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Abstract: The utilization of phosphors in lighting and
display applications has garnered significant attention due
to their unique luminescent properties and versatile crystal
structures. This review article comprehensively examines
recent advances in the synthesis, characterization, and
applications of nitride and sulfide phosphors. This article
addresses various phosphor crystal structures, including
perovskite, garnet, nitride sulfide, fabrications strategies,
and their impact on the optical and electronic properties.
Furthermore, the review highlights the role of doping and
activator ions in tailoring the emission characteristics of
nitride and sulfide phosphors, enabling precise control over
color rendering and efficiency. Additionally, the article also
discusses emerging trends in phosphor technology, such as
the development of novel synthesis methods and the inte-
gration of phosphors into next-generation lighting and
display devices. The basic properties of phosphor materials
like CRI, CIE chromaticity coordinates, quantum effi-
ciencies are well discussed. Overall, this article provides

valuable insights into the current state of research and
future directions in thefield of phosphors offering potential
avenues for further advancements in lighting and display
technologies.

Keywords: solid-state reaction; sol–gel method; microwave-
assisted processing; perovskite structure; garnet structure

1 Introduction

In recent years, the advancement of lighting technology has
undergone a transformative journey, propelled by the
discovery and utilization of inorganic phosphors. These
remarkable compounds, with their inherent luminescent
properties, have emerged as pivotal components in the
development of Light light-emitting diodes (LEDs) and
White Light light-emitting diodes (WLEDs), revolutionizing
the landscape of illumination across various domains.1 This
review explores into the intricate realm of inorganic phos-
phors, unraveling their fundamental characteristics, lumi-
nescence mechanisms, and diverse applications within the
LED andWLED domains. With a keen focus on the synthesis
methodologies, structural configurations, and doping stra-
tegies, this exploration aims to provide a comprehensive
understanding of the underlying principles governing the
luminescent behavior of inorganic phosphors. Moreover,
this review endeavors to elucidate the pivotal role played
by inorganic phosphors in enhancing the efficiency, color
rendering, and spectral properties of LED and WLED
devices. Through a meticulous examination of their appli-
cations in various fields including solid-state lighting,
displays, optoelectronics, and beyond, this article seeks to
underscore the multifaceted utility and promising pros-
pects of inorganic phosphors in modern illumination
technologies. By synthesizing the latest advancements and
key insights from the realm of inorganic phosphors, this
review aspires to furnish researchers, engineers, and
enthusiasts alike with a comprehensive resource that
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illuminates the fascinating interplay between materials
science, luminescence phenomena, and the burgeoning
landscape of LED and WLED applications.2

The quest in recent decades for more energy-efficient,
environmentally sustainable, and aesthetically pleasing
lighting solutions has led to significant advancements in
the field of illumination technology. Among the myriad
innovations driving this evolution, the utilization of inor-
ganic phosphors stands out as a pivotal milestone. These
compounds, with their remarkable luminescent properties,
have revolutionized the landscape of lighting, particularly in
the development of Light Emitting Diodes (LEDs) and White
Light Emitting Diodes (WLEDs).3 This review embarks on an
illuminating journey through the realm of inorganic phos-
phors, delving into their fundamental characteristics, lumi-
nescence mechanisms, synthesis methodologies, structural
configurations, doping strategies, and diverse applications
within the LED andWLED domains. The genesis of inorganic
phosphors can be traced back to the early 20th century, with
pioneering research laying the groundwork for their syn-
thesis and characterization. Initially employed in cathode-
ray tube displays and fluorescent lamps, the potential of
inorganic phosphors remained largely untapped until the
advent of solid-state lighting technologies. The emergence
of LEDs as a viable alternative to traditional incandescent
and fluorescent lighting systems catalyzed a resurgence of
interest in inorganic phosphors, owing to their ability to
efficiently convert blue or ultraviolet light into various
colors across the visible spectrum.2

