sub-
strates than GaAs to grow GaAsP. Also, they are transparent to wavelengths from
visible to long-wavelength infrared spectrum. GaP shows higher refractive index
than most of the materials (even greater than diamond). GaP is known to produce
pure green electroluminescence emission with the peak at 556 nm [43]. Due to its in-
direct bandgap, the efficiency of the emission is difficult to exceed 0.12% in its
undoped state [43]. Hence, GaP is often doped with some other elements (such as ox-
ygen, zinc, or nitrogen) to increase the efficiency of the green emission. Still, the
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doping has allowed to improve the efficiency to only 3% [42]. Similar to GaAs, GaP is
also used as a substrate material for growing several semiconductor crystals. Both of
them exhibit similar mechanical properties, but they have different spectral properties.
While GaAs emits in the infrared region (w1150 nm), GaP emits in the visible region
(w556 nm). In 1981, Yamaguchi and Niina developed a multicolor-emitting GaP
LED [44]. They developed such LEDs by epitaxially growing a double junction of
red- and green-emitting wafers on one side of a GaP substrate. The multicolor GaP
LED could emit red, orange, yellow and green color. Indium phosphides are another
binary compound in the III-phosphide family. Unlike GaP, they have a direct bandgap
of 1.35 eV [45]. However, they are considered more appropriate for lasers than LEDs.
Yet they have found important position as substrate materials for several LED device
structures and as multishell colloidal quantum dots [46].

In the ternary compounds, GaAsP was first reported semiconductor to emit in the
visible spectrum [41]. GaAs0.6P0.4, which was grown on the GaAs substrate, emitted
in the red region of the spectrum. Unlike AlGaAs, there is a lattice mismatch between
GaAsP and GaAs, and hence, there is a limitation in fabricating efficient heterostruc-
tures and, that too with low defect densities. Similar to GaP, the external quantum ef-
ficiency of GaAsP associated with the radiative combination processes is low [47].
GaAsP wafers are preferred to be grown on GaAs and GaP substrates. The perfor-
mance of GaAsP diodes was found to be better on doping them with nitrogen [48].
A pþ/p-layer structure of GaAsP:N led to the optimization of the carrier concentration
at the junction and decreased the light absorption [49]. The doping of nitrogen also
helps in tuning the color emission of GaAsP. Thus, GaAsP diodes can emit throughout
the range from 700 nm (red) to 550 nm (green) [50]. Another ternary compound is the
indium gallium phosphide (InGaP), which is formed by the solid solution of InP and
GaP. InP and GaP are semiconductors with direct and indirect bandgap, respectively.
Hence, the crossover point from the indirect to direct bandgap for In1-xGaxP occurs
when the value of x is between 0.63 and 0.74 [51e53]. InGaPs are generally grown
on Si, GaAs, and GaP substrates [54e58]. InGaP can be used to fabricate red, orange,
yellow, and green-emitting LEDs [58]. Since InGaP/GaAs systems exhibit better ther-
mal conductivity and shorter wavelength than the AlGaAs/GaAs system, the former is
preferred for the fabrication of high-brightness LEDs (HB-LEDs) [54].

Among the quaternary compounds of III-phosphides, AlGaInP is commercially
used for LEDs and laser applications. This quaternary compound was introduced in
1990 by Kuo et al. [59]. At that time, the AlGaInP exhibited a 20 lm/A luminous
efficiency in the yellow (590 nm) region of the spectrum and external quantum effi-
ciency (EQE) > 2%. In addition, its performance was 10 times better than the then
existing yellow LEDs. With the exception of nitrogen-based materials, AlGaInP sys-
tem possesses largest direct bandgap among the group IIIeV semiconductors [60].
AlGaInP is the solid solution of AlInP and GaInP. The optical properties of
(AlxGa1-x)yIn1-yP were found to be optimum for y ¼ 0.5 [61]. The bandgap of
Ga0.5In0.5P and Al0.5In0.5P are 1.91 and 2.28 eV, respectively. Consequently, the
bandgap of (AlxGa1-x)0.5In0.5P can be tuned from 1.91 to 2.28 eV by varying the value
of x from 0 to 1. This quaternary compound experiences a crossover from the direct
bandgap to indirect bandgap when the composition of Al is 0.53 [59,61]. Due to the

76 The Fundamentals and Applications of Light-Emitting Diodes



large direct bandgap, the emission wavelength of the AlGaInP LED is limited to wave-
lengths longer than 560 nm [29]. Thus, AlGaInP can emit from the yellowish-green to
red region of the spectrum. AlGaInP is commercially used to fabricate red, orange, and
yellow LEDs. Similar to AlGaAs, the AlGaInP wafers are suitably grown on GaAs
substrates due to good lattice-match between them. In fact, GaAs is the only lattice-
matching substrate among the binary compound semiconductors. In addition, the ther-
mal expansion coefficients of GaAs and AlGaInP are similar. This facilitates their ther-
mal recycling without producing any damaging crystalline defects in them [62]. For
the growth of AlGaInP LEDs, the most preferred technique is the MOCVD. The
MOCVD technique has helped in the realization of commercial AlGaInP LEDs.
Also, the AlGaInP materials have shown highest efficiency when they were grown
by MOCVD technique. LPE technique is not suitable for its growth as the Al-
aggregation occurs in the melt [60]. MOCVD technique has allowed to grow high-
quality, lattice-matched AlGaInP semiconductors over GaAs substrate. The require-
ment of large-chamber crystal growth reactors to achieve high-volume production
of AlGaInP for optoelectronic devices has been satisfied by MOCVD [60]. This tech-
nique has also allowed better growth control at lower costs for designing a number of
sophisticated structures of AlGaInP.

3.3.3 III-nitrides

There has been significant progress in the nitride-based semiconductor industry over
the last three decades. HB-LEDs have benefited from the progress made in the growth,
processing, fabrication, and doping of III-nitride LEDs. Gallium nitride (GaN),
aluminum nitride (AlN), indium nitride (InN), and their ternary as well as the quater-
nary compounds such as indium gallium nitride (InxGa1-xN or InGaN), aluminum gal-
lium nitride (AlxGa1-xN or AlGaN), and aluminum gallium indium nitride (AlxGayIn1-
x-yN or AlGaInN) are the commercially most popular nitrides considered for LED de-
vices. The binary nitride semiconductors of group-III, such as GaN, AlN, and InN,
show direct bandgap. At room temperature, the bandgap of GaN, AlN, and InN are
3.4 eV, 6.2 eV and 1.95 eV, respectively [63]. Among the ceramic materials,
aluminum nitride has the highest thermal conductivity [64]. However, there is diffi-
culty in controlling the electrical conductivity of wide-bandgap materials such as
AlN. Taniyasu et al. successfully controlled the p-type and n-type doping in AlN
[65]. They developed a homojunction LED from the AlN (p-type/intrinsic/n-type)
PIN structure that was able to successfully demonstrate emission at 210 nm. This
deep-UV emission was attributed to the exciton transition. InN belongs to the family
of group III-nitrides, wherein other binary semiconductors have proved their worth as
efficient light emitters. Although InN semiconductors are poor light emitters, they have
a noteworthy role in the LED industry, especially because of their significance in the
formation of ternary and quaternary compounds with AlN and GaN. Since InN has
narrow bandgap as compared with the other two binary nitrides, they can be alloyed
with GaN and AlN to cover the light emission spectrum from UV to IR. InN is, how-
ever, the least investigated compound due to the difficulty in obtaining high structural
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quality. Since there is weak bonding between In and N, the growth of InN is more diffi-
cult than GaN and AlN [66].

The development of LEDs based on gallium nitride was pioneered by Nakamura
et al. [67]. Due to their excellent thermal and chemical stability, GaNs are considered
for high-power devices. Hence, GaN has found applications as laser diodes, photode-
tectors, LEDs, etc. They exist in two crystal structures, viz., wurtzite and zinc blende
structures. Since bulk GaN substrates are expensive and not easily available, homoe-
pitaxial growth of GaN is very rarely performed. As a result, majority of the GaN pro-
duction involves heteroepitaxial growth on different materials. For the selection of
substrate, there are several requirements that need to be satisfied. It is essential that
the substrates are in the single-crystalline form with high quality, which offers a large
surface area for the growth. Also, the substrate materials should show lattice matching,
similarity in thermal and chemical stability at higher temperatures, and crystalline
structure with GaN [68]. Other factors considered during the selection of substrates
are its manufacturability and scalability, price, wafer size, etc. There are a wide choice
of substrates for growing GaN wafers, and these include sapphire, Si, SiC, MgO,
MgAl2O4, GaAs, GaN, LiGaO2, and ZnO [63]. Sapphire substrates are predominantly
used to manufacture the GaN buffer layers [69]. GaN is a key factor for the production
of blue LEDs. Prior to this, blue LEDs remained as the missing piece from the rede
greeneblue (RGB) combination in white LEDs. The growth of crystalline GaN on
the known substrates with controlled surface roughness seemed to be a herculean
task. It was further difficult to dope GaN to prepare p-type GaN as the doping created
defects in them [70]. Isamu Akasaki, Hiroshi Amano, and Shuji Nakamura were the
pioneers who paved way for the production of blue LEDs by effectively doping
GaN and growing uniform and highly crystalline doped- GaN [71e73]. Subsequently,
they were awarded the 2014 Nobel Prize in physics for their outstanding achievement.
Although the idea of blue LEDs based on GaN was conceived from the late 1950s, it
was not brought to practicality due to the difficulty in growing high-quality GaN due to
certain challenging issues. It was inevitable to grow GaN layers with uniformity and
free of any defects or dislocations. In the 1970s, MOCVD and MBE techniques
were employed to grow GaN crystals. GaN thin films, which were grown on the sap-
phire substrate using AlN buffer by MOCVD, showed crack-free optically flat surfaces
[74]. Nakamura replaced the AlN layer with a thin layer of GaN and produced high-
quality GaN with clean interfaces using MOCVD technique at low temperature [75].
This low-temperature GaN buffer growth by MOCVD technique did not require the
replacement of the AlN during the growth, and hence, it gained recognition for the vol-
ume production of GaN. Another challenge was to develop p-type GaN by introducing
suitable dopants such as Mg. Many unsuccessful attempts were made for this purpose.
H. Amano, I. Akasaki, and their coworkers discovered that the blue luminescence from
Zn-doped GaN significantly improved when irradiated with 9e30 kV electron beam
[76]. This motivated them to proceed with their experiments on Mg-doped GaN too.
They treated the Mg-doped GaN with low-energy electron-beam irradiation and
discovered distinct p-type conduction in them accompanied by the drastic lowering
of its resistivity [73]. The p-n junction LED fabricated using such p-type Mg-doped
GaN demonstrated strong near-band-edge emission at room temperature. Nakamura
et al. noticed the inactivity of Mg-doped GaN due to the formation of MgeH com-
plexes. They introduced the concept of thermal annealing in N2-ambient atmosphere
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to enable p-type doping in GaN by freeing up the Mg from the MgeH complexes [77].
These innovative ideas enabled massive production of p-type GaN and also acted as
milestones in the development of blue LEDs. The pen junction GaN LEDs were re-
ported to exhibit blue emission that has 10 times higher luminous intensity than the
then commercially available SiC LEDs [78].

A major revolution in the LED industry came with the invention of the InGaN
ternary compounds that led to the development of commercial blue LEDs. The indium
mole fraction can be varied to tune the bandgap of InGaN from 1.95 to 3.4 eV [79].
The bandgap of InGaN is inversely proportional to the concentration of In. When
the In-concentration is high, there is an increase in the lattice mismatch that results
in dislocations [29]. InGaN was also introduced with several doping elements to
improve the blue emission. Nakamura et al. introduced Cd-doping in InGaN films
and observed that the blue emission peaks lowered by 0.5 eV as compared to undoped
InGaN [80]. However, the emission intensity of Cd-doped films looked similar to the
band-edge emission of the Si-doped InGaN films. HB-LEDs fabricated using InGaN/
AlGaN double heterostructures demonstrated blue light with luminous intensity over
1 cd [71]. By codoping Zn and Si into the InGaN active layer, the EQE of the double
heterostructure LED was increased to 5.4% [81]. By increasing the In-concentration,
the emission peak was successfully shifted from the blue region to green and yellow
regions too [81,82]. Superbright green emission with a luminous intensity of 12 cd
was also achieved by fabricating a single quantum wellestructured LED of
p-AlGaN/InGaN/n-GaN using MOCVD [83].

AlGaN is a direct bandgap ternary compound that can be used for developing light-
emitting devices in the deep-UV (DUV) to near-UV (NUV) region. Generally, AlGaN
LEDs emit in the wavelength range between 200 and 365 nm, thus making them suit-
able alternative to mercury-based lamps for UV applications. The bandgap of AlGaN
can be tuned between 3.43 and 6.11 eV [84]. AlGaN crystals are mainly grown on sap-
phire or AlN substrates. AlN substrates provided the advantage of growing high-
crystalline AlGaN crystals with the threading dislocation density lower than
104 cm�2 that could possible increase the internal quantum efficiency due to lesser
nonradiative recombination centers [85,86]. However, the extraction of UV emission
from AlGaN LEDs is a bit challenging due to the difficulty faced in the suppression of
the electron overflow [87]. AlGaInN, which is the quaternary compound among the
group III-nitrides, has gained huge popularity for their efficient emission in the
DUV and NUV region. Depending on the composition, the bandgap of AlGaInN
can be tuned from 1.95 to 6.2 eV at room temperature [79]. Unlike AlGaN, the emis-
sion intensity from the AlGaInN is not much sensitive to the threading dislocation den-
sity. Kim et al. fabricated a 340 nm emitting LED by growing AlGaInN using
MOCVD [88]. The LED structural quality and the emission efficiency were enhanced
by incorporating the d-doping in the Si-doped n-type and Mg-doped p-type layers of
AlGaInN. The growth conditions such as temperature, pressure, and V/III ratio are also
significant for optimizing the quality of the AlGaInN crystals [89]. The quality of the
quaternary compound was also optimized by suppressing the vapour-phase reactions
of trimethylaluminum, trimethylgallium, and NH3 by introducing the alternating gas
supply in the MOCVD [90,91].
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3.4 Conclusions

With the advent of new and better processing technologies, the optoelectronic industry
has blossomed. This has enabled the production of semiconductor wafers with higher
purity and uniformity, which has further helped in boosting the LED market. The pro-
gressive developments in the growth, doping, and processing of semiconductor wafers
have improved the brightness and efficiency of LEDs. This improvement has also been
reflected in the applications such as light-based digital communications and data trans-
fer systems. The identification and adoption of growth techniques appropriate for each
of the semiconductors has been a key factor in the rapid expansion of the optoelec-
tronic industry. Each of the growth techniques has their own merits and limitations.
The first epitaxial technique to be used for the growth of materials for optoelectronic
devices was LPE. LPE still continue to be pursued in conditions where vapour-phase
techniques are found unsuitable. The advantages of LPE technique comprise the use of
nontoxic materials, high growth rates, cheaper costs, lesser defects, etc. Vapour-phase
techniques also have their own advantages and are more prominently used for the ma-
terials that are insoluble in liquids, which make LPE technique futile. MBE also has
shown advantage when it comes to utilize UHV systems for the growth of semicon-
ductor films with precise control. MOCVD offers a high degree of uniformity, repro-
ducibility, efficiency, and control over the growth of multicomponent heterostructures.
In addition, the choice of substrates is of great importance to determine the quality of
the grown semiconductor wafers. Sapphire, silicon, GaN, GaAs, and so on were the
substrates used for the growth of group IIIeV semiconductors, which are notable
for the LED applications. The most prominently used semiconductor materials for
LEDs are summarized in Table 3.1.

Table 3.1 Semiconductor materials used for light-emitting diodes and their emission in the
electromagnetic spectrum.

Semiconductor material Emission region

AlGaAs Red to infrared

GaP Red, yellow, green

GaAsP Red, orange, yellow

InGaP Red, orange, yellow, green

AlGaInP Red, orange, yellow, yellowish-green

GaN Ultraviolet

AlN Far ultraviolet

InGaN Near ultraviolet, blue, cyan, green

AlGaN Deep ultraviolet, near ultraviolet

AlGaInN Deep ultraviolet, near ultraviolet, blue
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Phosphor-converted LEDs 4
4.1 Phosphor

Phosphor is a term coined by Vincentinus Casciarolo, an Italian alchemist in the 17th
century. The term came into existence after the discovery of phosphorous, which
glowed after coming in contact with air. Soon, all the materials that glowed were called
as phosphors. A prototype of artificially prepared phosphor was introduced by Théo-
dore Sidot in 1886 when he unintentionally prepared ZnS-type material. Soon, many
new luminescent materials were discovered or artificially prepared and they found
wide-scale applications in different sectors. All inorganic materials that can show
luminescence are now classified as phosphors. Phosphors, which can be either semi-
conducting or insulating, comprise an imperfect host lattice that is intentionally doped
with an impurity ion that can act as luminescence centers in the lattice. In some cases,
the host matrix itself can exhibit luminescence without any external doping.

Phosphors found their use in light-emitting diodes (LEDs) when it was realized that
semiconductor chips failed to produce a full-color spectrum essentially required to
obtain the white emission. The gaps left out by the RGB-emitting semiconductor chips
can be filled by combining them with a suitable phosphor. Instead of incorporating
three highly expensive semiconductor chips, the idea was to design a package with
a single chip that can provide the pump power required for exciting the phosphor.
Most of the phosphors showed absorption in the ultraviolet (UV), near-ultraviolet
(NUV), and blue region of the electromagnetic spectrum. Consequently, NUV-
LEDs and blue-LEDs became more popular owing to their suitability for exciting these
phosphors. Soon, phosphor-converted LEDs (pc-LEDs) were successful in the exter-
mination of several other light sources that performed inefficiently. The quest for more
efficient and advanced phosphors led to the discovery of several novel phosphors that
were able to emit different colors such as red, orange, yellow, green, blue, and white.
The major revolution in the lighting industry was brought out by the white-LED
(WLED) that comprised of the combination of YAG:Ce with a blue-LED chip. The
physical properties of phosphors play a major role while defining the LED character-
istics such as luminous efficacy, correlated color temperature, color-rendering index
(CRI), and lifespan. In turn, these characteristics are strongly influenced by the syn-
thetic conditions and precision during LED device fabrication. Even the selection of
synthesis methods must be wisely made depending on the composition of the phos-
phor, the raw materials available, and the climatic conditions in which the synthesis
is to be performed.
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4.2 Dopant and its types

Materials having an energy bandgap equivalent to the energy of a visible light photon
can emit in the visible region of the spectrum. But, the number of such materials is very
few. However, materials having a wider bandgap can also be compelled to provide
luminescence emission in the visible region by introducing an external agent into
the host lattice of the material. The external agent can be either an ion or a crystal
defect. The additionally introduced ions have an electron orbital structure different
from that of the host lattice, and these ions are called dopants. The energy levels of
dopant ions try to accommodate themselves within the forbidden energy gap of the
host lattice. These levels can be close to the conduction band (in such case, the dopant
is called a donor) or close to the valence band (in such a case, it is called an acceptor).
Electronic transitions between these levels can give rise to a photon emission resulting
in luminescence, and the energy difference between the excited and ground states de-
cides the wavelength of the emitted light. Depending upon the electronic configura-
tion, solubility, and structure of the host lattices, different roles are played by the
dopant in the host matrix. Besides, dopants have been classified into different classes
on the basis of their function in host lattices.

4.2.1 Activator

When a dopant ion absorbs the excitation energy, an electron jumps from the ground
state to the excited state of the ion and then emits the energy in the form of radiation
while returning to the ground state. Such dopant ions are known as activators (A) or
luminescent centers. Generally, the concentration of activators is very less in the
host matrix, and their concentrations can range from as much as one dopant atom in
5000 host atoms down to as little as one dopant atom in 1 million host atoms. Some
of the commonly used activators are the rare-earth ions, especially lanthanides with
trivalent or divalent oxidation states, and the transition metal ions such as Mn4þ,
Mn2þ, Cuþ, and Cr3þ.

4.2.2 Coactivator

The dopant ions that do not produce luminescence on their own but support the acti-
vator ions in the luminescence processes by acting as charge compensators or by
creating hole/electron traps are known as coactivators. For example, Liþ, Naþ, and
Kþ are some of the commonly used coactivators [1].

4.2.3 Sensitizer

In some cases, the activator ions are not capable enough to efficiently absorb the exci-
tation energy provided by the external source. In this scenario, there must be a medi-
ator that can act as a bridge to transfer energy from the excitation source to the
activator. The dopant ions playing such a role are known as sensitizers (S). A sensitizer
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absorbs the excitation energy provided by the external source and emits an energy,
which overlaps with the excitation of the activator. The energy transfer process
from the sensitizer to the activator is known as sensitization. Ce3þ and Eu2þ form
the most effective sensitizers to a number of activators.

4.3 Synthesis of inorganic phosphors

4.3.1 Solid-state diffusion

The solid-state diffusion method is the most commonly used synthesis method for
phosphors. It is also referred as a solid-state reaction in many literatures. This is a
straightforward method, which is suitable for large-scale production of oxides, chlo-
rides, oxychlorides, fluorides, oxyfluorides, and nitrides. This method involves the pul-
verization and sintering of the precursors at high temperatures for the formation of the
desired compound. The precursors are ground and mixed well to break the grain
boundaries and facilitate better diffusion of atoms in the chemical reaction. The
grain-boundary contacts and the temperature of the reaction have a significant influ-
ence on the diffusion of atoms. The defects and impurities present at the grain bound-
aries also affect the transport of atoms across the boundaries. The presence of grain
boundaries ceases the diffusion of atoms and the reaction stops at midway. The
mixture of precursors must be ground and mixed repeatedly to break the grain bound-
aries and create fresh surfaces to initiate further reaction through diffusion between the
heat treatments [2,3]. The precursors are mostly used in the form of oxides, which
needs to be mixed in stoichiometric proportion in a suitable medium (for example,
acetone). Eventually, the well-crushed powder is fired at high temperatures to obtain
the desired product. This method is best suitable for the synthesis of polycrystalline
ceramic materials, and hence, solid-state diffusion is sometimes referred to as a con-
ventional ceramic route method.

In general, solid-state diffusion method involves the following steps:

1. Mixing and crushing of the reactants or precursors uniformly.
2. Heat treatment of the crushed reactants at a moderate temperature (200e450 �C) to remove

unwanted residual gases.
3. Recrushing of the mixture followed by reheating at very high temperatures (1000e1500 �C)

in an appropriate atmosphere desirable for the product formation.
4. Repetition of the crushing and heating cycles until the homogenous formation of the desired

product with high crystallinity is achieved.

The rate of reaction is often limited due to the poor diffusion of ions through the
newly formed grain boundaries and the nucleation of the product phase. The reaction
rate can be promoted by increasing the surface area of the grains, for which it is essen-
tial to adopt repeated grinding and mixing followed by sintering at high temperatures.
Another version of this method is the modified solid-state reaction method wherein the
precursors are not subjected to multiple heat treatments, but instead, a single heat treat-
ment at a very high temperature is sufficient to form the final product. The reactant and
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the product oxides have very low vapor pressures, and hence, the loss of material expe-
rienced during the synthesis is the least. Yet, it is essential to be aware of the shortcom-
ings and drawbacks suffered in the quality of the product before adopting this method
for synthesis. The distribution of the grain size and the homogeneity in the phase for-
mation are often compromised unless certain rigorous measures are adopted to control
them. Another drawback is the requirement of expensive high-temperature furnaces
for firing the phosphors. There is also a possibility of the precursors remaining
unreacted to form intermediates or impurity phases, thereby hampering the overall
luminescence yield. This can be avoided if they are subjected to repeated pulverization
in between heat treatments. In some cases, the non-stoichiometric amount of precur-
sors must be used to adjust for the losses occurring from their volatility.

4.3.2 Solegel/Pechini

The solegel method is one of the best methods for the synthesis of nano/micron-sized
phosphors with uniform particle size distribution. The precursors are mainly in the
form of nitrates, which are mixed homogeneously along with a chelating agent and
a surfactant in a suitable solvent. In general, citric acid and polyethylene glycol are
the most widely used chelating agent and surfactant, respectively, for the solegel syn-
thesis of phosphors. The homogenous solution of the precursors along with the
chelating agent and the surfactant is kept for continuous stirring and heating at about
80 �C. After some time, the solution undergoes condensation to form a polymeric
network that leads to the formation of sol and further stirring leads to the formation
of a gel. The solution starts to yield an elastic viscous form due to sudden loss of
fluidity and this results in the gelation of the solution [4]. The gel, thus obtained, is
subjected to an appropriate heat treatment for removing the organic contaminants
from the phosphor. Sometimes, the organic molecules that are trapped deep within
the interstitials of the phosphor lattice are not easily removed and may require anneal-
ing at temperatures above 500 �C for removing them. The morphology and dimensions
of the final product can be varied by monitoring the ratio of metal ions, surfactants, and
the chelating agent. In case, the lanthanide precursors are available only in the oxide
form, then they must be transformed into the nitrate form. This can be achieved by dis-
solving the oxides of lanthanides in conc. HNO3. This solution must be then heated
and stirred well before diluting it with a few drops of distilled water. However,
some of the oxides, like Ce2O3, are difficult to get transformed into nitrate form by
adopting this procedure. Even though the solegel method involves lengthy proced-
ures, it is known to produce a high-quality final product with excellent phase-purity
and morphology. A modified version of the solegel method is Pechini’s method.
The materials lacking favorable hydrolysis equilibria are not easily synthesized by
the solegel method but can be prepared by Pechini’s method. In the solegel synthesis,
the materials undergo controlled hydrolysis to form a cryogel, an aerogel, or a xerogel,
which is decided by the drying process involved for the removal of the solvent. On the
contrary, Pechini’s method involves the formation of citrate gel that undergoes com-
bustion to remove the solvent.

90 The Fundamentals and Applications of Light-Emitting Diodes



4.3.3 Combustion synthesis

The combustion method is one of the easiest and cost-effective methods for synthesiz-
ing phosphors. This method requires less efforts and minimal time than other synthesis
routes. This method involves an exothermic reaction accompanied by the emission of
light and heat. The end products obtained are chemically homogenous with higher sur-
face areas and lesser impurities as compared to those obtained from the solid-state
diffusion method. The prerequisites for this method are oxidizers and fuel. Generally,
metal nitrates are considered as the oxidizing reactants, and fuel may be chosen from
the list of available organic reducing agents such as urea, glycine, thiourea, and carbo-
hydrazide in this method, and the aqueous solution of oxidizing reactants and the fuel
are ignited at a low temperature (w400e600 �C), thereby leading to a redox,
exothermic reaction accompanied by a flame, as shown in Fig. 4.1 [5,6]. The reaction
temperature can rise as high as 1200 �C but will not last for more than 10 minutes. Due
to the short duration at high temperatures, nanocrystalline powders may also be
yielded from this reaction. In most cases, the end products are weakly agglomerated
into submicron-sized powders that can be pulverized easily into a fine powder. How-
ever, the stoichiometric balance between the oxidizer and the fuel proportions plays an
important role in the redox reaction to occur, and the maximum heat is generated dur-
ing the synthesis only if both the proportions are balanced well.

4.3.4 Precipitation method

Precipitation method is a type of wet-chemical method that yields the end products in
the form of precipitate in an aqueous solution. The procedures involved in both precip-
itation and wet-chemical methods are similar, but the major difference is that the end
product formed in the former precipitates out from the solution and that formed in the

Figure 4.1 Combustion synthesis.
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latter remains dissolved in the solution. The final product of the precipitation method
can be obtained by several washing in distilled water and other organic solvents fol-
lowed by drying. In the wet-chemical method, the solution needs to be dried
completely to get the final product. Precipitation method is the most appropriate tech-
nique for producing fluoride, oxide, or oxyfluoride-based phosphors. Typically, chlo-
ride, acetate, or nitrate precursors are chosen for carrying out the synthesis. The
precursors are dissolved in a solvent (preferably distilled water, ethanol, cyclohexane,
or N-N-dimethylformaldehyde), which are then mixed together. A precipitating agent
is kept on adding slowly to this solution along with constant stirring. This results in the
formation of hydroxide, fluoride, or carbonate compounds in the form of a precipitate.
The precipitated phosphor particles are washed several times in distilled water and
other suitable organic solvents such as ethanol and cyclohexane to remove any
water-soluble and organic impurity content present in the yield. This can be done either
by filtering or by the centrifuging process. The final product must then be dried in an
oven to decompose the hydroxides or carbonates and then subjected to high-
temperature annealing to crystallize the powder. The condition for the success of
this method is that the final product must precipitate out from the solution and must
not be soluble in the solvent. Hence, the solubility of the precursors and the final prod-
uct must be confirmed beforehand. This method can produce uniform-sized particles
with narrow size distribution with proper selection of the precursors, precipitating
agent, and solvent, by controlling the pH of the solution, deciding the stirring and heat-
ing rate of the solution and the order of addition of the precursors. It was observed that
the coprecipitation method induces a better reaction in acidic conditions. On the other
hand, the formation of larger crystallites with less surface defects is possible in alkali
conditions. Hence, the photoluminescence intensity is more pronounced in the alkali
or acidic conditions, while the moderate pH values do not support such intense
emissions [7].

4.3.5 Solvothermal method

Solvothermal synthesis route is a process taking place in a closed system that requires
high temperatures and pressures to induce a chemical reaction or decomposition of the
precursor materials to form the desired compound directly from a solution. The solvo-
thermal method is applicable to both the aqueous and nonaqueous forms of solvents.
Few of the solvents preferred in this method are water, ethanol, methanol, ammonia,
carbon dioxide, hydrochloric acid, and hydrofluoric acid. The term “solvothermal”
changes to “hydrothermal” when the solvent used is water. The process involves the
mixing of the precursors in the solvent and then sealing them in an autoclave. The auto-
clave is then heated at temperatures above the boiling point of the solvent. The autoclave
acts as a closed system that elevates the temperature and pressure of the solution and
subsequently crystallizes the dissolved material. With proper selection of the precursor
composition and the reaction conditions, it is possible to achieve high purity and homo-
geneously dispersed nanoparticles with a very narrow size distribution. This method re-
quires no high-temperature treatments. Despite being a low-temperature synthesis, this
method yields phosphors with high crystallinity. The size, morphology, and phase
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formation of the phosphors greatly depend on the reaction temperatures, pH, solvent,
and the precursor compositions. A major disadvantage of this method lies in its inability
to produce bulk quantity of phosphors in a single run. The small-sized autoclaves limit
the mass production of phosphors.

4.3.6 Microwave-assisted method

Microwave-assisted synthesis techniques have now emerged as a valuable substitute
for many other conventional methods used for the synthesis of inorganic phosphors,
organic compounds, or polymers. This technique is highly effective for the synthesis
of well-defined nanomaterials. Microwaves are used to heat the precursors to induce
chemical reactions between them to form a final product. The difference from the con-
ventional heating lies on the fact that microwaves can produce very high temperatures
at ambient conditions. Microwaves target a molecule with dipole nature (mostly water
molecules) to induce heat. A dipolar molecule tends to efficiently absorb microwaves
and convert them into heat. When the dipoles get excited by microwaves, they start to
align themselves in the direction of the external field. The reorientation of the mole-
cules in phase with the externally applied field causes strong agitation resulting in
strong internal heating. Hence, it is highly essential to dissolve the precursors in a polar
solvent to effectively produce phosphors by this method. However, every solvent will
absorb the microwave radiations differently as they have a different degree of polarity
within their molecules. More the strength of polarity of the solvent more will be the
heat generated. Sometimes, microwave methods are combined with some other
methods to produce phosphors with higher quality. To name a few, microwave-
modified solegel method [8], microwave-assisted hydrothermal method [9], micro-
wave solid-state synthesis [10], etc. have been performed.

4.3.7 Sonochemical synthesis

To avoid the complications in attaining high temperatures, high pressures, and longer
duration of synthesis, a novel method for the preparation of nano- to bulk-sized phos-
phors have originated by employing high-intensity ultrasound. This method, which is
more commonly termed as sonochemical synthesis, involves an acoustic cavitation
process that involves the formation, growth, and implosive collapse of bubbles [11].
The physical and the chemical effects of ultrasound facilitate the production of
nanophosphors in a room-temperature liquid, without subjecting itself to any high-
temperature/pressure treatments. An added advantage of this method is that it can pro-
mote the diffusion of dopant ion into spherical nanoparticles. Sonochemical synthesis
employs a powerful tool in the form of ultrasonic sound waves, which when irradiated
to a solution of metal precursors result in wondrous effects. The physical and chemical
effects of ultrasound irradiation prove fruitful when the aim is to develop nanomateri-
als. Most of the time, the sonochemical synthesis method can be assumed to be a type
of precipitation method that uses an additional tool in the form of ultrasonic waves.
The solution of precursors is maintained at a specific pH value and then subjected
to ultrasonic radiation. Simultaneously, a precipitating agent is added drop by drop
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to the solution. The frequency and duration of the ultrasonic radiation depend on the
synthesis requirements. During the process, the temperature of the solution is main-
tained at about 80 �C using a water bath. Sonochemical methods offer a wide range
of options to develop phosphors with controlled morphologies and dimensions by sim-
ply monitoring the reaction conditions and precursor compositions.

4.3.8 Template-assisted method

Template-assisted methods are adopted to synthesize phosphors in the nanoscale with
controlled morphology and size. These are one of those novel methods that give a good
yield of products with improved particle size distribution. This method involves three
stages: (1) preparation of template materials; (2) deposition of target materials on the
template, and (3) removal of the template from the target without any tension between
them. On the basis of the template employed, template-assisted methods can be cate-
gorized into hard templates and soft templates. The templates are meant to act as phys-
ical platforms to support the growth of material and to confine its shape and size. They
are inert and do not diffuse into the target material that is deposited over them. After
synthesis, the fully developed nanophosphors are subjected to several washing and
cleaning procedures to remove the templates. The hard-template method is preferred
for the fabrication of a large number of materials with controllable structures, morphol-
ogies, and sizes. The templates used are generally nonflexible, and the materials
preferred to form hard templates can be carbon nanotubes, silica spheres, polystyrene
spheres, carbonaceous microspheres, or metal oxide particles [12]. The soft-template
method involves the deposition of target materials on a flexible and soft material
such as surfactants, organic macromolecules, and biomolecules. This method has
some shortcomings as compared to a hard-template method such as low yield and
instability of the prepared template, inefficiency in material processing, and rigorous
conditions required during the synthesis. The earlier mentioned methods required pre-
developed templates for depositing the target material. Apart from these categories, a
third-type of template-assisted method can be listed in the form of in-situ template
method that rules out the need for an already prepared template. Contrary to the pre-
vious two methods, the in-situ template method itself develops a template during the
synthesis of the target material.

4.3.9 Laser ablation

Laser ablation cannot be considered as a method to synthesis a phosphor from individ-
ual raw materials. Yet, the readily available bulk phosphors can be used to form their
thin films or nanoparticles with the aid of high-power lasers. Laser ablation is a phys-
ical vapor deposition method. The prerequisites are the solid target of the phosphor
(which can be developed by pelletizing the phosphor powders) and a high-power
UV-emitting laser. The solid target is placed in a vacuum tube and irradiated with a
focused laser beam. The heat generated on the irradiated zone of the target by the laser
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compels the target material to sublime or evaporate and form a plume. The plume of
phosphor deposits on the substrate to form a thin film. If the laser flux is very high, then
the target stands a chance to get converted into plasma. A schematic representation of
laser ablation is shown in Fig. 4.2. Laser ablation has other nomenclatures such as laser
deposition and laser evaporation. Generally, laser ablation is performed using a pulsed
laser, and hence, it is also termed as a pulsed-laser deposition. If the laser intensity is
high enough, then a continuous-wave laser can also be used to ablate the target.

4.3.10 Spray pyrolysis

Spray pyrolysis is an effective and lost-cost method for the synthesis of submicron and
nano-sized phosphors, especially oxides. It can produce porous films with high-density
packaging. This method is also important for the preparation of ultrafine phosphor
powder with highly uniform particles, narrow size distribution, and high purity. In
this method, the solution of precursors is sprayed or injected on a heated substrate
where the precursors react to form a thin film of the desired compound. A general setup
consists of an atomizer, a solution consisting of all the precursors, a temperature
controller, and a substrate heater. The procedure involves the generation of droplets
of the precursor solution using an atomizer. The droplets are then carried through a
tube furnace onto a hot substrate by a carrier gas. The droplets are, then, vaporized
vigorously, and the precipitate is subjected to thermolysis. The size and morphology
of the particles are dependent on the concentration of reactants in the precursor solu-
tion, nature of additives, flow rate of droplets, and other preparatory conditions [13]. In
ultrasonic spray pyrolysis, an ultrasonic atomizer is used to generate droplets of pre-
cursor solution. A schematic representation of the ultrasonic spray pyrolysis setup
can be seen in Fig. 4.3 [13].

There are some disadvantages, too, which are linked with this method [13]. It is not
suitable for the synthesis of nonoxide-based materials like sulfides, if they are pro-
cessed in a normal air atmosphere. In addition, there is difficulty in recording the ac-
curate growth temperatures during the deposition. The biggest concern is the low yield
obtained and the difficulty in scaling up the overall yield.

Laser beam

Vacuum pump

Target

Plume

Substrate

Figure 4.2 Laser ablation.

Phosphor-converted LEDs 95



4.3.11 Microemulsions

When two immiscible liquids are compelled to mix together by stirring or mechanical
agitation, they form an emulsion. The liquid in lesser proportion tends to form layers,
droplets, or coagulated droplets to separate itself from the other liquid. The sizes of the
droplets are generally larger than 100 nm up to few millimeters. These droplets form
macroemulsions. There is another class of immiscible liquids, known as microemul-
sions, in which the droplets are usually in the range of 1e100 nm. Microemulsions
are stabilized using a surfactant and a cosurfactant. One of the liquids used in micro-
emulsion synthesis is water and the other is oil, which is usually a complex mixture of
hydrocarbons with olefins. When hydrocarbons are introduced into an aqueous solu-
tion, it starts floating on the aqueous solution. When a sufficient quantity of surfactant
is introduced into this mixture, they try to form an entity known as micelles. In other
words, micelles are aggregates of the surfactant molecules dispersed in a colloidal so-
lution. Micelles are formed when the organic solvents or oil is in lesser proportion than
water. Hence, micelles can be called as oil-in-water (o/w) microemulsions. The head
groups of micelles float in water, while the tail group remains inside the oil. Thus, the
head group is hydrophilic, while the tail group is hydrophobic. When the water is in
lesser proportion than oil, the microemulsions are called water-in-oil (w/o) microemul-
sions or reverse micelles. Micelles and reverse micelles are formed depending on the
concentration of the water and the organic solvent, as shown in Fig. 4.4.

The shape and size of a micelle or reverse micelle are strongly dependent on the
solution conditions such as pH, temperature, ionic strength, and surfactant concentra-
tion. Reverse micelles are more profoundly used for the synthesis of nanophosphors.
There are two techniques of synthesizing nanophosphors from reverse micelles. The
first method involves the mixing of two different reverse micelles with different pre-
cursors. In the second method, all the precursors are mixed in the same reverse mi-
celles. The mixing of reverse micelles leads to intermicellar exchange, which is

Ultrasound

Precursor
solution

Tube furnace
T = 300–1200k

Substrate

Gas

Figure 4.3 Schematic representation of ultrasonic spray pyrolysis technique.
Reproduced with permission from T.V. Gavrilovi�c, D.J. Jovanovi�c, M.D. Drami�canin, Synthesis
of multifunctional inorganic materials: from micrometer to nanometer dimensions, in:
Nanomaterials for Green Energy, Elsevier, 2018 55e81. Copyright 2018 Elsevier.
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followed by the chemical reaction between the reactants to precipitate the desired prod-
uct in water droplets of reverse micelles. This method too suffers from some disadvan-
tages. This method requires those organic solvents that can result in microemulsion
and a very high quantity of surfactants. It also results in low yield and can incorporate
defects or impurities in the yield.

4.3.12 Vapor deposition

Nano-sized or submicron-sized phosphors in the form of particles, thin films, or multi-
layer films can be synthesized by evaporating the precursors and depositing them onto
a suitable substrate. In vapor deposition, materials can be evaporated either by physical
methods or by chemical methods. Consequently, they are categorized into two classes,
viz. physical vapor deposition (PVD) and chemical vapor deposition (CVD). In phys-
ical vapor deposition, the evaporation of materials is achieved by laser heating, resis-
tive heating, sputtering, or electron-beam heating. A properly designed vacuum system
is essential to evaporate and deposit the vapors on the substrate by avoiding the uncon-
trolled oxidation of materials. PVD methods are less commonly implemented due to
numerous demerits and sophisticated requirements. The CVD process uses the reactant
chemicals in the vapor phase, which are then transported by a carrier gas towards a
substrate placed at a high temperature in a reaction chamber. When the reactant vapors
come in contact with the substrate, they diffuse into the substrate surface and undergo
chemical reactions at suitable sites to nucleate and grow into a thin film of the desired
material. This is also accompanied by the formation of some by-products, which are
then transported back to the gaseous phase and removed from the substrate. CVD
methods are preferred for the synthesis of inorganic phosphors over PVD techniques
owing to numerous advantages. Some of the advantages of CVD techniques can be
listed as follows:

• Facile techniques.
• Requires much less temperature for the synthesis (<350 �C).

Water
Oil droplet

Micelles Reverse micelles

Hydrophilic

Hydrophobic

Water

Figure 4.4 Formation of micelles and reverse micelles.
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• Large amount of yield can be obtained.
• Cost-effective and requires less instrumentation as compared to many physical deposition
methods.

• Possibility to dope foreign ions (or atoms) during the synthesis.
• Doping of foreign atoms (ions) possible during the synthesis.
• Possible to control the sizes and shapes of phosphor particles.
• Higher growth rates and better quality of deposition.

4.3.13 Colloidal route

Colloidal synthesis is best noted for the synthesis of nanophosphors and quantum dots.
It can also be employed for preparing coreeshell structures with good control over its
shape and size. Generally, a three-necked flask is preferred to carry out the reaction
between the precursors, as shown in Fig. 4.5. The precursors are either inorganic salts
or organometallic compounds of the constituent elements, which are added to a suit-
able reaction media already containing a surfactant. The injection of the precursors
can be made at room temperature, but it is a common practice to inject the precursors
at relatively high temperatures ranging between 100 and 300 �C. As a result, the
colloidal route is often known as the hot-injection method. On immediately increasing
the temperature after injection, the nucleation period and the particle growth can be
arrested. The precursors undergo thermal decomposition to release large concentra-
tions of the constituents in a small duration. This leads to a small period of nucleation,
and the developed nuclei grow very slowly. The surfactants present in the reaction
media control the nucleation and further growth of nuclei. The entire reaction must
be carried out in an inert atmosphere to avoid any contamination or oxidation of the
desired product. The end products need to be washed several times in water or suitable
organic solvents like ethanol and cyclohexane. It can then, be dried to obtain nano-
phosphors or dispersed in a solvent to form quantum dots. It is also possible to prepare
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Figure 4.5 Colloidal synthesis of nanophosphors.
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coreeshell structures of the same or different compositions by repeating this proced-
ure. For this, a suitable core material needs to be introduced before injecting the pre-
cursors in the reaction media.

