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Chapter

Luminescent Materials in Lighting, 
Display, Solar Cell, Sensing, and 
Biomedical Applications
Abhishek Kumar Soni and Bheeshma Pratap Singh

Abstract

This chapter comprises a broader extent of the luminescence phenomenon 
with the mechanism involved therein as well as applications. Typically, the up and 
down conversion and downshifting behavior of the optical materials have been 
elucidated in brief. The fundamental understanding of these optical materials has 
been described by using schematic representations. It is well documented that the 
rare earth-based optical materials are known for their luminescent enrichment 
due to availability of the ladder-like energy levels. These energy levels can be 
utilized for the excitation of the luminescent materials by using a suitable excita-
tion source. In the process of development of luminescent materials, choice of 
host matrices and dopant ions is very crucial. Strong correlation of these optical 
materials has been shown with the current scenario of our society and daily 
life. In view of the ongoing research, nanophosphor, glasses, and quantum dots 
with size- and shape-dependent optical behavior have been given in detail. The 
involved mechanism and the energy transfer phenomenon have been well elu-
cidated by schematic and figures for the evident explanation to the readers. Our 
emphasis is to elucidate these optical materials in the development of innovative 
multifunctional applications such as lighting, display, sensing, LEDs, solar cell, 
and biological applications.

Keywords: light conversion, phosphor, quantum dots, optical temperature sensing, 
LEDs, solar cell, biological and clinical

1. Introduction

1.1 Luminescence in rare earth ions

In 1888, German physicist Wiedemann for the very first time employed the 
term “luminescenz.” Luminescence promotes emission of light from a material at 
a certain excitation wavelength. It can be categorized into diverse kinds depending 
upon the various involved processes of excitation. It is classified as photolumi-
nescence, thermoluminescence, electroluminescence, and chemiluminescence. 
Photoluminescence is a process in which the emission of light (photon) can be 
obtained from the object upon excitation. It is subgrouped into fluorescence and 
phosphorescence. In the thermoluminescence phenomenon, emission of light 
from a solid material occurs upon heating. Electroluminescence arises from gases 
under applied electrical potentials, while chemiluminescence may prevail during 
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the chemical reaction process [1–3]. The fluorescence phenomenon exhibits a short 
time duration of decay levels, while phosphorescence exhibits prolonged decay time 
after the seize of the excitation source. Inorganic materials accommodated with 
impurity foreign ions most commonly lanthanide ions exhibiting luminescence 
upon excitation are known as phosphors.

In 1994, Bhargava et al. [4] reported for the very first time on Mn2+-doped 
ZnS DCNCs that exhibit characteristic features such as change in band gap 
and shifting of emission and excitation spectra of prepared nanomaterials. An 
external quantum efficiency of up to 18% was observed. This report opened the 
new pathways in the field of nanophosphor research area.

Optical materials doped with lanthanide activators are very promising candidates 
for photoluminescence studies. The luminescent material exhibiting luminescence 
properties can be utilized for solid state lighting (SSL), light emitting diodes (LEDs), 
display devices, solar cell, sensing, and biomedical applications. The advantage of 
these luminescent materials in diverse application fetches among the researchers to 
search the novel improved materials with magnified luminescence properties. RE ions 
exhibit ladder-type energy levels and sharp emission lines. Upon doping into a low 
phonon frequency host lattice, these ions can be easily excited by employing different 
excitation sources.

Up-conversion is a non-linear anti-stokes optical process in which a low energy 
input photon is converted into a high energy output photon by the process of 
sequential multiphoton absorption. Surprisingly, due to different involved energy 
transfers in different RE ions, the emission properties can be manipulated by suit-
able doping and/or co-doping.

This chapter has been considered to account for basic understanding involved in 
the luminescent materials, viz. up- and down-conversion and downshifting behav-
ior of the optical materials. These nanomaterials could be a reasonable alternative 
for novel multi-functional optical materials utilized in lighting, display, sensing, 
LED, solar cell, biological, and clinical applications. Quantum dots (QDs) and their 
uses in the biological and clinical application have been justified in view of current 
uses. Figure 1 shows the various applications of luminescent materials.

1.2 Rare earth elements

Commonly known as 4f- block elements having an atomic number ranging 
from 57 (La) to 71 (Lu), these elements adjusted themselves at the bottom of the 
Mendeleev periodic table.

1.3 Silent features of the rare earth elements

The f-block elements reveal various well-defined features that distinguish them 
from the d-block metals. Some of the peculiar properties of f-block elements are as 
follows:

i. The f-block elements manifest a range of coordination numbers (6–12).

ii. RE ions form ionic complexes that undergo facile exchange of ligands.

iii. RE ions reveal small and very sharp electronic spectra and less crystal-field 
splitting.

iv. Since 4f orbitals in the RE ions are well shielded by 5s2 and 5p6 orbitals, there-
fore their optical properties are mostly not changed by the host.
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v. RE ions most commonly exist in its 3+ stable oxidation state.

vi. Some RE elements also reveal other valence states such as 2+ and 4+ under 
specific conditions.

1.4 Spectroscopy of rare earth elements

A partially filled 4f shell is well shielded from completely filled outer 5s2 and 5p6 
orbitals which gives it sharp electronic spectra. The energy level spectra of REs do 
not alter to the outer environment in which they are indulged.

In general, lanthanide ions exist in 3+ state and also exhibit 2+ oxidation state 
in some case. RE ions in triplet states demonstrate intra-4f-4f transitions which 
thus result in an intense narrow emission band in a vast variety of host matrices. 
The shielding of 4f orbitals furnished by the 5s2 and 5p6 electrons promotes to 
radiative transitions which match well with the free ions. Some other RE ions such 
as Sm2+ and Eu2+ show the divalent character. These ions also reveal the visible 
luminescence under suitable excitation wavelength. Moreover, this book chapter is 
predominantly based on the luminescence of the trivalent RE ions.