At the heart of inorganic phosphors’ luminescent
prowess lies a complex interplay of electronic transitions,
energy transfer mechanisms, and crystal field effects.
Understanding the intricacies of these phenomena is
essential for tailoring the optical properties of phosphor
materials to meet the diverse requirements of modern
lighting applications. From the dopant ions responsible for
imparting specific emission wavelengths to the host lat-
tices that dictate the efficiency and stability of lumines-
cence, every aspect of phosphor design is meticulously
engineered to achieve optimal performance. Synthesizing
inorganic phosphors encompasses a diverse array of tech-
niques, ranging from traditional solid-state reactions and
sol–gel methods to more advanced approaches such as hy-
drothermal synthesis and microwave-assisted processing.
Each method offers unique advantages in terms of scalabil-
ity, controllability, and purity, thereby catering to the varied
needs of phosphor fabrication across industrial and
research settings. Moreover, the choice of precursor mate-
rials, reaction conditions, and post-synthesis treatments
profoundly influence the crystallinity, morphology, and
luminescent properties of the resulting phosphor particles.4

Structurally, inorganic phosphors exhibit a rich
diversity of crystal symmetries, including but not limited to
perovskites, garnets, oxides, sulfides, and nitrides. The
intricate arrangement of atoms within these crystalline
frameworks governs the electronic band structure, defect
distribution, and phonon dynamics, all of which exert a
profound influence on the luminescence behavior of phos-
phor materials. Tailoring the composition, stoichiometry,
and crystallographic orientation of these host lattices offers
a versatile toolkit for modulating the emission spectra,
quantum efficiency, and thermal stability of inorganic
phosphors. Doping represents a key strategy for enhancing
the luminescent properties of inorganic phosphors, wherein
controlled incorporation of dopant ions imparts unique op-
tical characteristics to the host material. Transition metal
ions, rare earth elements, and lanthanide series elements
are commonly employed as dopants, owing to their ability to
undergo radiative transitions across a broad range of energy
levels. By judiciously selecting dopant species, concentration
levels, and local coordination environments, researchers
can engineer phosphor materials with tailored emission
colors, lifetimes, and quantum yields, thereby expanding the
design space for next-generation LED and WLED devices.

The applications of inorganic phosphors span a myriad
of domains, encompassing solid-state lighting, displays,
optoelectronics, sensors, biomedical imaging, and beyond.
In the realm of solid-state lighting, phosphor-converted
LEDs have emerged as the cornerstone of energy-efficient
illumination, offering superior color rendering, spectral
tunability, and longevity compared to conventional light
sources. Moreover, the advent of WLEDs, which combine
blue LEDs with yellow phosphors or multi-component
phosphor blends, has further broadened the scope of
phosphor-based lighting solutions, enabling the replication
of natural daylight and customizable color temperatures
for diverse indoor and outdoor environments. Beyond
lighting, inorganic phosphors find applications in display
technologies, where they serve as the emissive components
in liquid crystal displays (LCDs), organic light-emitting
diodes (OLEDs), and quantum dot displays. The ability of
phosphor materials to emit light with high color purity,
stability, and efficiency makes them indispensable for
achieving vibrant, lifelike imagery in televisions, smart-
phones, tablets, and other electronic devices. Additionally,
phosphor-based sensors play a vital role in environmental
monitoring, industrial process control, and biomedical di-
agnostics, leveraging the sensitivity of luminescence sig-
nals to detect and quantify analytes with high accuracy and
precision.5

Looking ahead, the future of inorganic phosphors holds
immense promise, fueled by ongoing research efforts aimed
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at enhancing their performance, versatility, and sustain-
ability. Novel synthesis techniques, such as sonochemical
synthesis, aerosol-assisted methods, and template-directed
assembly, are opening new avenues for fabricating phos-
phor materials with tailored nanostructures, hierarchical
morphologies, and enhanced optical properties. Further-
more, the integration of inorganic phosphors with emerging
technologies such as quantum dots, perovskite nano-
crystals,6 and two-dimensional materials promises to unlock
unprecedented opportunities for advancing the frontier of
solid-state lighting, display technologies, and beyond.7 In
conclusion, the remarkable journey of inorganic phosphors
from fundamental research to practical applications
underscores their indispensable role in shaping the future of
illumination. As we continue to unravel the mysteries of
luminescence phenomena and push the boundaries of
materials science, the transformative potential of phosphor-
based technologies in enhancing energy efficiency, visual
comfort, and environmental sustainability remains as bright
as the light they emit. Through collaborative interdisci-
plinary efforts spanning chemistry, physics, engineering,
and beyond, we can harness the full spectrum of inorganic
phosphors’ capabilities to illuminate the world with bril-
liance and beauty.