4.4 Red/orange-emitting phosphors

Eu3þ-doped phosphors are the most sought red-emitting phosphors due to their deep
red emissions from 593 to 650 nm [14]. A perfect red component with pure color pu-
rity is obtained by the 5D0 /

7F2 transition of Eu3þ, corresponding to the emission
wavelengthw615 nm [14,15]. There is a general belief that Eu3þ ions will show their
characteristic emission even if they are doped in mere sand. However, not all the Eu3þ-
doped phosphors are suitable for lighting purposes. While considering phosphors for
lighting, the major priority must be given to those materials that have a broad excita-
tion band. Although Eu3þ ions are known for their characteristic excitation and emis-
sion peaks corresponding to forbidden fef transitions, they have a useful charge
transfer band in the UV region that could be utilized to sensitize the red emission
[16]. The charge transfer band acts as a sensitizer that absorbs light in the UV region
and transfers it to Eu3þ ions, thereby reducing them to Eu2þ formally. In some cases,
the charge transfer band is more intense than the characteristic excitation peaks of
Eu3þ [17]. Yet, this characteristic has no advantage in NUV-excited red-emitting
LEDs, as the charge transfer band of Eu3þ seldom covers the NUV region [18]. The
only possible way to employ Eu3þ-doped phosphor for red-emitting NUV-LEDs is
by selecting a host in which Eu3þ ions shall occupy a site with lower symmetry
[19]. When Eu3þ ions occupy noncentrosymmetric site in a host lattice, there is a relax-
ation in the parity-forbidden 4fe4f transition and the efficiency of the 4fe4f excitation
band is improved. A vast number of Eu3þ-doped phosphors have been reported till
date and to name a few, these include Y2O3:Eu

3þ [20], YVO4:Eu
3þ [21], CaTiO3:

Eu3þ [22], Ca2ZnWO6:Eu
3þ [23], LaPO4:Eu

3þ [24], and GdAlO3:Eu
3þ [25]. Except

for the 396-nm excitation peak, no other excitation band of Eu3þ lies in the NUV re-
gion. This peak cannot be intense unless Eu3þ ions occupy a site with lower symmetry
and partially permit the parity-forbidden 4fe4f transitions to occur. Hence, we must
rethink the possibility of using Eu3þ-doped phosphors in the pc-LEDs. A similar
case goes for the phosphors doped with Sm3þ: Sm3þ-doped phosphors give a charac-
teristic excitation peak at 405 nm, which is a forbidden 4fe4f transition [5,14,26e29].
In addition, there are very few cases in which Sm3þ-doped phosphors turned out to
give bright red luminescence [26,30,31]. Otherwise, in most cases, Sm3þ is commonly
known to give orange-red luminescence [27,28,32e36].

Another approach for developing red-emitting phosphors is to find Eu2þ-doped
nitride or oxynitride phosphors [37]. Nitride-based phosphors are known to exhibit
outstanding stability, both thermally and chemically, accompanied by excellent lumi-
nescence properties [38,39]. Besides, nitride hosts provide highly covalent surround-
ings for the Eu2þ ions to experience a strong crystal field effect and shift its emission
band towards longer wavelengths. Sialon type of hosts has attracted huge attention due
to their ability to absorb strongly in the UV to the blue region [40,41]. However, not all
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sialon materials are known to bring about red luminescence with Eu2þ doping [42,43].
Although nitride-based phosphors activated with Eu2þ provide excellent red lumines-
cence combined with good thermal and chemical stability, there is a big matter of
concern regarding the complexity of its synthesis. This justifies the fact that compar-
atively very few nitride phosphors are available for discussion. Eu2þ ions have also
triggered red luminescence in some of the borate phosphors, which is a rare occur-
rence. Zhang et al. [44] have reported red luminescence in LiSrBO3:Eu

2þ phosphors,
but with the coexistence of a small amount of LiSr4(BO3)3 phase. The phosphors were
prepared by adding 40 and 60 mol% excess of boric acid, and it was inferred that more
the amount of boric acid was added, the percentage of LiSrBO3 phase increased in the
sample. Irrespective of the percentage of LiSrBO3 phase and LiSr4(BO3)3 phase in the
sample, a broad emission band was obtained with the peak centered at 618 nm. How-
ever, this is in contrast to the report published by Wang et al., wherein LiSrBO3:Eu

2þ

phosphors were endowed with a yellowish-green light emission peak at 565 nm [45].
On the other hand, Wang et al. and Wu et al. independently reported that LiSr4(BO3)3:
Eu2þ phosphors produced a broad emission band in the red region of the visible spec-
trum [46,47]. From this, we may infer that the LiSr4(BO3)3 phase is responsible for the
red luminescence, whereas LiSrBO3 phase produces yellowish-green emission.
Ba2Mg(BO3)2:Eu

2þ phosphors have also exhibited orange-yellow luminescence under
365 nm UV excitation [48]. However, the addition of Mn2þ ions to this phosphor has
shifted the emission peak to a longer wavelength. Ba2Mg(BO3)2:Eu

2þ, Mn2þ phos-
phors depict a broad excitation ranging from 250 to 450 nm and the red emission is
intensified as well as purified until the Mn2þ concentration increased up to
0.05 mol. Some halophosphates like K2Ca(PO4)F:Eu

2þ phosphor has also shown
broad red emission bands [49]. Alkali earth sulfides also dictate red luminescence
with Eu2þ ions, but their thermal instability and sensitivity to moisture do not promote
their application as red-emitting phosphor materials in LEDs [50].

Yet another approach is to develop phosphor materials that are doped with Mn4þ

ions [51e54]. Mn4þ ions show a distinct 2Eg /
4A2g transition in the crystal field

that is octahedrally symmetric and this transition corresponds to deep red lumines-
cence with narrow-band emission peaks in the range 600e750 nm with high quantum
efficiency [55e60]. Although the emission peaks corresponding to 2Eg /

4A2g tran-
sition is spin-forbidden, their excitation peaks lying in the NUV region and blue region
correspond to the spin-allowed 4A2g /

4T2g and 4A2g /
4T1g transitions, respec-

tively. The excitation peaks are broad and can be easily excited by InGaN chips
[58]. This is a noteworthy feature required for a phosphor to be used in pc-LEDs. How-
ever, the main difficulty lies in controlling the valence state of Mn ions that are doped
in the host material. Mn can exist in 2þ, 3þ, 4þ, 6þ, and 7þ oxidation states, and the
synthesis temperature has a huge effect on the occurrence of a particular valence state
of Mn ions [61]. Mn4þ emission is tuned depending on the host material in which it is
doped. When the host material is highly ionic, as in the case of fluorides, the prominent
emission peak is obtained in the range 600e630 nm [56,60,62e66]. A number of
complex alkaline metal fluorides have been reported to be excellent host materials
for Mn4þ doping. Jiang et al. [62] have synthesized the hexagonal phase of BaSiF6:
Mn4þ phosphors by the hydrothermal method. Its room-temperature emission
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spectrum consists of narrow-band peaks at 615 nm, 632 nm and 648 nm, with an
exceptionally intense and prominent peak at 632 nm. The peak at 615 nm gradually
disappears when the emission spectrum is measured at 78 K, and this peak has been
associated with the anti-Stokes vibronic sidebands related to the excited state 2E of
Mn4þ ions [62]. On the other hand, the prominent emission band is obtained in the
range 630e700 nm when the host material is covalent, as in the case of oxides
[58e60,67e69]. The crystal field effect is found to strongly affect the luminescence
of Mn4þ ions doped in oxides such as Sr4Al14O25, Ba2GdNbO6, and Mg7Ga2GeO12
[58,59,67,69,70]. Mn2þ is also likely to show red luminescence in some cases. Unlike
Mn4þ, a broad emission band is obtained for Mn2þ-doped phosphors [71,72].

4.5 Yellow-emitting phosphors

Whenever there is a discussion about the yellow-emitting phosphors, the first thing that
comes to our mind is about Y3Al5O12:Ce

3þ phosphors. Cerium-doped yttrium
aluminum garnet phosphors (more commonly known as Y3Al5O12:Ce

3þ or YAG:
Ce) is the most commercially successful yellow-emitting phosphor that were com-
bined with the blue-emitting InGaN chips for the production of WLEDs. YAG:Ce
has dominated all other phosphors in the yellow region of the visible light spectrum
for long and perhaps, we may even feel if there is any necessity to look for some other
alternative yellow phosphors in the magnificent presence of YAG:Ce. YAG:Ce has
acceptable values of phonon energies and other electron-vibrational interaction param-
eters, thereby providing a convenient environment for the Ce3þ emission to take place
[73e75]. It is also possible to increase the intensity of Ce3þ emission by converting the
remnant Ce4þ ions in YAG into Ce3þ using a suitable reduction atmosphere [76]. It is
also possible to increase the luminescence intensity by optimizing the calcination tem-
perature and duration, thereby enabling a homogenous distribution of Ce3þ ions in the
YAG host [77]. Furthermore, Ga3þ-ion doping can be done to improve its thermal sta-
bility [78]. Despite this fact, there certainly is an urgency to research for new yellow
phosphors when we come to know that YAG:Ce-based WLEDs deliver CRI values
w70 and high correlated color temperatures (CCT) [79,80]. In addition, their use in
high-power LEDs shall be limited citing their inefficiency to provide the same spectral
energy distribution at higher temperatures [81]. To modify its emission spectrum,
different synthesis methods have been adopted and the structural modifications were
made by doping Tb3þ, Gd3þ, Mg2þ, or Ti4þ in the Y3þ site, Ga3þ or In3þ in the
Al3þ site, and codoping Sm3þ, Eu3þ, Tb3þ, or Pr3þ ions along with Ce3þ [82e91].
Researchers have also tried to replace the Y3þ ion with Gd3þ, La3þ, or Lu3þ ions,
but their color emissions failed to optimize at the desired level [92e95]. Aboulaich
et al. [96] devised a method to increase its CRI by preparing YAG:Ce nanophosphors
and CuInS2/ZnS quantum dots individually and then piling them up as bilayered YAG:
CedCuInS2/ZnS structure. The WLEDs fabricated using this bilayered structure
delivered a higher CRI (>80) and lower CCT.
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In the meantime, several new yellow-emitting phosphors have emerged as suitable
candidates for WLEDs. Nitride-based host materials have provided a good platform
for Eu2þ and Ce3þ ions to luminesce in the yellow region. Ba2Si5N8:Eu

2þ [97],
SrSi2O2N2:Eu

2þ [98], CaAlSiN3:Ce
3þ [99], Eu2þ-doped Ca-a-SiAlON [100e102],

La3Si6N11:Ce
3þ [81], CaSi2O2N2:Eu

2þ [103], and Mg-a/b-SiAlON [104] are some
examples of yellow-emitting nitride phosphors that are activated with Ce3þ and
Eu2þ ions. The strong nephelauxetic effect found in nitride hosts provides a suitable
environment for the Ce3þ and Eu2þ ions to tune their emission in the yelloweorangee
red region of the visible light spectrum. Besides nitrides, there are quite a number of
oxide-based host compounds that have also shown yellow luminescence with these
ions. Garnets such as Lu3�xYxMgAl3SiO12:Ce

3þ and CaY2Al4SiO12:Ce
3þ have also

shown promises as efficient yellow-emitting phosphor [105,106]. Lu3�xYxMg
Al3SiO12:Ce

3þ has shown high yellow luminescence with good thermal stability
and quantum efficiency. However, the emission peak wavelength shows a redshift
with the increasing substitution of larger Y3þ ions in relatively smaller Lu3þ sites.
This substitution causes shrinkage of CeO8 polyhedron and provides a more varied
local environment around the Ce3þ ions. Yelloweorange-emitting Lu2�xCaMg2Si2.9-
Ti0.1O12:xCe

3þ garnets also showed a redshift in the emission spectrum, but with the
increasing substitution of Ce3þ ions in the Lu3þ sites [107]. On the other hand, Lu3M-
gAl3SiO12:Ce

3þ garnets gave a stable yellow emission that did not shift its peak posi-
tion with the variation in Ce concentration [108]. Another garnet with superior
luminescence properties was identified to be Gd3Sc2Al3O12:Ce

3þ that could incorpo-
rate six times more Ce3þ ions than YAG and exhibit 30% more external quantum yield
than YAG:Ce [109]. However, its applicability gets limited due to lower temperature
quenching as compared to YAG:Ce. Apart from garnets, other oxide compounds such
as silicates, phosphates, and borates have also shown yellow luminescence with Ce3þ

and Eu2þ ions. Phosphates are high-bandgap materials and their Ce3þ- or Eu2þ-emis-
sions are often limited to the NUV or blue region. However, some special class of
Eu2þ-doped phosphates has shown broadband yellow emission. Phosphates such as
Sr9Mg1.5(PO4)7:Eu

2þ [110], Sr8MgGd(PO4)7:Eu
2þ [111], Sr8MgY(PO4)7:Eu

2þ

[112], Sr8MgLa(PO4)7:Eu
2þ [112], Sr8CaBi(PO4)7:Eu

2þ [113], Ca10Na(PO4)7:Eu
2þ

[114], and Ba4Gd3Na3(PO4)6F2:Eu
2þ [115] have shown yellow luminescence but

with much lower quantum yields. Unlike garnets, phosphates cannot be excited by
blue-LEDs and the majority of their excitation spectra covers the NUV region. A
similar trend goes for Eu2þ-activated borates such as Sr3B2O6:Eu

2þ [79] and
Ca2BO3Cl:Eu

2þ [116,117], wherein their excitation spectra are mainly covered in
the NUV region with a slight extension in the blue region. However, we can consider
that these borates can be excited by both blue-LED chips and more efficiently by NUV
chips. On the other hand, Eu2þ-doped silicates can be efficiently excited with blue-
LEDs and produce yellow luminescence. Some examples of yellow-emitting silicate
phosphors are Sr3SiO5:Eu

2þ [118], (Ca,Sr)7(SiO3)6Cl2:Eu
2þ [119], M2MgSi2O7:

Eu2þ [120], Na3K(Si1�xAlx)8O16�d:Eu
2þ [121], Sr1.44Ba0.46SiO4:0.1Eu

2þ [122], and
CaSrSiO4:Eu

2þ [123].
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4.6 Green-emitting phosphors

Among the tricolor phosphors, a relatively lesser quantity of literature is available on
the green-emitting phosphors than the other color-emitting phosphors. However, this
available literature itself is enormously vast to provide a sound discussion and review
the developments made by the green-emitting phosphors in the LED technology. Tb3þ

and Mn2þ ions are, generally, found to produce green emission in numerous host ma-
terials [124e128]. An adequate amount of Mn2þ ions can produce luminescence with
greater intensity if they are sensitized with Ce3þ or Eu2þ ions. At times, even Ce3þ and
Eu2þ ions themselves are capable of producing green luminescence due to their
tunable 4f 4 5d transitions. The crystal field strength allows the Mn2þ emission to
vary from green to red. However, their low absorption in the UV region due to
forbidden 4T1e

6A1 transition is a disappointing factor from the perspective of LED
manufacturers.

Tb3þ ions are known to produce only green luminescence, and hence, they are often
doped in host materials with a suitable local environment for the Tb3þ ions to lumi-
nesce. These ions are not yet reported to produce any color other than green. Hence,
it is a sure shot that Tb3þ ions will either produce green light emission or no emission
at all, depending on the conditions of the crystal local environment in which it is
doped. However, there is a chance that Tb ions, which are introduced into the host,
may take up þ4 charge state and in this case, no luminescence will be observed. In
such a situation, it becomes essential to subject the phosphor to heating under the
reducing conditions and convert the Tb4þ ions into Tb3þ ions. Generally, the peak
wavelength positions of Tb3þ ions can be located at 490 nm, 540 nm, 580 nm and
620 nm corresponding to the transitions 5D4/

7F6,
5D4/

7F5,
5D4/

7F4, and
5D4/

7F3, respectively [129]. These emission peaks are narrow-band emissions
arising due to the spin-forbidden 4fe4f transitions, and hence, their peak positions
will show variations of only �5 nm from host to host. Among these, the 5D4 /

7F5
transition often gives a prominent intensity and contributes to the overall green emis-
sion of the phosphor. The excitation spectrum of Tb3þ consists of spin-allowed 4fe5d
transition that towers a broadband in the range of 200e270 nm and numerous spin-
forbidden 4fe4f transitions lying in the NUV range. In most cases, the most intense
excitation peak is found to be occurring due to the spin-allowed transitions that are
not suitable for LEDs. So, most of the Tb3þ-doped phosphors fail to meet the criterion
for LEDs even though they exhibit strong green luminescence [10,129e138]. There
are very few cases wherein a Tb3þ ion exhibits a prominent excitation peak at
w380 nm [139e143]. However, this excitation peak corresponds to spin-forbidden
4fe4f transitions, and it becomes essential to sensitize it with Eu2þ or Ce3þ ions.
Even the use of such sensitizers do not guarantee a pure green color emission as
Eu2þ and Ce3þ ions will produce their emission colors and blend with the green color
emission of Tb3þ to form an entirely different color [144]. In most cases, the excitation
spectrum of Ce3þ ions falls in the UV region, and this rules out its applicability for
NUV convertible LEDs [145]. It is still a matter of concern to identify suitable
Tb3þ-based phosphors for green-emitting LEDs. Phosphors that are singly doped
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with Tb3þ are best used as green-emitting phosphors for display devices or mercury-
excited lamps. On the other hand, phosphors codoped with Tb3þ and Eu2þ/Ce3þ offer
color-tunable properties in most cases. With proper selection of the dopant combina-
tion, it is possible to obtain green luminescence with CeeTb or EueTb pairs that have
its excitation spectra overlapping with the emission of NUV or blue-LED chips. For
example, BaY2Si3O10:Ce

3þ,Tb3þ shows color tuning from blue to green with a fixed
concentration of Ce and varying concentration of Tb ions [146]. BaY2Si3O10:
0.05Ce3þ,1.00Tb3þ phosphor gives greenish-yellow luminescence with CIE coordi-
nates located at (0.294, 0.562) and its excitation spectrum covers a broad region
from 250 to 400 nm. Nevertheless, it still has a drawback that the excitation spectrum
peaks at 337 nm and fails to efficiently get excited by NUV chips. Sr3Y(PO4)3:
Eu2þ,Tb3þ phosphor is an example of green luminescence arising from the EueTb
pair that can be excited by NUV chips [147].

Eu2þ ions have proved to provide green luminescence when they are singly doped
in some host materials. Eu2þ-based phosphors are most sought for their excellent exci-
tation band that broadly covers the NUV to blue region and their intense broadband
emission. The parity-allowed 4fe5d transitions of Eu2þ are tunable from UV to red
luminescence by changing the host environment in which these ions are introduced.
Silicate materials are privileged with high chemical and physical stability, and these
materials provide a favorable host environment for Eu2þ to luminesce in the green
to yellow region. Some examples of green-emitting Eu2þ-doped silicates are
Ca2�xSrxSiO4:Eu

2þ [148], SrBaSiO4:Eu
2þ [149], Ca15(PO4)2(SiO4)6:Eu

2þ [150],
M2SiO4:Eu

2þ (M ¼ Ca, Sr, Ba) [151], Ba2CaZn2Si6O17:Eu
2þ [152], and Sr3.5

Mg0.5Si3O8Cl4:Eu
2þ [153]. Ca3SiO4Cl2:Eu

2þ has shown green luminescence under
400 nm blue excitation [154]. Its thermal stability was found to be exceptionally higher
than the commercially used green-emitting Ba2SiO4:Eu

2þ phosphor. In some cases,
the hosts provide two or more types of cation sites for the Eu2þ ions to occupy. For
example, Ca6Sr4(Si2O7)3Cl2 provides two types of luminescence centers due to the
presence of two crystallographically different Sr-sites, and this gives rise to two
Eu2þ emission bands that are centered at 508 nm and 560 nm, respectively [155].
Sr2LiSiO4F:Eu

2þ also shows such dual emission bands at 475 nm and 505 nm due
to the occupancy of Eu ions in dissimilar Sr-sites [156]. Exceptional chemical, thermal,
and mechanical stability in addition to outstanding luminescence properties were
demonstrated by nitridosilicates as well. Eu2þ-doped nitridosilicates such as
Ba3Si6O9N4:Eu

2þ [157], Ba3Si6O12N2:Eu
2þ [158], Ba2LiSi7AlN12:Eu

2þ [159], and
SrSi2O2N2:Eu

2þ [160] have shown promises for green-emitting LEDs.

4.7 Blue-emitting phosphors

The advent of InGaN LED chips in 1994 has paved the way for several advancements
in the field of lighting [161]. The combination of a blue-LED chip with a yellow phos-
phor coating, especially yellow-emitting YAG:Ce3þ phosphor, is known to produce
white light emission. Meanwhile, the poor CRI of blue LED þ yellow phosphor
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combination has been disapproved by many researchers, and to overcome this problem
a new combination has been suggested wherein a NUV-LED chip shall excite the
tricolor red, green, blue phosphors (RGB phosphors). This approach is considered
as one of the best approaches to produce white light with high CRI and higher lumi-
nous efficiency [162]. Blue-emitting phosphors, thus, gained enough significance in
the context of white-light-emitting NUV LED þ RGB phosphors’ combination.
Blue-emitting phosphors have noteworthy applications in plasma display panels, back-
light for liquid crystal displays, and tricolor lamps. One of the most commercially used
blue phosphor is BaMgAl10O17:Eu

2þ phosphor (more commonly known as BAM
phosphor) [163,164]. The popularity of BAM:Eu2þ phosphor has inspired several re-
searchers to investigate its optical and structural properties to a further depth and also
design new methods for the preparation [165e171]. Its excitation spectrum covers a
wide range from 225 nm to 410 nm. However, the excitation band shows prominent
absorption in the 250e300-nm range and relatively much lesser absorption in the
360e410-nm range, which is quite unsuitable for the LED fabrication. Consequently,
this led to the search for newer blue-emitting phosphors that comply with the require-
ments of an LED.

A vast number of Eu2þ-doped phosphors have shown excellent blue luminescence
under NUV excitation. Phosphates are one of the best-known families that provide
favorable conditions for Eu2þ ions to luminesce in the blue region. Phosphates have
very high bandgap, moderate phonon energy values, and high chemical and thermal
stability. KMg4(PO4)3:Eu

2þ [172], SrZnP2O7:Eu
2þ [173], RbBaPO4:Eu

2þ [174],
SrCaP2O7:Eu

2þ [175], Ca3Mg3(PO4)4:Eu
2þ [176], NaMgPO4:Eu

2þ [177], LiCaPO4:
Eu2þ [178], etc. are some of the known phosphate-based phosphors producing blue
luminescence. Kim et al. [179] demonstrated a novel zero-thermal-quenching
Na3�2xSc2(PO4)3:xEu

2þ phosphor that retains its PL emission intensity up to 200
�C without exhibiting thermal quenching. At higher temperatures, the excess amount
of thermal energy contributes to the formation of electron-trapping defect levels due to
the structural transformation related to Naþ disordering in this phosphor. This initiates
an energy transfer from the traps to Eu2þ ions, thereby countering the thermal quench-
ing phenomenon. Some Ce3þ-activated phosphors such as NaCaBO3:Ce

3þ [180],
Na4CaSi3O9:Ce

3þ [181], Ba1.2Ca0.8SiO4:Ce
3þ [182], Li4SrCa(SiO4)2:Ce

3þ [183],
and Gd5Si3O12N:Ce

3þ [184] have also exhibited blue luminescence. Cerium oxides
are less expensive and relatively abundant than Europium. Hence, it is worthy to
approach Ce3þ-doped phosphors against the ones doped with Eu2þ to bring down
the overall cost of blue-emitting phosphor-converted LEDs.

4.8 White-emitting phosphors

White light-emitting diodes are, undoubtedly, the new generation of solid-state light-
ing sources because of their excellent properties, such as high luminous efficiency,
energy-saving properties, long lifetime, and absence of toxic mercury. There are three
different strategies to fabricate WLEDs. The first way is to achieve a perfect blend of
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the red, green, and blue phosphors that could be excited by NUV LEDs to create white
light. However, each of these phosphors will degrade differently and the overall emis-
sion color will also change with time. The instability in the color temperature and the
excessive loss of energy faced in this approach compelled the technologists to think of
a new way. It is also possible to combine the red, green, and blue-emitting LEDs to
produce white light, but the same problem of instability in the color persists here
too. The second and the most popular approach, in the present scenario, is the combi-
nation of a blue-emitting LED with a yellow-emitting phosphor [80,185]. At present,
all the commercial WLEDs employ a YAG:Ce3þ phosphor pumped with a blue-
emitting LED [80,162,186]. Although this approach resulted in an energy loss lower
than that in the tricolor phosphor blending approach, it has some other issues that need
to be solved. One such issue is the low CRI of the emitted white light that arises due to
the lack of red component in the blend. To overcome the failures of these two
approaches, a third approach has been proposed to produce white light from a
single-phased host lattice. The use of such single-phased materials will enable easy
fabrication of NUV-convertible WLEDs without compromising in the color reproduc-
ibility and stability. Till date, a huge number of publications have come up in the
support of white light-emitting single-phased host materials, but none of them
succeeded to reach the commercial scale. In this section, we will briefly discuss
single-phased host materials capable of producing white light emission.

A host material cannot produce white light on its own. For this purpose, it is essen-
tial to identify a dopant ion that could luminesce in the host matrix. Numerous efforts
were taken to develop white light-emitting single-phased host materials that operate
under ultraviolet or NUV excitation. One of the commonly exercised methods is
doping a single activator ion into a host matrix. Doping a Dy3þ ion in a host is the
most common way to obtain white light emission that results from the combination
of its characteristic line emissions in the blue and yellow regions. The Dy3þ emissions
in the blue region (470e500 nm) and the yellow region (570e590 nm) correspond to
the transitions 4F9/2 /

6H15/2 and
4F9/2 /

6H13/2, respectively. The yellow emission
in Dy3þ is a hypersensitive one and the ratio of yellow to blue emission must be tuned
to obtain the white light with desired color temperature. When Dy3þ ion occupies a site
with inversion symmetry, the blue emission becomes dominant whereas the yellow
emission becomes dominant if the ion occupies a noninversion symmetry center in
a host matrix. Plenty of Dy3þ-doped phosphors have been reported to be potential can-
didates for WLEDs. To name a few: NaLa(PO3)4:Dy

3þ [187], Ca8MgBi(PO4)7:Dy
3þ

[188], CaZr4(PO4)6:Dy
3þ [189,190], Ca3B2O6:Dy

3þ [191], Sr3Gd(PO4)3:Dy
3þ [192],

Ca3Mg3(PO4)4:Dy
3þ [193], etc. However, the transitions arising from the Dy3þ ions

are mainly due to the 4fe4f transitions, which are forbidden as per the selection rules.
Hence, the luminescence arising from the phosphors doped with Dy3þ ions are bound
to exhibit less efficiency unless there is some host sensitization or an energy transfer
from some other dopant ion to the Dy3þ ions [193]. Apart from Dy3þ, it is also feasible
to produce white light by singly doping Eu2þ or Eu3þ ions in a host. Eu3þ ions are
mostly known for their red emissions; however, in some rare cases, they have also
shown their ability to give numerous narrow-band emission peaks extending from
blue to red region of the visible light spectrum and their combination, thus, result in
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white light appearance [194,195]. An example of this is Ba5Zn4Y7.92O21:0.08Eu
3þ

nanophosphor that gives full-color emission at 274 nm and 395 nm excitation, as
shown in Fig. 4.6 [195]. This special tuning of emission bands of Eu3þ ions requires
the lowering of multiphonon-relaxation and cross-relaxation phenomena that occurs
among its energy levels. This can be effectively done by selecting host materials
with lower vibrational energies (phonon frequencies) and preferring lower values of
Eu3þ concentration.

Eu2þ ions present a broadband emission due to their spectroscopically allowed
5d / 4f transition. As the outermost electrons of Eu2þ lie in the 5d state, their en-
ergies are strongly influenced by the coordination environment of the host in which
Eu2þ ions are incorporated. In some cases, Eu2þ ions are capable of demonstrating
full-color emission. Ba0.97Sr0.99Mg(PO4)2:0.04Eu

2þ phosphor can be excited at
350 nm to give a full-color emission band that peaks at 447 nm and 536 nm [196].
As shown in Fig. 4.7, a WLED fabricated by coating the mixture of
Ba0.97Sr0.99Mg(PO4)2:0.04Eu

2þ phosphor with epoxy resin on the 380 nm-emitting
InGaN chip demonstrated white light emission with CIE-1931 color coordinates
located at (0.3287, 0.3638) and CRI of 87. There is a rare possibility to obtain an
Eu2þ emission spectrum that covers the entire visible light region [197,198]. However,
by selecting a suitable codopant, it is possible to generate white light in almost every
type of host material. Dramatic experimentations have been carried out and finally,
Mn2þ was hailed as the best choice to support Eu2þ ions in generating white light
[199e203]. Red emission from Mn2þ ions forms an ideal pair with the blue emission
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Figure 4.6 Emission spectra of Ba5Zn4Y7.92Eu0.08O21 nanophosphor, excited at 274and
395 nm, respectively.
Reproduced with permission from M. Dalal, V.B. Taxak, J. Dalal, A. Khatkar, S. Chahar, R.
Devi, S.P. Khatkar, Crystal structure and Judd-Ofelt properties of a novel color tunable blue-
white-red Ba5Zn4Y8O21:Eu3þ nanophosphor for near-ultraviolet based WLEDs, J. Alloys
Compd. 698 (2017) 662e672. https://doi.org/10.1016/j.jallcom.2016.12.257. Copyright 2016,
Elsevier.
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from Eu2þ ions in several compounds. Ironically, Mn2þ ions do not show strong red
luminescence when they are singly doped; the 4T1e

6A1 transition of Mn2þ is
forbidden and is quite inefficient unless a sensitizer like Eu2þ or Ce3þ is involved.
A number of phosphors have been reported to give white luminescence with the com-
bination of EueMn pair of ions. Although such phosphors show a commendable com-
bination of blue þ red emission, their excitation band does not match well with the
commercial NUV-LED chips that are needed to pump these phosphors. Barring a
few exceptions like NaSrPO4 [204], most of the phosphate hosts bear the Eu2þ exci-
tation peak at about 330e350 nm [205].

Recently, achieving the co-existence of Eu2þ and Eu3þ ionic states in the same host
lattice has provided a wide opportunity to tune the color emission and achieve a white
color point with the desired chromaticity coordinates [206]. LiMgPO4 [207], KCaBO3
[208], b-Ca2SiO4 [209], Sr5(PO4)3Cl [210], and Ca3Y2Si3O12 [211] are some of those
special hosts that can contain Eu in both its oxidation states simultaneously. Ca3Y2-

Si3O12 possesses three different sites that are occupied by divalent Ca2þ and trivalent
Y3þ ions. These sites are seven-coordinated, eight-coordinated, and nine-coordinated
and can be occupied by europium ions [211]. However, only the nine-coordinated site
shows some distinct feature and greater YeO bond length, while the other two sites
resemble each other on several fronts. Hence, it was inferred that the bigger Eu2þ

ions can occupy the nine-coordinated site quite easily, whereas the other two sites
can be preferentially filled by smaller Eu3þ ions. It was further suggested that Eu2þ

luminescence was a consequence of its anomalous character with the neighboring
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Figure 4.7 The emission spectra of the WLED fabricated with Ba0.97Sr0.99Mg(PO4)2:0.04Eu
2þ

phosphor coated on a 380-nm-emitting InGaN chip with increasing forward-bias current. The
inset shows the photograph of the WLED under 20-mA current excitation.
Reproduced with permission from Z.C. Wu, J. Liu, W.G. Hou, J. Xu, M.L. Gong, A new single-
host white-light-emitting BaSrMg(PO4)2: Eu

2þ phosphor for white-light-emitting diodes, J.
Alloys Compd. 498 (2010) 139e142. https://doi.org/10.1016/j.jallcom.2010.03.136. Copyright
2010, Elsevier.
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oxygen vacancies. When Eu2þ is forced to occupy the Y3þ site, it leaves a hole that
started acting as a defect at that site. It was also assumed that O2� vacancies (with pos-
itive net charge) are created under reducing conditions and they tend to move near
Eu2þ ions in the host. The O2� vacancies can effectively trap the electrons that are
excited in the 5d states of Eu2þ. This leads to the formation of an exciton-like excited
state that consists of a hole localized to Eu2þ and an electron bound to the O2� vacancy
by Coulomb’s force of attraction. The annihilation of this state leads to the broadening
of the emission band with a large Stokes shift. Upon exciting the phosphor with
395 nm, it showed a color emission close to white but with a yellowish hue. This indi-
cated a lack of blue component in the overall color emission of the phosphor. Chen
et al. [210] have introduced an abnormal reduction of Eu3þ into Eu2þ in the
Sr5(PO4)3Cl host. On exciting this phosphor, the emission peaks consisted of the
red emission peaks corresponding to the 4fe4f transitions of Eu3þ as well as the broad
emission band centered at 446 nm corresponding to the 4fe5d transition of Eu2þ. The
overall color emission can be tuned from blue to white by adjusting the doping con-
centration levels of Eu in the phosphor. On introducing the charge-compensators
into this composition, the Eu3þ emissions intensified to a significant level, but the in-
tensity of the Eu2þ-emission band decreased. There are several other materials too that
have shown simultaneous emission of Eu3þ and Eu2þ, but they do not satisfy the con-
ditions required for LEDs and hence, have been omitted from this discussion [212].

4.9 Color-tunable phosphors

To meet the requirements of modern lighting technology, efforts are being made to ac-
quire phosphors capable of spectral tuning that could probably improve the luminous
efficiency, CRI, and color gamut of pc-LEDs. The changing light generations will wit-
ness a huge revolution in the lighting industry that shall be brought about by these
color-tunable phosphors. Li et al. [213] have elaborately discussed, in their review,
several strategies that may be employed to successfully tune the photoluminescence
spectra, to achieve the properties desirable for efficient working of pc-LEDs. Yet, their
discussion is mostly limited to the spectral tuning of Eu2þ- and Ce3þ-doped phosphors
only. There are vast avenues that have been explored during the quest to achieve color-
tunable phosphors. A compilation of all these research work can form an independent
study that will tarnish the present concepts known to us and give a deeper understand-
ing of the methodology and genuine mechanisms involved in these new types of lumi-
nescent materials. Though our review is not specifically dedicated to the color-tunable
phosphors, we strongly believe that this topic shall also be included as an integral part
of this review. There are plenty of color-tunable phosphors reported, but we shall
briefly limit our discussion only on those applicable for pc-LEDs.

One of the most commonly practiced methods for color tuning is the appropriate
selection of luminescent ions/dopants wherein the excitation spectrum of one type
of ion will overlap with the emission spectrum of the other. The pair of Ce3þeEu2þ

ions forms a fabulous duo of luminescent ions that could tune the color from yellowe
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whiteeblue in most host materials that are experiencing strong crystal field splitting
and nephelauxetic effect [214e217]. A better understanding of this sort of color tuning
can be derived from the compositional map drawn for Li2(Sr1�x�yEuxCey)SiO4 phos-
phor with varying Ce3þ and Eu2þ concentration, as shown in Fig. 4.8 [218]. There are
several possibilities to obtain color tuning with Ce3þ along with Eu2þ, Tb3þ, Eu3þ, etc.
[219]. However, most of their excitation spectra do not overlap with the emission
spectra of InGaN or GaN chips. Hence, most of the Ce-doped phosphors are not
considerable for pc-LEDs [220,221]. Still, there are a few exceptions like Y2SiO5:
Ce3þ,Tb3þ,Eu3þ [222] that satisfy the conditions required by a phosphor for LEDs.
The triad of Ce3þ, Tb3þ, and Eu3þ ions play together to tune the color emission
from blue / white/ orange/red. For pc-LEDs, this set of triple dopants is found
to be more effective when doped in host materials based on silicates, nitrides, and
some borates [222e224]. The excitation energy is often absorbed by Ce3þ ions,
part of which gets nonradiatively transferred to both Tb3þ and Eu3þ ions.

Another known pair of Eu2þeMn2þ ions also have shown fascinating lumines-
cence properties with color tuning in numerous host materials
[199,201,205,225e232]. Mn2þ ions show broadband emission with color varying
from 500 to 700 nm (green to red), depending on the crystal-field splitting of its d-
orbitals. For a strong crystal field around the Mn2þ ion, the spitting will be large
and the emission occurs in the lower energy side (probably red) [205]. For a weak field,
the splitting will be small and emission occurs in the higher energy side (green) owing
to 4T1 /

6A1 transition. As their excitation bands corresponding to ded transitions
are both parity and spin forbidden, it becomes difficult to pump Mn2þ ions to produce
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Figure 4.8 Composition map and luminescence photograph of the Li2(Sr1�x�yEuxCey)SiO4

phosphor with varying Ce3þ and Eu2þ concentration.
Reproduced with permission from L. Chen, A. Luo, Y. Zhang, F. Liu, Y. Jiang, Q. Xu, X. Chen,
Q. Hu, S.F. Chen, K.J. Chen, H.C. Kuo, Optimization of the single-phased white phosphor of
Li2SrSiO4: Eu

2þ, Ce3þ for light-emitting diodes by using the combinatorial approach assisted
with the Taguchi method, ACS Comb. Sci. 14 (2012) 636e644. https://doi.org/10.1021/
co300058x. Copyright 2012, American Chemical Society.
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luminescence with significant efficiency. Hence, the use of sensitizer ions like Eu2þ or
Ce3þ is often required to efficiently pump Mn2þ ions. Eu2þ ions produce emission
from blue to red depending on the crystal field environment around it and a number
of various other factors, while Ce3þ ions produce luminescence in the NUV region
for most cases. By adjusting the ratio of Eu2þ and Mn2þ ions, a single-phased host
phosphor can tune its emission color.

4.10 Conclusions

The technological advancements exhibited by LEDs have honored it with the tag of the
most recommended and admired lighting technology. It has expanded its applications
to numerous fields and the rising demands for more efficient and flexible lighting have
promoted its growth from the traditional semiconductors to the phosphor incorporated
versions. Incorporation of the phosphors have helped to fill the gaps left out in the
visible light emission spectrum by the RGB semiconductor chips and now, it is
possible to produce any color emission by blending a suitable phosphor with a blue-
emitting or NUV-emitting LED chip. This motivated the researchers around the globe
to come up with several novel phosphors that could be embedded within the LED
package and pumped by GaN/InGaN chips. The suitability of the phosphors for
LEDs is determined by various factors such as its lifespan, CRI, quantum efficiency,
and thermal and chemical stability. These parameters can be strongly affected by the
synthesis methods adopted to prepare the phosphors. To achieve a successful synthe-
sis, it should be made sure that the atmospheric conditions and the raw materials are
suitable for producing the desired phosphor. In addition, the purity of the raw materials
play an important role in achieving the desired composition of the phosphor.
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Advanced variants of LEDs 5
5.1 Introduction

The swift progression in light-emitting diode (LED) technology has flagged way to
countless innovations in the lighting sector. This has also promoted the application
of LEDs in fields beyond lighting. LEDs have garnered huge admiration owing to their
efficiency, durability, and ease of use. However, the LED structure has undergone
several modifications to meet the requirements that are varying from time to time.
The journey of LEDs started with the semiconductor diodes, mainly based on nitrides,
arsenides, and phosphides of the group-III elements. These diodes were capable of
emitting red, green, or blue color, depending on the composition of the semiconducting
material. The semiconducting chips, however, were unable to cover the entire wave-
length range and often suffered from several pitfalls in their color emission. A single
chip is unable to give multiple color emissions. The blending of several chips to pro-
duce a desired color emission could have been a solution, unless all the chips have a
similar pattern of degradation. The lacunas faced in the color composition of these
diodes were later on solved by incorporating phosphors with the LED package. A
phosphor can be prepared at a much cheaper way with less sophisticated equipment
as compared to the production of a semiconductor chip. It also can be combined
with a single chip that is able to provide the pump power required for the phosphor’s
optical excitation. LEDs soon expanded their applications beyond the household
lighting needs. It started dominating the display industry, biomedical field, digital
communications, and horticulture. The need for more efficient and durable materials
for LEDs started intensifying to satisfy the needs of diverse fields. Researchers started
experimenting with alternative materials and found success.

Although phosphor-converted LEDs (pc-LEDs) are still a dominating element in
the LED industry, newer variants of LEDs started showing promising results. Organic
materials soon gained recognition for their self-emissive properties and started replac-
ing inorganic phosphors. This gave rise to a new version called organic light-emitting
diodes (OLEDs). Quantum dots (QDs) too came into the picture with exceptional
quantum yield (QY) values and gave birth to quantum dot LEDs (QLEDs). Apart
from these, there are several other versions of LEDs that are still under development
and are yet to face the commercial market. In this chapter, there will be discussion on
some of the newest versions of LEDs that have shown exceptional characteristics and
higher efficiency than the pc-LEDs. The topics highlighted here will be biased on
microLEDs, OLEDs, QLEDs, perovskite LEDs (Pe-LEDs), and bioLEDs.
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5.2 MicroLEDs

With the advancement of InGaN/GaN-based LEDs, many research groups have started
focusing on improving the efficiency and fabrication of high-power LEDs. Attempts
were made by these research groups to extract higher power output by adopting several
strategies. Some of them successfully accomplished this objective by adopting the stra-
tegies such as optimization of epitaxy and processing, designing of resonant cavity
structures, or improved current spreading [1e3]. However, there are instances of total
internal reflections occurring within the LED interface, which can confine a significant
amount of emitted light within the device [4]. A noteworthy enhancement in the
external quantum efficiency can be achieved if the conventional LEDs are replaced
with microLEDs [5]. MicroLEDs are a form of new LED structures that are benefited
with superior light extraction efficiency. They are microscopic versions of LEDs
devoid of a package. They are also known as mLED or mLED. The size of a microLED
is 1/100th of a conventional LED and often measures less than 50 mm, as shown in
Fig. 5.1.