Neutral RE elements reveal the electronic configuration [Xe] 4fN6s2 or [Xe] 4fN–1 
5d 6s2, where [Xe] constitutes a xenon core whose electronic structure is repre-
sented as [Xe] = [1s22s22p63s23p63d104s24p64d105s25p6]. The electrostatic shielding 
of 4f orbitals by the outermost 5s25p6 orbitals leads an atom-like behavior in RE ions 
under a solid host matrix such as a crystal or glass.

Term and symbol is represented as (2S + 1)LJ, where S, L, and J are total multiplic-
ity, orbital angular momentum and angular momentum, respectively. Involved 
selection rules for intra f-f transitions in lanthanide ions are given in Table 1.

Figure 1. 
Various applications of luminescent materials.



Luminescence - OLED Technology and Applications

4

1.5 Rare earth ion levels in solids

According to Laporte rule, 4f-4f transitions are forbidden and show a very weak 
oscillator strength of about ~10−6.

The Hamiltonian of a particular RE ion can be represented as follows [5]:

  H =  H  free ion   +  V  Host   +  V  EM   +  V  Vib.   +  V  ion−ion    (1)

where Hfree ion represents the Hamiltonian of an isolated ion, VHost describes 
the environment effect on the RE ion, VEM describes RE ion with an electro-
magnetic field interaction, VVib describes the interaction of RE ion with host 
lattice vibrations, and Vion-ion describes the interaction between the RE ions, 
respectively. The Hamiltonian of free ion (Hfree ion) can be splitted into several 
components, i.e.,

   H  free ion   =  H  CF   +  H  C   +  H  SO    (2)

where HCF belongs to central-field Hamiltonian which reveals the interaction of 
an orbiting electron with the nucleus and effective field from all other electrons, 
while Hc term represents the residual Columbic interaction of the 4f electrons with 
each other when there is no centrally symmetric contribution and HSO is the spin-
orbit coupling, respectively.

1.6 Suitable hosts for doping of rare earth ions

For efficient device applications, a lanthanide-based activator as a foreign ion 
and selection of a good host matrix are of vital importance. Energy level structures 
of most of the lanthanide ions are independent of the host matrices but phonon 
frequency plays an important role in nonradiative transitions via multi-phonon 
relaxation between closely spaced energy levels. The nonradiative relaxation rate 
can be evaluated by the energy gap law [6],

   k  nr   =  β  el   exp  (− α (ΔE–  2ħω  max  ) )   (3)

where “βel” and “α” are constants for a given host lattice, “ΔE” is the energy 
difference between the energy levels under consideration, and ħωmax is the 
maximum phonon energy of the host. Hosts having low phonon energy decrease 
the possibility of nonradiative relaxation channel rate, which promotes to high 
luminescence efficiency. The phonon frequencies of some host matrices are listed 
in Table 2.

Operator Parity ∆S ∆L ∆J*

Electric dipole Opposite 0 ≤6 ≤6 (2, 4, 6,

if J or J′ = 0)

Magnetic dipole Same 0 0 0, ±1

Electric quadrupole Same 0 0, ±1, ±2 0, ±1, ±2

*J = 0 to J′ = 0 transitions are forbidden always; J = 0 → J′ = 1, 3, 5 exhibit weak transition intensity; and J = 0 → J′ = 2, 
4, 6 convey strong transition intensity.

Table 1. 
Selection rules for intra f-f transitions in lanthanide ions.
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2. Mechanism: down-conversion and up-conversion processes

2.1 Energy transfer in down conversion process

The downshifting process is a single photon process in which a high energy 
absorbed photon is converted into a low energy photon. This process is governed by 
the Stokes law. Luminescence of an optical material is ruled by the energy transfer 
process involved between acceptor and donor ions. Mostly, resonant radiative 
energy transfer, nonradiative energy transfer, and phonon assisted energy transfer 
between donor (D) and acceptor (A) are prominent energy transfer processes 
involved in the lanthanide ions. These important processes are represented in 
Figure 2.

2.2 Energy transfer in up-conversion

In 1960, Auzel has first observed the up-conversion (UC) phenomenon. It is a 
nonlinear anti-Stokes process in which two or more than two lower energy input 
pumped photons are converted into a high energy output photon [8]. There are 
some more different types of processes involved in the UC phenomenon. The more 
common energy transfer processes involved in the UC process are described as 
follows:

1. Ground state absorption (GSA)

 The RE ion lying in the ground state absorbs the excitation energy and gets 
promoted to a higher excited level. This process involves the single ion.

2. Excited state absorption (ESA)

 The atom in the excited level will be further promoted to the higher levels upon 
excitation. The ions from the higher level upon de-excitation emit an up-con-
verted photon. This is also a single-ion process.

Host matrices Phonon frequency (~cm−1)

Borate 1400

Phosphate 1100

Silicate 1000–1100

Germanate 800–975

CaMoO4 800

Tellurite 600–850

YVO4 600

Fluoride 500–600

LaCl3 260

Bromide 175–190

LaBr3 175

Iodide 160

Table 2. 
Host matrices with maximum phonon frequency for different hosts [7].
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3. Energy transfer up-conversion (ETU)

It is governed by participation of two different adjacent ions in which one ion 
acts as a sensitizer and absorbs the excitation energy, which is transferred to the 
neighboring ion acting as an activator (already lying in the excited state). The emit-
ted photon can have higher energy excited photon.

4. Cross-relaxation process (CR)

If two sets of energy levels (in the same ion or in two different ions) are hav-
ing the same energy difference between them, then there is certain probability of 
energy transfer and/or exchange occurring between the levels under consideration.