MicroLEDs have exhibited a display luminance about 1000 times more than the
normal commercial displays [6]. Their exceptional luminescence features have found
promising results in the display devices and as a tool for manipulation or stimulation in
life sciences [7]. On paper, mircoLEDs are proposed to provide higher brightness and
color than the existing display devices and that too at a much lower power. Addition-
ally, they are self-emissive. Unlike conventional LEDs that are mostly used as back-
lights for liquid crystal displays (LCDs), microLEDs do not require backlights.
They are scaled-down versions of traditional LEDs that provide better and brighter dis-
plays. It can also withstand high current densities and produce high power densities
[8]. It has showed improved light extraction and better thermal management than
the conventional LEDs [8,9].

The fabrication of microLEDs also follows a pattern similar to conventional LEDs
and mini-LEDs. Since the ability of the mLEDs to tolerate the defects at the micron-
level decreases, it is essential to manufacture them with virtually no defects. Much so-
phisticated equipment and clean environment are required to achieve a defect-free
microLED. The type of display decides the process flow for the fabrication using
mLEDs. The device performance, productivity, and reliability of the display devices
are highly influenced by the structure and packing of the microLEDs. Several strate-
gies have been explored to enhance the performance of microLEDs, which also in-
cludes altering their device structure into lateral structured, vertical structured, and
flip-chip lateral structured microLEDs [10e13]. The very first step involves the
manufacturing of microLEDs, which is similar to that of conventional LEDs to
some extent. Thin layers of GaN are deposited on a wafer epitaxially [14]. Generally,
metaleorganic chemical vapor deposition (MOCVD) method is preferred for depos-
iting the III-nitride layers over a sapphire or a silicon substrate. The first layer is the
n-type layer of GaN/InGaN/AlGaN materials. This is followed by deposition of a
thin layer of MQWs. Again a p-type layer of GaN/InGaN/AlGaN is deposited over
the MQW layer. The individual microLED chips, then, must be tested and transferred
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to a backplane to form an array. Transferring millions of such microLEDs is a daunting
process. This can be solved by adopting the fabrication of thin films based on micro-
LEDs. Thin films can be transferred in a more cost-effective way by facilitating mass
transfer of microLEDs at one go. Depending on the device structure, thin-film micro-
LEDs are classified into lateral microLEDs (LLEDs) and vertical microLEDs (VLEDs)
[15]. LLEDs suffer from high heat generation and low optical power, whereas VLEDs
have high stability and exceptionally good output efficiency. Some of the methods to
transfer microLEDs from the mother substrate to a target substrate are listed as laser-
assisted transfer, electrostatic transfer, electromagnetic transfer, elastomer stamping,
ACF adhesive transfer, and pressure-based transfer [15]. Another critical step for pre-
paring the microLEDs for optoelectronic applications is their packaging. Technologies
such as flip-chip, wire bonding, and wafer bonding have been developed to enable
interconnection of peripheral and core electronics.

(a) (b)

(c) (d)

Figure 5.1 Optical microscope images of operating arrays of (a) 8-mm, (b) 12-mm, and (c) 20-
mm element diameter and (d) optical image of cathodoluminescence under broad-beam exci-
tation of a cluster of four 12-mm microLED elements.
Reprinted with permission from H.W. Choi, C.W. Jeon, M.D. Dawson, P.R. Edwards, R.W.
Martin, Efficient GaN-based micro-LED arrays, Mater. Res. Soc. Symp. Proc. 743 (2002)
433e438. Copyright 2003, Materials Research Society.
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At present, two different technologies have dominated the display market to a great
extent. The first one is the LCD that consists of thin-film transistors (TFTs) and is
backlit by LEDs. The other one is the OLEDs, which are more efficient than LCDs
and are self-emissive. However, most of the devices such as cell phones and low-
cost televisions are still equipped with LCDs. On the other hand, OLEDs are slowly
conquering the cell phone industry, and by 2023, it is expected to be found in more
than 50% of the cell phones manufactured all over the world. OLED displays are ul-
trathin and are easily foldable too. In addition to these two technologies, miniLEDs
and microLEDs are also building inroads to the display market. Although they are
not yet unveiled in the display market commercially, they have displayed promising
results with greater luminance and higher resolution than OLEDs. MicroLEDs are still
in their development phase and are expected to be very expensive in the initial days of
their business trade in the market.

MicroLEDs are also GaN-based semiconductor LEDs and operate on the same prin-
ciple as that of conventional LEDs. MiniLEDs are bigger versions of microLEDs with
a size of 100 mm or more but smaller than conventional LEDs. Conventional LEDs are
available as monochromes or multicolor-emitting diodes. A popular version of LEDs
is the RGB LEDs (red, green, blue LEDs) that can be tuned to meet the requirements of
a display or lighting device. Similarly, microLEDs can also offer RGB tuning, wherein
each color will be represented as a subpixel in the display. The combination of these
three colors will ultimately produce a pixel. However, making a display panel using
microLEDs is still a costly and tedious affair. A horde of microLEDs will be required
to develop a display panel. On the other hand, OLEDs can be deposited and processed
over a wide area, thus, making it easy to develop large display panels relatively with
ease. However, microLEDs show a much better life span, as they are made of inor-
ganic materials, and unlike OLEDs, they will not be fading away so easily. OLEDs
have maximum pixels per inch (PPI) of 3500 with 2 � 103 nits, whereas microLEDs
have 5000 PPI with 105 nits. A nit is a unit of measuring the luminance, and it is equal
to a candela per unit area (cd/m2). This superior luminance and resolution of
microLED over OLEDs has motivated the display industries to work and find a solu-
tion to overcome the challenging fabrication issues and bring microLEDs as frontline
materials for displays. The major technical issue in fabrication of microLED displays is
their transfer and assembly on to a substrate. Display devices such as smartphones and
televisions require microLED dies ranging from 3 to 10 mm to be assembled on the
substrate. If the displays are made for high-resolution devices, such as 8K televisions,
then there must be a 100 million microLED dies assembled on the substrate with a
placement accuracy of 1 mm. This makes the fabrication of microLED display a daunt-
ing process. Sony, a giant in electronics-manufacturing, developed a 55-inch prototype
of microLED display by incorporating 6 million microLEDs in them and demonstrated
the display in 2012. They branded this prototype as crystal LED. The challenge is to
assemble such huge number of microLEDs on the substrate without a single error.
Another challenge was to obtain high external quantum efficiency (EQE) from the
microLEDs to prove their worth as an appropriate replacement for OLED displays.
The initial versions of microLEDs provided a limited EQE of 1%e5%, and this was
never going to be sufficient to challenge the rising dominance of OLEDs in the display
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market. To deliver better efficiency and live up to the expectations of the display in-
dustry, it must have demonstrated a much higher EQE. However, dramatic progress
has been made to increase their efficiency, and close to 50% EQE has been achieved
[14]. A research group characterized the functioning efficiency of AlGaN-based LEDs
on the basis of their size, p-cladding layer, and the number of multiquantum wells
(MQWs) [16]. Although EQE decreased with the decreasing size of the LEDs, the
EQE values were found to be higher for microLEDs with less number of MQWs. A
thicker layer of p-cladding layer also produced more efficient microLEDs.

Application-wise, microLEDs are suitable for both microdisplays as well as large
displays. An example of microdisplays is the augmented reality (AR) glass, which
is considered as the future of cell phones. MicroLEDs are the best choice for microdis-
plays. MicroLEDs can provide 100,000 pixels at a size of 10 mm � 10 mm size,
which is 100 times more than the existing OLED technology. The requirements for
microdisplays to be used in AR glasses can be fulfilled only using microLEDs. Micro-
LEDs have also found way into the midsized displays such as smartphones and
smartwatches as well as large-sized displays such as high-resolution televisions.
They do not need any color filter and, hence, can brightly display with less effort
and energy. They can also provide much thinner displays than OLEDs and provide
perfect viewing angles for televisions. Samsung demonstrated its 75- and 146-inch
versions of the microLED TV “The Wall.” They also demonstrated an even bigger
version of “The Wall” with a 219-inch display. Sony, TCL, and Hisense also demon-
strated their respective versions of microLED TV.

5.3 Organic light-emitting diodes

OLEDs have made rapid progress in the lighting industry, since the discovery of
electroluminescence in organic crystals in 1963 [17]. The technologies prior to
OLEDs suffered from several shortcomings, which were essentially rectified by the
LEDs based on organic materials. OLEDs operate in a fashion similar to normal
LEDs, except that the organic compounds are responsible for producing the negative
and positive charges instead of a semiconductor or an inorganic material. The display
devices made from OLEDs showed better contrast and brightness, high-resolution, ul-
trathin, and flexible displays with low power consumption. Also, it is much econom-
ical to construct a display using OLEDs than LCDs or plasma displays. OLED displays
are self-emissive and do not require any backlights or chemical shutters. This makes
OLEDs thinner and lighter than other displays. OLEDs can be directly printed on a
substrate using screen-print or ink-print technology. Also, large-sized displays can
also be realized using OLEDs. OLED displays provide consistency in the image qual-
ity and screen clarity along with incomparable efficiency. The visuals displayed on
OLED screens can be viewed from any angle [18]. OLEDs provide tough and durable
screens for portable devices such as digital cameras, cell phones, personal digital
assistant, and so on.

OLEDs are known to generate nonglaring, diffuse lighting with high color
rendering index (CRI). They are semiconductors with some properties of plastics

Advanced variants of LEDs 131



that can emit light by electroluminescence phenomenon. The basic structure of an
OLED comprises four major parts: a substrate, a cathode, an anode, and one or
more organic layers. The substrate forms the base for all OLED structures, and
different layers are deposited one by one on the substrate. It is essential for OLEDs
to have a flexible and transparent substrate with high work-function (4.7e4.9 eV),
scratch resistance, high stability, and low roughness [19]. Generally, transparent metal
foils, glass, or plastics are considered as suitable substrates for OLEDs. A layer of in-
dium tin oxide (ITO) or graphene is then coated to act as anode. Anodes are meant to
serve as the positive electrode to OLEDs and, hence, must possess high work-function
as well as low roughness. Next comes the organic layers, which are coated above the
anode. Above the organic layers, the cathode layer is coated for which alloys of mag-
nesium with silver (Mg:Ag) or aluminum with lithium (Al:Li) are used. The cathode
must be transparent and have low work-function. The organic layers that are sand-
wiched between the two electrodes enable the OLEDs to give out much brighter light
than conventional LEDs, but these thin organic layers form a complicated system.
Depending upon the number of organic layers fused between the electrodes, an
OLED can be single-layered, double-layered, triple-layered, or multi-layered, as
shown in Fig. 5.2 [20]. The organic layers are divided into hole-injection layer
(HIL), hole-transport layer (HTL), emissive layer (EML), hole-blocking layer
(HBL), and electron-transport layer (ETL). A single-layered OLED consists of only
the emissive layer sandwiched between the two electrodes. The emissive layer in
single-layered structure includes the electron transport, hole transport, and emissive
properties. The electrons and holes must be injected in same proportion, or else there
will be no recombination of the excess charge carrier, and this will result in lower ef-
ficiency of the device. In double-layered structure, there are two organic layers. One
layer acts as the ETL, whereas the other acts as the HTL. Emission can take place
from either of the two layers due to the recombination of the electronehole pairs. In
triple-layered structure, an emissive layer is sandwiched between the HTL and ETL.

Cathode

CathodeCathode

Cathode

ETL

ETL
EML

EML

HBL

EML / doped

EML / doped HTL

HTLHTL HIL

AnodeAnodeAnodeAnode

MultilayerTriple layerDouble layerSingle layer

Figure 5.2 Different anatomies of OLEDs. EML, emissive layer; ETL, electron transport layer;
HBL, hole-blocking layer; HTL, hole transport layer; OLEDs, organic light-emitting diodes.
Reprinted with permission from N. Thejo Kalyani, S.J. Dhoble, Novel materials for fabrication
and encapsulation of OLEDs, Renew. Sustain. Energy Rev. 44 (2015) 319e347. https://doi.org/
10.1016/j.rser.2014.11.070. Copyright 2014 Elsevier.
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Since all these layers have their distinct functions, they can be individually optimized.
In multilayered structure, there are additional organic layers that improve the overall
efficiency of the device. An HIL coated above the anode injects holes into the
emissive layer from the anode and blocks the electrons for recombination to occur.
Copper (II) phthalocyanine (CuPC), 4,40,400-tris[phenyl(m-tolyl)amino]triphenylamine
(m-MTDATA), N,N,N0,N0-tetrakis(4-methoxy-phenyl)benzidine (MeO-TPD),
phthalocyanine, and platinum complex (PtPC) are the organic complexes that are
generally considered as HIL. The complexes used for HIL must have high glass
temperature, high mobility, and electron-blocking capacity [19]. The role of HTL is
to transport holes and block the electrons. Thus, HTL materials must have good
hole-transporting capacity, low electron affinity, and low ionization potential.
N,N0-Bis(naphthalen-1-yl)-N,N0-bis(phenyl)-benzidine (NPB), N,N0-bis(naphthalen-
1-yl)-N,N0-bis(phenyl)-2,20-dimethylbenzidine (a-NPD), and N,N0-bis(3-methy
lphenyl)-N,N0-diphenylbenzidine (TPD) are generally used as HTL. EML is sand-
wiched between the HTL and HBL. EML is normally fabricated using organic
molecules, dendrimers, or polymers that have high luminescence efficiency, color pu-
rity, and longer lifetime. They are very good emitter of photons in the visible light
range and can tune the emission color of the device by selecting appropriate organic
complexes. The electrons from the cathode and the holes from the anode are forced
to recombine in the EML by the electrostatic forces to form an exciton, which then
leads to the emission of light. The energy separation between the highest occupied mo-
lecular orbit (HOMO) and lowest unoccupied molecular orbit (LUMO) as well as the
energy gap of the organic compound decides the color of the emitted light. The role of
HBL is to inject the holes and block the electrons. ETL has an inverse functioning as
that of the HTL. The role of ETL is to transport the electrons and block the holes. The
ionization potential and electron affinity of the materials functioning as ETL must be
high. The electrons injected by the cathode are directed towards the EML by the ETL
without any leakage of charges. It also prevents the accumulation of charges at the ETL
and cathode interfaces. An advantage enjoyed by multilayered structure is that it elim-
inates the leakage of electrons and holes and prevents the exciton quenching at the
metal and organic layer interface [19]. Proper selection of materials for each organic
layer, controlling their thickness, use of high purity organic compounds, and doping
strategies are all essential to optimize the performance of the OLED device. The
mechanism of light emission from an OLED is shown in Fig. 5.3 [21].

An OLED device can be fabricated in any of the architectures, viz., top-emitting
OLEDs, bottom-emitting OLEDs, transparent OLEDs, stacked OLEDs, etc. In top-
emitting OLEDs, a transparent or a semitransparent cathode is placed at the top and
the conductive layer of anode is placed at the bottom. The emissive layer is sand-
wiched between the two electrodes. During their operation, top-emitting OLEDs
emit light from the top, and hence, it is essential to have a transparent cathode. In
bottom-emitting OLEDs, the light is emitted from the bottom, and the transparent cath-
ode is placed at the bottom, whereas the conducting layer of anode is placed at the top.
Bottom-emitting OLEDs can be integrated easily with nontransparent transistor back-
plane and, hence, are better suited for active matrix applications. In transparent OLEDs
(TOLEDs), both sides of the device comprise transparent or semitransparent electrode
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contacts. Displays made from TOLEDs enjoy improved contrast and better visibility in
sunlight. Graded heterojunction OLEDs take care of the stabilization of charge injec-
tion and concurrently minimizes the distance to be traveled by an electron to reach the
hole. This modification enables them to operate with longer device lifetimes and less
power consumption. This feature also reduces the complexity of the structure by
combining the double-emissive layer with the mixed-emissive layer to form a single
layer and, thereby, lower the production costs. The quantum efficiency of the graded
heterojunction OLEDs is almost double than that of the existing OLEDs available
commercially. Stacked OLEDs (SOLEDs) consists of a pixel architecture, wherein
the red, green, and blue subpixels are placed in a vertical stack and separated by con-
ducting, transparent electrodes [22]. Such type of architecture is found to reduce the
pixel gap but significantly enhance the color depth and gamut. Another design of
OLEDs is the inverted OLEDs. In conventional OLEDs, it is essential to have at least
one of the electrodes to be transparent and conductive, to extract light efficiently from
the device. The best choice is ITO, which can act as both transparent and conductive
anode. But deposition of ITO on the substrate will require the device to be exposed to
harsh conditions, which can destroy the organic layers. The chemical integrity of these
organic layers can be preserved if the ITO is deposited prior to organic layer deposi-
tion. Thus, the OLED device gets fabricated in the reverse order and hence, the name
inverted OLED [23].

OLEDs have showcased exceptional benefits in the lighting and display industries
and have compelled the manufacturers to opt for OLEDs over other lighting sources.
OLEDs can be directly printed onto a substrate by traditional inkjet method and,
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Figure 5.3 Mechanism of light emission from OLEDs. EIL, electron injection layer; EML,
emissive layer; ETL, electron transport layer; HIL, hole injection layer; HTL, hole transport
layer; ITO, indium tin oxide; OLEDs, organic light-emitting diodes.
Reprinted with permission from N. Thejo Kalyani, S.J.J. Dhoble, N.T. Kalyani, S.J.J. Dhoble, N.
Thejo Kalyani, S.J.J. Dhoble, N.T. Kalyani, S.J.J. Dhoble, N. Thejo Kalyani, S.J.J. Dhoble,
Organic light emitting diodes: energy saving lighting technology - a review, Renew. Sustain.
Energy Rev. 16 (2012) 2696e2723. https://doi.org/10.1016/j.rser.2012.02.021. Copyright 2012
Elsevier.
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thereby, lower the costs incurred in the device fabrication. Another advantage is that
displays prepared from OLEDs have a wide viewing angle of up to 170 degrees. These
displays do not require any backlights and exhibit immense brightness, good contrast,
high clarity, high luminescence efficiency, and consistent image quality. They provide
full range of colors with high resolution with thinner, flexible, and lighter screens.
They use lesser power consumption (w3e4 V), but operate at wider temperatures.
In spite of several such benefits, there are many hurdles that need to be addressed to
make OLEDs more reliable and efficient in the long run. The very first issue is their
degradation caused due to the deposition of dust particles or other pollutants during
the device fabrication. During operation, OLEDs can get exposed to water vapors or
oxidative atmospheres that can delaminate the electrodes and also produce dark spots
on the device. Nonemissive spots appear on the device mainly due to the oxidation and
delamination of cathode [24]. Some of the mechanisms that lead to the degradation of
the device can be listed as migration of ionic species, electrochemical reactions at the
electrode/organic layer interface, and crystallization of organic molecules. Organic
molecules can get damaged easily when they get in contact with water. Hence, the
devices must be sealed well during fabrication to provide more longevity to OLED dis-
plays. The stability of an OLED device can be classified into short-term degradation
and long-term degradation, on the basis of the time scale required to degrade the de-
vice. The former is found to occur in the initial stage of operation, whereas the latter
ensues gradually during the subsequent operation. Short-term degradation can be
either recoverable or unrecoverable. Recoverable degradation can arise without any
trace of dark spots or crystallization. The device performance of OLEDs can be
improved by protecting the devices from the atmosphere. Another issue is the limited
life span of the organic layers that need to be resolved to elongate the lifetime of an
OLED device. The life span of the device is measured as the time taken for the emis-
sion of a device to degrade to half its initial intensity. The life span of OLEDs is found
to decrease when they are operated at higher temperatures. Blue OLEDs are found to
have the least life span in contrast to their red and green counterparts. Hence, it is a
challenge to prepare efficient blue organic materials that can stand against the test
of time. The power consumption of OLED displays also needs to be consistent for
all types of images. Although OLEDs consume only 40% of the power as that required
for LCDs, it does not show the same efficiency levels consistently. Depending on the
color of the image, OLEDs can consume about 80% of the power as that of LCDs. On
the other hand, OLEDs can consume almost thrice the power required by an LCD if the
image shows a white background. This will considerably reduce the battery life that
powers the OLED devices. If these issues are addressed, then OLEDs can definitely
dominate the lighting and display industry.

5.4 Quantum dot light-emitting diodes

In the recent years, LEDs based on QDs have witnessed a huge progress in the com-
mercial industry. QDs are semiconductor nanocrystals that can emit any color by
varying their size [25]. By altering the size of the QDs, their absorption and emission
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bands can be tuned accordingly from ultraviolet to infrared region. With the decreasing
size of QDs, the emission shows a hypsochromic shift, as shown in Fig. 5.4. On the
other hand, the lifetime becomes longer when the size of QDs increases. QDs are
even tinier than a virus. A strong quantum confinement effect is exhibited by QDs
whose radius is less than the Bohr radius.

Colloidal QDs have found immense demand for industrial applications owing to
their high quantum efficiency, narrow full-width at half maxima (FWHM), ease of co-
lor tunability, higher stability, etc. [26]. QDs are preferred to be grown as a core/shell
structure. This will help avert the luminescence quenching due to the recombination of
the delocalized charge carriers at the surface by passivation of the surface [27]. Thus, a
defect-sensitive core can be passivated by coating a bare QD with single or multiple
shells. Based on the relative position of the electronic energy levels and the bandgap
of the core/shells, the core/shell nanocrystals can be classified as type I, reverse type I,
and type II [28]. In type I, the bandgap of the core material is smaller than that of the
shell and both the holes and electrons are confined within the core. In reverse type I,
the bandgap of the core material is larger than that of the shell material. The electrons
and holes are partially or completely confined within the shell, depending on the thick-
ness of the shell. In type II, either the conduction band edge or the valence band edge
of the shell material is located in the bandgap of the core. It shows a staggered band
alignment due to which the wave functions of electrons and holes are located in
different regimes. Primarily, there are three types of coating in the synthesis of core/
shell semiconductors, [26]. The coating can be either a single-shell, multishell, or a
graded alloyed structure. The type I, reverse type I, and type II core/shell structures
are included in the single-shell coating. Some examples of single-shell coating are
CdSe/ZnSe [29,30] and CdSe/ZnS [31e33]. The most common examples of multi-
shell coating are CdSe/CdS/ZnS [34,35], CdSe/ZnSe/ZnS [36], CdTe/CdS/ZnS [37],
CdTe/CdSe/CdS/ZnS [38], and CdSe/CdS/ZnS/CdS/ZnS [39]. The lattice stress of
QDs can be decreased, and the tuning of lattice mismatch can be achieved by using
the interfacial alloyed layer of CSe0.5S0.5 [28]. The bandgap of graded alloyed QDs
is engineered either by employing single pot methods of core/shell synthesis or by

Increasing size of QDs

Figure 5.4 Color shift in the emission from blue to red with increasing size of quantum dots
(QDs).
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high-temperature annealing of QD core/shell structures. The examples of graded
alloyed QDs are ZnCdSeS [40], ZnCdSe [41], ZnCdS [42], CdSeTe [43], CdSe//
ZnS [44], and CdSeS [45].

QDs have the ability to exhibit both electroluminescence and photoluminescence
by receiving the electrical and optical excitations, respectively. The LEDs based on
QDs can be used either as a backlight for LCDs or as a QLED. Generally, the photo-
luminescence property of QDs is considered for backlights, whereas the electrolumi-
nescence property is utilized for QLEDs. For LCD backlights, QDs are used as
nanophosphors and a combination of different QDs with different color emissions
are employed. For QLEDs, the QDs are directly injected with holes and electrons to
bring out the radiative recombination of these charge carriers accompanied by the
emission of photons of desired color. QDs can be realized as backlights for LCDs
by any of the three possible configurations. The first one is the edge configuration con-
sisting of a fragile QD tube and is seldom used for LCD backlights. The second one is
the film configuration, wherein the QDs are arranged over a light guide plate. This
configuration suffers from the drawback that QDs can be damaged due to excessive
heat liberated from the chip, and hence, the film must be kept at a distance away
from the high-intensity flux-generating chips. The third one is the on-chip configura-
tion, which requires very few numbers of QDs. In this case, QDs are directly sprayed
on to the blue-emitting InGaN chip. Here, QDs must be capable enough to withstand
the heat and flux generated by the chip.

QLEDs based on the principle of electroluminescence have witnessed drastic devel-
opments in their fabrication technology. With the enhancement in their EQE, QLEDs
have started giving a tough competition to the existing OLED technology and are soon
expected to rule the display industry with their flexible and thin displays. However,
there are some hindrances that limit the efficiency of OLEDs. Although QY of QDs
have been enhanced up to 100% by novel synthetic methods, their efficiencies were
found to drop when incorporated in devices. The EQE of QLEDs is still less than
that of OLEDs. Due to their high surface-to-volume ratio, QDs are very sensitive to
their environment. Factors such as Auger recombination, field-induced quenching
(FIQ), and F€orster resonance energy transfer (FRET) limit the QLED performance.
These factors lead to increased exciton nonradiative recombination rates that ulti-
mately decrease the QY of QDs. Auger recombination is also associated with blinking,
wherein a random switching occurs between the emitting states and the dark states.
This phenomenon is also known as fluorescence intermittency. The blinking behavior
can be suppressed by coating multiple monolayer shells over the QDs to form a giant
QD (g-QD) with ultrathick shell [46]. The device performance of g-QDs has shown
improved performances owing to interfacial engineering. The introduction of an inter-
mediate alloyed layer in between the core and shell of the QD structure can signifi-
cantly suppress the Auger decay and enhance the performance of QLEDs [47].
Similarly, coating the QDs with a suitable bipolar organic matrix or a material having
high dielectric constant can reduce the effects of field-induced quenching. Such an
encapsulation can protect the QDs from the direct exposure to electric fields that
form the main reason behind the occurrence of FIQ. The optimization of the device
architecture and QD engineering can significantly reduce the problems that limit the

Advanced variants of LEDs 137



QD efficiency. Also, in the regions where QDs are located in the architecture, there
must be low operating fields. Such measures can effectively suppress the nonradiative
recombinations and field-induced quenching in the QD-based devices and improve
their performance considerably.

To display sharp images with vivid colors, QDs must exhibit very narrow band
emissions with high QY and long-term stability. It is also essential that QDs are pre-
pared from nontoxic precursors, thereby, making them eco-friendly. Currently,
cadmium-based QDs are known to produce the best color emissions with incompa-
rable narrow FWHMs. However, it is essential to find alternatives to toxic elements
such as Cd and introduce a more environment-friendly QD for LEDs and display
devices. Graphene is one such material that, being organic, can operate without
damaging the ecosystem. Graphene is a 2D material that consists of monolayers of car-
bon atoms bonded together in a honeycomb-like pattern. Although graphene is not
suitable for optical applications due to lack of an electronic bandgap, graphene quan-
tum dots (GQDs) possess a bandgap due to effect of quantum confinement and can be
readily used for optoelectronic applications. GQDs are infinitesimal domains that have
less than 100 layers of graphene. GQDs are known to be chemically stable and
nontoxic materials that can produce stable luminance in excess of 1000 cd/m2 with
distinct quantum confinement effect, making it suitable for several biological, environ-
mental, and optoelectronic applications [48e50]. GQDs can also be used to realize ul-
trathin displays that can be folded just like a paper. For a given energy level, GQDs
have four quantum states against the two quantum states of a semiconductor QD.
The additional two quantum states prove GQDs valuable for quantum computing.
Nevertheless, the understanding of GQD mechanism is limited, and more deep inves-
tigations must be carried out to reap huge benefits from GQDs. The quest for Cd-free
QDs also led to a class of perovskite QDs having high QYs (>95%) and narrow
FWHMs (<9 nm). The most attractive among the perovskite QDs are CsPbX3

(X ¼ Br, Cl, I) [51,52]. The anion exchange between Br�, Cl�, and I� ions at the
X-site in CsPbX3 can facilitate the tuning of color emission from blue to red, as shown
in Fig. 5.5 [52]. But these QDs are based on lead, which is also toxic and can pose a
threat to human health and the environment. However, alternatives to Pb were found,
and less-toxic or nontoxic elements such as Sn, Sb, and Bi started gaining attention
[53]. Cs3Bi2X9 (X ¼ Cl, Br or I) perovskite QDs have shown great potential as a
lead-free composition that exhibited excellent air stability [54]. However, lead-free pe-
rovskites were not found to be as efficient and often displayed much less photolumi-
nescence quantum yield (PLQY) than that of lead-based perovskite QDs. Particularly,
Sn-based QDs showed worst stability and efficiency than those based on Bi and Sb
[53]. Double perovskites such as Cs2InAgX6 and Cs2AgBiX6 have also found their
way into the race but bowed out soon due to their lower efficiency.

High PLQY is a necessity for QDs to be used in devices, but it is not the only suf-
ficient criterion for the fabrication of QLEDs. Many QDs with high PLQY exhibit very
less EQE after being incorporated in a device. Even the best inorganic perovskite QDs
have failed to raise the EQE above 4%. This is mainly due to the indulgence of non-
radiative Auger recombination and FRET with the heterostructural details of QDs such
as the shape and dimensions of the core/shell. It is essential to pursue the

138 The Fundamentals and Applications of Light-Emitting Diodes



heterostructural tailoring of QDs in a more advanced way to suppress the nonradiative
Auger recombination and FRET. Auger recombination and FRET are also responsible
for limited brightness and lifetimes of QLEDs. Furthermore, the woes are added up by
the PL quenching and roll-off of efficiency at high driving currents. These effects can
be minimized by adopting strategic designing of QDs and their device architecture in
addition to passivation of QDs, proper engineering of interface, and encapsulation, as
well as control over the interdots distance between the QDs. Also, the performance of
QLEDs can be significantly enhanced by coupling the QDs with surface plasmons
[55]. Additionally, the rapid commercialization of QLEDs requires that the cost of
their production and device fabrication be decreased. Implementing the large-scale
synthesis of QDs using a reactor can help in reducing the production costs to a certain
level [56].

5.5 Perovskite light-emitting diodes

Whenever steps were undertaken to enhance certain characteristics, some other draw-
backs always accompanied in the fabrication of phosphor-free LEDs. Yet, there is lot
of scope to research and find solutions to these glitches, and one may even imagine
receiving a Nobel Prize if he or she succeeds in bringing out a truly potential
phosphor-free LED with exceptional characteristics at a competitive price. Most
LEDs, including pc-LEDs, rely on IIIeV semiconductors that require expensive rigid
substrates, very clean epitaxial growth, and vacuum-based processing at high temper-
atures. OLEDs and QLEDs have shown the potential to replace the existing
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semiconductor-based LEDs to a great extent. The former has even become a popular
candidate for commercial applications, whereas QLEDs have just entered to compete
in the market. However, OLEDs still face issues with their stability and their synthesis
processes. There is still a matter of concern over the large-scale production of OLEDs,
especially using the vacuum-based sublimation [57]. Another issue is the limited
intrinsic emission from conjugate polymers due to their forbidden (triplet exciton) radi-
ative recombinations that pose hurdles in the efficient use of light-emitting polymers
[57]. QLEDs also suffer from surface-defect concentrations that lead to a large number
of nonradiative recombinations. Similarly, the display technologies too faced issues in
finding an appropriate material that could exhibit high color purity in addition to high
efficiency. To obtain higher color purity, it is essential to obtain a material that could
emit with least FWHM. Organic materials were the best choice for fabricating dis-
plays, as their FWHM was near to 40 nm. Soon, inorganic QDs displayed much better
color purity with FWHM less than 30 nm, and this slowly resulted in the marching
over of QDs into the display technology. However, the stability issues, difficulty in
the particle size control, and high production costs retarded their progress and stood
as an obstacle for wide use of QD-based displays. The quest for new materials for
display devices with high color purity led to the discovery of metalehalide perovskites
that demonstrated emission bands with FWHM less than 20 nm [58]. Concurrently,
researchers are now focusing on developing novel perovskite materials that are also
known to produce photovoltaic devices with high efficiency [58,59]. The recent ad-
vances in perovskite-structured hybrid organiceinorganic materials in photovoltaic
cells have brought such materials to the limelight. It is foreseen that perovskite hybrid
organiceinorganic materials will rule the LED market in the near future.

Perovskite derived its name from the Russian Count and mineralogist, Lev Perov-
ski. The term was coined by the German mineralogist, Gustav Rose, to describe the
structure of CaTiO3 mineral, which was discovered in the Ural Mountains. Soon,
the term became a generic nomenclature to describe the category of materials that
have structure similar to that of CaTiO3. Perovskites are categorized by the general for-
mula ABX3, where the A is a monovalent cation, B is an inorganic metal cation, and X
is the anion (generally oxygen ions). B-cations are octahedrally bonded with six X-
anions, and these octahedrons form a three-dimensional (3D) network through corner
sharing of atoms. A-cations are usually larger than the B-cations and are located within
the cavities of octahedrons. Hybrid organiceinorganic perovskites have a different
composition than their classical counterpart. Here, the A-site is introduced with mono-
valent organic moieties, whereas the X-site is introduced with halides (X ¼ Cl, Br, I)
instead of oxygen. The B-sites are, generally, occupied by the divalent metal cations
such as Pb2þ, Sn2þ, Bi2þ, Cu2þ, Sb2þ, Ge2þ, Eu2þ, Co2þ, and so on. Using the Gold-
schmidt tolerance factor (t) and the octahedral factor (m), it is possible to find the prob-
ability of the formation of a perovskite crystal structure [60,61]. These relations are
given by

Goldschmidt tolerance factor; t¼ ðrA þ rXÞ
ffiffiffi

2
p ðrB þ rXÞ
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Octahedral factor; m¼ rB
rX

where, rA, rB, and rX are the effective ionic radii of the A-cation, B-cation, and X-
anion, respectively. The value of t should be approximately unity to form a perov-
skite structure. Perovskite materials rose to popularity with the advancement in solar
technology and were earlier investigated for photovoltaic devices. These materials
made it possible to enhance the solar energy conversion efficiency of photovoltaic
devices from 3.8% to 22% in a period spanning half a decade [62e69]. Gradually, the
research on these materials gained momentum, and their applications expanded in the
field of LEDs. These materials have proven to be potential alternatives for the existing
LED materials and that too, at a lower cost. Perovskites prove more advantageous in
the sense that they exhibit direct bandgap and have low defect densities; thus, the
issues observed in OLEDs and QLEDs will not be found in Pe-LEDs. Although
perovskite materials for LED were investigated in the early 1990s, those failed to gain
attention due to inferior optical and luminescence properties [70e73]. During this
period, many unsuccessful attempts were made to develop highly efficient 2D pe-
rovskites incorporated with long chains of organic dye molecules. In those days, LEDs
built from inorganic QDs and organic materials exhibited better photoluminescence
and electroluminescence properties, respectively, and this shook away the interest
from 2D perovskites to OLEDs and inorganic QDs [58,74e77]. But once again, the
interest in perovskite emitters was rediscovered with the development of novel hybrid
organiceinorganic perovskites that displayed the advantages of both organic and
inorganic materials [78]. The advent of 3D perovskites such as organometal halide
perovskites paved way to a more systematic and recognized approach to perovskite-
based LEDs [78]. Pe-LEDs made rapid progress and was able to achieve relatively
rapid enhancement in their EQE and brightness than OLEDs and QLEDs, as shown in
Fig. 5.6. The display industries have also started demanding more from the perovskite
light emitters for vivid display and high color purity.

The structure of a Pe-LED is similar to that of an OLED. The perovskite emitter is
sandwiched between the HTL and the ETL, as shown in Fig. 5.7. The perovskite
emitter can be either an inorganic perovskite or a hybrid metalorganic perovskite.
Metalehalide perovskites satisfy the requirements for better injection and transport
of charges due to their high diffusion lengths and optimized formation of interfaces
with most of the contacts. The injection and transport of the charges across the inter-
faces must be efficient to reduce the energy losses. To reduce the nonradiative recom-
binations across the interfaces, it is also essential to have energetically matched
contacts [57]. The balance between the hole and electron injection must be maintained
to maximize the radiative recombinations, which can be achieved by tailoring the in-
terfaces. For this, the selection of materials for the ETL and HTL must be judiciously
made to ensure compatibility with the emitting perovskite layer. Some of the materials
used for the ETL, HTL, and perovskite emitters as well as their energy bandgaps are
shown in Fig. 5.8.

Although perovskites boast of excellent luminescence properties and the capability
to rule the LED industry in the near future, they are still not free of all the adversaries
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that hamper their efficiency. Most of the efficient perovskites are prepared from the
lead metal, which is infamous for their toxicity. The alternative elements for lead in
the perovskite structure often faced issues such as low stability, less efficiency, and
so on. If the metallic lead from the stoichiometric amount of precursors remains
unreacted due to incomplete perovskite formation, it can act as defect trap centers
and initiates nonradiative decay pathways. One way to neutralize the excess Pb
from the stoichiometry is to introduce excess amount of CH3NH3Br into the solution
during the film deposition. This will ensure to suppress the formation of metallic Pb
and improve the luminescence efficiency. Nonradiative losses can also occur from
the shunt paths, which originate from the pinhole defects or incomplete coverage of
the surface. The light emission from the perovskite thin films can be optimized if
smooth morphology and high surface coverage of the perovskites are achieved [57].
Pinhole-free thin films can be realized by embedding the perovskite emitters in poly-
mer matrix such as poly(ethylene oxide), polyimide, and so on. Recently, Xiao et al.
made an advancement in Pe-LEDs and took it to a new level by introducing a tech-
nique to produce more efficient, durable, and stable Pe-LEDs from self-assembled
nanosized crystallites of perovskite materials [79]. The grain growth of three-
dimensional perovskite grains in the film was inhibited by adding long-chain organic
ammonium halides such as n-butylammonium halide (BaX; X ¼ I, Br) crystals in the
precursor solution, consequently resulting in nanocrystalline, ultraflat thin films.
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These nanosized perovskite crystallites produced a blueshift in the photoluminescence
and electroluminescence emission. LEDs fabricated by incorporating the BaX layers
exhibited highly enhanced performance and stability.

Although Pe-LEDs boast of excellent luminescence efficiency suitable for LEDs,
they still have concerns with their stability issues that haunt their journey to the device
fabrication. There are apprehensions regarding the long-term stability of the perovskite
materials as well, which need to be confirmed before implementing them in LEDs.
Several nanostructured perovskites have shown noteworthy luminescence QY almost
approaching 100% and notably high color purity. In spite of these, the devices fabri-
cated from the perovskites QDs failed to deliver expected brightness and efficiencies,
and the results were inferior to the devices fabricated from thin films [80]. Perovskites
can be formed as thin films too, but it is a bigger challenge to obtain pinhole-free,
smooth thin films out of these perovskites due to their wettability that pose adverse
effects. Also, the measures taken to curb the kinetics of nucleation and crystallization
by capping ligands can pose hurdles in obtaining smooth thin films. At times, the de-
vice efficiencies are adversely affected due to the remnant surface ligands that often
result in photoluminescence quenching and poor electrical charge injection. There is
a need to address the challenges faced in improving the device efficiency of nanostruc-
tured perovskites by getting a deeper understanding of their charge transport mecha-
nisms and intrinsic material characteristics.

5.6 BioLEDs

LEDs are emerging towards bringing in the green revolution in the lighting industry.
Already they have started replacing the traditional lamps in most parts of the world and
are progressively becoming the prime source for both household and street lighting.
The move to adapt the green technology has resulted in dumping of the hazardous
mercury-based lighting, and this has paved way for the LED luminaires to spread their
existence as the prime lighting system. The green technology has granted innovation in
the form of bioLEDs, which was introduced by Costa and his coworkers, and these
new variants of LEDs could offer the same efficiency offered by inorganic LEDs
[81]. These bioLEDs are hybrid devices that utilize the blue LEDs to excite the protein
rubbers to emit red/green/white light. The luminescent proteins are introduced into a
polymer matrix to produce luminescent rubber, which is then packaged with a UV-
LED or a blue LED. A schematic representation of the bioLEDs and the appearance
of fluorescent proteins (FPs) under normal light and 310 nm excitation are shown in
Fig. 5.9. The bioLEDs are low-cost and biodegradable devices that are simple to manu-
facture. This means that they can be definitely recycled, replaced, and disposed
without causing any adverse effects on the environment.

FPs, which were discovered in 1962, found several applications such as protein la-
beling, environmental biosensors, live-cell imaging, and finally light-emitting devices.
They are known to exhibit noteworthy luminescence properties with excellent photo-
stability, narrow emission line width, and exceptional photon flux saturation [82].
However, FPs cannot be directly used in white LED package due to their poor thermal
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stability, as a result of which they may degrade soon in the harsh temperature condi-
tions arising during the LED operation. But embedding these FPs in the polymer
matrix ensured that these issues were resolved [81]. The matrix plays a great role in
deciding the overall thermal stability and optical performance of bioLEDs. They them-
selves must show good optical transparency to visible light so that the light emitted by
the FPs does not get absorbed by the matrix. Additionally, they must be good enough
to allow FPs to be uniformly dispersed in them and also show high thermal stability.
Recently, metaleorganic frameworks (MOFs) have found popularity as ideal encapsu-
lants for fluorescent proteins due to their porous structures. MOFs show several diverse
properties among which their permanent porosity and tunable structures are of great
advantage for protein encapsulation. They are hybrid organiceinorganic materials
formed by the self-assembly of organic ligands and metal ions. Zeolitic imidazolate
frameworks (ZIFs) are a class of MOFs that stand out as an excellent encapsulant to
support fluorescent proteins. Among ZIFs, the ZIF-8 has a thermally and chemically
stable structure with well-defined cavities [83]. They are highly transparent to visible
light that ensures maximum yield of the light emitted from the FPs embedded in the
ZIF structure.