5. Co-operative energy transfer (CET)

When two active ions in a metastable intermediate level interact with each other 
and excite one ion into a high lying level and the other ion getting de-excited, in this 
process, very high concentration of doping is required.

The abovementioned energy transfer processes have been summarized in Figure 3.

3. Applications of the luminescent materials

3.1  Lanthanide doped nanophosphor materials as a solar spectral convertor for 
photovoltaic applications

There is tremendous research and advancement going on in the field of solar 
cell technology. It is still a challenging task for the photovoltaic (PV) community 

Figure 2. 
(a) Resonant radiative energy transfer, (b) nonradiative energy transfer, and (c) phonon assisted energy 
transfer between donor (D) and acceptor (A) ions.

Figure 3. 
Schematics of various processes, viz. down-conversion, up-conversion, and involved energy transfers.
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to prepare highly efficient and cost-effective conversion of solar energy into 
electricity. The spectral distribution of Sun light at Air Mass 1.5 global (AM 1.5G) 
constitutes with the photons having wide spectral range varying from ultraviolet 
to infrared (200–2500 nm) since PV cells are only sensitive to a small fraction 
of the incident solar photons. This is due to the fact that current solar materials 
respond to a narrow range of solar photons. Photons having energy higher than 
the bandgap of the material are only absorbed and excess energy is released in the 
form of heat [9].

In order to utilize the whole solar spectrum, a novel perspective through use 
of up and down conversion and quantum cutting has been exploited as an optical 
material that can act as a spectral converter since lanthanide-doped nanophosphor 
materials reduce the spectral mismatch losses, and therefore magnify the efficiency 
of photovoltaics.

In the up-conversion process, the sub-band gap of solar spectra is utilized. It 
is reported for Tm3+, Er3+, and Ho3+ co-doped with Yb3+ up-converters for wide 
band gap solar cells, while Er3+ doped up converters for c-Si solar cells. Moreover, 
Ln3+ doped up-convertors are under study for solar cells and have low conversion 
efficiency (~3%). The up-conversion efficiency may be magnified by employing 
plasmon resonance, quantum dots, and organic dyes [10–12].

Quantum cutting permits the effective use of the high energy photons which 
have above band gap value, which furnishes potential for efficiency enhancement of 
narrow band gap solar cells such as c-Si solar cells. An internal quantum efficiency 
of ~200% has been reported in lanthanide (Ln3+ = Tb, Er, Pr, Tm, Dy, Nd, and Ho) 
coupled with Yb3+ for narrow band c-Si solar cells [10].

Yb3+ ions act as an acceptor with NIR emission band at ~980 nm which has a 
band gap just above the band gap of c-Si. In order to improve the absorption cross-
section which is common in lanthanide activators, other ions such as Ce3+, Eu2+, 
Yb3+, and Bi3+ ions and/or hosts have been utilized for sensitization purpose [13–15]. 
The up-conversion-based material is kept in between a bifacial solar cell reflecting 
layer which is utilized to harvest the sub-bandgap of solar spectrum. The quantum 
cutting phenomenon is a linear process which is independent of the incident power. 
This permits the use of nonconcentrated sunlight [16]. Quantum-cutting-based 
optical materials are adjusted on the front surface of a mono-facial solar cell which 
permits the absorption of down converted photons by the solar cell.

Downshifting furnishes the accomplishment to enhance the spectral response of 
solar cells into short-wavelength regime. In order to enhance power-conversion effi-
ciency in solar cells, RE-doped phosphors and glasses, QDs, and lanthanide-based 
organic complexes can be employed as solar concentrators and downshifting layers. 
Spectral conversion modules involving down-shifting (DS), quantum-cutting 
(QC), and up conversion (UC) materials for PV applications have been shown in 
Figure 4 [10].

3.2 Quantum dots

In case of quantum dots (QDs), particle size is squeezed below its Bohr radius, 
which is termed as the quantum confinement effect. Under the quantum confine-
ment effect, color of the QDs can be manipulated according to size and composi-
tion. It is due to the quantum confinement effect, emission color of QDs can be 
managed according to their size and composition [17]. Owing to these charac-
teristics, QDs are applicable in solar cells, lasers, bio-imaging, and light-emitting 
diodes (LEDs) [18–21]. QDs can be mainly classified into Cd-based QDs as CdSe, 
CdTe and PbS, Cd-free InP, CuInS2, and all inorganic CsPbBr3 and mixed halide 
and CH3NH3PbBr3 perovskite quantum dots (PQDs) [22–26]. PQDs comprise ABX3 
compositional formula unit in which A represents cesium (Cs), methyl ammonium 
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(MA), while B represents Pb and/or Sn cations, and X represents Cl, Br, and/or 
I, that is, halide anions. QD-based LEDs with narrow FWHM can improve LED 
conversion efficiency from 5% to 15% and have correlated color temperature (CCT) 
values in the range of 5000–2700 K as compared to commercial red phosphor-based 
LEDs [27].

QLED devices gained curiosity in recent years over organic light-emitting 
diodes (OLEDs) due to their high color purity, relatively less cot, and lower energy 
consumption. The color gamut value for highly efficient QLEDs surpass 140% of 
the NTSC standard higher than that of commercial OLED. QD-based W-LEDs can 
reach ~104% enhancement of the NTSC standard [28]. High color purity of QLED 
devices annihilates the use of color filters, which magnify the power consumption 
value. QLED-based device performance is influenced by several constituents such 
as photoluminescence quantum yield (PLQY) of QD films, electron-hole pair effi-
ciency from transport layer, and band arrangement of the device. A Cd-based red 
QLED device has been reported having ~20% external quantum efficiency (EQE) 
which is comparable to that of commercial OLEDs [29].