BioLEDs prepared from the FPs promise a high PLQY and good photostability.
Yet, the color temperatures of these bioLEDs were reported with contrasting results
by different research groups. While Costa and his research group claimed of obtaining
the CIE color coordinates of (0.33, 0.33) with color temperature of 5500 K [84],
another research group headed by Nizamoglu obtained a CCT of 8400 K after inte-
grating the green and red FPs on a blue LED chip [85]. Also, there were issues
such as random spatial distribution of different fluorescent proteins that led to low
luminous efficiency and complex procedures for fabricating two or more FPs. Wang
et al. developed a single-component fluorescent protein, R-phycoerythrin (R-PE),
that consists of two types of chromophores comprising phycourobilin (PUB) and
phycoerythrobilin (PEB) as downconversion materials [86]. R-PE shows absorption

(a) (b) (c)

Cascade
protein coating

LED

Figure 5.9 (a) Schematic representation of a hybrid bioLED with a cascade coating based on
blue, green, and red fluorescent proteins, (b) protein-based gels and rubberlike materials under
room light conditions, and (c) protein-based gels and rubberlike materials upon excitation at
310 nm. LED, light-emitting diode.
Reproduced with permission from M.D. Weber, L. Niklaus, M. Pr€oschel, P.B. Coto, U.
Sonnewald, R.D. Costa, Bioinspired hybrid white light-emitting diodes, Adv. Mater. 27 (2015)
5493e5498. https://doi.org/10.1002/adma.201502349. Copyright 2015 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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peaks in the blue (498 nm), green (540 nm), and yellow (560 nm) regions. The blue
peak can be attributed to the PUB chromophore, whereas the green and yellow peaks
can be attributed to the PEB chromophore. Due to the energy transfer occurring be-
tween these two chromophores, the overall emission is focused at 578 nm, which is
in the orange region. Hence, it is highly essential to block the energy transfer between
the PUB and PEB in R-PE for obtaining two- or three-color emissions that can blend to
give out white light. A possible way to block this energy transfer was found by prepar-
ing denatured R-PE encapsulated within HSB-W1 (where HSB ¼ hydrogenated Schiff
base). HSB-W1 is a novel MOF developed by Wu and his coworkers [87]. When
excited by 365 nm UV light, it can give out blue emissions centered at 454 nm.
HSB-W1 can be encapsulated on R-PE proteins by a facile solid confinement conver-
sion process to form R-PE@HSB-W1 composites. This process involves the use of
zinc hydroxide nanostrands as a precursor that leads to the formation of PEBeZn
and PUBeZn complexes, which aid in the suppression of 578 nm emission from
the R-PE protein. Also, the PEB and PUB derived from denatured R-PE proteins
also block the energy transfer process between them and further boost the suppression
of the 578 nm emission. As a result, R-PE encapsulated within HSB-W1 gives out dual
emissions at green (518 nm) and red (600 nm, 647 nm) regions. These emissions blend
together with the blue (454 nm) emission of HSB-W1 to give an overall emission of
white light having CIE coordinates of (0.33, 0.34), a moderate CCT value of 5740
K and a high CRI of 85 [86].

5.7 Conclusions

Although many new variants of LEDs have come into picture, they are not yet in their
prime, and hence, pc-LEDs still rule the LED industry. The newer variants such as
microLEDs are not completely viable to buy owing to their high initial costs. However,
they will soon hit the markets with a much cheaper price tag after the recovery of the
expenses incurred during their research and development by the companies. Currently,
major LED manufacturers are trying to improve the yield at each stage of microLED
production with a view to reduce the overall expenditure. Most of the issues with the
yield are arising due to quality of the substrate, lack of precision with the epitaxial
growth processes, chances of errors during the deposition of epilayers on the substrate,
and their transfer on arrays during microLED fabrication. Without any doubt, micro-
LEDs can be foreseen as the future of display industry. But this will require the over-
coming of numerous hurdles and challenges that come in the way of making affordable
and efficient microLED devices. MicroLEDs possess the capability to turn the display
market upside down. But for now, the LED display market is reigned by OLEDs and to
some extent by QLEDs. OLEDs have reached to greater heights of progress with an
unmatchable lifetime for their blue-, red-, and green-emitting organic layers. Their
rival QLEDs are still far behind in terms of the lifetime, especially for the blue-
emitting QDs that have the worst operating lifetime. Inkjet-printed OLEDs have
greatly overshadowed QLEDs particularly with relatively more consistency of the
operating lifetime of their different emissive layers (red, green, and blue). On the other
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hand, QLEDs can knock down OLEDs from their current spot if the operating lifetimes
of their blue-, green-, and red-emitting layers become consistent with each other. For
LEDs based on perovskites and biomaterials, lots of work need to be done. They are
assumed to be more efficient, especially bioLEDs whose fluorescent proteins are
biodegradable and eco-friendly for use. Pe-LEDs are fighting with their stability issues
and a suitable replacement for Pb in their composition. Although several Pb-free pe-
rovskites have come into picture, they have raised certain new challenges such as for-
mation of p-type defects or lower conductivity. But these materials are still in their
early stages of development and will require more results before putting a final verdict
on the future of these materials.
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General lighting 6
6.1 Introduction

With its appearance in the late 19th century, incandescent lamps became the prime
source of lighting with significant progress in the global urbanization. With the
advances in technology, different light sources replaced their preceding ones with
an immediate effect. Starting with the sunlight, humankind utilized different sources
of light at different time periods, and each light source dominated the corresponding
period in which it was developed. Incandescent lamps were subsequently replaced
by compact fluorescent lamps (CFLs), which in turn paved way for a more pronounced
solid-state lighting (SSL). Recently, the interests in SSL-based research has surged
tremendously owing to its immense demand in the global market. Efforts have been
taken to undertake device packaging and manufacturing with significant amount of
concentration on novel material design. Currently, many researchers around the world
are focusing on the production of white light-emitting diodes (WLEDs). LEDs are
blessed with a long life of about 50,000 to 100,000 hours as compared to their preceed-
ing light sources such as incandescent bulbs and CFLs each with a life time of 1000
and 10,000 hours, respectively. In addition to this, other advantages of LEDs include
their small size, specific wavelength, low thermal output, adjustable light intensity, and
quality, as well as high photoelectric conversion efficiency [1,2].

To achieve sustainable life for a luminaire, it is essential to protect it from the pol-
lutants and other environmental threats that can hamper the overall luminous efficiency
and output. The immunity of a luminaire against the pollutants are described by ingress
protection (IP) codes. IP ratings are international codes that are generally marked on
the lighting products or on their package to help the consumer understand the level
of protection possessed by the product against solid or liquid intrusions. These ratings
are much simpler than the complicated specifications described by the manufacturers.
Each of these codes has a specific meaning and defines different protection levels of
the luminaire. These ratings are not just limited to luminaires but also applied for other
electrical enclosures and mechanical casings. The manufacturers are supposed to print
these codes on the product to make the consumers aware of the intrusions by solid or
liquid particles that may affect the product’s performance. This alphanumeric rating
provides better opportunity to consumers in taking appropriate care of their products.
For luminaires, it is of utmost importance to know their protection levels against intru-
sion for the luminaires to sustain in their surrounding. A luminaire that may be used for
street lighting may not be durable if it is fixed in a bathroom and vice versa. Thus,
IP ratings form a transparent tool that avoids the jargon and unclear specifications
to understand the quality and durability of the product. IP codes are expressed in
four digits that consist of alphanumeric values: the first two digits are “IP” followed
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by two other numeric values or the letter X in the third and the fourth digits, as shown in
Fig. 6.1. The third digit signifies the resistance of the product against solid intrusions,
whereas the fourth digit is for liquid intrusions. If the letter “X” is used in place of a
numeric value in the third or fourth digit, then the product must have not been tested
for its resistance against the solid and liquid intrusions, respectively. The solid IP values
goes from 0 to 6, and each of the values has a specific information associated with the
protection levels against solid objects or dust particles. Similarly, the liquid IP values are
ranked from 0 to 8. Additionally, there is another code 9K added to denote the liquid
protection. The protection levels associated with each of the codes for electronic equip-
ments against solid and liquid intrusions are given in Table 6.1.

In the present scenario, the lighting market is flooded with numerous designs of
LED lights. These range from retrofitted bulbs, strip lights, and tube lights to a number
of downlights and spotlights. Some of them bear a commercial brand tag that granted
them with a higher price label, whereas some others are deprived of a promising brand
label and, hence, are available in a much cheaper price. Yet, the quality of an LED
product cannot be confirmed just by their brand label. It is highly recommended for
the consumers to analyze the IP ratings while purchasing the LED luminaire. Apart
from that, a consumer must assess the requirements and choose the right product to
avoid confusion during the purchase. This can be achieved if the consumers exhibit
some interest in gaining the basic awareness about the LED technology and the
manufacturers. There are several big and small players offering LED luminaires
targeted for specific applications, and each of them offers a different characteristic,
technology, and specifications that suit the application for which it is made. These
many characteristics are difficult to be remembered and can easily confuse the
consumer if he or she is ignorant about the basics of LED. This situation demands
the consumers to make queries to themselves and put the reasoning in support of
the purchase of commercial LED products. The foremost concern for any consumer
is the quality of the luminaire. The quality is, in turn, determined by the energy
efficiency, luminaire design, thermal management, lamp life, and illumination of the
luminaire. These factors also affect the overall cost of the fixture, and hence, we

Ingress protection Resistance
against solid

intrusions

Resistance
against liquid

intrusions

Figure 6.1 Example of an IP rating. IP, ingress protection.
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may conclude that the quality of the luminaire is directly proportional to the cost of the
luminaire. But it certainly will provide a much energy-efficient product that will
contribute to the annual savings due to less amount of power consumption. Addition-
ally, the reliability of the luminaire is determined based on its total hours of operation.

Table 6.1 IP codes for protection against solid and liquid intrusions. IP, ingress protection.

Code
value

Meaning of code

Protection against solids Protection against liquids

0 No protection is assured. No protection is assured.

1 Protection is assured against solid
objects that are bigger than 50 mm.

Protection is assured against drops of
condensed water.

2 Protection is assured against solid
objects that are bigger than
12.5 mm.

Protection is assured against drops of
condensed water when the product is
tilted at any angle up to 15 degrees
from the vertical position.

3 Protection is assured against solid
objects that are bigger than 2.5 mm.

Protection is assured against rain or
spray of water falling on the product
at any angle up to 60 degrees
from the vertical position.

4 Protection is assured against solid
objects that are bigger than 1 mm.

Protection is assured against splashing
of water or liquid from any angle.

5 Complete protection is assured against
moving solid objects. Protection is
assured against certain amount of
dust that may interfere with the
normal operation, but not
completely dust-proof.

Protection is assured against water jets
projected by a nozzle (6.3 mm) from
any angle.

6 Completely dust-proof and protection
is assured against all kinds of solid
objects.

Protection is assured against stronger
water jets projected by a nozzle
(12.5 mm) from any angle.

7 e Protection is assured against immersion
in water at a depth between 15 and
100 cm for maximum 30 minutes.

8 e Protection is assured against long
periods of immersion in water at a
depth over 100 cm.

9K e Protection is assured against the effects
of high-pressure water jets and steam
cleaning.

X Not tested for protection. Not tested for protection.
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6.2 Light-emitting diodes for lighting applications

6.2.1 Interior lighting

SSL has pronounced applications in interior lighting, street lighting, and color-
changing architectural lighting [3]. LED-based SSL for interior lighting comprises
17% of the total electricity consumption [4]. SSL technology derives three major
advantages: the very first one being its inherent capability to generate light with
high efficiency leading to prodigious energy savings; secondly, the durability and
the efficiency of the solid-state emitters result in potentially huge environmental
benefits; and finally, the flexibility to control the emission properties with much greater
precision permits in customizing and tailoring the emission properties for specific
applications. LEDs are the most acknowledged and highly acclaimed form of SSL.
These offer an option to customize their lighting as per the buyers’ needs. LED fixtures
are easy to install and are also available with retrofitting options. Since there are lot
many LED designs available with different specifications, buyers must be aware about
their requirements and choose the product based on the analyses of their requirements.
It is also essential to assure the credibility and reputation of the manufacturers as well
as ensure that they offer a longer warranty period for their products.

Interior lighting often comes in three types depending upon their color temperature.
White light may be warm, neutral, or cool. Warm-white light has a slightly yellow tint,
and its correlated color temperature (CCT) can range from 2800 to 3800 K. Warm-
white light is generally used in public places where the relaxation is given higher
priority. Cool-white light glows with a bluish tint, and it lies above 6000 K tempera-
ture. Cool-white light is preferred in areas where enhanced, brighter, and concentrated
illumination is necessary. Such light sources are used in offices, hospitals, work areas,
and so on, where light must reach the nooks and corners of a room. Blue-enriched
white light accompanied with other lighting factors such as CCT and the directional
nature of light plays an important role in evoking necessary arousal in people for
promoting their performance at work [5,6]. Neutral-white light lies in the intermediate
temperature range, from 3800 to 6000 K, and is usually a combination of the previous
two types. None of the aforementioned white light is superior over the other. The
choice depends upon the necessity. Human emotions, health, and vision are strongly
influenced by the lighting condition. The choice of the white light depends upon the
levels of visual comfort perceived by a human. People experience higher degree
of comfort, pleasantness, clarity, colourfulness, and less degree of haziness and
oppression when luminaires provide appropriate levels of illuminance in the room
[7]. The visual difference between the white light having different CCT values can
be seen in Fig. 6.2.

The most preferred choice of CCT for the residential areas is between 2700 and
3000 K. The luminaires for residential buildings are designed to produce a wide
beam angle to ensure that proper illumination is reachable at every nook and corner
of the room. But the preference varies when the lighting is meant for shops or
groceries. In groceries, it is preferred to keep the CCT close to 4000 K to produce
neutral-white appearance that could highlight the natural appearance of food products.
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The merchandise put on display in the retail shops that are illuminated with narrow
floodlights or spotlights so as to enable the customers to differentiate between their
colors. Proper illumination is highly essential to grab the attention of customers
onto the merchandise. Shops and groceries illuminated with lights having higher
CRI were found to be more successful as their products were displayed with their
true color identity in front of the customers. In restaurants, the lights are kept dimmed
to provide a comfortable and warm ambience to the diners. In jewellery shops, LEDs
with neutral-white emission can make the jewels and ornaments look sparkling to the
customer. Hence, jewellers prefer to keep their lighting with a CCT of near about
4000 K. For schools and offices, it is essential to install cool-white light with CCTs
higher than 4500 K to create a sense of work among the students and employees in
addition to enhanced performance in their work. Fig. 6.3 illustrates the LED interior
lighting used for office rooms and homes.

The most convenient and commonly used method to obtain the white-LED is
combining phosphors with GaN-based LED chip. Most of the WLED products are
gained by pumping the yellow phosphor (YAG:Ce) with blue LEDs chip, which
has a low color rendering index of less than 75 and high temperature due to the
lack of red component. To solve these problems, red-enhanced YAG:Ce or a small
amount of red phosphor was introduced in YAG. Currently, there are three viable
options for achieving white-emitting LEDs:

(a) Blue LED with yellow phosphor
(b) UV-LED with RGB phosphors
(c) Three or more LEDs of different colors

Each of these approaches has its own advantages and limitations. To overcome the
issues arising in these three approaches, a fourth approach was instigated wherein an
NUV-emitting chip is combined with a single-phase white-emitting phosphor.
The semiconductor chip and the phosphors are incorporated in a single LED package.

2700 K3500 K6500 K

Figure 6.2 Difference in the appearance of white light produced with different CCT values.
CCT, correlated color temperature.
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There are three different types of approaches considered for the LED packaging
system [8]:

(a) SMD) package
(b) Chip-on-board (COB)
(c) LED unit with remote phosphor plate

In SMD, LED chips are permanently soldered on the printed circuit board (PCB)
with a predefined pitch. The phosphor is mixed with a silicone resin and then coated
on the chip. The number of chips on the board can vary. They appear like a collection
of smaller lights arranged on the board. The sum of the luminous fluxes of all the LEDs
on the board will give the total flux of the board. Due to their versatility, SMD LEDs
are highly popular. SMD package is preferred for large-sized luminaire meant to
illuminate huge indoor spaces such as offices, schools, hospitals, or art galleries.
They are found in LED bulbs, string of LED lights, and as notification lights in mobile
phones. They are bright and can produce 50e100 lumens per watt. SMD LEDs
are small, and they resemble the design of a square, flat computer chip. They are
also available in different sizes and can accommodate LED chips with complicated
designs. SMDs can have more than two contacts and up to three diodes, with an
individual circuit arrangement for each diode. Each diode would have a cathode and
an anode that can lead to a maximum of six contacts on a single SMD. This feature

Home and
office lighting

Figure 6.3 LED lighting for home and office rooms. LED, light-emitting diode.
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makes SMDs a distinct packaging technology than the other ones and demonstrates the
versatility of SMD LEDs. An SMD can include a red, green, and blue LED chip, which
can be tuned to any color by adjusting the output levels of each of the LEDs. The
secondary optics used for SMDs can be microprism plates or a separate lens for
each SMD LED. For diffuse SMD lighting, diffuse plastic plates made of polycarbon-
ate or poly(methyl methacrylate) (PMMA) are used. The second type of packaging is
the COB, which is a step ahead in technology and more efficient than SMDs. Similar to
SMDs, COB also can bear multiple diodes on the same surface. Unlike SMDs, there
are only two contacts available for COBs regardless of the number of diodes attached
on them. Another distinction is that COBs can have a more number of diodes on them
(typically nine or more), which are all connected to the two contact points by a single
circuit. This arrangement gives a panel-like appearance to COB packages. Since all the
diodes are connected by a single circuit, COB LEDs cannot be used to develop color
changing bulbs or luminaires. COBs are not versatile like SMD LEDs, but they are
much more efficient than the SMDs. They have better thermal management and
give higher lumens per watt owing to the cooling ceramic substrate and the design
of COB LEDs. COBs have made it possible to realize heavy duty lights such as flood
lights and spot lights. Such kinds of lights were not feasible with SMDs as more
number of LED sources will be required to produce such a high lumen output with
SMDs. COBs can produce a high luminous flux from a small light-emitting surface.
They can produce a minimum of 80 lumens per watt. The features of COB make
them suitable for high-power LEDs operating between 50 and 300 W power. COB
LEDs are used for industrial lighting, downlight luminaires in shops, hotels, or restau-
rants, and in camera flash. The third type of packaging is the remote phosphor technol-
ogy. Usually, manufacturers prefer to coat the phosphor directly on the semiconductor
die. In such a case, the phosphors undergo thermal degradation at a faster rate due
to the direct contact between the phosphor and the die. The remote phosphor LED
package separates the phosphor coating from the LED die and makes provision to
interchange different phosphors in the package. This helps in effectively changing
the color temperature of the LED package by incorporating different phosphors.
This has also resulted in achieving stable white light with high CRI. The phosphors
are not subjected to heat degradation due to their separation from the die.

The latest development in the interior lighting segment is the entry of organic LEDs
(OLEDs) for general illumination. OLEDs are thin sheets of bendable or rigid mate-
rials that can offer untold advantages while lighting up a space more efficiently [9].
This amazing lighting technology offers vivid designs and better light quality.
OLED technology has the potential to create efficient, attractive, and healthy
luminaires. Although OLEDs offer untold advantages, they are yet to make the inroads
in the general lighting sector. OLEDs were well set to make the inorganic LEDs to bow
down and take over their place [10]. OLEDs have established themselves as the main-
stay in the display industry [11,12]. Citing this, many companies started exploring the
possibilities to introduce OLEDs in the general illumination market. However, there
were many casualties that happened in this endeavor. One of the foremost companies
to introduce OLEDs in general lighting, LG, has almost quit the OLED lighting market
and shifed its focus towards OLED displays and OLED automotive lighting only [13].
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Several other large manufacturers in the lighting sector such as OSRAM, General
Electric Company, Philips, Panasonic, and others were also active in the OLED light-
ing programme. But they too slowly pulled back from the business. One of the major
reasons was the challenge faced by the manufacturers in bringing down the high price
of production. Still none of the manufacturers has managed to overcome this difficulty.
This challenge has overshadowed other hurdles such as product longevity, which were
holding back the OLED lighting industry. Many optimists believe that OLEDs could
nudge into the lighting industry, only if the production prices come down. OLEDs emit
a softer, glare-free, and diffuse light that is more appeasing to the human eye. Thus,
OLEDs have an opportunity to produce human-centric light with a diffuse surface
source of SSL having a bendable form factor. Fig. 6.4 illustrates some of the OLED
lighting panels used for the interior lighting applications. While LEDs are known
for their throwing of intense light from a small package, OLEDs are known to produce
diffuse rays of light with minimal amount of blue wavelengths. OLEDs are perfect for
the rooms and locations where blue-rich light should be avoided. OLEDs also cut
down the risk of infrared (IR) and ultraviolet (UV) emissions from the luminaire,
and hence, they are preferable for applications such as exhibition lighting, illumination
of the food products in shops or supermarkets, lighting artwork, and so on. In addition,
OLEDs require lesser accessories to turn into a luminaire. In comparison with LEDs,
there are fewer components in OLEDs in terms of the drivers, diffusers, optics, heat
sinks, wave-guides, etc. This itself can lower the cost of the finished OLED luminaires
and make their overall pricing comparable with the traditional LED luminaires.

Figure 6.4 OLED indoor lighting panels. OLED, organic light-emitting diode.
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OLED panel makers have also tried to lower the pricing by improving the energy
efficiency of the luminaires to a value over 100 lm/W [14]. The longevity of OLED
luminaires is still not obvious. Although there are claims that OLED luminaires can
last for 100,000 hours, it is yet to be confirmed with thorough and effective tests.
But it is certainly true that the rate of lumen depreciation of OLEDs has decreased
with the use of multiple stacks. In some cases, people have expressed their doubts
over the longevity of the OLED luminaires. Although OLEDs can show an earlier
failure, it is difficult to completely blame the quality of the product. The way the
luminaire is installed and handled can also be a factor deciding its longevity.

6.2.2 Street lighting

In terms of the general illumination area, the biggest growth market for LED-based
SSL is provided by the outdoor lighting. Street lighting forms an essential element
for urbanization. However, these street lights form the largest reason of energy drains
for a city. One of the major reasons for the huge energy consumption in street lighting
is the prevalence of age-old incandescent and sodium-vapor lamps in one-third of the
world’s roads. Almost 40% of the city’s electricity needs are consumed by these lamps.
In recent years, governments of various countries have become aware of the jeopardies
occurring due to the use of such lamps, and thus, they are being replaced by the energy-
efficient LED street lights. The roads lit by LEDs were well illuminated, and the use of
these lights reduced the energy consumption for street lights by about 80%e90% as
compared with the sodium vapor lamps. The adoption of LED-based lighting was
mainly aimed to achieve better safety to the community and accelerating the progress
towards sustainable development. An illustration of the LED lights illuminating the
roads is shown in Fig. 6.5. In the initial phase, cool whiteeemitting LEDs (with higher
CCT but lower CRI values) were installed in the streets, replacing the previously
installed yellow-orange-emitting sodium vapor lamps [15]. However, the people
commuting on these roads were unhappy with the unusual glare and color appearance
of these LED lights [16]. This case was thoroughly studied, and a conclusion was
derived that blue-rich LED lights created an unpleasant and less comfortable

Figure 6.5 LED street lights. LED, light-emitting diode.
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atmosphere for the commuters, whereas yellow-rich LEDs created a comfortable and
pleasant condition for them [17]. On separate occasions, the International Dark-Sky
Association (IDA) and the American Medical Association (AMA) recommended the
use of LED packages with CCTs not exceeding 3000 K for street lighting [18].
Although both the associations agreed upon this common resolution, their interests
were different. IDA’s recommendation was based on the fact that cool-white light
from the LEDs had some adverse effects on the biological cycle of birds living on
the trees, nocturnal animals, and also the sky glow and the nightscapes. On the other
hand, AMA came forward to lessen the negative effects of the exposure to blue-rich
light at night on the human health. Therefore, the municipalities were bound to install
LED packages with lower CCT. In 2011, the difference in the luminous efficacies
between the 4000 K neutral white and 3000 K warm-white was about 20%. As a result,
neutral-white LEDs were installed in the streets to replace the cool-white LED lights.
But, as of now, the difference in their luminous efficacies has come down to 6%, and
hence, this factor should not be used as the selection criterion for preferring neutral-
white light for street lighting. Further, studies revealed that pedestrians and motorists
prefer to have warm-white light on the streets than the neutral-white light [18]. LED
street lights comprise multiple LED units assembled in a panel and sealed by an
encompassing lens. They are designed in such a way that maximum light is focused
on the streets, and very less amount of light is allowed to stray away. The fixtures
are provided with heat sinks to dissipate the heat generated by the driver circuits
and to ensure longer life span of the luminaire. Nowadays, the LED fixtures are
available in different shapes and sizes. The lens of the luminaire is specially designed
to cast a wider pattern of light on the streets.

The levels of comfort enjoyed by motorists in driving through roadways lit by
yellow-rich lights were the main reason that high-pressure sodium (HPS) lamps
remained the mainstay in street lighting all these years. HPS lamps were highly
efficient and used to beat the efficiency of all other lighting technology before the
1970s. But it loses out when it comes to competition with LEDs. LEDs dissipate
negligible amount of heat as compared to the HPS lights. Also, the light emitted
from LEDs is directional and can be focused maximum on to the roads. On the other
hand, HPS lights produce more dispersion, and much of the light falls outside the path.
The nocturnal animals and the birds nested on the trees are adversely affected due to
the dispersed light from the HPS. HPS lamps produce a lower-quality light with a
monochromatic yellow emission. Hence, it may damage the color vision of the motor-
ists if they gaze on the HPS lamps for a while. The sodium present in the HPS lamps is
susceptible to catch fire if it is exposed due to breakage. This also makes HPS lamps
difficult to dispose and lead to concerns over the safety of the people and animals near
the light poles. But with the availability of LED lights with a wide range of color
temperatures, many municipalities started weighing the benefits of LEDs over HPS
lamps. The extremely long life span and high energy efficiency of LEDs have provided
them with an upper edge over the HPS lights. LEDs offer superior color-rendering
properties than HPS. Additionally, LEDs provide higher quality of light, and their
maintenance is hassle-free with lower costs. The requirement of fewer accessories
makes LED lights more profitable. A comparison between the LED and the HPS street
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lights is illustrated in Fig. 6.6. Another advantage is that LEDs reduce the light pollu-
tion caused by the street lights. Prior to LEDs, the HPS lamps used to spread light in all
the directions and a fraction of the emitted light escaped into the sky to cause light
pollution. Hence, they were integrated with reflector cups to capture the light emitted
upward and direct them towards the road [19]. But the use of reflectors can be avoided
in LEDs as the light emanating from them covers only the lower half-spherical space.
In LED-based lighting, the secondary optics play an important role in delivering a
prescribed beam of light from an array of LEDs that act as point sources. On the
contrary, the optics used in HPS has very little to do. They are just meant to protect
the lamp and offer some diffusion properties to the light emitted from the HPS.

The LED street lights were designed specially keeping in mind that the light emitted
from them should not produce any harm to the wildlife or the birds living on the trees.
Several agencies have surveyed and studied the effect of LED hues on the wildlife
[20]. From the survey, the biologists concluded that green, amber, and yellow light
were gentle and benevolent for the wildlife, whereas blue and white light has adverse
effects on their metabolism [21,22]. The nocturnal animals and the birds having their
nests on the trees near the light poles are the most vulnerable creatures. Already the
wildlife species are experiencing negative impact of the rapidly changing environ-
ments. To add to their woes, humankind has introduced artificial lighting during the
night that disturbs their lifecycles and metabolism. The street lights illuminate so
brightly in big cities that the earth appears like a big glowing ball when viewed
from a distance. Researchers have made a deep and thorough study to find out
how the wildlife is affected by the light and its brightness. They have found that the
circadian rhythms, migration, reproduction, and predatoreprey relationships can be
adversely affected due to exposure to improper lighting.

The introduction of LED street lighting systems has delivered extensive benefits to
both the economy and the environment equally. In recent years, there has been a

HPSLED
HPS

LED

Figure 6.6 Comparison between the LED and the HPS street lights. HPS, high-pressure so-
dium; LED, light-emitting diode.
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considerable amount of decrease in the CO2 emissions owing to lesser burning of coals
for the generation of power in the thermal plants, and this indirectly ensued from the
use of energy-efficient LED lights. Many cities across the globe have adopted LED
lighting to cut down the energy needs for street lighting and direct the saved energy
to other purposes. However, switching to LED street lights was not enough to meet
the targets, and adaptive interoperable lighting was adopted to achieve bigger savings
in energy. A central control system can be connected with all the LED street lights, and
the operators can remotely monitor and regulate the light levels as per the requirements
in unprecedented ways. Huge energy savings can be achieved by using these
networked street lighting. The replacement of incandescent and HPS bulbs by LEDs
in street lighting systems has brought about 50% energy savings, and an additional
30% increase was achieved by adopting smart lighting integrated with central control
system. The LED-based smart street lighting systems have provided wider potential
for the progress of cities accompanied with the benefits of energy and cost savings.
Now, street lights are not seen just as a means of illuminating the roads in the dark.
With the addition of cameras and sensors, the infrastructure for street lighting
has become a platform for a variety of applications [23]. Certain cities have installed
environmental monitoring systems with the street lights. The day-to-day operations of
the city are collected at the microscopic level using the electronics integrated with the
street lights. The sensors installed in them are capable of monitoring the temperature,
humidity, motion, noise, and the air quality in the surroundings. The lighting infra-
structures are also integrated with motion sensors and cameras to help the motorists
in parking their vehicles. This innovation was developed by certain companies to assist
the drivers and help reduce the congestion in cities and improve the traffic movement.
The cameras and sensors installed on the street lights are also beneficial in improving
the public safety of the urban residents. When the pedestrians approach a lighting pole,
the motion sensors can detect their presence and brighten the illumination in the
surroundings to increase the visibility. After the pedestrian crosses the lighting pole,
the lighting levels can dim to 60% of its original brightness. In some areas, the pedes-
trian counters are integrated with the lighting systems to guide the pedestrians with
the most appropriate path to walk at night. The invention of Li-Fi for digital
communications using the light medium has enabled the use of LED luminaires for
data transmission. The LED street lights in some well-developed cities are being
used to provide public Li-Fi and the communication network for the internet-of-things
(IoT).

Traffic signals are now widely run with LED lamps, as shown in Fig. 6.7. This has
now made possible to view the signals from a faraway distance even during broad
daylight with clear visibility. Earlier, incandescent bulbs suffered from the disadvan-
tage of poor visibility in day light and higher energy consumption. Lower energy
requirements made it possible to install solar energyepowered LED signals with
greater ease. On an average, LEDs consume 85% less energy than incandescent lamps
[24]. The replacement of incandescent bulbs for traffic signals with LED lights came
up with several wonderful upsides. Based on a survey of LED traffic signal mainte-
nance practices, it was reported that the use of LED traffic signals had been expected
to reduce the lifetime cost per module compared with incandescent modules.
LED traffic lights consume very less power, and subsequently, they save a lot

166 The Fundamentals and Applications of Light-Emitting Diodes



of money. In addition to reduced energy expenditures, the extended lifetime of the
LED modules had been expected to reduce the relamping material and labor costs
by reducing the frequency of the incurring costs. Although LEDs offer a myriad of
advantages over incandescent bulbs, there is one feature where the latter scores ahead.
LEDs do not heat up during their operation, and this feature has proved to be a curse
for the LED traffic lights in the regions experiencing snowfall. While the traffic lights
based on tungsten filament heating lamps produced enough heat to melt the snow clad
on the traffic lights, LEDs fail to do so. The snow deposited on the lights would often
obscure the vision of the vehiclists. But the excess heat produced by the incandescent
bulbs melted the snow even in the worst weather conditions. Soon, solutions to this
unexpected and unusual issue were also found. The traffic signals in the snow-clad
regions are now installed with LED arrays featuring built-in heating modules. The
thermal sensors detect the temperature of the traffic signal, and when the temperature
falls beyond a critical point, the heating module is switched on to melt the snow
accumulation. LEDs are also known for their compact size that has allowed in
modifying the design of traffic signals. From the traditional traffic signal poles,
LEDs have transformed the signals into simple strips of light, as shown in Fig. 6.7.
Besides, LEDs are now used for signposts to give better visibility to vehicle drivers.

6.2.3 Automobile lighting

In almost all machineries, LEDs have found their role as headlamps and indicator
lamps due to their portable size, low energy consumption, and low maintenance re-
quirements. Most of the roads and highways outside the urban area are left without

Traffic signals

Figure 6.7 LEDs being used for traffic signal lights and signboards. LED, light-emitting diode.
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any illumination by the road lighting, and hence, it is necessary to have very bright and
efficient headlamps to be installed on the automobiles for their journey through
such paths. Automotive lighting on cars, motorcycle, and bicycle lights has gained
more efficiency due to the mechanical robustness and long lifetime of LEDs [25].
Fig. 6.8 illustrates some of the applications of LED lamps in automobiles. The
LEDs were introduced in the automotive lighting through the higher-class car models.
But the advancements in the technology led to the shifting of the LED lighting towards
the midrange and lower-class car models too. In higher-class car models, the space left
out by the LEDs is being filled up by laser lights. But the laser light supplies are
limited, and hence, their use will be limited to only the top-class models.

Until a few years ago, the use of LED lights in the automotive industry was just
limited to only the premium car models. But their use has now extended to lower-
priced car models too. Apart from the headlights and taillights, LEDs are now available
in the car interiors also. LEDs are now an omnipresent entity in the automotive
industry. LEDs are featured with long lifetime, durability, high output and focus, clear
visibility during broad daylight, and fast switching times. These features have been
considered while applying them to automotive industrial applications. They are used
to make brake lights for cars, buses, and trucks. Their use in brake lights improves
safety, as they quickly respond by lighting up fully and giving a correct signal of
braking to the vehicles that are following from behind. They glow fully at least 0.5
seconds faster than the incandescent bulbs, thereby, giving the drivers behind to react
more quickly and avoid any type of accidental collision. White LED headlamps are
on the rise recently, for providing better visibility during the night and stylish looks
to automobiles. These lamps accompany parabolic reflectors. Additionally, the vehicle
headlights are integrated with flexible driving beam control that can shut off the

Automobile
lighting

Figure 6.8 LED lamps used in different parts of cars and motorcycles. LED, light-emitting
diode.
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specific portions of the lighting beam and stop the glaring issues from the arriving
vehicles by optimizing the illumination. Such lights offer more security and higher
brightness levels due to which many automotive manufacturers are focusing on
including them in their premium model cars. LEDs are known for their bright emission
of light with lower power consumption. As a result, LEDs have become the first choice
for signal lights or indicator lights on the vehicles. The signal lights are necessary for
the vehicle drivers to communicate with other drivers on the road about their actions
such as turning or stopping their vehicle. These lights must be equally visible during
the day and night. In majority of the countries, yellow light is used as signal lights, as it
is more visible than any other color to other drivers at a distance. Red LED lights are
used as brake lights for vehicles. Brake lights are turned on when the driver presses the
brakes of the vehicle. On pressing the brakes, LED brake lights illuminate instantly
and give a signal to other drivers behind. The time taken for the LEDs to turn on is
very less as compared to the halogen bulbs that were earlier used in the vehicles
[26]. This will aid the drivers behind to make a quicker response and stop their vehicles
immediately.

In the recent times, vital strides were made in the automotive forward-lighting
applications with the development of high-luminance white LEDs. The manufacturers
and the suppliers of the automobile products and their components have gained
increased understanding about the advancements in the LED products and their
designs. The thermal management of the LED headlamps has been improved to extend
their life span in automobiles. The advancements in the automotive lighting were also
contributed by the development of new materials and the emerging optics and elec-
tronics associated with the LED headlights. The use of plastics in the base and housing
materials has been replaced by the ceramics. The joining layers in the LED packages
are now being made of solder and gold, instead of adhesives. Similarly, the use of
epoxy resins as encapsulants has become outdated, and they are now being replaced
by silicone that demonstrates higher heat resistance, thereby enabling the LEDs to
operate at higher temperatures. Even the optics is being redesigned to give superior
performance. Earlier, the optics for the LED lights was adapted from the lens and
the reflector applications. These are now being replaced by the miniature lenses
and the index-coupled light guides and lenses. Other factors that contributed to the
progress of LED forward lighting are the improvements in the luminance, luminous
flux, and efficacy as well as the control over the color temperatures. The newer
LED packages offer higher drive current and thermal resistance as well as lower optical
magnification that lead to higher luminance levels. But there are certain limitations in
achieving higher thermal resistance for a lamp. Under such circumstances, all other
elements and parameters associated with the LED package must be improved to ensure
optimum performance of the LED headlight. Thus, less-efficient LED packages
with lower thermal resistance can also achieve higher luminance levels through the
optimization of other parameters. The optics of the LED package is essential in
achieving high luminance levels and for the style and structure of the headlight design.
The light output necessary to produce the required light beam from the headlamp is
decided by the luminous flux and the luminance levels. Improvements in the efficacy
of the LED packages were achieved in the recent years, and this has influenced the
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headlight design to a great extent. The enhancements in the phosphor and the chip
epitaxy have some role in extracting higher lumens per watt from the LED package.
The luminous efficacy is also influenced by the temperature. When the operating
temperature of the LED package increases, there is a drop in its efficacy. This drop
can be even greater than 10%. Therefore, it is necessary that the LEDs are operated
in a cooler environment and provided with better thermal management systems to
enhance their efficiency. One of the areas that need to be improved is the color control
of LEDs. Till now, the color range of the LED headlamps went unnoticed as they were
not in prominence like the LEDs used for the general illumination. But the available
color range of LEDs is not acceptable for the forward lighting of premium model
cars. Research is going on to find an optimum color control to develop LED headlights
with ideal color output. In the past few years, significant enhancement in the operating
performance and thermal resistance has been achieved to improve the cost-
effectiveness of LEDs. These improvements have resulted in higher power density
of the LED package and, consequently, brought out higher luminance levels. This
has allowed the development of smaller, high-temperature packages that demonstrate
better thermal stability.

There has been a lot of improvement in the system integration and mounting capa-
bilities for LED headlamps owing to the joint development work carried out by the
automotive manufacturers and suppliers. The need to satiate the safety standards for
motor vehicles has led to several big industrial collaborations among major motor
companies. Besides, the competition among the major players in the automotive
industry has demanded to exhibit something extra to make their products more attrac-
tive. As a result, many additional features that were not demanded from the current
range of headlights have also been included in them. The quality of the components
used in the LED package has a big role in improving the overall efficiency of the
luminaire. Hence, the manufacturers of each of the individual components are focusing
on improving the quality of their components. The suppliers of heat sinks, electronic
substrates, and silicone resins are taking utmost care to provide the finest components
that works the best in the package.

6.3 Advantages of light-emitting diode lighting

LED lamps have loads of advantages in comparison with other artificial light sources.
They are inevitably better in quality with unrivaled performance in all sectors.
Although they are not the optimum solution to all the problems associated with light-
ing, LEDs have proved themselves to be a distinct technology that has brought a
revolution in the lighting industry. Some of the benefits offered by LED lights are
described in the following [27]:

• Mercury-free and eco-friendly: The biggest advantage of using LED-based lighting is to the
environment that has been striving all these years due to the toxic and polluting technologies
introduced by humankind. LEDs are free from any kind of mercury. This also ensures that the
environment will not be polluted with poisonous mercury vapors or liquid mercury as a result
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of the breakage or improper disposal of LED lamps. To make LED lamps more eco-friendly,
they are being manufactured with lead-free circuit boards. Lead was the primary material used
to solder the LED lights with the electronic circuit boards. With the move to replace lead with
other eco-friendly materials, LED lamps have become friendlier to the environment.

• Low power consumption: LEDs require very less power to operate. They consume just 10%
of the power required to illuminate a fluorescent lamp. Hence, they are also useful in battery-
powered and energy-saving devices.

• Fully recyclable: The components of LED are fully recyclable and can be disposed as
a normal household waste. The glass and the metal components of the LED lamp can be
separated and recycled and reused. LEDs incorporated with phosphor or organic materials
are also non-hazardous to the environment. The hydrometallurgy and other extraction
processes can be implemented to separate the rare-earth elements from the used phosphor.

• Miniature size: LEDs are very small in size, and each luminaire is manufactured by arranging
a specific number of LED lights in an array that is then connected to an electronic driver
circuit. The small size of LEDs decreases their chances of getting damaged. The miniature
size of LEDs also makes them a bankable option for small indicator lights in electronic
equipments, backlights for LCD screens, displays, flashlights, keypad lights, etc.

• Radiates very little heat: LED bulbs are designed in such a way that the heat is least dissi-
pated from them. Although LEDs do not emit heat themselves, their driver circuits can often
heat up. But unlike other illumination sources such as incandescent bulbs, LEDs are not
hot enough to burn the skin. The exception is IR-emitting LEDs, which can heat up their
enclosures and surroundings with their emission of infrared (IR) waves. There are also certain
instances where the lower-quality semiconductor light-emitting chips are used, and the
inefficient semiconducting processes occurring in these chips can lead to higher degree of
heat generation. Still, such LEDs will also give a relatively cold feeling on the touch as
compared with incandescent bulbs or fluorescent tubes.

• Low operating temperature: Lighting sources such as fluorescent lamps, incandescent bulb,
high-intensity discharge lamps, and so on require a hot cathode or a ballast to illuminate the
lamps. On the other hand, LED luminaires are designed to operate at low temperatures and are
free of any hot cathode or ballasts. With the rising temperatures, phosphors also lose their
intensity, and the emission spectra gradually decrease in intensity. Hence, it is also essential
to keep the operating temperatures from crossing a critical limit. LEDs attain the maximum
temperature of 150 �C during operation. Such low operation temperatures ensure that the
phosphor coating of LEDs does not degrade easily and enjoys a longer lifetime.

• Fire safe: Switching to LED luminaires can reduce the probability of fire accidents to a signif-
icantly low level. The traditional lamps, which emit heat along with light, are at a higher risk
of igniting fire. LED luminaires do not heat up. Also, LEDs are accompanied with a heat sink
that can draw up all the heat and keep the temperature of the luminaire under control. This
makes them eligible to be used for lighting in cold-refrigerated rooms, storage places, and
temperature-controlled surroundings.

• Nonbreakable: LEDs are resistant to breakage and do no break into pieces like incandescent
bulbs or fluorescent lamps. They are made of epoxy lens that are shatterproof and a lot sturdier
than the normal glass covering.

• Mechanically robust and resistant to vibrations and shocks: LEDs are free of glass
enclosures or filaments that can be otherwise susceptible to breakage even with the slightest
of the mechanical impacts or shocks.

• Long operating life: LEDs have relatively longer operating lifetime than all other artificial
lighting sources. A good-quality LED can last anywhere from 5 to 10 years on an average
and can operate for 50,000 to 100,000 hours. This is against the 1000 hours life span of
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incandescent bulbs and 10,000 hours of fluorescent lamps or CFLs. If used judiciously,
LED luminaires can last beyond 15 years.

• Less maintenance required: LED luminaires boast of 50,000 to 100,000 hours of working
lifetime. This means these luminaires can last for upto 35 years. Yet they may face the failure
of other components or driver circuits, which can lead to relatively lesser operating life.
Choosing the right luminaire with better quality driver circuits and components can help in
reducing the maintenance needs of the LED luminaire. Although it is imperative to claim it
as a maintenance-free lighting, there is no doubt that LEDs can offer a lighting technology
requiring the least maintenance.