Instant development perspective for the first to fifth generations of white-light 
LED (W-LED) and lighting devices has been shown by Yoon et al. [30]. The very 
first generation of W-LED is mainly based on InGaN blue chip incorporated with 
yellow-emitting phosphors (YAG:Ce). Moreover, red color component of YAG-Ce-
based W-LEDs is very feeble and it attains cool white light having a CRI value of 
~70–80 [31, 32]. In order to enhance CRI values, in the 2nd generation, red emit-
ting nitride phosphor-based LEDs are developed. Moreover, employed red nitride 
materials reveal lower efficiency since they possess a broader full width at half 
maximum (FWHM) and inherent subsidiary scattering loss. In the third genera-
tion, W-LEDs can be transformed as advanced in the form of backlight display. Red-
QDs and narrow-band phosphor (KSF) are employed for the high-quality display 
applications. Prepared devices revealed wide color gamut as compared to traditional 
phosphor device. Red-QDs combined with YAG phosphor produce warm W-LEDs 
having a higher CRI value [33]. Wang et al. [34] incorporated red color CdS-ZnS: 
Cu QDs incorporated with YAG:Ce. In this study, the obtained device showed high 
values of CRI (Ra = 90) and CCT (4927 K). In order to replace Cd-based QDs, 
Cd-free CuInS2/ZnS QDs incorporated with green Eu2+:BaSO4 phosphor have been 

Figure 4. 
Schematic spectral conversion module for photovoltaic utility involving down-shifting, quantum-cutting, and 
up-conversion-based luminescent materials. Reproduced with permission from reference [10].
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prepared [35]. For fourth-generation development, the Illuminating Engineering 
Society of North America designed a new measurement module termed as TM-30-
2015 having a defined color fidelity index (CFI, Rf) and color gamut index (CGI, 
Rg). In order to obtain an Rf value of over 90, it is difficult to produce warm-to-cool 
light W-LEDs. Warm-to-cool light W-LEDs should be produced for highly efficient 
white color. More recently, color-reproducible- and W-LEDs have been developed 
for next-generation lighting devices. The spectrum of QD-based W-LEDs should 
match daily fluctuation in sunlight under natural circadian rhythm for biological 
applications. The developed device is based on PQD having six-color white-light 
LEDs. In this module, six-colors, viz. cyan, green, yellowish green, amber, orange, 
and red of CsPbX3 PQDs are used. The W-LED device thus packaged reveals high 
circadian with a tunable range and high color purity. The improved device shows a 
luminous efficiency (LE) of 58.8 lm w−1, a CRI value of 95, CFI with Rf = 91.4, and 
CGI with Rg = 102 and a CCT value of 6459 K. Circadian luminescence is estab-
lished on the day-night rhythmic change of natural-light environments [36].

3.3 Phosphor-based LEDs

LEDs are most commonly referred to as a p-n junction diode that can emit 
visible radiation under the suitable current application to the leads (electrical 
connection connecting a length of wire/metal pad). The mechanism is based on 
the phenomenon of electroluminescence. In the electroluminescence process, the 
material emits light in response of electric current. Figure 5(a) and (b) represent 
electronic symbolic representation and packaged conventional LEDs, respectively. 
LEDs can be divided into two broad categories namely inorganic and organic LEDs 
(OLEDs). The OLEDs can further divide into two main groups: (1) small molecule 
OLEDs and (2) polymer OLEDs. Phosphor-based W-LEDs are main attraction due 
to their excellent properties such as low power consumption, long life, compact-
ness, and environmental friendliness. The successful implementation for W-LEDs 
could be done via composed blue InGaN LED chip and phosphors (yellow emitting 
Y3Al5O12:Ce3+ phosphor), and they are called phosphor converted W-LEDs [37]. 

Figure 5. 
(a) Electronic symbolic representation, (b) packaged conventional blue LED chip, (c) white light generation 
from red and green phosphor, (d) white light generation from yellow phosphor, (e) white light emission from 
PIG operated with blue chip, and (f) excitation and emission process originated from the two TC energy levels.
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The approaches for the generation of white light is based on the combination of two 
or more visible colors (mainly primary color red, green, and blue) emitting phosphor. 
The advantage of uses of blue LED chip is such that it can be used as excitation light 
to phosphors as well as a source of blue component. Figure 5(c)–(e) shows the 
white light generation from red and green phosphor, white light generation from 
yellow phosphor, and white light emission from phosphor in glass (PIG) operated 
with blue chip. There are some necessities in the LED phosphors for devices packag-
ing, viz. high efficiency by blue light excitation, stability in harsh environment, 
low thermal quenching, and negligible deviation in emission spectrum (peak 
position and line width). Table 3 shows some synthesized phosphor applicable in 
the W-LED application. RE-doped optical glasses are noncrystalline amorphous 
solid luminescent materials that can be utilized in the production of lenses, prism, 
optical window, and other optical components. RE-incorporated glasses also exhibit 
good luminescence that can be utilized in LED fabrication. PIG is considered to 
be a reasonable substitute that can overcome the luminescent degradation and 
color aberration issues. PIG has been recognized as a good material for high-power 
W-LED products for long-term service.

3.4 Optical temperature sensing

The noncontact optical temperature sensing can be realized by using the RE 
ion-doped phosphor due the presence of thermally coupled (TC) energy levels. 
These TC levels have been used in the measurement of fluorescence intensity ratio 
(FIR) investigation. The Boltzmann’s distribution population law can be applied to 
measure the FIR under the application of the external temperature. The following 
Boltzmann’s distribution population law can be used for FIR measurement:

  FIR =   
 I  u  

 __ 
 I  l  

   = B exp  (− ΔE / kT)   (4)

where “Iu” and “Il” are the integrated fluorescence intensities of the emissions 
from upper and lower TC energy level transitions, respectively. “B” is the pre-
exponential constant. “ΔE” is the energy gap of two TC energy levels. “k” and “T” 
are the Boltzmann’s constant and absolute temperature, respectively. Figure 5(f ) 
shows the excitation and emission process originated from the two TC energy levels. 
Sensor sensitivity (S) of an optical sensing material is an important parameter and 
can be expressed as follows:

  S =   d  (FIR)  ___________ 
dT

    (5)

where all the terms have their usual meaning. The FIR technique is suitably 
applied in the RE ion-doped material for the detection of the temperature. The 
method is also applicable for the measurement of optical heating for laser-based 
hyperthermia application.

3.5 Quantum dots for medical and clinical application

The developments of the QDs have shown a promising impact on the biologi-
cal application due to their highly efficient emissive properties. It is believed that 
the bare (uncoated) QDs cannot be applied directly in biological application due 
to their inherent toxicity. Due to their toxic behavior, their implication in clini-
cal usages is restricted. The QDs have proven their utility in bioapplications and 
are a better alternative of the traditional fluorophores. QDs possess a very good 
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photostability, tunable emission, and longer lifetime. Currently, the major scope 
is to synthesze more biocompatible QDs in such a way that they can be used in 
terms of size, bio-conjugation, surface functionality, and targeting facilities. The 
nanotechnology related to life-science and bioscience is called “Nano biotechnol-
ogy”. The nanobiotechnology is a very fast grooving area and is a challenging task 
for the researchers working in this area. The remarkable result in the form of the 
useful medicine increases the attention in progress of novel therapy and diagnostic 
methods. The nanomaterials that preserve a broad scope in such novel areas are 
known as nanomedicines. Recently, the use of the QDs has been found to increase 
progressively in in vitro and in vivo based biomedical experiments. It is supposed 
that the QDs have specific properties such as adequate circulating lifetime and 
minimal nonspecific deposition and must retain their fluorescence for a satisfacto-
rily long time.

The essentiality for the use of QDs in the surface passivated could be explained 
via three terms that are given as follows:

i. Surface-based properties (effect on the fluorescence and emission mecha-
nism): the fluorescence property in the nanocrystalline particles can be 
quenched in bare QDs due to the surface defect caused by high surface 
energy associated with the nanoparticles [45, 46]. The main drawback comes 
due to the surface oxidation in bare QDs, photo-degradation, and leaching 
of metal ions via long-term contact of QDs to ionic media/cellular media 
causing metal ion toxicity effect [47]. To reduce this effect, it is essential to 
cap the surface of the QDs via a suitable covering agent (ZnS, etc.).

ii. Solubility: solubility is important for the effective optical property utiliza-
tion of the QDs in the aqueous medium. The capping of the QDs provides 
an outer shell which improves the stability and reduces the solubility of the 
QDs in aqueous medium. The synthesis of QDs required a high temperature 
synthesize environment such as thermolysis, hot injection, and various 
other methods. Also, the size and agglomeration can be controlled via using 
the organic solvents (octane, hexane, trioctylphosphine oxide, octadecene, 
etc.) The stabilization can be achieved by using hydrophobic groups such 
as amines or phosphines. But the intrinsic solubility of these stabilized QDs 
is poor. To increase the solubility in the aqueous solution, coating of the 
QDs surface by hydrophilic ligand is important [48–50]. The hydrophilic 
ligand can be overcoated by using ligand exchange, surface silanization, and 
amphiphilic combination [50–52]. Medintz et al. have reported a detailed 
schematic of common QD solubilization and biofunctionalization [53]. 

Materials Dopant ions References

Y3Al5O12 Ce3+ [38]

Sr2B2O5 Tm3+, Na+ [39]

K3La(PO4)2 Pr3+ [40]

Ba3GdNa(PO4)3F Eu2+ [41]

ZnWO4 Eu3+, Dy3+ [42]

Gd4O3F6 Er3+/Tm3+/Yb3+ [43]

LiNbO3 Ho3+/Yb3+/Tm3+ [44]

Table 3. 
Some synthesized phosphor applicable in the W-LED application.
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Caps or ligand was used in biofunctionalization. Linkage to the QDs is given 
in pink color, biomolecule linking functionality is given in green color, and 
water solubility is given in blue color. Some models of the surface cap-
ping strategy and their interaction mechanism with the QDs and aqueous 
medium. For the cap exchange (top right) excess thiolated cap relocates the 
original TOP or TOPO coating via binding the ZnS surface layer with the 
thiol group and imparting hydrophilicity with the charged carboxyl (or other 
functionalities) which provides soluble colloidal QD dispersion.

iii. Targeted delivery of QDs: for targeted drug delivery (for in-vitro and in-vivo) 
of the QDs, the choice of use of the abovementioned processes depends on 
the application and also on the easy availability to carry out the strategy. It 
is observed that many alternative methods/strategies and ligands have been 
prepared for the specific biological applications. The essential steps required 
for the target specific delivery of the QDs are to reduce their effect over the 
nonrelevant cells, increase greater contrast in the localized area, and utilize 
more effective FRET-based processes to get better results [54].

The modifications of the QD surface for the labeling of a target can be done by 
using antibodies or enzymes, small molecules, and peptides [55, 56]. The versatile 
strategy has been found to be useful by antibodies. The requirements of the syn-
thetic procedures can be utilized in the small molecules, and hence, it is compli-
cated. It is observed that each process has its own advantage and disadvantage and 
thus no unique approach was seen to be ubiquitous for all applications [55–57]. The 
cell culture examination observed in most of the cases of vitro cell culture cannot 
show complete vivo tissue system. In this, various interactions between cell to cell 
and/or cell to matrix and many other diffusion /transport situations take place. The 
existence of the cells in the body exhibits 3D environments and is very serious for 
their growth and metabolism [58]. In the case of 2D cell culture on a flat substrate, 
all these interactions are effectively reduced, and thus, it confines their capacity to 
reiterate the appropriate level of in-vivo cellular retorts [59].