Besides the previously discussed advantages, LEDs are also benefited by the
following features:

• Slow failure
• Less quantity of materials required for manufacture
• Faster response time
• Ideal for uses subject to frequent oneoff cycling
• Efficient even in harsh conditions
• Emits light of an intended color without using filter
• Emits light with constant temperature regardless of its intensity
• Varied spatial distribution of illumination
• Highly reliable lighting sources

6.4 Innovations in light-emitting diode lighting

LED lighting has come a long way since its induction into the lighting industry. They
underwent several technological improvements and innovations to finally appear in
different shapes and sizes. Now, consumers can select from a wide range of LED
fixtures or modules that specifically fit the requirements of their home or offices.
The most standard form of the LED light is the basic LED bulb. They depict the shape
of the traditional incandescent bulb. LEDs have also mimicked the shape of a fluores-
cent tube. LED tubes are found in many offices as they are designed specially to fit into
structures similar to fluorescent tubes. There are foldable strips of lights, too, in which
individual LEDs are arranged in an array. Such strips are more commonly used along
the hallways, ceilings of office rooms, decorations, etc. In office settings, panel lights
are also found to be common. Apart from these, LED lights are available in some inno-
vative designs too. LED lights take the form of candle bulbs wherein they are shaped
like a narrow flame. Candle bulbs are used in decorative lamps or chandeliers. Another
one is the globe bulbs that are round and have a classic appearance. These are also used
as decorative lights. Besides the size and shape, the functions of LED lights are also
popular among the consumers. Their ability to produce dimmable light as per the needs
is highly appreciated. Dimmable LEDs are customized with a dimmer switch. Such
functions can reduce the energy consumption by the lighting sources to a significantly
low level. Smart bulbs have also attracted a huge number of the global population.
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Smart bulbs, as the name suggests, are totally the smartest among the artificial lighting
technologies that have descended on the earth. They can be connected to a smartphone,
which perform as a remote to control the appliances at home. They also make it
possible to build a centralized control system that connects all the appliances to a sin-
gle smartphone. For interior commercial spaces, the automatic light control systems
can save a lot of electricity. The automatic lighting controls can be categorized as
zone controls, connected lighting, and luminaire-integrated controls [28]. In zone con-
trols, multiple luminaires are controlled by a single photosensor/motion sensor. In con-
nected lighting, a central control system is connected to a group of luminaires, and the
control system can be remotely controlled and monitored over the Internet. In
luminaire-integrated controls, each of the luminaire has one motion sensor/photosen-
sor. In this system, a mesh network is used to group the luminaires and establish a
direct communication between them. Unlike connected lighting system, luminaire-
integrated controls require less capital and labor for their installation and also have
the advantage of higher energy savings than the zone controls. Due to finer spatial
granularity, luminaire-integrated controls with manual switches reduce energy use to
a value between 32% and 47% in open offices [29,30]. In contrast, the decrease in en-
ergy use is limited to just 10% for zone controls with manual switches [31]. This is
because the zone controls are programmed to switch on all the lights even if there is
only one occupant present in the room.

Another innovative feature that came with the LED lighting is the ability to change
the color of the light over a wide range. LEDs became dominant in this feature, which
found many applications. Depending on the composition of the phosphor, LEDs can
emit different colors, and their combinations can be effectively used to give a new co-
lor emission. The color gamut presented by LEDs is highly impressive. Some manu-
facturers claim to produce millions of colors by mixing the color emissions from LED
arrays in different proportions. The color-changing LEDs are used in both indoor and
outdoor lightings. The elegance of the color-changing cove lighting has defined the in-
door applications of color changing LEDs. The color-changing lighting schemes are
used in outdoor wall washing or facade lighting, as shown in Fig. 6.9.

6.5 Conclusions

LED lighting is anticipated to provide a promising future for the human society. The
limitations put on by Haitz’s law were already surpassed by the LEDs, and the present
LEDs are way ahead than any other form of artificial lighting that existed till date. The
introduction of LED lamps for the general lighting has significantly reduced the energy
demands in the lighting sector and also eliminated the danger of mercury vapor expo-
sure at offices and homes that used to be found during the era of fluorescent lamps and
CFLs. Although the consumers find the LED fixtures a bit expensive than the incan-
descent or fluorescent lamps, the reality is that LEDs grant a higher luminous
efficiency and a longer operating lifetime that turn out with huge savings for the

General lighting 173



consumer annually. The innovations achieved in the LED lighting industry has made
it possible to obtain lights of different color hue, shapes, and sizes that suits the needs
of the consumer. Therefore, it is possible to obtain LEDs in the form of bulbs, tube
light, retrofits, wallpaper lighting, etc. Yet, to achieve a better future for the LED
lighting, there is a need to sort out the issues of thermal management and driver
electronics that pose as a hindrance in attaining an extended operating life for LED
luminaires.
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Digital communications and
display devices 7
7.1 Introduction

Light-emitting diodes (LEDs) can be used to transmit digital and analog signals
through fiber optic cables due to their ability to achieve very high data bandwidth
by virtue of their very high frequency. During his TED Global talk, Prof. Harald
Haas mentioned about Li-Fi, which is analogous to Wi-Fi, referring to a bidirectional,
high-speed, and fully networked wireless communications using visible light. Li-Fi is
a subset of visible light communication (VLC) system, which is a data communication
medium using the visible light spectrum (375-780 nm). Many attractive advantages of
VLC over the radio frequency (RF)ebased wireless systems have been reported such
as its ignorance to electromagnetic interference, high network security, integration
with indoor lighting, availability throughout the world with unlicensed bandwidth,
and so on. In many cases, LEDs are also used as sensors or as a photodiode in light
detection. LEDs can be used both as a source and as a detector, especially as a photo-
diode that is useful in bidirectional communications [1].

LED displays are fast replacing other display screens due to their incomparable
merits over the previously known displays and far superior quality of picture with
utmost clarity preloaded with them, thereby, putting a marked distinction over their
stature in the display market. Large LED displays are being used as dynamic decora-
tive displays, stadium displays. Seven segment LED displays or alphanumeric displays
are used in the informative displays at railway stations and airports, in destination
displays on buses, trains, and trams, in calculators, and in other portable devices.
Monocolor light is extensively used in the emergency vehicle lighting, lanterns, ships’
navigation lights, decorative light bulbs, etc. Often, indicator lamps are required to
retain the vision at night for navigation through seas or via air. Submarines and ships
while sailing through the waters send the signals of their arrival to the coast by flashing
coherent, monochromatic, and clearly visible lights. Aircraft cockpits, astronomy
observatories, military fields, and so on use LED lamps to retain the night-time vision.

In the ensuing sections, the breakthrough achievements put forward by LEDs in the
field of display devices and digital communication will be focused on. We shall also
put light on the progress made in these fields by the previous technologies and the take-
over executed by the LEDs to embark a revolution.

7.2 Digital communications

Personal communication using wireless data transfer has become a core part of
human life. There are about 5 billion people in the world that use Internet on a daily
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basis. And the numbers are going on increasing day by day. The world has experienced
a sharp increase in the number of people using smartphones and other wearable smart
devices such as health trackers, smart watches, and digital glasses. The big cities and
houses are now underpinned by the devices requiring Internet connections. The
requirement of signal strength and networking speed has increased manifold, and
new technologies have been introduced to satisfy the data communication needs of
the people. The world mostly relies on the digital wireless communication system to
surf through the Internet and communicate across the globe. Even the space pro-
grammes rely on wireless digital communications to maintain contact with the artificial
satellites launched into the space. At present, RF waves dominate the wireless commu-
nication systems. RF waves are part of the wider electromagnetic spectrum that re-
quires very sensitive electronic equipments during the wireless data transmission.
The past decade witnessed the compound annual growth rate (CAGR) of 60% for
the wireless traffic at the global level [2]. Assuming that the spectrum efficiency
will remain the same for the next 20 years, it is estimated that the bandwidth require-
ment in the future shall rise to 12,000 times than that available at present [3]. Wireless
fidelity (Wi-Fi) network uses 500 MHz bandwidth in the 5.4 GHz region of the RF
spectrum. Citing the 12,000 times increase in the bandwidth requirement, the demand
for the bandwidth for the future wireless network would have reached up to 6 THz. But
the entire RF spectrum accounts to only 0.3 THz; thus, it is practically impossible to
achieve the bandwidth requirements for the future, and the situation will ultimately
lead to a spectrum crunch. Consequently, there is a huge shortfall in the available
RF spectrum for Wi-Fi as compared with the rising bandwidth demands for the future.

The lower frequency waves of the electromagnetic spectrum are much easy to use,
but these were ignored for data transmission until recently. The bandwidth offered by
the optical spectrum is several orders higher than that offered by the RF spectrum. The
size of the spectrum covered by the visible light and the infrared (IR) together can
range up to 2600 times the size of the 300 GHz RF spectrum, as illustrated in
Fig. 7.1 [4]. This spectrum requires only eye safety regulations and can be subjected
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Figure 7.1 The optical spectrum comprising the visible and the IR regions is 2600 times larger
than the RF spectrum. EHF, extremely high frequency; HF, high frequency; IR, infrared; RF,
radio frequency; SHF, superhigh frequency; UHF, ultrahigh frequency; VHF, very high
frequency.
Reprinted with permission from H. Haas, LiFi is a paradigm-shifting 5G technology, Rev. Phys.
3 (2018) 26e31. https://doi.org/10.1016/j.revip.2017.10.001. Copyright 2017, Elsevier B.V.
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to unlicensed utilization. Also, the 6 THz bandwidth demand for the future will ac-
count to only 0.8% of the optical spectrum, which offers a bandwidth of 780 THz.
There are several lasers and LEDs that cover the visible light and IR spectra. Also,
the availability of photodiodes as receivers in the optical spectrum paved way for
the optical wireless communication systems, which will potentially attract the new-
generation networking and wireless communications [5]. This led to the establishment
of Li-Fi as a means for high-speed data communication.

The concept of Li-Fi can be understood from a typical Li-Fi attocell (LAC), as illus-
trated in Fig. 7.2 [3]. Several light fixtures are suitably fit in the room and are driven by
a modem or chip to set up the Li-Fi system. Each of the light fixtures in the room serves
as an access point (AP) or an optical base station for the Li-Fi system. There is a high-
speed backhaul connection between the core network and the APs. To receive signals
from the terminal points, the light fixtures are provided with an integrated IR detector.
The light emitted from the optical base stations is modulated at very high rates, such
that their flickering does not appear to a naked human eye. Techniques such as power
line communication and power over ethernet are implemented for providing data and
power to each light fixture [6,7]. An IR source is embedded as a transmitter onto the
user equipment for the implementation of optical uplink. The use of IR transmitters
renders the visibility of the transmission signals to the user. The light fixtures create
optical attocells, which are extremely small cells with radii less than 5 m. Each of
the light fixtures can contain an AP. However, only selected fixtures are made to
contain the AP, and the rest are utilized only for illumination. This will ensure that
less expenditure is incurred to create the attocells and more coverage is provided by
each of the access points. The selection of APs is made on the basis of the require-
ments, and it is made sure that no extra APs are created whose coverage shall overlap
with that of the already existing AP. Li-Fi makes provision for connecting multiple
user equipments through its multiple APs that will cover a larger area. This shall
also ensure that each of the user equipment is receiving and transmitting the data
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Figure 7.2 Indoor wireless networking based on the concept of Li-Fi attocell networks. Li-Fi,
liquid fidelity.
Reprinted with permission from H. Haas, LiFi is a paradigm-shifting 5G technology, Rev. Phys.
3 (2018) 26e31. https://doi.org/10.1016/j.revip.2017.10.001. Copyright 2017, Elsevier B.V.
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more efficiently than the single AP offered by a Wi-Fi hotspot. The light emitted by
multiple APs using the same channel can interfere and produce co-channel interference
(CCI) in the optical attocell network, as shown in Fig. 7.3. The occurrence of CCI can
help in achieving very high data density.

Li-Fi networking layers enjoy certain advantages over Wi-Fi. Some of the key
advantages of Li-Fi are listed in the following:

1. Speed: The data communication speeds achieved through Li-Fi are greater by three orders of
magnitude than the currently achievable speeds in Wi-Fi. Better communication and better
service quality can be offered with such faster communication systems.

2. Security: Li-Fi systems are much safer and secure than the Wi-Fi systems. The RF spectrum
used in Wi-Fi systems can be vulnerable to unauthorized access from the areas beyond the
walls. On the other hand, Li-Fi uses the optical spectrum that cannot be accessed beyond
the walls and the data transmission can be protected from hackers. Since light cannot pene-
trate opaque objects, it is difficult for the hackers from the other side of the walls to breach the
security offered by Li-Fi.

3. Availability: Li-Fi can be made available everywhere by replacing the existing regular LED
bulbs with Li-Fi-compatible LED bulbs, as illustrated in Fig. 7.4.

4. Cost and efficiency: Li-Fi systems are much cheaper than the Wi-Fi systems. Also, they
consume lesser quantity of power than the latter. Li-Fi is mainly facilitated through LED
bulbs. LED bulbs are already meant for providing the household lighting, and additionally,
they are given the charge of communication and data transmission too. This shall avoid the
extra expenses that would have arisen in setting up an additional hardware for data transmis-
sion. Unlike Wi-Fi, the cost incurred in implementing Li-Fi is far reduced.

5. Safety: Li-Fi is safer than Wi-Fi or any other wireless communication system relying on the
RF spectrum. Since Li-Fi relies on the visible light emitted by the LED bulbs, no humans or
animals are affected. On the other hand, RF spectrum has raised concerns over the human
health and other living beings of the ecosystem [8,9].

Li-Fi is an emerging technology that makes use of the LED bulbs for data transmis-
sion. The Li-Fi-compatible LED bulbs demonstrate dual functioning of illumination
as well as data transmission by embedding the data in the light waves. There is a
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Figure 7.3 Occurrence of cochannel interference in the regions where the same light spectrum
of neighboring access points overlap.
Reprinted with permission from H. Haas, LiFi is a paradigm-shifting 5G technology, Rev. Phys.
3 (2018) 26e31. https://doi.org/10.1016/j.revip.2017.10.001. Copyright 2017, Elsevier B.V.
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widespread misconception prevailing among the consumers that the LED bulb must be
kept on bright illumination for the Li-Fi system to operate. But the Li-Fi system is so
sensitive that even the lowest levels of light can be easily detected. So the LED bulbs
can be dimmed to such a level that they appear turned off but are enough to carry out
the data transmission. Since light cannot pass beyond the four walls of a room, its
range is limited but more secure than Wi-Fi. Although Li-Fi technology is regarded
as the future of Internet, it needs to overcome certain limitations for achieving data
transmission on a massive scale. The major limitations suffered by the Li-Fi system
currently are as follows:

1. Limited range: The inability of light to penetrate through opaque objects and walls of a room
as well as the dispersion of light waves pose as a major hindrance in achieving larger
coverage by the Li-Fi systems. The limited range of Li-Fi is still a boon-in-disguise as the
vulnerability to unauthorized access to data transmission can be circumvented.

2. Confusion about uplink: The downlink speeds demonstrated by Li-Fi are exceptional. But
there is not enough clarity about the uplink speeds offered by this system. Neither there is any
mention about the implementation of uplink through Li-Fi.

3. Large-scale implementation: Currently, there is no specialized hardware available to imple-
ment Li-Fi on a large scale.

4. Interference: Li-Fi signals are susceptible to interference by other light waves. Sunlight and
other common lighting can obstruct the Li-Fi signals that are also in the form of visible light.
As a result, Li-Fi will face challenges while setting up data transmission systems in public
places or open areas.

Figure 7.4 Li-Fi-compatible LED bulbs serving as transmitters and receivers for data
transmission. LED, light-emitting diode; Li-Fi, liquid fidelity.
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7.2.1 Evolution of light-emitting diode technology for
communication

Researchers discovered the potential of LEDs to provide free-space optical wireless
VLC for both indoor and outdoor applications. However, the use of phosphor-
converted white LEDs suffers from poor modulation bandwidth, and hence, it is essen-
tial to undertake measures to overcome them for a better VLC data transmission rate,
and use of different types of analogy equalizers at both the transmitter (Tx) and
receiver (Rx) sides has been proposed [10].

In 2012, Jonathan McKendry et al. demonstrated a 400 MHz modulation band-
width using a m-LED array [11]. But this setup faced a limitation in the transmission
rate (w1.5 Gb/s) of mere oneoff keying (OOK) modulation as a result of its limited
carrier lifetime (w1 ns). Much higher transmission rate of 3 Gb/s was also achieved
using orthogonal frequency-division modulation (OFDM) [12]. In 2014, Yeh et al.
experimentally demonstrated a 380 (2 � 190) Mbps phosphor LEDebased VLC
[13]. They claimed that their RLC bias-tee design can act as a simple Tx pre-equaliza-
tion circuit in addition to its functioning of combining the DC and data signal. Using
the OFDM-QAM (quadrature amplitude modulation) with bit loading, they achieved
enhanced transmission rate, and the modulation bandwidth of the LED was extended
from w1 to 30 MHz. They reported the achievement of 380 and 176.88 Mbps data
rates at high and low illuminations, respectively.

A demonstration on a VLC system based on a white LED for indoor broadband
wireless access was made after investigating the nonlinear effects of the LED and
the power amplifier. A data rate of 1 Gb/s has been achieved at the standard illumi-
nance level, by using an optimized discrete multitone modulation technique and adap-
tive bit- and power-loading algorithms, and this was twice the highest capacity that had
been previously reported [14]. Another group reported a 3.75-Gb/s VLC system that
uses single-carrier frequency-domain equalization (SC-FDE) based on a single rede
greeneblue (RGB) LED [15]. An optical free-space wavelength-division multiplexing
(WDM) transport system employing vertical cavity surface emitting lasers and spatial
light modulators with 16-quadrature amplitude modulation orthogonal frequency-
division multiplexing modulating signals over a 17.5-m free-space link was proposed
and demonstrated [16]. A novel bidirectional light wave transport system employing
phase modulation scheme and light injection-locked distributed feedback laser
diode as a duplex transceiver for passive optical network (PON), as well as employing
laser pointer lasers with directly modulating data signals for WDM VLC, was
experimentally demonstrated with an impressive and low bit error rate operation for
PON integration with VLC application [17]. Yuanquan Wang et al. experimentally
demonstrated a novel integrated PON and indoor VLC system based on Nyquist
SC-FDE modulation with direct detection, in which a directly modulated laser and a
commercially available red LED served as the transmitters of the PON and VLC,
respectively [18].

The VLC based on RGB white LED can obtain high communication rate owing to a
wide bandwidth obtained by modulating each color of the RGB white light source,
respectively. A demonstration was made on a simple and efficient color demultiplexer
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based on the volume holographic gratings that can separate RGB light and focus
each color on different directions. The expression of the volume holographic grating
vector with curved interference fringes was derived with an inference that spectral
selectivity and angular selectivity change on the different positions of volume holo-
graphic grating [19].

7.2.2 Future prospects

The available RF spectrum is limited for wireless data traffic. This has constricted the
growth of high-speed data transfer. VLC has dramatically overcome this limitation.
VLC network offers a broad range of spectrum, even in the frequencies of terahertz
(THz) range. Also, it is benefited due to noninterference with the RF spectrum and
nonrequirement of sensitive electronic equipments for its operation. LEDs have
successfully demonstrated high-speed data transmission through visible light and
established VLC as the future of wireless data transfer. But there are still some limi-
tations faced by LED-based VLC that limits the data transmission rates. In case of
white LEDs, the slow yellow signals are often blocked by a blue filter with a target
to increase the transmission rate. But this strategy also resulted in a narrow bandwidth
ofw20 MHz because of the narrow bandwidth of the LED source and the diminished
power from the filter. Hence, it is quite essential to obtain a considerable increase in the
modulation bandwidth to achieve high data transmission rates in VLC network.

The Li-Fi technology, which started with LED lighting, has switched over to laser-
based lighting due to much better transmission speeds. It is estimated that Li-Fi
systems based on laser can demonstrate 10 times faster data transmission than the
LED-based Li-Fi system. Lasers have better light output than LEDs, and hence, laser
diodes are considered to be the next wave of energy-efficient lighting systems for Li-
Fi. In general, the data are embedded on the light emitted by the Li-Fi-compatible
LEDs. These data are continuously being exchanged with the user equipment through
the light transmitted and received by the LEDs. This process is accompanied with the
flickering of LEDs that occurs at a rapid pace such that a naked human eye cannot
detect it. However, the flickering can be read by a receiver in computers or mobile
devices, and the devices can send back the signals to the transceiver. In this way, a
two-way communication is established. In pc-LEDs, the phosphor coating is used
for converting the blue light to white, and this coating hampers the overall speed for
modulation and transmission of the data from the device. But there is a drastic
improvement witnessed in the transmission speeds when the laser diodes replaced
the LEDs. Laser can be modulated at 10 times faster than the LEDs owing to the
high optical efficiency and energy demonstrated by the former. Unlike LEDs that pro-
duce white light with the help of phosphors, laser-based lighting produces white light
by blending different wavelengths emitted from several lasers. Lots of data can be opti-
cally transmitted through these wavelengths, and each of the wavelengths can be used
as a separate channel for data transmission. Against the speed of 10 Gb/s offered by the
LED-based Li-Fi, the Li-Fi systems based on laser diodes can easily reach the speeds
of 100 Gb/s.
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Much significant improvement was achieved in the modulation bandwidth by intro-
ducing the GaN laser diode in the VLC system [20]. This was demonstrated by a blue-
emitting 450 nm laser diode that produced a VLC system of 1 GHz. Watson et al.
demonstrated an error-free transmission of data at the rate of 2.5 Gbps with a sensi-
tivity of 11.5 dBm showing modulation bandwidths of up to 1.4 GHz using a 422
nm laser diode [21]. This is thrice the value of the bandwidth that has been recorded
for the VLC based on blue LEDs. The only demerit of VLC based on the blue-emitting
laser diode is that there are no high-speed photodetectors available in the blue region of
the spectrum. As a result, the bandwidth of the laser-based VLC system suffers to some
degree, and there is a limit put on the measurement of the bandwidth above the GHz
level. This issue is not experienced while using LED-based VLC system as the silicon
photodetectors could easily cover the LED bandwidths. But the LED-based systems
are affected by lesser response from the phosphor than the laser-based system, as
the latter has larger inherent bandwidth and operates at higher power at high current
density. Oubei et al. successfully demonstrated the high-speed underwater wireless op-
tical communication using a modulated 520 nm laser diode [22]. Another laser-based
technique to tackle the Internet capacity crunch and maintain faster, instant, and better
Internet connectivity with the global network was conceived in the form of optical
phase conjugation (OPC) [23]. Almost 99% of the global data traffic is managed
through optical communications. To keep the technology ahead of the project growth
in demand for the bandwidth, it is essential to tackle the nonlinear distortions of the
signals traveling through the optical cables. These distortions form the major reason
for the increasing data transmission rates. OPC can be implemented to curb the
distortions caused by the nonlinearities in the optical waves and increase the distance
traveled by the data in the fiber cables.

7.3 Display technology

Gone are the days of liquid crystal displays (LCDs) that were used to present images
and videos with relatively poor clarity and inconsistency in the contrast of pictures at
different viewing angles. Although LCD technology easily surpassed the primitive
cathode ray tubes (CRTs), they found a tough time to survive when newer LED-
based technologies evolved in the display market. In the initial days, LEDs gained
recognition in the display market as a supporting performer and not as a full-fledged
display product. Their prime role was to provide backlight to the LCD displays, which
they performed quite efficiently. Although LED displays are credited to be in existence
from the late 1960s, it was through LCDs that LEDs gained more recognition in the
display market. Prior to that, LEDs were just limited to the seven-segment displays
that were often used in calculators or sign boards. The advancement in the technology
witnessed the evolution of LED displays with higher efficiency and wider viewing
angles. Such displays offer an array of LEDs that act as pixels that are independently
illuminated. On the other hand, LCDs use a matrix of liquid crystal cells that require a
backlight to illuminate. These liquid cells are influenced by the electric field to change
their color or become opaque while displaying a picture. The liquid molecules of
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organic nature are influenced by the electric field during their transition from the trans-
parent state to the opaque state. The backlight source provides the light to the entire
LCD screen, and the pixels on the pixel panel block the light coming from the back-
light source to produce images on the screen. These pixels do not emit their own light.
The liquid crystals rotate the polarized light for electronically switching the pixels on
or off on the LCD screen. As a result, it is nearly impossible to obtain a complete black
image on an LCD screen, no matter how well the LCD is constructed. Additionally, the
colors produced on LCD screens do not offer a natural appearance as compared with
those on the LED screens. On the contrary, LED screens can produce a perfect black
screen by stopping the emission of light from the pixels (since the LEDs themselves act
as pixels on the screen). LED screens also provide a more realistic and vivid color pre-
sentation to the images due to their ability to switch each of their pixels on or off inde-
pendently. Also, the brightness levels offered by LED screens are much higher than the
LCD screens. LED displays are much thinner than the LCDs due to the non-require-
ment of backlights for the former. The power consumption of LED screens is much
brilliant than the LCD screens, especially for battery-operated portable devices such
as smartphones. LEDs can completely enable/disable each of the pixels independently
while displaying an image and thereby modulate the amount of power consumed
depending on the color shown on the screen. The maximum power consumed by
the LED screen is the moment when it shows a completely white image. On the other
hand, LCD screens consume the same amount of power irrespective of the color being
displayed on the screen. The numerous benefits offered by LED screens have made
them popular among the consumers. The market is rapidly focusing on the newer
LED products and is slowly ignoring the LCD technology. The recent innovations
have granted newer variants of LED displays with much better resolution and bright-
ness. This has made possible to realize different sizes of displays ranging from
extremely large-sized television (TV) to miniature wearable display devices.

7.3.1 Advancement in display devices

Display devices have formed to be an imperative part of human life. On an average, an
individual stares on displays for around 6e7 hours daily. This is a proof about the
depth of influence imposed by displays on human life. The importance of display
devices in human life is closely watched by the manufactures, and this has motivated
them to work out on newer technologies at regular intervals and attract consumers
towards newer trends in the market. The display market has evolved to meet the
requirements of the consumer and has gone through several phases wherein different
technologies were implemented to upgrade the quality and efficiency of the display.
The CRTs were the earliest known display devices that were invented in the late
19th century. These displays were quite bulky and consisted of the vacuum tube
with one or more electron guns and a phosphorescent screen, as shown in Fig. 7.5.
The bulky size of CRTs made them impossible to be realized in small-sized display
devices, and hence, they were often found in TV sets, monitors, or oscilloscopes.
CRT displays were available in monochrome, color, raster scan, and random scan ver-
sions. The Braun tube, which was invented in 1897 by the German physicist Ferdinand

Digital communications and display devices 185



X-plates

X-input/time baseY-input

A.C.
mode

D.C.
mode

Grid Focussing
anode

Accelerating
anodeHeated

cathode

Intensity
control

Focus
control

Y-plates

Graphite
coating Fluorescent

screen

C

Screen

Figure 7.5 Cathode ray tube (CRT) and the television sets based on CRT.

186
T
he

F
undam

entals
and

A
pplications

of
L
ight-E

m
itting

D
iodes



Braun, was the first known version of the CRT [24]. It almost took another three de-
cades to realize the first prototype of a CRT display. John L. Baird, a Scottish engineer,
demonstrated the first prototype of the CRT TV in 1925. Kenjiro Takayanagi, a Jap-
anese innovator, succeeded in the transmission of human image through his CRT TV
with a 40-line resolution at the rate of 14 frames per second in 1928. By 1931, he
further improved the resolution and frame rate to 100 and 20, respectively. In the early
1950s, color TV sets encoded with chrominance and luminance were released. The
CRT TV sets continued to improve, and they ruled the display market till the begin-
ning of the 21st century.

In 1964, the first working LCD panel and the first plasma display panel (PDP)
were developed. This marked the beginning of the flat panel displays that were
much thinner and lighter than the CRT displays. But they were gradually inducted
into the mainstream displays, and it took nearly four decades for the LCDs to
completely dominate the market. The plasma devices struggled to a larger extent
than the LCDs and faced many challenges to get launched into the market. The
monochrome PDP, invented by Prof. Donald L. Bitzer, Prof. H. Gene Slottow,
and Robert H. Wilson in 1964, used neon gas and was connected to a leaking vacuum
system that resulted in the mixing of a small quantity of air with the neon gas. As a
result, the orange glow of the neon discharge inherited a hysteresis that would not
have been there if the vacuum system worked perfectly. It was later found that the
hysteresis worked as an inherent memory and the group purposely started intro-
ducing a fraction of nitrogen gas with the neon gas to produce this hysteresis [25].
In 1966, the same group developed a plasma panel with more than one pixel and
capable of demonstrating matrix addressability. In the succeeding years, many obsta-
cles came in and delayed the commercialization of PDP TVs. The popularity and
cheap price of CRTs also formed the reason for PDPs not gaining the expected recog-
nition. However, in the 1990s, plasma panels were at its best when manufacturers un-
veiled the 21- and 42-inch plasma TVs with 852 � 480 resolution. Plasma displays
continued to be the first choice for consumers who preferred to buy high-definition
television (HDTV). These displays offered a deeper black screen, wider viewing
angle, higher brightness, faster response time, better contrast, and larger color spec-
trum as compared to LCDs. In those days, LCDs were limited to only smaller display
devices and small- to midsized TVs. PDPs dominated the large-sized TV industry for
almost a decade until the LCDs started entering the market with a cheaper version of
the large-sized displays. By 2010, plasma TVs lost its popularity, and most of the
major manufacturers stopped the production. Panasonic, which was the largest
manufacturer of plasma TVs, ended their production in the late 2013. The decreasing
demand compelled LG and Samsung to follow the footsteps of Panasonic and put an
end to the plasma TV in the market. Meanwhile, LCDs emerged as the leading tech-
nology for display applications. The emergence of cell phones and other portable
handheld devices was boosted due to the availability of thin display panels offered
by LCDs. Although they were invented in 1964, LCDs took nearly 40 years to
gain the commercial recognition and overtake the CRTs in the mainstream TV
sets. However, LCDs were able to survive in the display market due to their success
in small-screen devices such as calculators.
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Austrian botanist and chemist, Friedrich Reinitzer laid the foundation for the LCD
technology long back before the first commercial versions of CRT [26]. In 1888, he
examined the strange properties of several derivatives of cholesterol extracted from
carrots [27]. It was observed that the cholesterol derivative exhibited a mesophase be-
tween its solid and liquid phases. The cholesterol derivative was found to be choles-
teryl benzoate. It melted at 145 �C to form a viscous and cloudy white substance.
The substance turned into a clear and isotropic liquid after reaching the temperature
of 179 �C. German physicist, Otto Lehman studied the two melting points of the ma-
terial and the properties of the mesophase existing between the two points. He discov-
ered the double refraction phenomenon, which is generally shown by crystals, being
exhibited by the mesophase. The mesophase demonstrated the characteristics of
both liquids and crystals, and hence, he termed the mesophase as “fliessende krystalle”
[28]. This German terminology was later on accepted, and the mesophase came to be
widely known as “liquid crystals.” But the liquid crystals remained unpopular till the
middle of the 20th century, and it took almost 80 years from the date of its discovery
for these materials to be really considered for some application. Till then, liquid
crystals were viewed as a scientific curiosity, and no major progress was achieved
in understanding the prerequisites for their development. Although liquid crystals
were unknown to a large part of the scientific society, few institutions were known
to investigate the properties of liquid crystals in the early 1960s. The electrooptic char-
acteristics of the liquid crystals were discovered by Richard Williams of the Radio
Corporation of America (RCA) in 1962. At around the same time, George Heilmeier
was pursuing his PhD under the sponsorship of RCA. He got fascinated by the exper-
iments of Williams and starting working on the liquid crystals. He along with his
coworkers developed several prototypes such as liquid crystal cockpit displays, elec-
tronic clock with a liquid crystal readout, alphanumeric displays, and so on. Finally,
RCA declared the invention of LCDs in its press conference at the Rockefeller Plaza,
New York, in 1968. George Heilmeier was credited for the invention of the LCDs,
which operated at about 80 �C. His LCDs were based on the dynamic scattering
method (DSM) wherein the molecules of the liquid crystals rearrange to scatter the
light under the influence of an electrical charge. LCDs gained recognition for their
lower power consumption, lesser weight, and the thinness as compared with the
CRT displays. The attention of the scientific community was drawn towards this in-
vention, and many countries started adapting this technology to build their gadgets
at a lower cost. Many Japanese companies started developing pocket calculators using
DSM LCDs as they considered them to be the best available flat display technology.
Heilmeier’s invention paved way to realize the dream of hanging a flat TV on the walls
like a picture. It was his vision to witness the evolution of his invention into RCA prod-
ucts. He convinced RCA to start the business of LCDs and then approached several
companies and corporate industries to collaborate with RCA in this endeavor. But
he faced several harsh comments from the critics who termed his invention as “dirty”
with regard to the semiconductor standards. Some of the comments from the critics
were that liquid crystals were difficult to be synthesized or they can be duplicated
easily or they are just liquids. Such disheartening comments led to the downfall of
liquid crystals, and their commercialization for displays delayed further. In addition,
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the top members of the RCA management were against the invention as they held a
significant share of business in CRTs and regarded LCDs as a threat to their business
profit. Nevertheless, many Japanese companies found success with the LCDs in their
small devices such as calculators. But the ultimate goal of achieving a flat TV set
hanging on the wall was yet to be realized. But the then existing DSM LCDs demon-
strated a very slow response time, which was disagreeable for TVs. Fast response and
multiplexing were essential for the LCDs to realize a television.

In the late 1960s, Wolfgang Helfrich from the RCA started working on the twisted-
nematic (TN) mode of the liquid crystals, wherein two polarizers were required, as
shown in Fig. 7.6 33. He left the RCA and collaborated with Martin Schadt to make
further progress in the TN mechanism of the liquid crystals by reporting about the
dielectric torques that realigned the liquid crystal molecules [29]. They filed a patent
application on the TN mode of liquid crystals in 1970 in Switzerland. At about the
same time, James Fergason of the International Liquid Xtal Company at Kent, Ohio
in the USA also filed a patent on the liquid crystals. The invention of TN cells at a
simultaneous period in different locations marked the breakthrough moment for
LCDs that led to greater efforts in the field of nematic crystals. The first wristwatch
based on the TN-LCD was launched in 1972. In the same year, T. Peter Brody and
his coworkers introduced the prototypes of active-matrix thin-film transistor (AM
TFT) LCD panels [30]. In 1973, George W. Gray of the University of Hull, Great
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Figure 7.6 The mechanism of TN-mode liquid crystals with two polarizers. ITO, indium tin
oxide; TN, twisted-nematic.
Reprinted with permission from R. Wegłowski, W. Piecek, A. Kozanecka-Szmigiel, J.
Konieczkowska, E. Schab-Balcerzak, Poly(esterimide) bearing azobenzene units as
photoaligning layer for liquid crystals, Opt. Mater. 49 (2015) 224e229. https://doi.org/10.1016/
j.optmat.2015.09.020. Copyright 2015, Elsevier B.V.
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Britain, reported about the cyanobiphenyls and cyanoterphenyls that exhibited positive
dielectric anisotropy [31]. These organic compounds gave stable nematic liquid crys-
tals at room temperature. The Merck group also started investigating the cyclohexa-
noates for the liquid crystals meant for pocket calculators. They got the
breakthrough, in 1976, with the discovery of phenyl cyclohexane (PCH) that exhibited
lower viscosity and thereby, demonstrated a rapid time response and smaller birefrin-
gent effects [32]. This facilitated in reducing the switching time of LCD displays from
several hundreds of milliseconds to 20 ms. TN cells and, later, AM TFT LCDs widely
used PCH owing to their superior properties. The Merck group further improved the
time response by introducing cyclohexylcyclohexanes (CCHs) in 1978.

The 1980s witnessed a sudden flourishing in the LCD market with lots of surprise
inventions and product launches. Several multinational companies launched their own
versions of handheld LCD TVs or pocket TVs in different parts of the world. There
were also launching of the color LCD TVs, TFT computer monitors, and full-color
LCD projectors. All these products were just in their production stage and required
a long way to gain the commercial success. The high price tag attached to these prod-
ucts also played a role in delaying the recognition of these products in the market. In
1983, a research team led by Terry J. Scheffer presented an LCD with an improved
image quality and better than the TN display multiplexed at the same high level
[26]. The principle of this new electrooptic effect was termed as supertwisted birefrin-
gence effect (SBE). The terminology was derived from the fact that the layer twist
angle (w240 or 260 degree) of this new technology was thrice the twist angle of
the originally developed TN display. The interference of the two optical normal modes
provided the contrast to the SBE display as compared with the TN display that relied
on the guiding of single mode [34]. The SBE was later named as the super twisted-
nematic (STN) mode. This technology helped in achieving a color display, and the
background color was often chosen as blue or yellow to provide better contrast to
the pictures. It was essential prerequisite to get a white background for the full color
display. This was finally achieved by incorporating two back-to-back STN panels:
the first panel would twist the liquid crystals by 240 degree, and the second panel
would untwist them by 240 degree. The use of two STN panels in this technology
led to its naming as double super twisted-nematic (DSTN) mode. It was also called
as neutralized twisted-nematic (NTN) mode by some others. Nevertheless, the use
of two STN panels made the displays bulkier, and hence, the second panel was
replaced by a birefringent film. This decreased the overall weight of the display and
also helped in achieving full color display for portable display devices. The new
mode was known as the film super twisted-nematic (FSTN) mode. Since a single-
layer birefringent film failed to compensate completely for the coloring in the large-
sized LCDs, a new structure was defined with the STN panel sandwiched between
two layers of film. This new mode was called triple super twisted-nematic (TSTN)
mode. The STN panels were completely replaced by the FSTN and the TSTN panels
for the portable devices and large-sized devices, respectively. Yet there were some
limitations faced by these modes such as bad color reproduction, low-quality color im-
ages, and bad viewing angle. To solve these issues, alternatives to STN panels were
conceived. The 1990s witnessed the arrival of new technologies such as in-plane
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switching (IPS) and vertical alignment (VA) to address the issues put forward by the
STN panels. IPS involves the horizontal alignment of the liquid crystals to the screen.
There are two interdigital electrodes or the glass substrates kept parallel to the liquid
crystals, and a lateral electric field is applied between them to rearrange and switch the
orientation of the liquid crystals. The robustness and the stability of the hard-wired
liquid crystal molecules protect them from the external forces. As a result, there are
least chances of picture distortion or the non-generation of the picture color while
encountering the external forces. Although they are relatively expensive than the
STN panels, their superior display properties and wider viewing angles have boosted
the commercial demand for IPS panels in the display industry.

With the progress in LED technology, the manufacturers gradually shifted their
focus towards the LED displays and started replacing the LCD technology wherever
possible. In between, there were some other forms of displays that came to the display
market but were unable to gain enough popularity among the consumers. Electrolu-
minescent displays (ELDs) were one such technology that appeared in the early
1970s. ELDs consisted of an electroluminescent (EL) material that was sandwiched
between two conductors to form a flat display panel. Most of the ELDs are found
to be monochromatic. But, unlike LCDs, they can operate even in rugged tempera-
tures ranging from 200 to 400 K. Also, they offer a higher operating lifetime than
the organic LEDs (OLEDs) and lose only 80% of its initial brightness after
100,000 hours of operation. Another noteworthy feature is the clarity and the sharp-
ness of the pictures as well as the wider viewing angles offered by the ELDs. Yet they
are rarely found in the household or personal display devices, and most of their ap-
plications were found in the instrumentation for the industrial and the transportation
sectors. Another sort of display device is the electronic paper (e-paper), which was
developed in the 1970s but gained popularity from the beginning of the 21st century.
As the name suggests, e-paper was designed to mimic the appearance of an ordinary
paper with the texts written using the ink. Similar to OLED displays, e-papers can
illuminate their own and do not require any backlight. They are flexible and reusable
displays on which texts can be written and erased numerous times without losing the
luster of a traditional paper.

LEDs are currently the most popular among the recent technologies available in the
display market. LEDs were first implemented in the seven-segment displays, before
coming into the limelight for its backlight applications in LCD panels. The seven-
segment LED displays were first adopted in the sophisticated laboratory equipment,
and later on, they found their way into more common gadgets such as wristwatches,
calculators, and so on. Soon LEDs also found way into large billboard displays that
used discrete or individually mounted LEDs of RGB colors. The cluster of red-,
green-, and blue-emitting LEDs form a full-color pixel. The pixels generally depict
a square shape and are arranged in such a way that they are evenly separated from
each other on a panel. Apart from the discrete-mounted LED panels, there is another
type of LED panel that uses surface-mount devices (SMDs) or the surface-mount tech-
nology (SMT), as shown in Fig. 7.7. SMDs were preferred to build most of the indoor
screens, whereas discrete-mounted LED panels were popular for the outdoor screens.
A pixel on the SMD panel comprises red-, green-, and blue-emitting diodes that are
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mounted on the chipset. Each of these diodes is smaller than a pinhead, and they are all
arranged very close to each other. The chipset is then mounted on a driver printed cir-
cuit board (PCB). A new revolution in the LED display industry emerged with the
introduction of OLEDs. The first report on organic electroluminescent diodes came
in 1987 by Tang and VanSlyke [35]. It was a two-layered OLED that consisted of a
bottom emission layer. This was followed by the invention of OLEDs based on con-
jugated polymers in 1990 [36]. In 1994, white-emitting OLEDs were reported that led
to the development of full-color OLED displays that used color filters [37]. The first
OLED display was commercially introduced in 1997 by Pioneer. It was a green mono-
chrome passive-matrix (PM) display specially designed for car audio. In 1998, Baldo
et al. reported the phosphorescent emission from OLEDs [38]. Unlike fluorescent dyes
that could transfer energy only through the singlet states, phosphorescent dyes demon-
strated emission from both triplet and singlet states and, thus, much improved effi-
ciency in their light emission was observed. The first prototype of the polymer
OLED display was fabricated in 1999 using the inkjet printing by Epson [39]. It
was an AM full-color display. AM-OLEDs have several advantages over the PM-
OLEDs. The former has higher refresh rates and consumes less power than the latter.
Also, the response time of AM-OLEDs is smaller than a millisecond. A prototype of a
13-inch full-color AM-OLED display with a screen resolution of 800 � 600 pixels
was unveiled by Sony in 2001 [40]. In the following year, Toshiba fabricated a

SMD LED panelsDiscrete-mounted LED panels

Figure 7.7 Examples of LED panels based on discrete-mounted LEDs and SMD LEDs.
LED,light-emitting diode; SMD, surface-mount device.
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prototype of a 17-inch full-color polymer AM-OLED display using inkjet printing. In
2003, Philips and SK Display (Company formed as a result of the joint venture be-
tween Eastman Kodak and Sanyo Electric), respectively, launched the world’s first
commercial versions of polymer OLED display and AM-OLED display [41]. In
2007, Sharp fabricated a prototype of the 3.6-inch full-color polymer OLED display
using the inkjet printing [42]. This display achieved a resolution of 202 ppi, which
was the highest ever achieved in that time. The first commercial OLED TVs were
launched by Sony in 2007. It had a full-color AM-OLED display with a size of 11-
inch and 960 � 540 pixels with 600 ppi. In the same year, Samsung introduced a
full-color AM-OLED displays to its mobile phones. In 2010, the world’s largest
OLED TV was revealed that carried PM-OLEDs with a tiling system on a 155-inch
display [43]. This achievement got a significant recognition as it ended all the barriers
to realize a full-color large-sized display. In 2012, Samsung and LG unveiled their
respective prototypes of 55-inch OLED TVs. In the succeeding year, Sony and Pana-
sonic also revealed their respective prototypes of 56-inch OLED TVs. Semiconductor
Energy Laboratory (SEL) and Sharp introduced their prototypes of 3.4- and 13-inch
flexible OLED display, respectively, in 2012. LG and Samsung materialized on it
and launched their own versions of flexible OLED displays in the commercial market
in 2013 [44]. SEL developed a high-resolution AM-OLED display in the 8 K format
(664 ppi) with a display size of 13.3 inch in 2014 [45]. They also developed an
ultrahigh-definition AM-OLED display with the size of 2.8 inch and resolution of
1058 ppi in 2015 [46].

More recently, microLEDs also marked their entry into the display market. In 2019,
Samsung demonstrated their 75-, 146-, and 219-inch versions of their microLED TVs
and named them as “The Wall.” At the same time, quantum dots (QDs) are also mak-
ing their way into the display industry. Currently, QDs are used as backlights in LCD
TVs, and the commercial TVs are named as QLEDs, which may misguide a consumer
to think these products to be purely made of QD-LEDs. QDs in these LCD TVs use
photoemissive particles. Although electroemissive QD displays have been realized
in the laboratory, they are not yet launched into the commercial market. QDs are
much cheaper than the OLEDs and hence, they can easily replace the latter in the main-
stream display market.

7.3.2 Current and future prospects in display technology

The emerging technologies in the LED industry have made it possible to realize all
sorts of display devices ranging from the large-sized screens to ultrasmall wearable de-
vices, as illustrated in Fig. 7.8. Currently, the 16,000 m2 Suzhou Sky Screen located in
the Harmony Times Square at Suzhou, China, is the largest screen on earth. This
display is also based on the LED technology. The advent of LEDs into the display in-
dustry has removed all sorts of barriers that were earlier faced while constructing mini-
ature or very large display devices. Apart from the device dimensions, LEDs have also
made it possible to realize ultrathin displays. LG introduced a superthin prototype of
OLED display in 2015. This was a 55-inch flexible and paper-thin TV weighing just
1.9 kg and measuring 0.04 inches thick.

Digital communications and display devices 193



Among the offshoots of the LED technology, OLEDs are, currently, the most pop-
ular in the display market. OLEDs are made of either the organic small molecules or
the polymers. Displays made from OLEDs use either the PM-OLEDs or the AM-
OLEDs. OLEDs consume very less power. They can shut down their pixels
completely to produce a perfect black display. They do not require backlights, and
hence, they are thinner than the LCDs. OLEDs have wider viewing angles and very
high contrast ratios. OLEDs are fabricated on lighter, yet stronger plastic substrates.
The substrates and the organic layers coated on them are flexible, thinner, lighter,
and durable. These advantages have granted a significant growth of OLEDs in the
global market. But the existing technologies applied for mass production of OLEDs
will soon put a halt on their market growth and new, but cheaper production technol-
ogies must be adopted to maintain their hold in the market. Flexible substrate process
and solution printing technologies can be adopted to boost the OLED display produc-
tion and reduce the costs of the OLED products. Foldable or bendable TVs can be
manufactured using the flexible substrate process. Soluble printing process can
improve the efficiency in the use of organic layers, and hence, manufacturers are trying
to switch to this method to develop OLED TV panels. Since 2015, the sales of OLED
TVs have soared up. LG was the first to enter the OLED business, and they held 100%
of the market share in the production of OLED TVs. Soon, the Korean manufacturers
such as Samsung and Chinese manufacturers such as Hisense, Skyworth, Haier, and
Changhong entered the OLED TV production business and gave a tough competition

Figure 7.8 Different types of LED displays for TVs, watches, mobile phones, public screens,
etc. LED, light-emitting diode; TV, television.
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to LG. However, the rapid growth in OLED TV sales and the tough competition be-
tween the manufacturers did not help in cutting down the prices of OLED TVs. Mean-
while, there was a significant increase in the demand for OLED panels in smartphones.
Microsoft launched their first Windows 10 mobile with AM-OLED displays. They
also launched their second-generation fitness tracker or the smart band with a curved
flexible OLED display. The adoption of OLEDs in the smartphones has been driven
rapidly owing to the vibrant color, low power consumption, and flexibility of OLEDs.
The cutthroat competition in the LCD market, the declining demand for LCD TVs, and
the oversupply of LCD panels compelled the Korean giants Samsung and LG to shift
their focus on the OLED technology. Samsung obtained a US patent for the flexible
OLED displays meant for foldable TVs, smartphones, and tablet PCs. Although the
market for smartphones has saturated to some extent, the demand for OLED panels
is still increasing rapidly due to the rapid growth in the sales of wearable devices.
The global sales of LCD panels experienced a decline by 2%, and this gap was filled
up by the OLED panels. It is anticipated that OLED panels will experience consistent
growth with an estimated CAGR of 14.27% from 2018 to 25. Over the forecast period
of 2016e23, the global market for OLED TVs is anticipated to register a CAGR of
17.6%.

Inspite of several advantages, there are certain limitations that paved way for other
offshoots of LEDs to enter the competition in the display industry. One of the flaws
lies in the blue-emitting organic layer that shows faster degradation, thereby causing
misbalance in the color and decrease in brightness. Therefore, manufacturers often
double the size of the blue subpixel than the red and the green subpixels. Also, the
blue organic layer shows shorter operating lifetime than the other layers. The organic
layers are easily damaged by water, and they are quite expensive. To overcome these
limitations, display manufacturers are trying to revert back to inorganic semicon-
ductor form of LEDs. MicroLEDs were found to be a perfect solution to all the issues
put forward by OLEDs. MicroLEDs have just entered the market and are forecasted
to gain the market share and progressively inch ahead of OLEDs very soon. Mini-
LEDs and microLEDs are well poised to become the latest sensation in the LED
display industry. This new wave of technology promises better visual appearance,
enhanced display performance, and improved efficiency. Similar to OLEDs,
microLED displays do not require backlight and are self-emissive. Samsung and
Sony have already rolled out their respective prototypes of microLED TVs. Samsung
has further announced about its expansion with the microLED TV range and will be
introducing the 437- and 587-inch TVs with 8 K resolution. A comparison between
the LCD, OLED, and microLED TVs is illustrated in Table 7.1.

More recently, new TVs were launched based on QDs and were named as QLED.
Although this marks the debut for QDs into the mainstream display market, the
terminology provided is misleading. QLEDs are LCD panels that are backlit by
photoemissive QDs. The display market is yet to witness the prowess of QD-LED,
which shall be seen only when the electroemissive QD-LED TVs will be rolled
out in the market.
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7.4 Conclusions

The future of the digital communications and data transmissions will rely heavily on
the visible light spectrum. The LED-based Li-Fi system will be cybersecure and would
make things complicated for the hackers to break through the strong security offered
by the system. Since the Li-Fi signals are confined within the four walls of a room, it is
difficult for anyone to get an unauthorized access to the network unless he or she man-
ages to coerce into the room. Even if the coercive entry happens, the Li-Fi signals must
be intercepted from both the ends, and this will be obstructed by several other barriers.
LED lights form separate downlink and uplink channels, and at the moment, they are
the best available option to utilize the readily available light spectrum for networking.
There will be a huge Internet capacity crunch in the near future due to the limited band-
width in the RF spectrum. The switching over from Wi-Fi to Li-Fi system can circum-
vent this crunch and provide a platform to connect the network to almost anything
lying within the ubiquitous coverage range. The Internet of things will also find the
Wi-Fi systems falling short of the spectrum availability and hence, would prefer to
have the light spectrum for networking. The day will not be far when all the equipment
or devices will be connected to one network through the Li-Fi system and they will be
operated using a single remote control.

The display market also visualizes LEDs as the future for the all sizes of display
devices. The consumers assign primary importance to the performance, durability,
longevity, and adaptability before choosing a product, and all these factors are pretty
fulfilled by the display devices based on LEDs. The availability of the spare parts and
the expenses incurred in their replacements are a lot cheaper than the LCDs or the CRT
displays. LEDs have also made it possible to achieve full color displays for both large-
sized and microsized devices. The things that seemed to be unreal once are now reality.

Table 7.1 Comparison between the LCD, OLED, and microLED TVs.

Display technology LCD OLED MicroLED

Type of displaying Backlight þ color filter Self-emissive Self-emissive

Contrast Medium High High

Contrast ratio 5000:1 Infinite Infinite

Power consumption Medium Medium Low

Operating life Long Medium Long

Luminous efficacy Low Medium High

Response time ms ms ns

Operating temperature �20 to 80�C �30 to 70�C �100 to 120�C

Flexibility Low High Medium

Viewing angle Low Medium High
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Even the wearable displays such as wristwatches have achieved brighter and ultrathin
device structure owing to OLEDs. The flexibility of OLEDs has granted handheld de-
vices like mobile phones to get a foldable display. This feature has also enabled the
TVs to obtain a curved structure for better vision, clarity, and panoramic viewing.
The newer technologies such as micro-LEDs and QDs will further boost the perfor-
mance of LED TVs. Since they are in the initial stages of their production, the TVs
based on these technologies are priced at the higher end. But soon they are expected
to become affordable for the general consumers and will hit the market pretty soon.
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Biomedical applications 8
8.1 Introduction

LEDs are the latest sensation in the field of medical treatment, light-assisted skin reju-
venation, and photodynamic therapy. LEDs have paved way for several new prospects
in the medical field, especially in the improved and better treatment of joint or tissue
inflammation, skin abnormality, arthritis, rhinitis, seasonal affective disorders (SAD),
stress relief, and biological clock disorders. Optimization of the effectiveness is
the major requirement in the medical treatment, and this is easily matched by the
capability of LEDs in providing a true spectral composition that matches the wave-
lengths desired for the treatment [1]. The newest designs and applications of LEDs
have been inspired by the pursuit of scientific innovation that has been encouraged
by the latest demands of consumers in the lighting industry working in the medical field.

LEDs were successful in expanding its wings in diverse fields and not just limiting
itself in the general lighting applications. The benefits of light therapy in enhancing the
facial beauty came as a surprise package that received a massive response from all over
the world. This ensured that the skin-related issues such as acne, wrinkles, and
aging were tackled without any medications and the impending side effects.
The light therapy was extended to cure a number of skin diseases and LEDs
soon took over the charge from the conventionally used UV-emitting arc lamps.
LED light therapy enjoys the advantage over other skin treatments such as laser
therapy, dermabrasion, and chemical peeling in the sense that it does not lead to
side effects and is a painless, noninflammatory treatment to a number of skin
disorders and diseases. Although it is mostly claimed to be free from any side
effects, certain rare occasions may result in some redness, rashes, or mild facial ery-
thema in the skin following LED light therapy [2,3]. However, these effects are
very rare and considering the huge benefits and profit derived from the LED light ther-
apy, the minor side effects (highly negligible chance to occur) can be conveniently
ignored.

The applications of LED therapy are not just limited to skin diseases. It has a full-
fledged application in many mental, dental, and other physical disorders in human be-
ings. This chapter is especially dedicated to get a clear view of the advantages of LEDs
in light therapy for curing several disorders and diseases in the human body. There is
an extended review, in the latter part of this article, describing the applications of LEDs
in food processing units that enable the food products to enjoy a longer shelf-life and
protection from fungal or bacterial growth on them.
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8.2 Skin rejuvenation

Gradual aging of skin is often accompanied by the breakdown of collagen in the skin.
This leads to the appearance of fine lines and deeper grooves on the skin surface [4].
Several factors such as sleeping positions, constant pulling of gravity on the body, re-
petitive facial movements, smoking, and hormones can accelerate the aging process.
Patients with diverse skin disorders and conditions can approach cosmetic surgery
to repair their skin. Most of the procedures adopted in cosmetic surgery can be really
painful. Light therapy is a painless solution to numerous skin problems. Wrinkles and
aging issues can be solved by generating a dermal matrix using ablative or nonablative
resurfacing. Laser ablative resurfacing is often followed by expensive nonablative
laser treatments to avoid the redness, bruises, and pain on the skin. However, accom-
plishing all the complex requirements for effective skin rejuvenation just by a single
modality is not feasible [5]. Combining different modalities at sublative thresholds
through combination phototherapy, prevention of anti-aging of the skin can be mate-
rialized by irradiation of skin by specific wavelengths with a low level of photon en-
ergy. This fact is based on the photobiological findings that claim the stimulation of
dermal and epidermal cells by the light of certain wavelengths with low photon en-
ergies. LEDs can enhance the action potentials of the skin cells and lead to an increase
in the local blood and lymphatic flow in a noninvasive manner. LED-based systems
can be less expensive but clinically useful light sources against photoaging [4].
LEDs provide effective and safe treatment with a nonpainful experience that
results in high satisfaction among the patients [6]. Skin rejuvenation is performed
either by exposing the facial skin under a bunch of LEDs emitting specific wavelengths
or by wearing a mask fitted with the LEDs of desired wavelengths, as shown in
Fig. 8.1.

LEDs initiate photobiomodulation in the damaged tissues of the skin by providing
certain specific wavelengths to be absorbed by the skin to modulate the cell functions
and repairing of the tissues [7]. Photobiomodulation is a medical treatment that in-
volves the exposure of the affected part of the body to LEDs or low-level laser light
to bring about beneficial clinical effects by stimulating the cellular function of that
part of the body. Photobiomodulation is also known as low-level light therapy
(LLLT). Skin can absorb infrared light and initiate regeneration of cells using infrared
light as the energy source. It is scientifically proven that LED light therapy can produce
wondrous results on human skin [8e10]. LED light therapy is a noninflammatory,
painless, relaxing, and cool treatment to the skin. This type of therapy can repair
numerous skin problems. LEDs can repair the wrinkles, remove acne, rosacea, and
calm eczema and also heal the scars from the skin through a painless light therapy.
It can also offer rejuvenation and energization of the skin by relieving stress from
them. It can clean the blemishes, tighten the skin, remove dark spots, soften the redness
of the skin, and shrink the pores on them. The dermal cells exposed to LEDs show
twice the growth than those that are not exposed. Some case studies showing signifi-
cant improvement in the skin wrinkles, acnes, and other skin-related issues, as a result
of LED-assisted skin rejuvenation, are shown in Fig. 8.2.
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Skin layers are more inclined to absorb the red light owing to their high blood and
water content. Red light (630e700 nm) from LEDs can penetrate the tissues of about
10 mm and contribute to the treatment of wounds, scars, infections, and cuts. It also
heals the production of intracellular Adenosine triphosphate (ATP) and collagen by
stimulating the fibroblasts. An example of skin rejuvenation using red light exposure
from LEDs can be seen in Fig. 8.3. Infrared light (800e1000 nm) can go deep down up
to 40 mm and provide relief from the ailments of muscle tissues, joints, bones, etc. Or-
ange light can help in lightening up the skin tone, while green light can heal rosacea
due to its antiinflammatory property. Blue LEDs can cure acne, while violet LEDs can
heal blackheads due to their antibacterial characteristics. Acne-causing bacteria reside
deep within the skin, and they can be easily perished using blue LEDs [11]. Acne is
one of the biggest skin problems faced by common people, and dermatologists are
visited mostly by patients encountered with acne problems [12,13]. Conventional
ways of treating acne included systemic and topical antibiotics, chemical peelings,

Figure 8.1 LED masks for skin rejuvenation.
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and retinoids, which witnessed different success rates in the treatment [14e16]. The
bacteria primarily responsible for commencing acne in human skin is Propionibacte-
rium acnes (P. acnes) that prefers anaerobic conditions for growth. It releases cyto-
kines after acting on the triglycerides and triggers the inflammatory reaction in the
skin.

Figure 8.2 Improvement in the skin health and cure of various skin-related issues after LED
treatment.
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Recently, all the conventional treatments are found to be resistant against P. acnes,
and hence these treatments to acne is currently not that effective as it used to be earlier.
This has motivated dermatologists to seek the benefits of LED treatment for destroying
the P. acnes bacteria from the skin and reduce the acne problem significantly. The suc-
cess rate for the treatment of acne using blue LEDs has been amazingly higher than all
other conventional methods [17,18]. P. acnes produces bacterial porphyrins as part of
its routine metabolism. These are deposited in the skin and when exposed to blue light,
the bacterial porphyrins lead to a photodynamic reaction that stimulates the production
of singlet oxygen species and reactive free radicals [19e21]. These species ultimately
cause the destruction of bacteria from the skin.

LEDs do not emit harmful UV rays along with the visible light, and this proves to be
a major safety to the people undergoing light therapy for long durations. This nonin-
vasive procedure does not produce any damage to the skin. Different from laser light
therapy, there is no skin burn or pain associated with LED therapy. People with sen-
sitive skin or with darker complexion are recommended to approach LED light therapy
to derive more fruitful results as compared to any other therapy. The risks and side ef-
fects of LED light therapy are minimal. However, there are chances of some side ef-
fects if the LED therapy is conducted with some medication that makes the skin more
sensitive. Taking oral medications or applying cream on the skin that makes it sensitive
to light can often lead to conditions such as hives, rashes, pain, tenderness, inflamma-
tion, and redness on the skin following LED light therapy. Accutane is a powerful drug
for treating acne and is derived from vitamin A. Using Accutane can increase the skin’s
sensitivity to light and cause scars on the skin after a mild dose of LED therapy. Post
treatment with LED light, no recovery time is needed and the person subjected to the
therapy can continue with his/her daily routine almost immediately. Generally, 10 or
more sessions of therapy each spaced at an interval of a week are required for better

Figure 8.3 Skin rejuvenation under red LED lights.
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results. Still, minor results come to visibility even after first session of therapy. After
completing certain number of therapy sessions, the results become more noticeable
and fascinating. Despite multiple therapy sessions, the results are not permanent on
the skin and once the cells turn over, the collagen gets reduced and the skin starts
showing the signs of aging or acne breakouts. This can be averted only if the person
sticks to maintenance treatments in the gap of every few months.

8.3 Photodynamic therapy

The light-assisted treatment of skin disorders are basically classified into three types
based on the method involved during the treatment. They are phototherapy, photody-
namic therapy (PDT), and photochemotherapy involving psolaren and ultraviolet A
(PUVA). Phototherapy usually employs the ultraviolet light A (UVA) or ultraviolet
light B (UVB) or a combination of both for the therapeutic applications. Phototherapy
does not require any photosensitizers and the UV radiations can be directly exposed on
to the affected skin. On the other hand, PUVA requires the UVA in association with a
photosensitizing chemical drug named psoralen, which is orally administered into the
body, to improve the skin’s sensitivity towards the UVA light and effectiveness of the
treatment on the skin. PDT also works on the similar grounds, but PUVA is generally
considered to be a different class from PDT. PDT mostly involves radiations in the
visible range (generally blue or red light) along with the nontoxic chemicals that are
sensitive to light. These light-sensitive chemicals are nontoxic to healthy parts of
the skin and tissues but toxic to the microbial and malignant cells. Porphyrins were
the first photosensitizers that were approved by the US Food and Drug Administration
for PDT in 1975 [22]. However, the applications of these chemicals were limited due
to their inability to get excited by a wavelength outside the visible range and hence,
were able to treat only superficial tumors. This led to the development of new modified
versions of porphyrins, among which 5-aminolevulinic acid and methyl ester amino-
levulinate became more popular for PDT applications. Temoporfin and indole-3-acetic
acid are also considered as potential photosensitizers for PDT. Each of the colors in the
visible light spectrum is known to produce certain therapeutic applications and they are
tabulated in Table 8.1. The longer the wavelength, the more deeper will be the pene-
tration of light into the skin, as shown in Fig. 8.4 [23].

LED-based PDT was evaluated by conducting a split-face study on actinic kera-
tosis, or solar keratosis patients that proved to be safe and effective [24]. Photodynamic
therapy is a form of phototherapy using nontoxic light-sensitive compounds that are
exposed selectively to light, whereupon they become toxic to targeted malignant
and other diseased cells. The wavelength in phototherapy is more important than
the coherence. In 1982, McDonald conducted a study on the rheumatoid arthritis pa-
tients and concluded that exposure to blue light provides pain relief depending on the
exposure time [25]. Greater relief could be experienced with longer exposure to blue
light. A therapeutic light source device consisting of a set of 350e1000 nm LEDs and
fiber optic connections was patented by Hart and Malak for the treatment of arthritis or
joint inflammation and reducing both internal and external edema to joints, muscles,
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nerves, and skin tissues. Allergic rhinitis can be effectively treated by narrow-band red
light illumination of the nasal mucosa at 660 nm [26]. However, there is a failure
observed in the treatment when the situation is complicated by chronic sinusitis or
polyps and no significant improvement can be predicted in this condition. Based on

Table 8.1 The therapeutic applications of different color LEDs.

LED color
Wavelength
range Applications

Violet 400e459 nm • Treatment to psoriasis
• Antibacterial
• Acne
• Vitiligo
• Dermatitis

Blue 460e499 nm • Treatment to psoriasis
• Antibacterial
• Treatment to acne breakouts
• Treatment to Seasonal Affective Disorders (SAD)
• Soothes sebaceous glands
• Relief from pain due to rheumatoid arthritis
• Reduces Parkinsonian neural circuitry
• Treatment of newborn jaundice
• Eradication of dental decay

Green 500e564 nm • Treatment to Rosacea
• Treatment to skin inflammation
• Fading age spots and pigmentation
• Treatment to broken red capillaries
• Lessens erythema following treatments and
procedures

• Reduces Parkinsonian neural circuitry

Yellow and
orange

565e609 nm • Reduces photoaging, pigmentation, and age spots
• Lightning the skin tone
• Reduces wrinkles and fine lines on the skin
• Deeper level attack on acne and prevention of future
acne breakouts

• Tightening of skin

Red 610e700 nm • Stimulation and production of collagen
• Skin rejuvenation
• Relieves inflammation of sebaceous glands
• Relieves age spots and wrinkles
• Enhanced circulation and cell repair
• Treatment to ulcers
• Treatment to Allergic rhinitis
• Healing of wounds
• Treatment of Osteoporosis
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a randomized placebo-controlled double-blind study, a hypothesis was made that LED
phototherapy with combined 660 nm and 890 nm light will promote the healing of
chronic venous ulcers, particularly large recalcitrant ulcers that do not respond to con-
ventional treatment [27]. An investigative study suggested that irradiation by a 635 nm
red LED appears to be useful as an anti-inflammatory tool [28]. Mucositis is a dose-
limiting complication of cancer treatment that disturbs the treatment plan and leads
to serious or life-threatening consequences. Lang-Bicudo et al. have evaluated the effec-
tiveness of oral mucositis prevention in a cancer patient via phototherapy using LEDs
and declared that LED therapy is a safe and effective method for the prevention of
oral mucositis [29]. Recently, Chen et al. reported a more effective management of
oral leukoplakia by a topical 5-aminolevulinic acid-mediated photodynamic therapy
[30]. Fig. 8.5 shows the clinical effects of PDT on oral leukoplakia. Newborn
jaundice, a case of yellowing of the skin and other tissues of a newborn infant, could
be treated and its symptoms may be reduced by considerable exposure to sunlight or
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Figure 8.4 Penetration of different wavelengths into the human skin.
Reprinted under the Creative Commons Attribution 4.0 International License from E. Sorbellini,
M. Rucco, F. Rinaldi, Photodynamic and photobiological effects of light-emitting diode (LED)
therapy in dermatological disease: an update, Lasers Med. Sci. 33 (2018) 1431e1439. https://
doi.org/10.1007/s10103-018-2584-8. Copyright © 2018, Elisabetta Sorbellini, Mariangela
Rucco, Fabio Rinaldi.
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blue light [31]. The affected child is kept under the blue-emitting LED fixture, as shown
in Fig. 8.6.

A phototherapy garment containing the surface-mounted LEDs arranged in a
densely packed array facing the liner and capable of emitting uniform, high-
intensity light was developed for the treatment of newborn jaundice. The garment
can be wrapped around the newborn baby to provide uniform, high-intensity blue light
exposure to a large portion of the skin. The advancement in the technology has led to
the application of compact-sized LEDs in the treatment of newborn jaundice and
thereby, assisted in reducing the size of the phototherapy equipment from a large-
sized incubator to a compact wearable garment. LED-assisted PDT is also effective
for the treatment of rosacea. It is an inflammatory skin condition that causes visible
blood vessels and redness on the skin. It is characterized by the conditions such as in-
flammatory papules, inflammatory pustules, vascular inflammation, dryness in skin,
watery eyes, skin inflammation, telangiectasia, facial erythema, or redness in eyes
[32]. Several oral medications and topical therapies are on offer to reduce the compli-
cations arising from rosacea. However, none of them provide a complete and clear

(a)

(c) (d)

(b)

Figure 8.5 Clinical effects of photodynamic therapy (PDT) on oral leukoplakia (OLK). A
patient with a primary OLK lesion (a) and the appearance of the site 1 month after PDT (b). No
recurrence at the 6-month follow-up; the site of recurrent OLK after scalpel excision (c) and its
appearance 1 month after PDT, with some scarring from the surgery before PDT (d). No
recurrence at the 8-month follow-up. The lesions are indicated by black arrowheads.
Reprinted under the Creative Commons Attribution 4.0 International License from Q. Chen, H.
Dan, F. Tang, J. Wang, X. Li, J. Cheng, H. Zhao, X. Zeng, Photodynamic therapy guidelines for
the management of oral leucoplakia, Int. J. Oral Sci. 11 (2019) 14. https://doi.org/10.1038/
s41368-019-0047-0. Copyright © 2019, Springer Nature.
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solution, and the patients are often not able to tolerate such harsh treatment methods.
However, LED light therapies proved much more effective in reducing and controlling
this disease [33]. Similarly, eczema or atopic dermatitis has also found proper treat-
ment using LEDs. It is a chronic condition causing inflammation on the skin and
affecting about 2% of the adult population and 20% of children globally [34]. There
are limited reports on the beneficial treatment of LED therapy on the severe conditions
of eczema. Still, its anti-inflammatory effect on the eczema-affected skin is widely
accepted.

8.4 Cure for mental disorders

Before the artificial lighting came into picture, the sun was the lone source of light dur-
ing the day and moon during the night. However, the intensity of moonlight is such
low that it did not interfere with the circadian rhythm of human beings. Hence, the
rhythm was well in sync only with the sunlight. Circadian rhythm is a cellular process
that is responsible for synchronizing the biological and behavioral processes in living
beings. This process is mostly influenced by the reception of light from the surround-
ing environment, with the strongest influence being produced by the blue light.
Other than rods and cones, light is perceived by human eye through a third type of

Figure 8.6 LED phototherapy for the treatment of neonatal jaundice in newborn babies.
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photoreceptor known as intrinsically photoreceptive retinal ganglion (ipRGC) cells. A
light-sensitive protein known as melanopsin is present in ipRGCs that make them
highly photosensitive and capable of performing nonimage-forming functions and
gives a steady representation of the ambient light intensity. It also plays a significant
role in performing a cellular process known as circadian phototransduction, wherein
the light signals are transformed into electrical signals. Blue light is the most influential
component of visible light on ipRGCs. Blue light from the natural sunlight has the
peak intensity during midday and its intensity starts declining as evening approaches.
The daily cycle of sunrise and sunset is so planned that exposure to blue light is
maximum during the day and minimum during the night. At night, the human body
produces a hormone known as melatonin that plays a major role in regulating the circa-
dian sleep phase and provides a peaceful night’s sleep to the human body. Too much
exposure to blue light at night can inhibit the production of melatonin and create sleep
disorders in human beings. These, in turn, will suppress several biological processes in
the human body and give an invitation to lots of metabolism disorders and mood
swings. Suprachiasmatic nucleus (SCN), which is present in the hypothalamus of
the brain, is responsible for temperature control and melatonin regulation in the human
body. SCN shows a cyclic fluctuation, but to maintain a consistent 24-hour cycle it
must be provided by an external stimulus. The alternate light and dark periods during
the day and night, respectively, prove to be the crucial external stimulus that maintains
this cycle. During day, the human body is exposed to very high levels of light and at
night, the body is exposed to darkness. This helps SCN to sync with the 24-hour cycle
and assures that the body responds to the physiological rhythm throughout the cycle. In
other words, the body is kept alert and awake during the day and it is commanded to
rest and sleep during the night. Delayed sleep phase syndrome (DSPS), also known as
delayed sleep phase disorder, is a type of circadian rhythm disorder or a neurological
sleep disorder in which a person’s sleep/wake cycle is delayed with respect to the
external day/night cycle. Affected people often report that while they do not get to
sleep until the early morning, they do fall asleep around the same time every day.
There is an intractable delay in the phase of the major sleep period in relation to the
desired clock time, as evidenced by a chronic or recurrent complaint of inability to
fall asleep at a desired conventional clock time together with the inability to awaken
at a desired and socially acceptable time [4].

SAD is another disorder associated with mood and sleep. It is also known as winter
blues, winter depression, summer blues, summer depression, or seasonal depression.
People suffering from this mood disorder remained normal throughout the year but
suffered from depression or symptoms of excessive depression during winter or sum-
mer. One of the symptoms of this disorder can be observed in the form of depression
during the seasons when the length of the daylight time is reduced. Patients suffering
from SAD generally show normal mental health, but they tend to show some irregu-
larities in their physical and mental health at times. They can experience irritability,
social withdrawal, anxiety, fatigue, and a lack of alertness in the seasons with less sun-
light. One of the theoretical assumptions holds inhibition in melatonin production as
the cause of SAD. Melatonin secretion is controlled by the endogenous circadian
clock, but can also be suppressed by bright light [35]. A group of researchers tracked
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sleep, activity levels, melatonin rhythms and depression symptoms of 68 SAD patients
who took either low doses of melatonin or a placebo in the morning or afternoon for a
winter month. From the results of the experiment, the researchers proposed that most
patients will respond best to a low dose of the light-sensitive hormone melatonin in the
afternoon in addition to 30 minutes of bright light in the morning. Without determining
an optimal wavelength combination for SAD treatment, they suggested that clinical
benefit of light treatment is greater than melatonin treatment [36]. A light therapy study
on 68 SAD patients using 468 nm blue LEDs demonstrated the positive influence of
short-wavelength blue light for melatonin suppression and circadian phase shifting
[37]. Light therapy has also been suggested in the treatment of nonseasonal depression
and other psychiatric disturbances, including major depressive disorder, bipolar disor-
der, and postpartum depression [38,39].

The selection of luminaires for indoor lighting is essentially based on the type of
requirement associated with the room. The blue light is known to produce alertness
in humans by suppressing the melatonin secretion in them. Luminaires with a higher
amount of blue wavelengths can be effective in study rooms and offices. However, this
same light can be disturbing when used in bedrooms. Selectively reducing the short-
wavelength (blue) components of the bedroom light can decrease the level of alertness
caused in humans. This will help to provide effective sleep and give a refreshing health
after the long night’s sleep. A specially designed C-LED luminaires have multiple ben-
efits that help to subdue the alertness in the brain by suppressing the melatonin secre-
tion [40].

8.5 Cure for other disorders

LEDs have proven its worth in curing a number of diseases and disorders in the human
body. It has been quite effective in regulating the intracellular signaling pathways and
regulation network of genes in the cell, which is collectively referred as optogenetics
[41,42]. Optogenetics is a very powerful tool in the treatment of neurological diseases
using light therapy. Parkinson’s disease, which is a degenerative, progressive disorder
affecting the brain cells and nerves, can be arrested to a certain extent and the Parkin-
sonian neural circuitry can be destroyed using the LEDs emitting at 473 nm and
561 nm [43]. Neuronal health can be arrested with an effective and safe therapy using
red to infrared light therapy, in the wavelength range 600e1070 nm [44]. Treatment to
a chronic case of traumatic brain injury (TBI) proved effective using LED therapy by
combining the 633 nm and 870 nm [45]. The treatment involving these LEDs initiated
photobiomodulation that resulted in the neurogenesis and anti-inflammatory effects
leading to improvement in the verbal memory and executive functioning of the brain
cells of the patients suffering from TBI. The presence of high amount of reactive ox-
ygen species and deficient amount of ATP are some factors leading to several neuro-
logical disorders. The excessive amount of reactive oxygen species cannot be balanced
by antioxidants, and they result in oxidative stress that can lead to Alzheimer’s disease
and major depressive disorder. The photobiomodulation effects produced by LEDs can
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improve the metabolic activities in the brain by decreasing the proinflammatory cyto-
kines and oxidative stress, and by promoting the ATP production and neurogenesis
[46,47]. Blue LED emitting at 473 nm can attenuate the pathological conditions asso-
ciated with Alzheimer’s disease by reducing the amyloid-b levels [48].

LEDs find applications in the treatment of bone issues like osteoporosis. Osteopo-
rosis is a disorder in the human body that comes up with a gradual loss in the bone
mass. Women are at a higher risk of developing osteoporosis than men. It is caused
by the imbalance in the skeletal turnover lead by the prolonged and excessive resorp-
tion of bones. The major pathophysiological activity responsible for this bone resorp-
tion is the activation of osteoclasts. The treatment of this disorder can be initiated by
both chemically or physically. Chemical methods involve the medication to reduce the
resorption of bones and to stimulate an increase in the bone mass [49]. Physical
methods involve treatment with laser light or by ultrasound [50,51]. The LED treat-
ment has been found effective in treating this disorder. The exposure to 635 nm red
LED has significantly reduced the osteoclastogenesis by decreasing the generation
of reactive oxygen species in the cells [47].

The presence of cariogenic bacteria in the mouth due to foul local conditions in the
oral environment and low host immunity causes tooth decay. Dental caries progress
with the bacterial growth and it also leads to the formation of cavities and dental pla-
que. If not treated in time, these bacteria can cause severe damage to the dental system.
There are several oral medications suggested to reduce the microbial growth in the
mouth [52]. However, the use of such chemicals often leaves numerous side effects
such as burning sensation in the mouth, alteration in taste, and staining of teeth
[53,54]. An alternate and nonharmful treatment for dental issues is the photodynamic
therapy that makes use of the LEDs. LEDs are also used to fabricate the light-curing
unit (LCU) that tends to polymerize dental composites. Although the irradiance of
LED LCUs is relatively lower than their halogen counterparts, their efficiency is
approximately the same as that of the halogen LCUs of twice the irradiance. The light
outputs of halogen LCUs decrease with time, which may result in a low degree of
monomer conversion of the composites. Studies have shown that blue light LED
LCUs tend to polymerize dental composites without the previously mentioned draw-
back of decreasing light. This is mainly possible due to the use of photosensitizing
agents or dyes that suppress the microbial growth. Red dyes such as Bengal rose, cur-
cumin, and erythrosine can get activated by absorbing the blue light in the presence of
oxygen and eradicate the dental decay, thus letting the use of blue LEDs in dentistry
[55e58].

Healing of wounds can also be accelerated using the near-infrared (NIR) LEDs. On
treating the wound with NIR and visible LEDs, the growth of fibroblast cells can be
accelerated. The healing process takes place in three phases, namely (1) inflammatory
phase, (2) proliferative phase, and (3) remodeling phase. The latter two phases are
greatly influenced by the fibroblast cell growth [59]. Healing of wounds is a complex
process involving the cells, their cytokines, mediators, and extracellular matrix. Expo-
sure to light can accelerate the activation and proliferation of lymphocytes and increase
the motility of epithelial cells to quicken the closure of wounds [47,59]. Some clinical
studies report that during the healing of wound, irradiation of certain wavelengths has
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antiinflammatory effects that are caused by inhibiting cyclo-oxygenase prostaglandin
E2 that protects the cells against the cell injury in specific pathophysiological situations
such as inflammation and oxidative stress. Healing of wounds can be accelerated by
exposing them to light in the wavelength range 630e1000 nm covering the red to
NIR region of the spectrum. The effect of LEDs on the proliferation of blood vessels
were conducted on rats induced with wounds by Corazza et al. [60]. The results were
interesting and the LED exposure resulted in excellent blood vessel proliferation
effects. Postoperative incisions and cuts can also be healed rapidly using a 670 nm
LED. A study conducted by Erdle et al. about the effect of 670 nm emitting red
LED on the healing of burn injuries and wounds on hairless mice showed that the
mice rapidly recovered from their wounds due to the incisions after red light therapy,
but the light therapy seemed not so effective on burn injuries [61]. A comparative
study between the wound healing effects of laser and LED lights were made by Agnol
et al. [62]. The study was conducted on 36 rats that were induced with surgical dorsum
lesions. The rats were irradiated either by a 660 nm laser light with a full width at half
maximum (FWHM) of 30 nm or by a 640 nm LED with an FWHM of 40 nm. All the
rats induced with lesions showed similar treatment effects after the 168 hours of expo-
sure to light. On the other hand, diabetic rats expressed better healing properties after
72 hour exposure of LED light as compared to that observed for a similar duration of
exposure of laser light. Thus, LEDs emerge as an economical, effective, and great
alternative to lasers for LLLT. NASA developed an NIR LED to access the effect
of NIR on plant growth. Whelan et al. used these LEDs to study the effect of NIR
on the wound-healing effects of a diabetic mouse [63]. Some of the tissue-
regenerating genes in the diabetic mouse were found to be regulated positively after
the LED irradiation. This group also made an in-vivo and in-vitro analysis on the ef-
fects of LED parameters such as intensity and wavelength to optimize the bio-
stimulation for wound healing [64]. Another study discovered that LED light
therapy improved energy metabolism and production by stimulating the photoacceptor
cytochrome oxidase and also accelerated the recovery of wound-healing in ischemic
and diabetic rat models [65]. NIR LED light therapy can stimulate the mitochondrial
oxidative mechanism and accelerate the repair of cells and tissues [65].

8.6 Food safety

The food and beverages industry has slowly adopted LED light fixtures to provide safe
and hygienic lighting while handling the food products. This industry is a specialized
sector that lays down stringent requirements for the lighting fixtures. Proper visibility
is the major requirement while making a choice on the luminaires. While handling the
machinery, it is of utmost significance for the employees to get a clear view of their
operation to avoid injuries or accidents. The risks of dropping tools, nuts, and bolts
in the food products or their raw materials can also be averted if proper lighting is pro-
vided in the food-processing units. Employees can avoid injuries to themselves from
slips or accidents if they have proper visibility in the area. A single incident can prove
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fatal and demand a mass recall of all the food products processed in that unit, thus mak-
ing a hefty loss. To obviate these issues, LED luminaires have started replacing the
traditional lamps in almost every food industry. Another important characteristic of
the luminaire should be its color rendering index (CRI), and LEDs are known to pro-
vide the best CRI than other traditionally used lamps [4]. A luminaire with high CRI
can enable the employees to detect any kind of discoloration of food products, fungal
growth, or other defects quite easily.

The lighting conditions and requirements are diverse for the processing, packaging,
and storage units of a food-processing plant. Food-processing units often give out bulk
proportion of contaminants that can get deposited on the luminaires and affect their
performance. Steam, oils, water vapors, dust, mist, effluents, and grime are prone to
affect the luminaires in the food-processing units. As a result, luminaires should be
chemically inert to its surroundings and must not react with these contaminants to
create toxicity in the environment. Sometimes, flammable dust can also get accumu-
lated over the luminaires and the bulbs working on the principle of incandescence
hold a very high chance of setting fire in the entire workplace due to the heat eliminated
from the bulb. This risk is applicable to all those light sources that emit some form of
heat during their operation. LED luminaires are the best choice in this regard. They are
much efficient and safer to be used in the food-processing chambers as compared to
any other light source. They produce a very small amount of heat during their opera-
tion, and it is not huge enough to ignite anything in its surrounding. Different from
other light sources, they do not stand a chance to burst out due to failure and spread
the glass pieces all across the room, thereby contaminating the food with glass frag-
ments. Most of the LED luminaires have an impact-resistant construction that elimi-
nates any chance of the luminaire bursting and allowing the debris from finding its
path into food products. LEDs are free from toxic gases and mercury vapors. Hence,
a failure in their working will not produce any leakage of toxic gases that can poison
the food. On the other hand, mercury-vapor lamps, fluorescent lamps, sodium vapor
lamps, or metal halide lamps can leak out the toxic vapors and spoil the food. In addi-
tion, these light sources can burst out with an explosion and ruin the foodstuffs with
glass fragments. Yet another big issue with these types of luminaires is their act of
attracting bugs and insects, which can contaminate and poison the food and thereby,
spread disease-causing microbes through the food.

LED luminaires are the major eliminators of bugs and insects. They attract very few
insects and can be considered negligible when compared to other light sources. LED
lights can eliminate most of the pathogens that spread diseases. Bacteria such as Sal-
monella typhimurium and Escherichia coli (E. coli) are known to produce food-
poisoning and a number of health issues in humans. These bacteria can be easily
destroyed when they are exposed to light from LED luminaires [66]. The blue-
emitting LEDs are more effective in eliminating the pathogens under its exposure.
Several pathogens produce amalgam that is sensitive to light, and the continued expo-
sure to blue light triggers the amalgam to absorb this light and lay the foundation for
the termination of bacteria. In most cases, the food need not be added with preserva-
tives and the exposure to blue light itself can prolong its shelf life. LEDs are more
effective for preserving fruits and other food products in cold temperatures and in
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acidic environment. This new method of preservation is known to be eco-friendly and
chemical-free.

LED luminaires are much effective and energy saving when used in cold storage
facilities. All other extensively used light sources are suffering from their drawback
of heat generation during their operation. This makes it difficult for these lighting sys-
tems to illuminate the cold storages without affecting the temperature of the storage.
The heat generated by the luminaires must be eliminated to safeguard the food from
being spoiled, and this shall require more energy consumption to manage the temper-
ature of the storage. Moreover, most of the light bulbs and tubes perform to its full po-
tential only after warming up. The temperature of the cold storage shall delay this
warming up and hence, the lighting system itself faces a delay in giving out its full
brightness. Low temperatures can often degrade the quality and reduce the lifespan
of several of these lamps. LEDs serve better in these conditions. LED luminaires
instantly illuminate even in cold conditions. They do not heat up during their operation
and help in maintaining the temperatures within the cold storage. Workers employed in
the cold storages are required to frequently get in and out of the subfreezing temper-
atures of the storage facilities. The use of LEDs in these places enables the workers to
quickly perform their work inside and avoid lingering in the dismal light. They can
thwart the potential danger that must have been posed by the use of traditional lamps.
Moving beyond the safety advantages of LEDs, there is more on offer from these
energy-efficient luminaires. LEDs require very less amount of energy as compared
to other light sources, and this proves to be a massive profit for the food industries.
The energy savings retrieved from the use of LEDs can be utilized to increase the prod-
uct yield from the industry. In addition, LEDs can play the role of bactericides in cold
storages [67].