Lee et al. [60] first time performed a 3D spheroid culture-based NP toxic-
ity testing arrangement by using 3D-liver-tissue-spheroid models with human 
hepatocarcinoma (HepG2) cells. The human liver is considered as the main 
organ for NP gathering. The detailed investigation of the toxicity of cadmium 
telluride (CdTe) QDs in cell culture and in a 3D model has been signified. The 
model can be supposed to be intermediates between in vitro and in vivo obser-
vations. In the case of 2D cell culture, the HepG2 cells are attached closely to 
each other which exist in normally flat shape after spreading on a well-plate. On 
CdTe QD exposer, morphology was found to be changed after 12 h culture. A 
sufficient number of cells are disturbed (contracted and curved/roosted) and 
some are detached from the well-plate. The similar observation was observed 
in the case of CTAB-AuNPs in 2D cell culture. But, the negligible change in 
the cellular structure was seen in the citrate-stabilized gold (Au) NPs. Also, 
no significant morphology was changed in the 3D spheroid culture. However, 
a small rough spheroid surface in the CdTe and CTAB-Au NP-treated cultures 
was found. For the clear view, the confocal microscopy was used to identify the 
live or dead cells. It was observed that the dead cells (red in color) in 2D culture 
transferred into granular shape and were missing from the plate after dropping 
their cell-cell and cell-substrate interactions. Nevertheless, the spheroid culture 
has not changed any different morphology, and apparently, a small number of 
dead cells were found in the surface of the spheroids in a rugged manner. The 
observation tells that in the spheroid culture small dead cells are present as 
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compared to the 2D culture. This study suggests a comparative result between 
the 2D and 3D culture of HepG2 cells.

It is difficult to elucidate significant prediction by vivo effects based on the 
observation of vitro examination. The accurate mechanism involved in QD interac-
tion with the body with metabolism distribution and final elimination after the 
uptake/delivery is still not cleared. Generally, NPs treated before the delivery follow 
long visit via altered body transport systems. Injection is considered as one of the 
main ways for QD-based vivo studies. The exogenous particle contains various 
serum proteins that can be carried out by blood. Protein corona formed by the 
interaction of the QD and protein can develop as a layer on the QD surface. Protein 
corona formed on the surface of the NPs affects biodistribution and biocompat-
ibility. The available bloodstream helps in the delivery of NPs in various tissues 
and organs. The distribution is related to physio-anatomical structures of the 
vasculature and the physicochemical properties of the NPs. On completion of the 
distribution, the QDs undergo metabolic processing and will be evacuated from 
the body through the kidney and urine or feces. The excess sustained NPs inside 
of the body after holding long term periods can affect the normal function of 
organs/tissues. They can produce various toxicity levels such as metabolic toxicity, 
immunotoxicity, chronic organ toxicity, even genotoxicity, etc., [61]. The sufficient 
surface of vascular endothelial cells gives substantial space for the interactions with 
QDs specifically with negatively charged ones. The anionic QDs contain relatively 
low residence time in the blood and provide a huge accumulation in organs [62]. It 
has been observed that the high doses of the QDs produce contact activation and 
hence cause pulmonary vascular thrombosis by activating the coagulation cascade 
[63]. The importance of interaction of the QDs with blood cells is helpful in design 
for theranostic drug delivery resolutions. Fischer et al. have shown vivo mechanism 
by using two different (coated with mercaptoundecanoic acid and cross-linked with 
lysine and bovine serum albumin) coated QDs in rodents [64]. QDs coated with 
mercaptoundecanoic acid and cross-linked with lysine and bovine serum albumin 
was accumulated of about 40 and 99% in the liver after 90 min. A little amount 
of both the QDs was found in the spleen, kidney, and bone marrow. Moreover, 
the authors have not detected QDs in urine up to 10 days after intravenous dosing. 
Akerman et al. have observed a sufficient decrease of fluorescence via CdSe/ZnS 
QDs in animal studies using amphiphilic polymer and mercaptoacetic acid/peptide 
capped particles [65]. It has demonstrated slow metabolism degradation of QDs in 
mice. They observed a shift of the QD emission peak from red to blue upon long 
term exposure of over 2 years after injection of the QDs. In general, PEG-coated 
QDs decrease the toxicity in the cultured cells and provide good information related 
to lung tissue [66]. Tang et al. studied the biodistribution in mice and showed the 
effect of QD surface charge and their chemistry [67]. In spite of the surface chemis-
try and charge of the QDs, all the QDs produce toxic effect in liver, lung, and kidney 
after serious and long-term exposure. They observed that the PEG-coated QDs/
negatively charged QDs accumulated in the liver. The positively charged QDs were 
located in the lung. The silica coted QDs after 5 days of injection show a very few of 
about 8.6% amount remaining in the hepatic tissue. But the QDs having approxi-
mate negligible protein corona were cleared through urine. The larger aggregated 
NPs can be transported to the liver and pass away via the bile excretion [68]. David 
Wegner and Hildebrandt have presented a broad review on different QD-based 
imaging applications for technological and the biological point of view [69]. Their 
review focused on the broad aspect of the QD utilization in in vivo and in vitro 
application extending from the super-resolution microscopy and single-particle 
tracking over in vitro cell and tissue imaging to in vivo examinations, drug or gene 
delivery to theranostic approaches and multimodal imaging.
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Tsoi et al. have reported the blood clearance mechanism of managed hard 
nanomaterials or NPs relative to blood flow dynamics, organ microarchitecture, and 
cellular phenotype [70]. They observed that the velocity of the NPs which enters and 
traverse the liver reduces about 1000 times and shows 7.5 times NP interaction with 
the hepatic cells relative to peripheral cells. The three hard nanomaterial models, viz. 
quantum dots, gold nanoparticles, and silica nanoparticles, have been selected for the 
vivo examinations. Figure 6 shows the distribution of QDs in the liver subsequent 
systemic intravascular injection. Figure 6(a) reflects the silver-stained section of a 
rat liver that was perfused 4 h post QDs injection. The accumulation of the QDs at a 
very higher amount was seen in the zone surrounding the portal triad than in the zone 
surrounding the central vein. Twenty-eight portal triad-central vein pairs have been 
analyzed. Here, one repeating unit of the liver microarchitecture is given for under-
standing Figure 6(a). The blood flows can be seen from liver via the hepatic artery 
and portal vein that are positioned in the portal triad. The blood flows out of the 
liver through the central vein part of the liver. The zone of a radial distance of around 
100 μm was taken for the tracing for each vascular unit of the liver. In Figure 6(a),  
the scale bar is taken as 100 μm. The outline of the image processing that has been 
used to measure the accumulation of the QDs in the zone bordering of the portal triad 
and central vein has been shown in Figure 6(b). Firstly, the zone surrounding each 
vascular structure has been removed by taking 100 μm radius from the vessel border. 
Secondly, the images were converted into a binary format and thresholder to isolate 