It is more often realized that the shelf-life of food products improved when they
were kept under LED lights. The fats present in meat can be impacted by light, and
this can cause rancidity in the meat on trade. Light can also initiate a reaction in the
meat on exposure to oxygen and result in its discoloration. The light-induced discol-
oration of meat can make the buyers to forfeit from taking that meat [68]. LED lights
cut down the chances of discoloration in meat and extend the shelf-life of most of the
food products. Food items such as fruits and dairy products are treated with UV light to
improve its shelf-life. Ultraviolet C (UVC) light covers the wavelength from 200 to
280 nm, and these are more effective in killing the pathogens due to the overlap of
the UVC range with the wavelength absorbed by the DNA at 260 nm. UVC LEDs
can disinfect the food without any need of chemicals or heat. Many food-borne path-
ogens can be eliminated using UVC LEDs [69]. Nowadays, many water filters make
use of UVC rays to kill disease-causing bacteria and germs. Due to the absence of mer-
cury, LEDs do not stand a chance to contaminate the drinking water with deadly mer-
cury even if the installation of the lamp in the filter is inappropriate.

Storage under LED lights is now a viable option to protect the postharvest agricul-
tural goods from many types of damage. In most cases, the postharvest yield from
crops suffers losses due to over-ripening, decay, senescence, and other physiological
processes [70]. Using LED lighting in the storage chambers for postharvest yield can
significantly increase the shelf life of the yield by maintaining the quality of the
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products and decreasing the loss in their weight. Based on the requirement in the mar-
ket, the ripening of fruits and vegetables in the storage can be either accelerated or
delayed using the color combination of different LEDs. For example, consider the
case of tomatoes. Tomato is a vegetable that is generally gathered in an unripe stage.
This is mainly to facilitate the handling and distribution of tomatoes without causing
any damage, as unripe green tomatoes are firm and can withstand the shocks and jerks
experienced during the distribution in the market. The ripening of tomatoes is mainly
carried out during the storage. By introducing different light exposure on these unripe
tomatoes, it is possible to bring about certain effects on its ripening and lycopene con-
tent [71]. Green tomatoes exposed to red LEDs and a combination of UV and red
LEDs were able to ripe in five days less than those that were not treated with LEDs
[71]. The combination of red and UV-LEDs also resulted in the enhancement of
phenolic, flavonoids, lycopene, and b-carotene contents in tomatoes [72]. One of
the ways to extend the storage life of tomatoes is by inhibiting its ripening process.
The tomatoes that were subjected to blue LED treatment for seven days followed by
its storage in darkness led to a delay in the accumulation of lycopene and development
of redness in them [73]. On the other hand, the tomatoes that were stored in darkness
without any LED treatment experienced quicker lycopene accumulation and they
ripened much faster. Thus. blue LED treatment has the potential to delay the ripening
of tomatoes and thereby, extend its storage life. A comparison of the appearance of
tomatoes kept in darkness and irradiation by red and blue LEDs can be seen in Fig. 8.7.

Senescence and yellowing of green vegetables is a major problem during the post-
harvest storage. The yellowing of broccoli florets can be delayed by decreasing the
reduction of ascorbate and ethylene production in them, and this can be achieved by
subjecting them to exposure under red LEDs [74]. Storage of broccoli under green
light also produced fruitful results, and they were able to stay without deteriorating
for a period, which is three times more than the ones stored in dark [75]. Green light
can increase the phenolic and glucosinolate contents in broccoli. It also prevents the
bioactive compounds in broccoli from decreasing and thus, extends the shelf life of
broccoli.

8.7 Other health and environmental benefits

LED lighting has shown several biomedical benefits, which were discussed in the pre-
vious sections. Apart from them, there are some more biological applications that do not
completely come under the medical field applications but can be included in the biolog-
ical coverage. One such application is the ability of LEDs to keep the insects at bay.
Several studies have shown that LEDs do not attract nuisance causing insects and hence,
can provide much comfortable illumination with the insect-free environment. Most of
the insects are fascinated by the heat emitted by the lamps and hence, are known to
get attracted to traditional lamps such as incandescent bulbs and fluorescent lamps.
Fig. 8.8 shows a comparison of different lamps surrounded by insects. Many insects
that are attracted to lamps are carriers for disease-causing pathogens and can transmit
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diseases. A study was conducted by the Natural Environment Research Council
(NERC), UK and a UK-based LED manufacturing company, Integral LED to determine
the percentage of insects that were attracted by different types of lighting [76]. They
developed customized traps illuminated by a series of incandescent lamps, fluorescent
lamps, and LEDs at 18 trap sites across south-west England. More than 4000 insects
were observed for their affinity towards different light sources. LEDs were the ones
to attract the least number of insects. Fluorescent lamps attracted twice the number of
insects and incandescent lamps attracted four times more insects as LEDs. Among
the insects observed were the midges or the biting flies from the genus Culicoides
that act as vectors for a number of diseases. The incandescent lamps attracted almost
80% of the midges, while fluorescent lamps attracted 15% of the midges. LEDs attracted
only 2% of the midges. It is assumed that the insects are drawn in towards these lamps by
the thermal energy emitted from them. LEDs being the least heat-emitting lamps were,
thus, able to attract much lesser insects as compared to other lamps. By keeping these
insects at bay, it is possible to prevent a number of vector-borne diseases.

Storage days
2114770

Pretreatment days

Dark

Blue
light

Red
light

Figure 8.7 Appearance of mature green tomatoes stored in darkness (without any irradiation)
and stored after continuous irradiation of blue and red LEDs. Mature green tomatoes were
pretreated with darkness or continuous irradiation of blue and red light for 7 days, then stored
in darkness at 25 � 2�C for 7, 14, and 21 days. Each column represents the pretreatment and
storage days, while rows 1, 2, and 3 represent tomatoes pretreated for 0 and 7 days with
darkness, blue light, and red light followed by 7, 14, and 21 days of storage in darkness,
respectively.
Reprinted with permission from R. Dhakal, K.-H. Baek, Short period irradiation of single blue
wavelength light extends the storage period of mature green tomatoes, Postharvest Biol.
Technol. 90 (2014) 73e77. https://doi.org/10.1016/j.postharvbio.2013.12.007. Copyright ©
2013 Elsevier B.V.
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8.8 Conclusions

LEDs have proved their worth in curing numerous diseases and disorders in the human
body through their much acclaimed light therapy. The advantages of LED therapy are
countless and the benefits derived from them are worthy enough to quote LEDs as the
most promising technology for biomedical fields. LEDs are the mainstay of photother-
apy and have held their roots in the field following their success in treating several skin
diseases, mental disorders and dental issues. However, the expenses incurred in the
treatment are still a bit out of control. It is essentially needed to bring the cost around
the LED therapy within the limits for making it viable to more people. The biological
applications of LEDs are not just limited in the medical field; it extends its applications
in food storage and preservation too. LEDs of different color emissions have shown
diverse preservation and storage effects on food. LEDs have also proven its ability
to enrich the nutrient contents in fruits and vegetables as well as extend the shelf-
life of a number of food products.

Figure 8.8 Comparison between LEDs and other lamps in attracting insects.
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Horticultural applications 9
9.1 Introduction

It is a very well-known reality that adequate proportion of light, water, oxygen, and
mineral nutrients are essential for the productive growth of plants [1]. Plants prefer
to grow in those geographical locations where they meet the climatic conditions
required for their growth. Different parts of the world show great amount of variation
in their climatic conditions. As a result, the regional temperature differs along with the
availability of light, water, and nutrients. Natural sunlight is the cheapest source of
light available, but it is not always attainable in sufficient quantities in every nook
and corner of the world. Consequently, farmers started relying on the artificial sources
of light for cultivating plants in gloomy, misty, or overcast conditions. The rising
human population has led to the mounting food demands and, thereby, need for expan-
sion in the agricultural productivity [2]. On the other hand, agricultural productivity is
being threatened by frequent floods, droughts, pest attack on crops, and uneven
climatic changes. Indoor farming gained momentum owing to the rising issues faced
by conventional agriculture that led to decline in the overall product yield in recent
years [3]. Indoor farming is not affected by weather conditions, floods or droughts,
and unavailability of arable land. It also assures availability of uninterrupted food
supply all round the year to quench the demands of the rising population. This type
of vertical farming makes use of artificial light sources as grow-lights for the crops
to carry out photosynthesis in the absence of natural sunlight. The use of artificial light-
ing is not just limited to indoor farming, but its application has also been extended to
several greenhouses as supplementary light source when sunlight is not available in the
desired intensity. Particularly in winter, artificial grow-lights come to the rescue as the
sun does not shine bright enough for the crop plants to gain adequate light for carrying
out photosynthesis.

The light from the sun is entirely different as compared with that received from an
artificial source. Vast amount of energy is received from the sun along with highly
intense red and blue regions of the light spectrum. Sunlight is composed of different
wavelengths of the visible light spectrum with approximately the same photon flux.
In addition, there are ultraviolet (UV) and infrared (IR) components, too, present in
the sunlight. In general, plants have affinity towards the intense blue and red compo-
nents of light provided by the sun. Most artificial light sources do not emit as much
energy in the red and blue region of the light spectrum as sunlight does. This has
inspired researchers to develop much better and powerful artificial sources that are
completely dedicated to grow plants. The lighting requirements in horticulture are
complex, and farmers need artificial light sources that not only mimic the natural
sunlight but also show the caliber to reap benefits beyond that. Over time, these
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artificial light sources developed into more sophisticated plant grow-lights that were
specially designed to suit the needs of plants. The technological advancement paved
way to a number of grow-lights that worked on various principles, and each of
them was surpassed by a technologically newer kind of light source.

Light-emitting diodes (LEDs) have advanced fast and become the front runners in
the agricultural grow-light industry. They can be customized to meet the requirements
of indoor farming. LEDs can be closely optimized to tune the color precisely needed
by a plant to grow or a seed to germinate. The advanced system controls that are
assembled with the LED fixtures further facilitate the tuning of their spectral intensity
and output based on the growth stage of a plant and the type of plant. The selection of a
grow-light must be made by taking into consideration a number of factors. The farmers
desiring to reap good yield from their harvest using grow-lights must be aware of the
precise terms associated with the measurement of light in photosynthesis light appli-
cations, viz., photosynthetically active radiation (PAR), photosynthetic photon flux
(PPF), and photosynthetic photon flux density (PPFD). PAR defines the type of light
spectrum required to support plant growth. PPF defines the number of photons emitted
by the light source per unit time, and PPFD defines the density of the photons being
distributed across a unit area per unit time by the light source. The selection of a
grow-light is made on the basis of the following three points:

(1) The quality and quantity of light produced by the grow-light.
(2) The quality and quantity of light that is made available for the plants to grow.
(3) The quality and quantity of light received by the plant from the grow-light during the

photoperiod.

It is worthwhile to know that a grow-light may produce lumen output with high
PPF. But it is not necessary that the quantity of lumens measured per unit area under
the grow-light shall be equally interesting. The uniformity in the lumen output
throughout the luminaire shall be the deciding factor to conclude if the PPFD will
be consistent or not. LEDs provide uniform lighting resulting in quantitative and qual-
itative improvement in the crop yield. The continuous advancement in LED technol-
ogy has attracted huge benefits into the horticulture domain, and now, the market is
well poised for the mass adoption of LEDs into the horticulture business.

9.2 Plant’s response to light

Plants show an entirely different sensitivity to light as compared to human beings. The
quality and quantity of light becomes much important for plants to attain optimum
growth and good health. The portion of the light spectrum between 400 nm and
700 nm, wherein plants show maximum sensitivity, is used by plants for their photo-
synthesis. This specific portion of the light spectrum is called the PAR light. This
quantified amount of radiation is often expressed in the units of energy flux (W/m2)
or photon flux (mol/m2/s). A comparison between the solar spectrum and the relative
sensitivity of human vision and PAR is shown in Fig. 9.1. The PAR consists of full
spectrum of light colors, with special emphasis on red and blue light. Light is perceived
by plant photoreceptors such as phytochromes, cryptochromes, and phototropins, and
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plants generate a wide range of specific physiological responses through these
receptors [4]. Plants use light as an environmental signal and respond to its intensity,
wavelength, and direction. Plants have developed sophisticated processes for receiving
various wavebands from the solar radiation and perceive them as signals to initiate
certain growth or development mechanisms in them. The absorbed light induces
processes such as photomorphogenesis, photosynthesis, phototropism, and photoperi-
odism in plants. Photomorphogenesis is induced in plants by the far-red region
(700e735 nm) of the electromagnetic spectrum. This is a light-mediated process
that produces development of cells, tissues, and organs in plants during its growth.
Photosynthesis is a chemical process by which plants synthesize the essential carbohy-
drates required for their growth by utilizing the light, water, and CO2 from the
environment. A plant’s capacity to sense, assess, and respond to the quality, quantity,
and direction of light grants it with the ability to maximize its productivity in
photosynthesis. The role of light-harvesting antenna in plants is enacted by protein
chlorophyllecarotenoid complexes present in chloroplasts. They harvest the photons
from a light source and send them to the photosystem reaction center where electrons
are generated [5]. If the lighting levels are not appropriate, there will be disruption in
the photosynthetic processes. Too much lighting leads to the production of oxygen
radicals that result in photoinhibition [6]. On the other hand, weak lighting can lead
to etiolation symptoms and reduce the photosynthetic activity in plants [7]. Phototro-
pism is the growth movement of plants towards a light source. This process often leads
to the bending of plants toward or away from the light source by a chemical called
auxin. Auxins are present in plant cells that are farthest away from the light, and
they compel the plant cells that are farthest from the light to elongate and bend towards
the light source. When the plants bend towards the light source, it is called positive
phototropism. Most of the plants prefer to exhibit positive tropism. When plants
move away from the light source, it is called negative phototropism, and this is rarely

100

80

60

40

20

0

R
el

at
iv

e 
re

sp
on

se
 s

en
si

tiv
ity

 %

350 400 450 500 550 600 650 700 750

Wavelength (nm)

Solar spectrum
Human vision
PAR

Figure 9.1 Comparison of the solar spectrum with the relative sensitivity of human vision and
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seen, for instance, in certain vine shoots. Phototropism is generally triggered by visible
light in the range of 400e500 nm. Photoperiodism is a physiological response given
by plants to the duration of day and night. The development processes occurring in
the plants are relative to the duration of days and nights, and this is decided by the
plants with respect to the light and dark periods.

The first photoreceptor to be identified in plants is the phytochrome, which is a
photoreversible red receptor in plants [8]. In long-day plants, flowering is essentially
stimulated by far-red light [9]. Cryptochromes were the first blue receptors identified in
plants. Several photomorphogenesis processes such as stomatal opening, stem elonga-
tion, leaf expansion, and seed germination are regulated by cryptochromes. Phototro-
pins are another class of blue receptors found in plants. They play a major role in the
optimization of light harvesting from a source and prevention of photoinhibition by
regulating the pigment content and position of the photosynthetic organelles [10].
Blue light supports strong root growth and intense photosynthetic process in plants
that lead to productive vegetative growth [11]. In most cases, blue or red LEDs are
used for target lighting for the plants. Goins et al. investigated the effect of red light
on wheat (Triticum aestivum L., cv. ’USU-Super Dwarf) crops by comparing the
photomorphogenesis, photosynthesis, and seed yield of wheat under simple red
LEDs, daylight fluorescent (white) lamps, and red LEDs supplemented with 1% or
10% blue light from the fluorescent lamps [12]. The wheat crops grown under red
LEDs showed complete full life cycle, but with lesser seed yield and shoot dry
mass accumulation as compared to those grown under white fluorescent lamps and
the red LEDs supplemented by blue light.

In addition, infrared (IR) LEDs too proved their worth in horticulture. Seedlings of
oat (Avena sativa cv. Seger) were irradiated with IR LEDs by Johnson et al. [13]. The
IR radiations were allowed to pass through a visible-light-blocking filter before
making it to fall on the seedlings. The irradiated seedlings showed dissimilarities in
the growth and development as compared to those seedlings that were grown in the
dark at the same temperature. These seedlings showed a gravitropic response pattern
that was distinct from those grown in the dark. On the other hand, the seedlings that
grew in the dark did not show any bending and was uniformly directed in the direction
of endosperm crease away from the seed.

9.3 Light-emitting diode versus other types of grow-
lights

LEDs have gained huge reputation in recent years due to loads of features that resulted
in huge energy savings and environment-friendly source of lighting applications in
diverse fields [14]. Researches were fascinated by the upcoming popularity of LEDs
and started testing them for their effectiveness in vertical/indoor farming. Experiments
were conducted to evaluate the influence of individual monochromatic LEDs and their
combinations on the growth and development of various plants. LEDs were preferred
over all other light sources as grow-lights owing to a number of reasons. LEDs are
feasible alternatives to existing artificial sources of lighting owing to their durability,
flexibility, stability, and low energy consumption [15]. They provide an excellent
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flexibility in their operation allowing to control their intensity, pulse mode, and wave-
length of the light emitted from them [16]. They offer a life span that is unmatchable by
any other source of artificial lighting [17]. They are miniature in size and less in mass
and do not involve any ballast for operation. LEDs can significantly reduce the
expenses incurred in electricity, and all the initial investments will turn out to be
huge profits in the long-term operations in the greenhouse industry [18]. They have
proved themselves as the most effective artificial source of lighting that is flexible
for plant tissue culture [19]. The spectral quality and the intensity of light emitted
by an LED can be precisely manipulated as per the requirement [20]. For in-vitro
plants and bioregenerative life support systems, LEDs can be considered as a primary
source of lighting [21]. Based on the plant response that is targeted, LEDs can offer
specific wavelengths for desired output. Also, they do not heat up much during their
operation and hence, can be kept near the plants for maximum effectiveness [22].
This will ensure that plants do not suffer from the lack of light.

To highlight the effective performance of LEDs in plant growth, a comparison is
essential between the LEDs and the other types of grow-lights that are available in
the market. This section focuses on the features offered by different types of grow-
lights and their demerits as opposed to their LED counterparts.

9.3.1 Incandescent lamps

Bare incandescent lights generally illuminate with a red-yellowish tone and a low color
temperature of approximately 2700 K. They do not truly behave like a plant-growing
light but are sometimes used to highlight indoor plant groupings. Some incandescent
grow-lights come with a blue filter coating, as shown in Fig. 9.2, which reduces the

Figure 9.2 Incandescent grow-lights (left), incandescent bulb with blue filter coating (right top),
and mushroom-shaped white-coated incandescent bulb (right bottom).
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amount of red light given off by them. An extremely small amount of light is expended
as compared with the amount of energy needed to illuminate the bulb, and almost 90%
energy is given off as heat. Incandescent lights generate a lot of heat and should be
placed farther away from the plant foliage. On a precautionary note, incandescent
bulbs must always maintain a minimum distance of 24 inches from the plants. The
lack of light intensity can be remedied by increasing the number of hours the plant
is exposed to the light or by adding reflective surfaces to make the available light reach
more areas of the plant. Because red light tends to encourage bud and flower growth,
bare incandescent lights are better used on flowering plants. Incandescent bulbs can be
used to prolong the short days during autumn, winter, and spring. While the initial
expenditure to purchase incandescent bulbs is very cheap, they are much costlier to
operate when compared with other grow-lights. Such grow -lights have a brief life
expectancy of about 750 hours and are energy inefficient, producing more heat than
useable light. Incandescent light bulbs show no match with LED lights, when it comes
to the efficiency, durability, and lifetime.

9.3.2 Fluorescent lamps

Fluorescent lamps are available in cool, warm, or full spectrum with the color temper-
atures ranging from 2700 to 10,000 K. Fluorescent lights, which are as shown in
Fig. 9.3, have an average useable life span of up to 20,000 hours. Fluorescents put
out very little heat, which allows them to be hung close to the plants. These are

Figure 9.3 Fluorescent grow-lights.
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very affordable and convenient for use. They give a light output that is twice as that of
the incandescent lamps. These are quite popular for propagation, early vegetative
growth, and overwintering semi-hardy and tender plants. T5 and T8 fluorescents are
the most modern type of fluorescent lamps that are available as single, daisy-
chainable strips or in panel arrays. A fluorescent grow-light’s electronic ballast does
not emit noise or vibration. A smaller version of the fluorescent tubes are the compact
fluorescent lamps (CFLs), which work in specially designed reflectors to direct their
light to plants. High-output fluorescent lights produce twice as much light as the
standard fluorescent lights. However, a fluorescent tube makes use of highly pressur-
ized mercury vapor and neon, argon, krypton, or xenon gases within the tube. This can
prove hazardous to the environment if not disposed of safely. LEDs prove their benef-
icence to the environment in this regard. They never pose any threat either when in use
nor at the time of disposal. Although fluorescent lamps seem to be cheaper at the initial
stage, they turn out to pierce the money bags of plant growers with the frequent
replacement of lamps. Hence, it is more profitable to go with the LEDs, which prove
their worth with lesser expenses on maintenance.

9.3.3 High intensity discharge

Although the initial costs of setting up the high intensity discharge (HID) grow-lights
seem affordable for plant growers, the initial saving gets overshadowed by the
additional costs that cannot be avoided. HID lighting creates light by passing an
electric current through the metal vapors that charge the electrons and cause them to
bump into each other. HID lights take a few seconds to give a full output, and once
it is turned off, it needs to be cooled down completely before another use. Some
variants of HID grow-lights are shown in Fig. 9.4. The HID lights are very bright
and powerful but produce a large amount of heat that has to be diffused by airflow
systems. Their maintenance requirements force the plant growers to deal with an extra
cost, which can incredibly turn to be an overexpensive affair when they are being run
on a daily basis. They will effectively grow plants at any stage of life, but it will come
at a cost, and they require a great deal of attention. On the other hand, LED grow-lights
are efficient in every imaginable way, and this has made people to turn toward LEDs
for efficient and productive plant growth.

9.3.4 Metal halide

Metal halide (MH) lights are a subset of HID lights. Generally, an abundant amount of
light in the blue spectrum is produced by MH bulbs, as shown in Fig. 9.5. Blue light
promotes plant growth and is excellent for green leafy growth and keeping plants
compact. They also contain some ultraviolet (UV) radiation that is useful for
combating pests and molds and promoting the production of essential oils in aromatic
crops. It is the best type of light to be used as a primary light source when the scarcity
of natural sunlight is felt. Although the bulb will continue to light up even after its
average life span of 10,000 cumulative hours, it is not worth to use beyond this
span due to its gradual decline of light intensity. Metal halides produce up to
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125 lumens per watt as compared to the 39 lumens per watt produced by the standard
fluorescent lights and 18 lumens per watt produced by the standard incandescent bulbs.
Horticultural metal halide lamps have an enhanced red spectrum, hardly noticeable to
the naked eye, which is added for improved fruiting and flowering without compro-
mising with the plant appearance. The major disadvantage of a metal halide lamp is
their lower efficacy and shorter life span, and hence, it easily gets beaten up by a
more durable and sustainable LED grow-lights.

9.3.5 High-pressure sodium

Like MHs, high-pressure sodium (HPS) lights are also based on the same working
principle as that of HID lights. Although they are not the best at present, HPS lighting
systems are more efficient than several others in the past. They usually emit an orange
light that is incredibly bright and powerful, as it is seen in Fig. 9.6. Sometimes, a com-
bination of HPS and MH lamps are assembled in the same reflector, with either a single
integrated ballast assembly or two separate ballast assemblies. The combination of
blue MH light and orange HPS light creates an ideal spectral blend and extremely
high outputs. HPS has a life span twice as that of MH lamps and a light output of
140 lumens per watt. Unfortunately, for the plant growers, these lights require a lot
of power to run effectively and produce a large amount of heat in addition to hazardous

High-intensity discharge (HID) lamp
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Figure 9.4 High intensity discharge grow-lights.
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levels of CO2 emission. In comparison, LED lighting has the ability to make use of
more effective wavelengths that actually provide benefits to plants. The energy
requirement for LEDs is much less, thereby making them cheaper than HPS lighting
systems. LEDs certainly cost much more than HPS grow-lights in the initial phase,
but the savings over time can make a huge difference as the plant growers reap out
huge profits with LED grow-lights.

9.3.6 Plasma

Plasma grow-lights, as shown in Fig. 9.7, are often viewed as a relatively new and most
advanced lighting technology, which is still proving to be excessively expensive for
the massive majority of the consumers. Unlike traditional lighting systems, plasma
grow-lights are free from the use of electrodes or filaments but have higher efficiency
and longer lamp life on offer. Although very expensive, they are incredibly powerful
and efficient enough to provide improved light spectrum, especially for the vegetative

Metal halide

Figure 9.5 Metal halide grow-lights.
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Figure 9.6 High-pressure sodium grow-lamps.

Light-emitting plasma

Plasma light system

Figure 9.7 Plasma grow-light fixtures.



growth. Plasma grow-lights save a lot of space and offer a great amount of benefits
over other types of grow-lights that require ballasts and extensive wiring harnesses.
Plasma grow-lights are much larger than their LED counterparts, although they are still
smaller than the massive HID systems. Even though plasma light shows comparable
efficiency with LED grow-lights, the former is placed at a higher price tag. Therefore,
consumers prefer to go with the cheaper LED lights for indoor farming.

9.3.7 Induction light

Induction lights create light by using an electromagnetic field to excite mercury parti-
cles mixed in an inert gas. The mercury, present inside the lamp, creates a UV light that
excites the phosphor coating inside the walls of the bulb to emit visible light. They do
not use electrodes or filaments to get power to the light. Since those are the parts of a
light bulb that tend to break first, induction lights have a much significantly longer life
span than any other kind of light in the market today. The absence of electrodes also
means a better sealed bulb, resulting in a high-quality grow-light that will stand the test
of time. This also rules out the possibility of the phosphor material reacting with the
metal electrodes and giving out hazardous products. Induction lights use 80% less
mercury and produce five times less heat in comparison with the HPS or MH lamps.
Some of the induction grow-lights in action can be seen in Fig. 9.8. Although induction
grow-lights are cheaper than their LED counterparts, LEDs turn out to produce more
savings and prove cheaper than the induction light in the long run. Induction grow-
lights are efficient and let off almost no heat. However, LED grow-lights use less
electricity than induction grow-lights and are more flexible in design due to each
LED bulb having a different spectrum.

9.4 Light-emitting diodes in horticulture

Horticulture has developed the prospect to utilize artificial lighting sources of specific
wavelengths for enhancing the productivity yield from crop plants. LEDs offer the
choice of narrow spectral bands of desired wavelength for optimal absorption by
chlorophyll to carry out the photosynthetic process [23]. The use of LED grow-lights
has made it possible to cultivate crop plants even in space. On prolonged space expe-
ditions, the supply of food often falls short and does not suffice the needs of space
trekkers. A round trip space journey from the Earth to Mars would require atleast
1000 days, and this is exclusive of the stay on Mars by the crew members. It is indeed
not a solution to carry huge stocks of food that could actually get spoiled and be noned-
ible with time. Fresh vegetables and fruits have a very short shelf-life in space. They
must be consumed within a week of the space voyage. Most of the food for the space
journey is kept unrefrigerated in lockers, which are in close proximity with the
electrical equipment of the space shuttle. These equipment often heat up and transfer
the heat to the nearby lockers containing food. As a result, the fresh food kept in the
lockers experiences rapid increase in their spoilage. The other option is to send an un-
manned lightweight rocket from the Earth to the destination in space with sufficient
amount of food supply. But this will take a long time to reach the destination and

Horticultural applications 237



Visible
light

Mercury
atom

Ring
electric

field

Electrons

Primary
coil

Magnrtic
field

Ultraviolet
radiation

Phosphor
coating

Glass tubeFerrite
core

Figure 9.8 Induction grow-light fixtures.

238
T
he

F
undam

entals
and

A
pplications

of
L
ight-E

m
itting

D
iodes



can prove to be risky and nonreliable at several occasions. The best alternative is to
cultivate crops locally in space and acquire fresh fruits and vegetables from them.
This will also provide sufficient oxygen supply to the surrounding environment.
LED grow-lights are the best available source for lighting up the crop plants in space.
These are the safest source of lighting that shows least chances of damage, highest life
span, and are miniature in size, specific in the emitted wavelength and maximum in
efficiency. Using limited energy resources, it is possible to replicate the environment
that a plant experiences on the Earth. LEDs can produce target lighting that suits well
with the light requirements of a plant. The LED grow-lights have been specially
designed to suit all types of farming in the horticulture domain. It has provided endless
opportunities to farmers by offering various modules of lighting that includes toplight-
ing, interlighting, supplemental light, and lights for multilayer cultivation.

Multilayer farming or the vertical farming requires grow-lights solely for providing
light to plants. It is practiced indoors by maintaining the conditions such as heat, light,
carbon dioxide, ventilation, and air condition under control [24]. Such type of farming
has facilitated large scale of vegetation growth in a limited available land. This means
that farming can be carried out in urban areas and the harvest obtained need not be
transported to long distances for trade as it used to be done in case of field agriculture.
Multilayer faming has the capacity to produce 100 times more crop yield annually as
compared with an agricultural field. It also cannot be affected by the seasonal environ-
mental conditions that occur outdoors. Farmers practicing multilayer farming are also
benefited in terms of the expenses incurred for transportation and storage of their har-
vest. Since the distance between the production farms and the trade markets is reduced,
the fuel consumption for transportation is reduced. Also, the harvest need not be kept
for long durations under cooling during storage or transportation, and the time required
for transporting these harvested products will be much shorter. All these benefits shall
prove very profitable for farmers, and this will indirectly benefit the consumers too,
who will be paying much lesser price for the food products yielded from multilayer
farming. Vertical farms can be established in almost any empty area inside a city.
This also proves to be a massive job opportunity for the people living in cities.
However, vertical farming is limited for growing only high-value crop plants that
are compact and grow quickly. Preferably, the height of the crops must be less than
30 cm, and it should be ready to be harvested in a month.

Bula et al. were the first group to investigate and acclaim the role of LEDs in the
growth of a whole crop plant [25]. They conducted their trials on lettuce plants and
observed their behavior under LED lights. Since lettuce is compact high-value plant
that shows fast growth under controlled conditions, it formed the best choice to carry
out the trials. The growth of potato, wheat, and spinach was also tested under the LED
lights at about the same time [17,26]. During those days, the blue LEDs were still in
their development and hence, were unavailable to conduct experiments on plants.
Consequently, most of the plant growth experiments were conducted using the red
LEDs in combination with the blue fluorescent lamps [27]. The results were
fascinating enough to attract more research on LED-based plant grow-lights for the
study of the plant physiological changes under LED lights [28,29]. But the high
expenses incurred in manufacturing the LEDs, and their scarce availability in the
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market compelled most of the people to continue with traditional fluorescent lamps or
arc-based lamps for indoor farming. Thus, LED grow-lights were restricted only for
research in greenhouses and growth chambers. Tissue cultures based on LEDs were
suggested by Miyashita et al. for regulating the plantlet morphology by light [30].
A major portion of LED-based horticultures were investigated by the space research
centers such as National Aeronautics and Space Administration (NASA) and Kennedy
Space Center (KSC) to find ways to cultivate crops in space and meet the food require-
ments there itself [26,31]. The space odyssey to explore the moon and Mars with
manned space vehicles has made it necessary to develop plant-based regenerative
life support systems to fulfill the food requirements without requiring any need to carry
huge loads of food along with them. This has even inspired many researchers to invest
more on the indoor farming research and the methods to derive higher crop yield with
better quality. Soon LEDs gained huge recognition for their ability to provide spectral
quality suitable for plant growth in greenhouse chambers and space stations. It has also
been possible to thwart the attacks of disease causing pathogens on plants by control-
ling the spectral quality [32].

There are significant anatomical changes observed in the leaf and stem morphol-
ogies of plants grown under LEDs. The anatomical morphologies of pepper (Capsicum
annuum L.) plants grown under LED arrays and MH lamps were studied and compared
by Schuerger et al. [33]. LED lights of different colors produced different morphology
and phytochemical characteristics in basil plants. They can exert antifungal, antibacte-
rial, and antimicrobial action too [24]. On maintaining the red/blue ratio as 0.7, the
nutraceutical properties improved and the nitrate content decreased in basil leaves
[34]. The phenolic content of basil (Ocimum basilicum) plants also increased under
the LED grow-lights [35]. Phenolic compounds such as chicoric, p-coumaric, chloro-
genic, caffeic, rosmarinic, and caftaric acids are richly available in basil [36,37].
Phenolic acids and flavonoids are the secondary metabolites that are produced by
plants. To adapt with the biotic and abiotic alterations in the environment, plants
make use of both the primary and secondary metabolites. The primary metabolites
are the carbohydrates and amino acids. Phenolic compounds can act as ultraviolet
screens, antioxidants as well as red and blue pigments in plants. Flavonoids such as
quercetin, rutin, apigenin glucuronide, and kaempferol glucoside are known to have
metal ion chelating properties. They also exhibit antimicrobial and antibacterial action,
antioxidant activity, and radical scavenging [24]. Anthocyanins are another class of
compounds that exhibit antimicrobial activity. They also attract insects and provide
color to fruits and flowers. In addition, they give a protective shield to the plant cells
against damage due to higher intensities of light by absorbing the blue and ultraviolet
light [24]. Carotenoids can also serve protection to cell membranes against the damage
due to excess light. These are terpenoid compounds that act as free radical scavengers
and provide orange or yellow pigmentation to fruits and flowers [38]. Carotenoids
have the ability to absorb in those regions of the visible light spectrum, which cannot
be absorbed by chlorophyll. This light energy is then efficiently dissipated to the
chlorophylls to enhance the photosynthetic activity. Green light is essential for
increasing the carotenoid content in plants. A study on the lettuce plant showed that
white light lacking the green component resulted in reduced carotenoids as well as
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dry weight of roots and shoots [39]. In Chinese cabbage (Brassica campestris L.), the
carotenoid concentrations and chlorophyll suffered a negative impact under the influ-
ence of red light [40]. The negative effects were extended to the chlorophyll biosyn-
thetic precursors such as protoporphyrin IX, protochlorophyllide, Mg-protoporphyrin
IX, and 5-aminolevulinic acid. Yet there were positive effects of red light on the plant’s
height. The combination of red and blue light as well as monochromatic blue lights
favored to increase the carotenoids, soluble proteins, and chlorophyll in them but
resulted in diminished plant height. The dry mass, soluble protein, and sugar concen-
trations were reduced when grown under monochromatic yellow light. Carotenoid
accumulation was found to increase in mustard and mizuna microgreens when the light
intensities were increased [41].

The impact of red and blue lights on the plant growth and yield is pointed out in a
number of reports [42e44]. The quality and flavor of vegetables are often affected by
the composition and accumulation of carbohydrates in them, which is impacted by the
exposure of red and blue light on the plants [45,46]. In the case of Oncidium
protocorm-like bodies, red light proved beneficial for the accumulation of carbohy-
drates, whereas blue light promoted the antioxidant enzyme activities and the protein
content improvement in them [47]. Similarly, the tissue culture seedlings of upland
cotton (Gossypium hirsutum L.) showed higher accumulation of sucrose and starch
accompanied with increased root activity when they were grown under red LEDs alone
[44]. The combination of red light and a higher amount of blue light from their respec-
tive LEDs resulted in higher biomass content, a larger and healthier plant of upland
cotton [44]. Chen et al. investigated the enhancement in the accumulation of sucrose,
starch, and biomass in lettuce that were exposed to alternating red and blue LEDs for
different time intervals [48]. In another study, the combination of red, blue, and white
lights increased the sucrose content in lettuce as compared with simple combination of
red and blue LEDs [49]. As compared with the lettuce plant grown under normal white
light, the lettuce grown under the white light lacking green component showed reduced
net rate of photosynthesis, chlorophyll a and b contents, and dark respiration [39].
Metallo et al. investigated the influence of blue/red light treatment using LEDs on
kale (Brassica oleracea), which were grown hydroponically [50]. When the kale
plants were exposed for a short duration under LEDs with higher blue/red ratio, the
biomass content increased, and there was a decrease in the chlorophyll fluorescence;
also the height was shorter than that of the plant grown under a normal white LED.
The exposure of kale plants to lower the blue/red ratio increased the potassium content
but decreased the fructose content in them. The biomass content in cucumber can be
promoted by exposing them under blue LEDs [51]. The exposure of red LEDs, on the
other hand, suppressed the dry mass production in cucumber. When the cucumber
plants were exposed to different combinations of red and blue LEDs, it was found
that there was an increase in the leaf mass per unit area, stomatal conductance, chlo-
rophyll content, and photosynthetic rate and decrease in the biomass, leaf area, plant
height, and length of hypocotyl and epicotyl on having more blue light amount in these
combinations. Cucumber’s leaf area index is positively affected by exposure under
green LEDs but results in the suppression of the chlorophyll concentration [52].
Red LEDs have contributed in significant enhancement of b-carotene contents and
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antioxidant activity in pea seedlings, whereas blue LEDs have contributed towards
their chlorophyll induction and seedling weight [53]. The root growth of Cunningha-
mia lanceolata tissue culture seedlings was most benefited with a combination of red,
blue, purple, and green lights in the ratio of 8:1:1:1 [54].

9.5 Significance of light-emitting diode grow-lights

As such, grow-lights do not have any other special applications other than acting as an
artificial light source to stimulate the plant growth by emitting an electromagnetic
spectrum appropriate for photosynthesis. Grow-lights are used for horticulture, indoor
gardening, plant propagation, and food production, including indoor hydroponics and
aquatic plants [55]. LED grow-lights provide a safe and reliable supplement or replace-
ment to natural light for the growth of potted, bedding, and young plants in greenhouse/
climate chambers [56]. It improves the quality of seeding, cultivates healthy seedlings,
and provides effective heat management. The heat management, provided by LED
grow-lights, remarkably extends the service life of the electrical system by making
huge savings on the air-conditioning expenditures. It also facilitates adjustable and
controllable photoperiod to control the vegetative and reproductive growth of plants.
A high-quality light recipe is achieved that fulfills the growth needs of young plants,
seedlings, cuttings, or tissue culture. A major problem solved by LED grow-lights is
the disruption of quality and growth of crop plants due to natural weather conditions
such as cloudy, rainy, and snowy days. With the adoption of LED lights, farmers can
precisely provide the desired light wavelength required for high-quality yields.

LED grow-lights maintain the uniformity of illumination with high luminous
efficiency and reduce the distance between layers. It improves high-quality seeding
rate and shortens the production cycle. The feasibility of city farms and kitchen indoor
farming with huge energy savings becomes more possible with LED grow-lights. This
achieves a reduction in the production costs and a continuous supply of high and stable
yields with improved quality, nutrient content, and flavor. It also improves the possi-
bility to deliver fresh vegetables at a relatively shorter period [57]. LEDs are also
known to improve the taste and flavor of vegetables and fruits. They promote the
growth of plants rapidly and can also help treat the plants affected by pathogens.
LEDs are currently known to provide effective treatment to humans from a number
of diseases [14]. This feature can be extended to plants as well. This will probably limit
the usage of expensive and harmful pesticides that degrade the quality of the soil and
the crops. Blue LEDs were successful in suppressing the gray mold disease caused by
Botrytis cinerea in lettuce [58]. Downey mildew and powdery mildew pathogens that
cause disease in the foliage and plants, respectively, are vulnerable when exposed to
LEDs of some specific wavelengths. Thus, LED grow-lights have solved the challenge
that farmers faced while growing vegetables, fruits, and flowers in high-density areas
without using pesticides. LED grow-lights effectively improve the land-use rate and
increase the yield per unit area by implementing multilayer cultivation as shown in
Fig. 9.9. By utilizing the low heat characteristics of LEDs, interlighting among
vegetables and flowers can be used to increase the vegetable production in
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greenhouses. Since LEDs do not heat up unlike other artificial sources such as HID or
MH grow-lights, less water can be provided to the crop plants. In a way, use of LED
grow-lights reduces the water consumption, and this shall make indoor farming more
effective in drought-affected areas. LED grow-lights complement the natural light with
a spectrum and light intensity combination designed to promote plant growth. The
scientifically designed illumination angle and light position allow plants to make
maximum use of the light, thereby stabilizing and improving the plant yield and qual-
ity. Farmers also confronted the challenge of growing diverse crops that need different
light spectra at different phases of the growth cycle. Here also, LED grow-lights had
the advantage. They have the ability to tune the spectral quality of the light at various
stages of plant growth. Farmers can regulate the spectral quality and quantity for
different crops and different requirements at different phases of crop’s growth cycle.
LEDs can also be adjusted to offer photon energy at wavelengths optimum for plant
photosynthesis. This leads to faster growth of plants accompanied by a higher yield.
Implementation of LED grow-lights has enabled plant growers to harvest huge
amounts of profit through vegetable production. One of the major concerns for farmers
practicing indoor farming was the expenses incurred in setting up artificial lighting for
their crops, and their anxieties were incredibly reduced with the induction of LED
grow-lights.

9.6 Current market scenario

The proven efficiency of LED agricultural grow-lights in the indoor farming has
helped them to snatch the global market at a very swift pace. The advanced technology
made it possible to design the LED lights to increase the crop yield and quality of
crops, vegetables, and fruits. Urban farming is greatly benefited from these advance-
ments, and farmers are now able to reap huge profits. The biggest breakthrough
came from the understanding that although plants require light, they do not need the

Figure 9.9 Multilayer farming using LED grow-lights. LED, light-emitting diode.
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same amount of light to grow, nor do they require the same type of light source. This
allowed farmers to adjust their resources as per the crop and inspired many farmers to
take up indoor farming. LED grow-lights have been tailored to meet the requirements
of plants and control the intensity of light, its duration, and color. This has facilitated
the growth of LED lights as a major industrial asset in the horticulture domain. With
the inclusion of LED lights, agriculture has become a large profitable industry that has
opened up many business opportunities. As a result, plant growers of all dimensions
are embracing LEDs to meet the demands of their farming. By application, horticulture
is classified into subsections like greenhouse, indoor farming, vertical farming, and so
on. Greenhouse farming is the most widely practiced and possessing the largest reve-
nue shares in the global market. The dominance of greenhouse in the horticulture in-
dustry shall continue even in the upcoming years. Such type of farming enjoys the
advantage of higher plant growth and crop yield owing to better protection from
external elements such as strong wind and harsh sunlight as well as protection against
pests and insects. In the near future, vertical farming is also expected to be more prev-
alent in urban environments. The shortage experienced in the availability of agricul-
tural lands has boosted vertical farming techniques to optimize the available space.
It enables the farmers to maximize the crop capacity in the limited land and optimize
the cultivation conditions for its proper growth. The market of grow-lights is mainly
driven by the growth of greenhouse farming, indoor, and vertical type of farming tech-
niques. The harsh climatic conditions can be conveniently ignored, and the loss of crop
yield due to such conditions will be almost none for the farmers practicing indoor
farming. Currently, the replacement of HID grow-lights by LEDs has brought out
much more profit in this farming.