Figure 6. 
Distribution of the QDs in liver succeeding systemic intravascular injection. (a) Silver-stained segment of a 
rat-liver that is perfused 4-h post-QD-injection (counterstained with hematoxylin). One repeating unit of the 
liver microarchitecture has been shown. Blood is flowing into the liver through the hepatic artery and portal 
vein, which are positioned in the portal triad. Blood is flowing out of the liver via the central vein. A zone with 
a radial distance of 100 μm was traced around each vascular unit. Scale bar is taken as 100 μm. (b) An outline 
of the image processing used to quantify QD growth in the zones nearby the portal triad and central vein. First, 
the zone neighboring of each vascular construction was removed using a radius of 100 μm from the vessel edge. 
Second, the image was transformed into a binary format and thresholder to isolate condensed silver. Finally, 
the area of each silver stain was controlled along with its coordinates (x, y) relative to the center of the vessel. 
The area of reduced silver corresponds to the amount of QDs gathering and is shown by a color range, where 
soft blue specifies a small amount of QD accumulation and dark blue shows a large amount of QDs gathering 
in each distinct position. (c) Twenty-eight portal triad-central vein pairs were analyzed and the results were 
combined. Scale bar is taken as 100 μm. (d) Scatter plot associated with the area of each silver staining in 
the zone surrounding the portal triad versus in the zone surrounding the central vein. Here, the plotted data 
are displayed same as shown in (c). Statistical significance was assessed by using a two-tailed unpaired t-test. 
Reproduced with permission from Ref. [70].
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reduced silver. Then finally, the area of each silver strain has been scaled by using 
its coordinates (x, y) relative to the vessel center. The area of the QD accumulation 
has been given by a color spectrum in which the pale blue color represents a small 
amount of the QD accumulation and the dark blue reflects a large amount of QD 
accumulation in each individual location. The complete twenty-eight portal tried-
central vein pairs were inspected. The combination of the results with the scale of 
the 100 μm is shown in the Figure 6(c). The area of each region of silver marking in 
the zone surrounding the portal triad versus in the zone surrounding the central vein 
has been illustrated in Figure 6(d). The data points taken are the same as shown in 
Figure 6(c). Moreover, two-tailed unpaired t-test was considered for the statistical 
significance of the data. The mechanism of nanomaterial transport in the liver has 
been shown in Figure 7. The NPs that are injected in the bloodstream encounter the 
mononuclear phagocyte system (MRS), which is the group of organs with containing 
phagocytic cells. The degree of NP uptake within each MPS organ can be monitored 
from the intensity of the blue color (see Figure 7). When the NPs transit from the 
peripheral circulation to the liver, the observed velocity is found to decrease up to 
1000 folds. This implies that the NPs could interact with the liver and hence their 
clearance is possible form the bloodstream. There exist a concentration gradient in 
the NPs along the length of the sinusoid, and the amount of the NPs leaving the liver 
via the central vein is lower than the amount that enters through the portal triad. 

Figure 7. 
Nanomaterial or NP mechanism for the transportation in the liver. The injected NPs into the bloodstream 
meet the MPS, which is a group of organs containing phagocytic cells. The emission intensity of the blue color 
in the figure imitates the mark of nanomaterial/NPs uptake within each MPS organ. As the NPs’ transition 
from the peripheral circulation to the liver takes place, 1000 times their velocity is found to reduce. This allows 
the NPs to interact with a variety of cells, hence resulting in their gradual clearance from the blood stream. 
A concentration gradient of nanomaterials/NPs along the length of the sinusoid is seen, and the amount 
leaving the liver through the central vein is lower than that of the amount which enters via the portal triad 
(see the diagram of liver lobule, as shown in the bottom right). The cells, “B” and “T” are showing a border 
to the portal triad and are exposed to a high concentration of incoming NPs (can be seen from the schematic 
of a liver sinusoid, top). The difference in nanomaterial/NP uptake between these two cell types is because 
of the increased endocytic/phagocytic capacity of “B” cells as compared with the “T” cells. From the NPs, 
that escaped the first set of cellular interactions which is moving along the sinusoid and can come into contact 
with endothelial and Kupffer cells. Hepatocytes are separated from the bloodstream by a layer of fenestrated 
endothelial cells and do not seem to take up intact with the hard nanomaterials/NPs. Nanomaterials/NPs 
that have been escaped uptake during a pass through the liver return to the systemic circulation via the central 
vein and are ultimately carried back to the liver (or another MPS organ). This process is repeated until 
nanomaterial/NP clearance from the bloodstream is completed. Reproduced with permission from Ref. [70].
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It can be seen that the “B” and “T” cells border the portal triad and open to a high 
concentration of incoming NPs. The observed differences that have been up-taken in 
both the NPs occur due to the increased endocytic or phagocytic capacity of “B” cells 
compared with “T” cells. The escaped NPs from the first set of cellular interaction can 
move along the sinusoid and hence can come into close contact with the endothelial 
and Kupffer cells. By a layer of fenestrated endothelial cells, the hepatocytes can be 
separated from the bloodstream and were not observed to take up hard NPs. The 
escaped NPs pass from the liver to the circulation process in the central vein and can 
return back to the liver or through the MPS organs. The steps involved in the process 
can be repeated by the NPs until the clearance from the blood stream is competed.

Figure 8. 
Noninvasive imaging using 645 nm mPEG-750 QDs [left, (A, C, E)] and 655 nm-emitting mPEG-5000 QDs 
[right, (B, D, F, G)]. Nude mice have been taken to image at 1 min (A and B), 10 min (C and D), 1 h (E and 
F), and 3 h (G) post injection. It has been noted that even at 1 min, significant liver uptake is visible using 
mPEG-750 QDs (A), while even at 10 min there is little or no visible liver uptake using mPEG-5000 QDs (D). 
At 1 h, the difference between mPEG-750 QDs (E) and mPEG-5000 QDs is even more marked, with PEG-750 
QDs completely cleared from the circulation, while mPEG-5000 QDs persist (F); even 3 h post injection, 
mPEG-5000 QDs remain in circulation (G). Since it is essentially found that all fluorescence was cleared from 
the circulation by 1 h, imaging of mPEG-750 QDs was terminated at 1 h after injection. In other experiments, 
we found that the pattern of deposition of mPEG-750 QDs can be seen at 1 h which remained stable for at least 
24 h. Reproduced with permission from Ref. [71].
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Ballou et al. have tested four different surface-coated QDs in in vivo imaging [71]. 
They have shown the QD localization using fluorescence imaging of living animals 
by necropsy, electron microscopy, frozen tissue sections (optical microscopy), 
and on scales oscillating from centimeters to nanometers for detection purpose by 
using only QDs. Figure 8 shows the noninvasive imaging using 645 nm methoxy- or 
carboxy-terminated poly(ethylene glycol) amine, that is, mPEG-750 QDs (left, A, 
C, E) and 655 nm-emitting mPEG-5000 QDs (right, B, D, F, G). Nude mice were 
taken for the imaging at various time scales, 1 min, 10 min, 1 h, and 3 h, post injec-
tion for the study. It has been noted that even at 1 min, sufficient liver uptake is 
found to be visible by using mPEG-750 QDs (A); after 10 min only a very little or 
negligible visible liver uptake using mPEG-5000 QDs (D) was found. At 1 h time, 
an important difference between mPEG-750 QDs (E) and mPEG-5000 QDs is to be 
remarked, with PEG-750 QDs completely cleared from the circulation process, while 
mPEG-5000 QDs are to be seen persevered; even 3 h post injection, mPEG-5000 
QDs remain in circulation. Moreover, it is crucial that all fluorescence is cleared from 
the circulation by up to 1 h; imaging of mPEG-750 QDs was found to complete at 1 h 
after injection. In other trials, they observed that the pattern of deposition of mPEG-
750 QDs was realized at 1 h, which remained stable for at least 24 h.

The small QDs can penetrate in the blood-vessel walls and tissues and work as 
tracing peptides, in the in vivo antibody, tumor targeting, and as lymph node map-
ping due to their penetration of lymphatic walls [72–74]. But, the ability of the QDs 
to penetrate in other immunological barriers is not very much clear to date. Placental 
barrier (acts as a discriminating membrane to substances passing from maternal to 
fetal blood) has been considered an important process in humans/animals because 
of the prevention from the foreign materials via bacteria, viruses, and other organic 
or inorganic particles. Moreover, all foreign materials cannot effectively stop by this 
barrier. Some drugs cannot be employed in pregnant woman since it can be trans-
ported to the fetus across the placental barrier. At that place, they have the possibility 
to cause congenital malformations or miscarriage [75]. Chu et al. have reported [76] 
the inspection of intact QDs within the placental barrier. The transfer of QDs from 
pregnant animals to fetuses was reported successfully. The fetuses were cryosec-
tioned at the time of observation. The ultrafine sections were distinguished with 
the support of fluorescence microscopy. Fluorescence was not at all observed in any 
tissues from QDs (red in color). The findings suggest that the QDs may be passed 
from female mice to their fetuses across the placental barrier. The small QDs have 
been transferred easily than their larger counterpart. The number of the QDs thus 
transferred will turn on the dosage. The increase in the QD dosage reveals enhance-
ment in the transportation. Moreover, the QDs coated with the silica or other organic 
(such as polyethylene glycol PEG) layer could hinder the transportation process. 
This result shows that the clinical approach of QDs is limited in pregnant women.

4. Conclusion

The chapter includes a verity of luminescent materials that are useful in diverse 
applications such as development of the LEDs, display, temperature sensing, 
and biomedical applications. The spectroscopy of rare earth ions with their basic 
properties has been given in detail. The mechanism for understanding the emission 
processes involved in the RE activated optical materials has been discussed in a 
broad view by taking the concept of energy migration within the luminescent ions. 
The uses of these optical materials, viz. quantum dots and phosphors, have been 
incorporated. A broad view of the quantum dots has been accounted while consid-
ering the surface modification to show their biomedical application.
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