The global market of grow-lights in 2018 accounts for $2.51 billion and is fore-
casted to register a compound annual growth rate (CAGR) of 20.44% by the end of
the year 2023 [59]. The largest revenue earned by the grow-lights was from the
commercial greenhouses, and it is estimated to lead the market share in the coming
years too, owing to the rising demand of food supply and popularity of urban farming.
If the regional markets are analyzed, the grow-light market in Europe has earned the
highest share of revenues. The European market is driven by the government initia-
tives and the presence of key companies related to the manufacturing and marketing
of grow-lights for the agricultural sector. The second highest share of revenues is
currently held by North America, and this can be attributed to the adoption of novel
farming methodologies and the increasing number of greenhouse chambers in the
region [60]. The AsiaePacific region is not far behind and is forecasted to overtake
the North American region in terms of the revenue share very soon. In the global level,
most of the farmers were using HID lamps for indoor farming. But the awareness
among the farmers regarding the benefits of LED grow-lights has grown ever since
its arrival in the market. This has led to a massive replacement of the existing grow-
lights with LEDs, and now, LEDs comprise more than 40% of the global market in
horticultural lamps. From Fig. 9.10, the growing share of LED grow-lights in the
global market can be witnessed. The global market in this forecast period shall also
experience a higher number of retrofit installation of grow-lights as compared to the
new installations. The government initiatives to replace the existing hazardous

244 The Fundamentals and Applications of Light-Emitting Diodes



artificial light sources with LEDs has driven the LED grow-light markets in several
countries. At the global level, the demand to reduce the energy consumption on light-
ing is on the rise, and hence, the governmental bodies are seeking the transition to-
wards LED-dominated lighting industry. This has encouraged the governmental
bodies to provide subsidiaries on LED lights and regulations on the use of incandes-
cent and fluorescent lamps. Countries such as Brazil, United States, Venezuela, South
Korea, Russia, Argentina, Mexico, Switzerland, Australia, Canada, Malaysia, and so
on have already began on the phasing out of incandescent lamps and are replacing
them with energy-efficient LED lamps. This has also supported the ongoing research
on the photobiological effects of LEDs on plant physiology and morphology. Addi-
tionally, many companies have come forward to make investment in the profitable
LED grow-light business and build a bright future for LEDs in the horticultural sector.

With the growth of business opportunities in the horticulture market, major LED-
manufacturing companies such as Philips, Osram, and so on are dealing with ways to
understand the effect of growing fruits, flowers, and vegetables in diverse weather
conditions under various LED light wavelengths. The key players rooted in the
horticultural light business involve the names of Signify (Philips lighting, Netherlands),
Osram (Germany), General Electric Company (GE, United States), Gavita
(Netherlands), Agrolux (Netherlands), Hortilux Schreder (Netherlands), PARsource
(United States), Heliospectra (Sweden), Lumileds (Netherlands), Illumitex (United
States), Lumigrow (United States), Maxigrow (United Kingdom), Bridgelux (United
States), Hubbell (United States), and Eye Hortilux (United States). These companies
have contributed a humongous share for the growth of LED grow-lights in the horticul-
tural market. To further increase their market share and boost the profit in the sector, the
companies are engaged in a stiff competition with each other. This has proven a golden
opportunity for the farmers in the horticultural sector, as the competition has provoked
these companies to come out with a better grow-light that could provide better
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Figure 9.10 Global market share of different types of grow-lights (2013e23). HID, high
intensity discharge; LED, light-emitting diode.
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performance and benefits than the existing ones. Their research activities have boosted
the knowledge regarding the impact of the spectral quality and quantity on the growth
and quality of plants and, thereby, paved way for more specifically designed LED grow-
lights. Philips lighting is a leading multinational company in LEDs. In 2018, Philips
lighting has renamed its lighting products under the brand name of Signify. They
launched an energy-efficient Philips GreenPower LED flowering lamp to extend the
daylight and interrupt the night growing cycles in greenhouse chambers for farmers
growing strawberries, bedding plants, cut flowers, and plant cuttings. The newer version
of Philips GreenPower modules are built on the first generation of Philips GreenPower
LEDs, and they are optimized for closed, climate-controlled cultivation facilities such as
vertical farms, propagation, and research chambers that make use of multilayer farming
to cultivate crops such as herbs, young tender plants, lettuce, spinach, and other green
leafy vegetables and soft fruits. These highly energy-efficient grow-lights can steer
the growth of crop plants with better precision and flexibility and aims to increase the
crop yield, quality, and consistency. It holds the ability to accelerate flowering and serve
the needs of farmers practicing indoor farming. They are designed with a standard E26
or E27 fitting to allow their installation in the existing setup and avoid unnecessary
expenses in modifications. Philips lighting has developed certain recipes of light that
makes use of the light intensity, spectrum, positioning, uniformity, and duration. By
altering these characteristics as per the requirement of plant, farmers were able to achieve
better yield from their crops. This has led to the pushing away of the boundaries of
farmers that are used to restrict them from gaining control over the crop yield and qual-
ity. Philips GreenPower lamp also follows a similar policy and is available in two
different variants. The first variant consists of a combination of white and deep red,
whereas the other offers the combination of white, deep-red, and far-red colors. The first
variant is effective in inhibiting the flowering in short-day plants, whereas the second
variant is effective in providing photoperiodic lighting for perennials and bedding plants.
It can monitor and interrupt the night cycle to extend the daylight availability to plants
and promote the growth and strength of stems of plants such as strawberries and
stimulate the flowering in them. Philips GreenPower lamps come with an appearance
of an incandescent lamp but are purely made of LEDs assembled inside a robust plastic
dome. Such type of design is provided keeping the safety of crop plants in the front line.
This will help to mitigate the jeopardy of damage to crop plants from the broken pieces
of glass lamps. Philips claims that GreenPower lamps can last for about 25,000 hours
with 90% flux maintenance and is rated for IP44 and UL dry and damp conditions
indoors. It is also found to perform much better on the energy grid in comparison
with the incandescent and CFL grow-lights.

Osram Sylvania has released its Zelion HL300 series of horticulture LED fixtures
that are available for various phases of plant growth. This series of lamps can be
dimmable and tunable along the full spectrum of light so as to adjust to the plant
requirements. The series consists of three variants, namely, Zelion HL300 Grow-
Light, Zelion HL300 Grow White, and Zelion HL300 Sunlight. Zelion HL300
Grow-Light is designed to commercially boost the horticulture market and are gener-
ally used as supplemental light for crops to give better yield and quality. Zelion HL300
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Sunlight is recommended for providing natural daylight artificially to crops that
require natural sunlight. Zelion HL300 Grow White is a combination of the spectrum
provided by the other two variants. Such fixtures are most recommended for the
climate chambers wherein higher photosynthetic activity among the crop plants is
required. These horticulture lamps use superior quality Osram Oslon LEDs that are
manufactured by the Osram optosemiconductors and are merited with long life.
They emit light in the visible light region covering the spectrum from 400 to
700 nm, which is the photosynthetically active region and suitable for plant growth.
These lights are designed to withstand the greenhouse environment for optimum
crop production. They provide the essential spectral quantity and quality needed for
superior photosynthetic performance accompanied by optimum energy savings. The
Zelion HL300 series have kept a nice attention on two important parameters. The first
one is the maintenance of the temperature of the fixture during its operation. It has a
patented active cooling system that enables the lamp to maintain a low temperature
during operation and ensure long life over the span of the fixture. The second param-
eter is the uniformity of the spectral distribution on the plant canopy, and this is also
taken good care of by the HL300 series lamps.

Optimization of LEDs to enhance the photosynthetic activity by bringing about
technological advancements in them can lead to the growth of grow-light market.
This can be achieved by utilizing the profound knowledge gained on the plant
physiology and the photosynthetic activity to systematically adjust the LEDs to
function as per the plant’s requirement. Modern LED grow-lights come with the ability
to control temperature and spectral parameters depending on the crop to optimize the
photosynthesis. Another advantage is the emergence of advanced softwares and calcu-
lators for horticultural lighting that can intelligently maneuver the light output. Several
manufacturers of grow-lights have begun developing softwares with the help of botan-
ical researchers to provide a reliable agricultural lighting for better yield from crops
and achieve the targeted harvest. The amount of light wasted on the walls or illumi-
nating the aisles can be focused precisely on the plants by using these softwares.

9.7 Conclusions

The virtues hailed by LEDs during their operation have tremendously benefited
farmers practicing vertical farming and have also shielded them from the wrath of
unpredictable weather conditions. The use of artificial lighting systems as primary
and supplemental light sources for the cultivation of crops has not been a new idea,
but this concept became more feasible with the entry of LEDs in to the market. The
use of conventional light sources such as incandescence lamps, fluorescence lamps,
HID lamps, and so on proved uneconomical and risky for the farmers. However, all
the apprehensions of adopting artificial lighting for plant cultivation were removed
when LEDs stepped into the pivotal role of grow-lights. The clear-cut advantages of
LEDs over other artificial sources have put them on the driving seat and increased
the potential to reap out huge profits from vertical farming.
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Current trends and innovations 10
10.1 Introduction

For the past two decades, the optoelectronics industry has witnessed a strong growth
that was fueled by the back-to-back emergence of high-profile devices. LEDs are one
of the key contributors to the growth of optoelectronics market in all these years.
High-brightness LEDs (HB-LEDs) have already surpassed the luminous efficacy
demonstrated by the once efficient CFLs. From the beginning of the last decade,
HB-LEDs have made strong sales in the backlighting systems for the displays of
LCD TVs, computers, smartphones, and tablets [1]. The penetration of HB-LEDs
into these applications has almost reached 100%. This compelled the manufacturers
to increase the production capacity of HB-LEDs. They have also focused on improving
the efficiency and quality of light as well as cutting down the costs on its production
[2]. HB-LEDs have now captured the lighting market in the major sectors such as
outdoor lighting, automotive lighting, digital signs, and indoor lighting.

The tremendous growth and change experienced by the LED industry have led to
several new opportunities and businesses for many industries. The lowering costs,
increasing efficiencies, and improving device structures have made the LED industry
a leader in the lighting industry. LEDs have achieved many great strides to become an
inevitable part of all the new recent technologies to make human life more comfortable
and easier. They ended the realm of incandescent bulbs and fluorescent tubes in a short
span of time. The LED lights meant for general illumination have got modified to
deliver additional features too. The newer versions of LED luminaires are specially
designed to provide a dynamic beam spread without any moving parts. This feature
has found applications in the systems requiring customized control over the beam.
Another modification is the removal of the external circuit board drivers that were
earlier highly essential for the LED lighting systems. Traditionally, external drivers
were meant for the conversion of electricity supply from the mains to a form suitable
for the stable operation of LEDs. The removal of external drivers from the emerging
new LED products has made them compact and the LEDs have itself become capable
to handle the power requirements. Newer manufacturing processes have led to the cre-
ation of LED arrays in flexible foils. A roll-to-roll manufacturing process was found
suitable for developing flexible LED displays that comprise printed electronics. The
ultra-thin design of LEDs has made them applicable in various fields. Newer models
of TVs and smartphones feature flexible thin displays made of such LEDs that
contribute to reducing the size and weight of the device.
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LEDs are not just a mere means of lighting, but it has brought about a revolution in
the life of mankind. It has touched innumerable fields of application wherein no other
lighting sources were able to reach. They have captured two-thirds of the global light-
ing market and have extended their influence on other sectors such as display industry,
horticulture, food storage, data transmission and digital communication, skin rejuve-
nation, and medical treatment. [3]. A number of organizations have shifted their
research on LEDs citing their omnipotent applications in diverse fields. Efforts are
being put to design appropriate LED products that can fit into each of the individual
applications and initiate their actual commercialization for the world to enjoy a
more comfortable and luxurious life.

10.2 Overview on the past and present trends in LEDs

Light has become an inseparable part of human life. Light decides how productive an
individual can be at his work, how quickly he can recover from an illness, and how
well he can learn. Over a century ago, people accustomed to oil lamps and candles
were amazed with the popularity of the incandescent bulbs. This invention was seen
as the ultimate and ideal light source. Years passed by and the society witnessed
newer technologies, which were far better in efficiency and performance. Yet none
were as amazing and innovative as the LEDs. In the early days of LEDs’ emergence,
R. Haitz made some observations and forecasted about the future of LEDs and its
steady improvement accompanied by declining prices, as shown in Fig. 10.1 [4].
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Figure 10.1 Haitz Law forecasting about the variation of light output and cost per lumen for
every decade.
Reproduced with permission from Ref. R. Haitz, J.Y. Tsao, Solid-state lighting: ‘The case’ 10
years after and future prospects, Phys. Status Solidi 208 (2011) 17e29. doi:10.1002/
pssa.201026349, Copyright. 2011 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.
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According to Haitz, the quantity of light generated from an LED will increase by a fac-
tor of 20 and the cost incurred per lumen output will fall by a factor of 10, in every
decade. This trend was supposed to level off by 2016, but the improvements still
continue to appear in the LED technology. Every year, LED packages come out
with new streamlined mechanical and optical designs, improved electronic drivers,
and enhanced performance. LED fixtures have evolved, not only in the design but
also in the range of applications. LEDs have successfully found applications in diverse
fields such as horticulture, food storage, dentistry, medical treatment, display devices,
high-speed digital communication, and indoor and outdoor lighting, The LED lighting
fixtures are becoming smarter and now, and they are not just limited to general light-
ing. LEDs are designed to send high-frequency modulation signals that can be picked
up by a smartphone or other devices. It is, now, possible to control the color hue of the
LED lamp using a smartphone and automatically switch it on/off.

Although consumers usually just want their lights to be turned on or off as per their
needs, many consumers always desire to extract something more from their luminaires.
LEDs have stood up to the demands of these consumers, and now, LED luminaires are
twice as efficient as the ones that were introduced half a decade ago. The introduction
of several new materials and technologies boosted the efficacy and performance of
LED luminaires and has brought down the production costs to a considerable level.
The cost of LED luminaires is now comparable to that of CFLs, and this has acceler-
ated the adoption of LED lighting in almost every segment. Their prices have now
declined to a point that every sector relies on LEDs as the most economical choice
available in the market. The market potential offered by the LEDs is acting as a driving
force for its development and growth. There is a rapid growth of LED lighting in the
global market and the projected growth is mainly propelled by the rising demand from
an ever-growing population and the progressive development of nations. The annual
global shipment of LED products is projected to reach 14 billion units in the year
2022 [5]. The global lighting market is anticipated to reach USD 92.4 billion in the
same year.

10.3 Innovations in the structure and designing of LEDs

To achieve a more effective connection between humans and electronics, researchers
are now focusing their attention on the development of wearable electronics. This has
propelled the research on the related materials like e-textile, wherein human-friendly
fabrics were integrated with electronic components to provide some additional
features to the human wear. A research group headed by Kyung Cheol Choi devel-
oped a fiber-based polymer LED that can be woven to create wearable fabric [6].
These fibers can be subjected to mass production just as polyethylene or nylon fibers.
These polymer fibers will open the door for flexible wearable displays and lower the
barriers encountered while introducing flexible wearable displays into the market.
Earlier, wearable displays were produced by coating the emitting layer on a hard
substrate and then attaching them onto the surface of the fabric. However, such
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displays were not flexible and were susceptible to damage. With the introduction of
polymer fibers, it has become possible to LED displays that carry the features of a
display device as well as a fabric. The light-emitting fibers were developed in the
laboratory using the dip-coating process. This method involved a lot of dipping
and drying and was assumed to be a more efficient process than any heat-
treatment method for the application of LED fibers over small cylindrical structures.
In addition, dip coating is much more effective than the inkjet printing, screen print-
ing, or spin coating methods, as the former allows concentric coating of fibers easily.
The process involved the dipping of a fiber of polyethylene terephthalate (PET) into a
solution of PEDOT:PSS (poly(3,4-ethylene dioxythiophene) polystyrene sulfonate).
This was, then, dried at 130 �C for half an hour. After drying, the fiber was again
dipped in a bath of super yellow (poly-(p-phenylenevinylene) polymer OLED) solu-
tion. The dipped fiber was, then, dried in an oven and coated with LiF/Al cathode
material. This process is a simple, cheap, and effective method that can accelerate
the production of wearable displays. Fig. 10.2 shows the microscopic images of
the polymer fiber emitting light when operated at 8 V and a bare fiber.

Currently, most of the wearable displays are fabricated using OLEDs. In most
cases, OLEDs are fabricated on a glass substrate and encapsulated using a glass lid.
However, the flexibility of OLEDs is lost with the use of glass encapsulation. The
next generation of tablets, smartphones, and wearable displays shall be completely
based on flexible displays, for which the glass-encapsulated OLEDs will not be appro-
priate. For such flexible displays, graphene-based ultrabarrier materials will suit the
best. Graphene is granted with an excellent thermal and chemical stability accompa-
nied by a fine carbon lattice and a densely packed structure [7]. Graphene can turn
out to be an amazing barrier to liquids and gases [8]. Due to its flexibility, robustness,
and transparency to visible light, it is considered as an excellent barrier film for the
encapsulation of flexible OLEDs. In addition, the high conductivity of graphene
acts as an added advantage in the development of graphene LEDs with more effi-
ciency, long-lasting life, and brightness. Seo et al. used multistacked graphene films
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Figure 10.2 Microscopic images of the polymer fiber emitting light when operated at 8 V and a
bare fiber.
Reproduced with permission from Ref. S. Kwon, W. Kim, H. Kim, S. Choi, B.-C. Park, S.-H.
Kang, K.C. Choi, High luminance fiber-based polymer light-emitting devices by a dip-coating
method, Adv. Electron. Mater. 1 (2015) 1500103. doi:10.1002/aelm.201500103, Copyright.
2015 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.
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with a polydimethylsiloxane buffer on a PET substrate to demonstrate a simple, low-
cost, scalable, transparent, and flexible lamination encapsulation for OLEDs [9]. The
graphene innovation is hugely led by the United Kingdom (UK), whose market in
graphene is expected to touch GBP 800 million by 2023. The University of
Cambridge, the National Physical Laboratory, the Centre for Process Innovation,
and the business partner FlexEnable Ltd. have joined hands to work together on a com-
bined project on graphene to scale-up its manufacturing landscape in the UK. They
investigated the feasibility of producing graphene-based barrier films for the next-
generation flexible OLED lighting and display products. Graphene is impervious to
many molecules and hence, will provide significant blocking of liquids and gases,
thereby enabling them to be a perfect barrier material for OLEDs. Another competitive
technology that has been regarded as an appealing product for high-quality display
panels and solid-state lighting (SSL) devices is the solution-processed OLEDs
(s-OLEDs). The s-OLEDs have shown superior properties than the vacuum-
evaporated OLEDs (v-OLEDs). The production costs involved in the development
of s-OLEDs is far less than the v-OLEDs [10,11]. Burroughes et al. reported the first
conjugated polymer-based s-OLEDs in 1990 [12]. Since then, several huge achieve-
ments were made in this field [13e17]. The need to achieve s-OLEDs, which are
consuming a lesser amount of energy, has led to several serious efforts for the explo-
ration of the methods and designs suitable for realizing energy-efficient s-OLEDs.
Quantum dots (QDs) have also set a mark in the LED industry and are set to outper-
form the phosphor-converted LEDs (pc-LEDs) in general lighting. QDs have already
put up a tough competition with the OLEDs in the display industry. QDs are known to
produce tunable emission with low back-scattering loss. Their dominance in the
display and general illumination has been long anticipated. However, they were
held back due to certain difficulties in withstanding the on-chip LED temperature
and photoflux intensity. The passivation of QDs turned out to be a solution to many
such difficulties that hindered their path to commercial applications [18]. This resulted
in the improvement of the spectral luminous efficacies of QDs way better than pc-
LEDs, as illustrated in Fig. 10.3. In the case of bare QDs (nonpassivated QDs), the
electrons from the conduction band can get trapped in the surface states that can decay

Conduction bandConduction band

Trapping

Surface trap states

Non-radiative recombination

Valence band Valence band

Band-edge emission

Low photoluminescence
quantum yield

High photoluminescence
quantum yield

Bare QDs Passivated QDs

Figure 10.3 Difference in the PLQY obtained for bare QDs and surface passivated QDs.
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non-radiatively to give a weak trap emission. On the contrary, QDs with the surface
states passivated by inorganic or organic shells remove the occurrence of trap emission
and allow only the band-to-edge emission [19]. Consequently, the photoluminescence
quantum yield (PLQY) is low for the bare QDs and high for the surface-passivated
QDs. In recent years, perovskite materials based on the metal halides have grabbed
the attention of the scientific community working in the field of optoelectronics
[20]. Particularly, hybrid organiceinorganic metal halide perovskite nanocrystals
(NCs) of the form MPbX3 (where M ¼ MA [CH3NH3], FA [CH3(NH2)2]; X ¼ Cl,
Br, I) have shown great potential in the luminescence industry. CsPbX QDs have
also been regarded as excellent luminescent materials owing to their high PLQY.
The next generation of LEDs is certainly going to adopt these perovskite materials
that offer several intrinsic advantages owing to their direct bandgap. They are also
known to produce high PLQY that can reach close to unity, high carrier mobility,
and long exciton diffusion length [21]. The introduction of perovskite NCs for photo-
voltaic applications led to an epiphany that these materials can be used for LEDs too.

For an LED bulb, the driver circuit forms an integral part that converts the
electricity from the mains supply into a form that can be used to operate the LEDs.
Unfortunately, the driver circuits are the first ones to fail in an LED package and virtu-
ally shorten the life of the luminaire. As a solution to this, certain manufacturers have
started eliminating the driver component out of the equation. Some others adopted
multichannel LED drivers instead of single-channel drivers to increase device effi-
ciency and reduce the production costs [22]. For each of the individual LED channels,
the drivers can operate at different brightness levels. This enables optimization of the
lighting applications as compared to single-channel drivers. LED retrofits are also a
solution to reduce the maintenance costs by enabling the replacement of only the faulty
components of the system, rather than replacing the entire luminaire.

10.4 Innovations in the applications of LEDs

There is a lot of buzz going on in the lighting industry with the new-found applications
of LEDs. LEDs have made a strong and comprehensive presence in human life. Their
suitability for applications in diverse areas has aided them to go beyond the frontiers
that were never reachable by its preceding light technologies. LEDs have also paved
way to achieve smart lighting solutions, wherein the luminaire can be controlled
remotely just by a touch on the smartphone. LED luminaires can be connected with
a smartphone, and thus, the smartphones can be used to control the lights that can
be controlled. The lights can be switched on/off, dimmed, and its color hue can be
varied as per the need. The biggest potential benefit of this feature is the greater energy
savings attained by the smart utilization of the light. In commercial airlines, passengers
often experience jetlag during their international travel across the longitudes of the
earth. As illustrated in Fig. 10.4, the aircrafts are installed with color-tunable LEDs
to provide comfortable lighting to the passengers and make them adjust with the jetlag
faced while traveling to different time zones.
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Apart from smartphones, LED luminaires now offer the ability to connect with the
Internet of Things (IoT). The term IoT is usually meant for describing the set of gad-
gets (in addition to computers or smartphones) that are connected with the networking
web. Thus, all sorts of household equipment such as fridge, air-conditioners, TVs, and
lamps can be included in IoT as they can be connected to the internet. The best way to
connect all the things at once is through the ideal network provided by lighting. As
light fixtures are already installed on the ceilings and walls of a building, it is easy
to connect them to all possible things on which light will fall on. The only requirement
will be the additional installation of some sensors and a data connection. Commercial
outlets, museums, indoor spaces, railway stations, and airports are all transforming into
internet hubs, and this will be further facilitated by the new Li-Fi system. The smart
lighting feature of LEDs enables them to operate the Li-Fi system and connect all
the things to a single network. These light bulbs are becoming smarter and can be
controlled by voice commands too. LIFX, a pioneer in smart LED lamps, has collab-
orated with Google to add voice controls for the LED lamps through smartphones or
other devices that run on the Google’s Android operating system. The voice

Figure 10.4 Color tunable aircraft cabin-lighting.
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commands can control the lighting system connected to it through the LIFX app or can
be controlled using Google without the app. The lights can be switched on or off, and
the lamp’s color hue and brightness can be adjusted just by giving voice commands on
the Android device. The Android device must be always kept connected to the network
for enabling the voice command feature. Philips Hue is another android app that has
been introduced to control the lighting system. Fig. 10.5 illustrates the LIFX app
and Philips Hue app.

LEDs have made promising future for the horticulture and indoor farming. These
innovative sources of artificial lighting have improved the nutrient quality in plants,
microgreens, and sprouts [23]. LEDs not only provide supplementary illumination
for plants but may also prove to be useful sole-source lighting at times when no other
light source (including solar energy) is available. The exposure of sprouts and micro-
greens to the LED source can help in the regulation of a series of structural genes in
them. These are of utmost importance for the biosynthesis of phytochemical
compounds such as carotenoids and flavonoids. It is predicted that the number of
greenhouses and horticulture farms depending on LED light sources will be on a

Philips hue

LIFX

Figure 10.5 Android-based LIFX and Philips Hue apps for controlling the LED lighting
system.
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rise [24]. The introduction of LEDs into the food industry has provided huge health
benefits and opened up possibilities to produce enough grains and vegetation to sus-
tainably feed the ever-expanding population.

10.5 Innovations in fashion

The best way to express fashion in society is through the clothes worn by an individual.
The fabric materials used for clothes are meant to be both seasonal wear and attractive.
Gone are the days when people used to prefer clothes just on the basis of fashion. The
modern era demands something extra in addition to fashion. Swedish designer, Malin
Bobeck, made efforts to bring life into the fabrics by inducting LEDs into them. She
created a glowing fabric by weaving optical fibers in them. She developed a grand
textile of wonder by incorporating 500 programmable LEDs into the fabric that
responded to human touch. Several other textile industries experimented by devel-
oping jackets and coats embedded with LEDs. They are also embedded in the skirts
for ladies and girls to light up their thighs and give a more fashionable appearance
to the user. Depending on the movement of the user, the LEDs change colors with
the help of gyro sensors that keep track of the user’s movements. The gyro sensors
are miniature in size that is capable of sensing even the rotational movement of skirts.
Consequently, the skirt shows different patterns and colors of light, thereby giving a
vivid appearance to the skirt. Another wonderful piece of LED skirt was launched
by ThinkGeek, a US online retailer. They named the skirt as “Twinkling Stars Skirt”
because of the fancy pattern of LED lights that twinkle like a star constellation as
shown in Fig. 10.6. There are more than 250 LED lights embedded within the blue
skirt to mimic the star constellations. There are three layers that give a fascinating
appearance to the skirt. The layers include the white liner, the gauze layer, and the

Figure 10.6 “Twinkling Stars Skirt” created by ThinkGeek.
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transparent constellation layer. The battery-powered LED lights are attached to the
gauze layer that consists of 30 elastic snap tabs. The battery pack is held within a
built-in pocket in the gauze layer. The blue skirt can be worn with the lights on or
off. If the battery pack is removed, it becomes just like a regular skirt. However,
when the lights are powered on, the 45 feet of the LED strip will shine within the layers
to appear like fairy lights twinkling through the fabric.

Apart from the fancy appearance for fashion, LED clothing has also been brought
to certain life-saving applications. LED embedded apparels are recommended for
cyclists at night to prevent them from accidents. The National Highway Traffic
Safety Administration (NHTSA), a US federal agency, has reported that the number
of cyclists dying due to accidents has increased particularly because they are not
visible to other vehicle drivers at night. The Centers for Disease Control and Preven-
tion, a US federal agency under the Department of Health and Human Services,
recommended the cyclists to wear apparel with active lighting and reflective panes.
Visijax, which is a leading company in the world for the production of wearable elec-
tronic apparel and clothing, has developed a coat with LED lights embedded on the
back of its sleeves. The lights would flash whenever the cyclist wearing the coat
would lift his arm to signal his turn and thereby, alert other vehicle drivers on the
path or behind the cyclist. A narrow strip of red LEDs is also embedded at the
back bottom of the coat to mimic like a brake-light. However, the coat is incapable
of sensing the braking of the cycle and hence, the red strip of LEDs is a mere
indicator of the presence of the rider. A line of apparel embedded with smarter
LED lights was developed by Lumens. When the lights are not on, the jacket looks
like a regular, fashionable one. These LED lights are customized to conduct several
functions in the jacket. Lumens app, which is available in both Android and iOS
versions, can pair with these LED lights and perform several actions. They can be
configured to use GPS navigation through Google Maps and the gyros with the
help of this app. The jacket worn by the cyclist can give signals of his movements
to other vehicle drivers and warn them about the cyclist’s next move. For example,
the jacket shall stimulate a red brake light when the cyclist stops, flash an orange light
to signal his turn, and switch on the strobe mode while crossing an intersection, as
shown in Fig. 10.7. The lights can also be customized to indicate different activities
of the wearer. Another British brand, Lumo, has also introduced a wide range of
apparel and backpacks with built-in LEDs. The LED lights on the clothes may go
unnoticed during the day but will never miss any admirers during the night. As
per Lumo’s claims, these LEDs are visible from a distance of 400 m in the dark.
Other added advantages of these clothes are that they are stain-resistant, waterproof,
and can be machine-washed. The LED lights are powered by a light-weight recharge-
able battery that can last for 2e6 h on a single charge. Lumo’s Herne Hill Harrington
jackets boast of bike-friendly features that consist of a dropped tail, stretchable shoul-
ders, and inner cuffs capable of resisting the entry of cold air. This range of apparel
also includes a polo shirt with white LEDs (WLED) in the front placket and red LEDs
at the back seam. The Bermondsey backpack is decorated with WLEDs on its straps
and red LEDs on its back. Impulse has also created a jacket to increase the rider’s
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visibility to other vehicle drivers through the illumination of its high-output LEDs.
These jackets offer a wireless link with the motorcycle that aids in stimulating the
illumination of certain LEDs based on the movement of the motorcycle.

LED lights have also been embedded in clothes to detect the Wi-Fi and Bluetooth
signals in the nearby premises. Matt Martin created a perfect shirt with a combination
of electronic devices powered by Li-polymer batteries to detect the Wi-Fi and Blue-
tooth signals. 31 Neo pixel strips comprising more than 100 LEDs were hand sewn
into the shirt. LED-embedded goggles are another piece of innovation that combines
the utility with fashion. The implantation of LEDs into swim-goggles has facilitated
swimmers to swim from one end of the swimming pool to the other in a straight
line. The goggles are easy to use in water. They are powered by high-precision com-
pass, accelerometer, and a microprocessor. To set the target destination, the user needs
to look at the far-off target and switch on the button by pushing it on the side of the
goggles. This will set the target and the swimmer can swim to the destination under
water. If the swimmer is swimming correctly in the direction of the destination, then
the two LEDs situated above each eye of the goggles will illuminate green. If the
swimmer strays away from the destination or follows a wrong path, then the LEDs

Figure 10.7 Jacket embedded with LEDs for the cyclists.

Current trends and innovations 263



will illuminate yellow or red light depending on the level of straying. After reaching
the target destination, the swimmer can set a new destination by looking at the new
target and pushing the button again.

10.6 Current scenario of LED market

Manufacturers have explored the potential for LEDs by introducing new lighting de-
signs and producing the luminaires as per the requirement of the situation in which it is
to be mounted. Special care has been taken to optimize the lighting needs and provide
the best experience to consumers through integrated lighting. LEDs have achieved
great heights by meeting the demands of the consumers in terms of the efficiency, color
tone, and operating life. Although there is seemingly little room left for improvement,
LEDs continue to amaze again and again with its new developments that pushed its
performance limits.

Recently, UV-LEDs have gained huge popularity owing to its disinfecting prop-
erties. The rising number of bacterial and viral infections/diseases has provided an
urge to disinfect the surroundings. Of late, the mayhem caused by the COVID-19 dis-
ease has increased the demand for disinfection. The continuing global spread of the
disease has fueled great concerns over the future and this has increased the need for
sterilizing. Consequently, the sales for the UV-LED products have gone up signifi-
cantly. Several Chinese automotive companies have relied on the UV-LEDs to
develop sterilization systems for the vehicle’s interiors. UV-LEDs are also used by
space research centers like NASA to provide a germ-free environment for astronauts
aboard the International Space Station. One of the major developments in this tech-
nology is the improvement in its lifetime. Earlier, UV-LEDs were highly expensive
and offered a short lifetime of just 10,000 h. This disheartened many manufacturers
and they refrained from the production of UV-LEDs. However, a South Korean com-
pany, Seoul Viosys Co. started developing Violed UV-LEDs that offered a higher
lifetime of 50,000 h. They claim that 1 min of UVC exposure using UV-LEDs can
sterilize about 90% of the coronavirus and 97% of the influenza-type viruses [25].
Everlight has also designed a 280-nm emitting UVC LED that can kill pathogens
effectively. These LEDs are packaged in inorganic quartz and can be mounted in
direct contact with the water, thereby, making them eligible to disinfect the drinking
water more efficiently. The US Department of Energy’s Ames Laboratory has devel-
oped an OLED that can emit near-ultraviolet light [26]. These OLEDs could emit
light in the wavelength range of 370e430 nm.

The market trend for the LEDs has always been ascending since its penetration into
the lighting and display industries. Although LEDs were priced much higher than their
counterpart technologies, their efficiency and longer lifespan compensated for the
initial investments [3]. There has been a rise in the LED market at a global level. It
is projected that 67% of the energy will be saved by the year 2030 with the implemen-
tation of LEDs [27].

Unfortunately, there has been a down graph in 2020 in the market for packaged
LEDs in overall. Compared to its preceding year, the year 2020 witnessed a decline
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of 4% in the market for packaged LEDs. There were a plethora of negative factors that
resulted in this scenario. There was an oversupply of LEDs in the late 2018 that led to a
drop in the prices during the first quarter of 2019 and the situation worsened further
with the price erosion of LEDs in mid-2019. This led to a significant drop in LED
prices during the fourth quarter of 2019. Compared to the fourth quarter of the previous
year, the mid-power LED price dropped by 20%e30%, while the prices of high-power
LED dropped by 5%e10%. The overall decline in the revenues of the LED market for
2019 was about 4% than the previous year. Another factor that put a dent in the LED
market was the USeChina trade war. It was anticipated that the repercussions of the
trade war will be sorted out in 2020 and the LED market will resume its recovery with
the pickup in its demand. However, things got worse with the outbreak of the corona-
virus disease (COVID-19) in December 2019. It is still not clear how the pandemic will
impact the LED business in 2020 and the succeeding years. The year 2019 also
witnessed the shutting down of many troubled manufacturing companies that were
later acquired by the giant players such as Signify, GE, and Acuity; yet, the manufac-
turers are optimistic that the LED market will gain positive momentum and recover all
its losses incurred due to the global crisis. By 2024, the LED market is expected to
show 5% growth to reach the revenues of $20 billion. Huge growth is anticipated in
the sales of mini-LED and micro-LED based displays. This sector earned $200 million
revenue in 2019 and is expected to grow to $1.6 billion by 2024. The 5-year forecast
predicts that the revenue of the initial 3 years will be mainly contributed by the mini-
LEDs that would serve as backlighting for displays in a more fashionable way than the
present displays. The last two years of the forecast will be mainly dominated by the
self-emissive displays developed from micro-LEDs.

10.7 Limitations and challenges

LEDs have become the backbone for the SSL industry and many other related sectors.
LEDs have successfully overcome most of the limitations faced by the previous light-
ing sources. Some of the advantages accompanied by the LEDs were the superior color
rendering ability and spectral output, higher efficiency, longer lamp life, lower power
consumption, etc. All these attributes made LEDs distinct from other lighting sources
and hence, LEDs became the most desirable lighting technology. Yet, certain limita-
tions put LEDs on the back foot at certain points. The LED industry has made massive
strides in growth and processing technologies. Regardless of the breath-taking
progress made by LEDs, there are still certain issues that require further improvement.
The performance and reliability of LEDs are sensitive to the temperature and other
environmental conditions. In addition, there are certain challenges faced in the
cost-control during production and thermal management. LEDs exhibit optimum
performance in the ambient temperature of the operating environment. In high-
power LEDs, this feature is highly critical. In recent years, there has been significant
improvement in the energy efficiency of LEDs. Yet, there has been a lot of heat
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dissipation from LED packages mainly because of the electronic drivers installed in
them. LEDs can be permanently damaged if they are exposed to heat very often. It
may also result in the degradation of the LED’s performance, decrease in the quality
and quantity of the light output, or premature failure of the device. It is highly crucial to
provide proper heat sink or cooling systems to the luminaires to ensure proper heat
dissipation. This would guarantee a long lifetime for the LEDs and allow its operation
in a wide range of temperatures. The involvement of heat sinks in the LED package is
one of the prime reasons that the manufacturers are facing difficulty in bringing down
the production costs of the LED. Heat sinks are unavoidable components of the pack-
age and are essential to curb the problem of overheating. Generally, materials with
high thermal conductivity are used to propagate the heat out of the package. However,
these materials come with a substantial amount of weight and cost. As a result, the
weight of the LED package increased along with its cost. Additionally, the higher
weight of the package means that the cost of shipping the LED products is also raised.
An LED package generally consists of three features [28]:

(a) Heat generation and dissipation
(b) Fluid flowing and molding
(c) Lighting extraction and control.

The first two features strongly influence the lighting extraction and control of the
LED package. The heat generation in the LED package can arise from multiple rea-
sons. The prime reason for the generation of heat in the package is the non-radiative
recombination processes in the LED chips. In addition, the driver circuits add to the
overall heat generation in the package. The phosphor coated on the chip is also
affected by the heating of the LED chip. The heat generated in the chip will be
conducted by the phosphor coating, and during operation the phosphors themselves
can generate additional heat. A phosphor is coated on the chip by embedding them in
a silicon matrix. The phosphor can be considered as a non-Newtonian fluid that also
exhibits the flowing processes of contacting, wetting, spreading, and stabilizing [28].
When a phosphor gel is dispensed over the LED chip, it makes a contact with the chip
and wets it to cover the chip. The phosphor spreads over the heat slug and then
stabilizes over the chip to form a convex shape. However, the phosphors particles
can form non-uniform distribution on the chip as a result of gravity. The non-uniform
distribution of phosphors can adversely affect the optical characteristics of the LED
package [29,30].

Sometimes, flickering and other visual anomalies are observed in LED lamps,
which appear due to the occurrence of large ripples in the DC power supplied to the
lamps. The temporal variation in the power supply causes flickering in the lighting.
When an unbalanced current waveform is supplied to the LED, flickering happens.
The LED drivers supply a regulated power supply to the LEDs from an AC power
input. The regulated power supply provides a stable and balanced power for the
LED to operate. Any kind of instability in the power supply would result in the
LEDs to flicker indicating a malfunction in its operation. It is a challenge to develop
appropriate driver circuits and power supplies for an LED that can avoid the flickering
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of light from the LEDs. The glare from the LEDs remains to be an obstacle, which
must be addressed by the manufacturers to improve the overall lighting experience.
LED lights are also facing certain challenges in the automotive lighting sector. WLEDs
have found suitable applications in the automotive forward-lighting applications.
Although their mechanical packaging and thermal resistance were appropriate for
this purpose, their luminance and luminous flux remain a matter of concern. Still,
high-intensity discharge (HID) lamps show higher luminance and luminous flux
than the LEDs. The LED headlamps are now just limited to the premium model
cars due to their high pricing.

10.8 Future prospects and scope

The new decade has ascended with higher aspirations and planning to tackle the newer
challenges in the lighting industry. The industry has experienced rapid digitalization
and dazzling transformation to exhibit some key advances in the technology due to
which the SSL industry will touch the greatest heights in the next 10 years. The man-
ufacturers are trying to take advantage of every opportunity by designing the LED
products with the involvement of the latest technologies that are at their pike. The
LED industry has gone through certain ups and downs in the recent past. However,
in the long run, LEDs have proven a profitable track and will keep continuing to do
so. LEDs have successfully penetrated various sectors such as automotive lighting,
traffic signals, communications, signage lighting, medical sector, horticulture, and
food industry. However, its main objective was to dominate the general lighting sector
and to eliminate the existence of incandescent and fluorescent lamps. The emergence
of LEDs has not only lowered the energy consumption but also reduced the carbon
footprint. The whole new range of applications is now driven by the new LED tech-
nology that has presented a novel approach to the lighting products.

During the early days, there used to be a belief that LEDs are not meant for every
application. However, things have changed and now LEDs have spread their wings in
almost every field. Some fields have adopted LED technology a bit slower than others,
but this did not halt the penetration of LED technology in those fields. Rather, the old
technologies were forcefully thrown out by the consumers who were overwhelmed by
the richness of the LED technology. Nowadays, everything is turning wireless and
eliminating the long tangling wired connections that often resulted in a mess. The
lighting controls are also not an exception and they are slowly approaching the wire-
less trend. Wireless communication devices such as tablets or smartphones can be used
to control the luminaires and set the desired color hue. The retrofit modules of LEDs
are the most appealing as they eliminate the need for replacing the entire luminaire and
just concentrate on the replacement of the faulty component of the module. In short,
LED luminaires are transforming into plug-and-play devices that do not require a pro-
fessional electrician to come and replace the faulty luminaire.
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10.9 Conclusions

It is a daunting task to predict the position of LEDs or SSL in the next 10 or 20 years.
However, identifying the present conditions as clues to the future, it can be assumed
that LEDs will head-on to become the prime technology for lighting and other related
applications. The rise and popularity of LEDs have helped in the cause of lowering
their prices and making them easily available in the market. The boundaries projected
on the LED efficacy and costs by the Haitz’s law have been shattered long back. One
of the reasons for the LEDs exceeding the limits set by this law is the incorporation of
phosphors into the device structure. Phosphors have become an integral part in the
fabrication of WLEDs. The innovations introduced in the design and applications of
LEDs have grabbed global attention. Despite the present global economic conditions,
the LED market has maintained its vibrancy. It has not only established a strong
position in the market but also eliminated the existence of its rival technologies.
Although there are certain limitations and issues, LEDs hold the ability to overcome
them and emerge as a flawless technology very soon. Owing to the rapid improve-
ments in the mechanical, electrical, optical, and thermal components, it is guaranteed
that the LED technology will advance rapidly to reach the pinnacle very soon.
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