1.1 Inorganic phosphors

Inorganic phosphors have emerged as pivotal materials
in modern lighting and display technologies due to their
unique luminescent properties. These materials, typically
composed of metal cations and anions, exhibit lumines-
cence when excited by external stimuli, such as light or

electricity. In Table 1 some examples of Me3Ln(PO4)3 types
phosphors are listedwith their properties. The luminescent
behavior of inorganic phosphors arises from electronic
transitions within the crystal lattice, which result in the
emission of photons at specific wavelengths. This chapter
provides an in-depth exploration of the synthesis, struc-
ture, and luminescence properties of inorganic phosphor
materials, highlighting their importance in various appli-
cations, including light-emitting diodes (LEDs), displays,
and sensors.

2 Synthesis of inorganic phosphors

The synthesis of inorganic phosphor materials encompasses
a wide range of techniques, each offering unique advantages
in terms of control over particle size, morphology, and
composition. Traditional solid-state reactions involve the
direct thermal decomposition of precursor compounds to
form crystalline phosphor particles. Sol–gel methods, on the
other hand, rely on the hydrolysis and condensation ofmetal
alkoxides to produce phosphor materials with tailored
chemical compositions and surface properties. Hydrother-
mal synthesis, involving the reaction of aqueous precursors
under elevated temperature and pressure conditions, en-
ables the fabrication of phosphor nanoparticles with
enhanced crystallinity and uniformity. Other techniques,
such as coprecipitation, microwave-assisted processing, and
flame spray pyrolysis, offer additional avenues for synthe-
sizing inorganic phosphors with diverse structures and
properties.

Table : Examples of some common MeLn(PO) type Inorganic phosphors, their constituents and properties.

General Me Ln Doped/codoped
activator ions

Resultant Properties Ref

MeLn(PO) Ba Y Sm+ BaY(PO):Sm
+ Photoluminescence 

Sr Y Dy+ SrY(PO):Dy
+ Photoluminescence 

Sr Gd Tb+ SrBi(PO):Tb
+ Photoluminescence 

Sr Gd Eu+/Mn+ SrGd(PO):Eu
+/Mn+ Energy transfer between the codoped

activator ions



Sr Lu Eu+/Mn+ SrLu(PO):Eu
+/Mn+ 

Sr La Sm+/Eu+ SrLa(PO):Sm+/Eu
+ 

Ba La Eu+/Tb+ BaLa(PO):Eu
+/Tb+ 

Ba Lu Ce+/Tb+ BaLu(PO):Ce
+/Tb+ 

Ba La Eu+ BaLa(PO) High thermal stabilities 

Sr La Eu+ SrLa(PO)


Ba Lu Eu+ BaLu(PO)


Ba Y Sm+ BaY(PO)


Sr Gd Dy+ SrGd(PO)


Sr La Eu+/Tb+ SrLa(PO)


Sr Bi Eu+/Tb+ SrBi(PO)


Sr La Eu+/Tb+ SrLa(PO)
,
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The synthesis of inorganic phosphors encompasses a
diverse array of techniques, each offering unique advan-
tages in terms of control over particle size, morphology,
crystallinity, and luminescence properties. The choice of
synthesis method depends on various factors, including the
desired composition, crystal structure, and intended appli-
cation of the phosphor material. In this section, we will
explore some of the commonly employed synthesis tech-
niques for inorganic phosphors.24,25

2.1 Solid-state reaction

Solid-state reaction is one of the most traditional and widely
used methods for synthesizing inorganic phosphors. In this
method, precursor compounds containing the constituent
elements of the phosphor are mixed in stoichiometric ratios
and heated at high temperatures (typically above 1,000 °C) in
a furnace (Figure 1). The thermal decomposition and chem-
ical reactions between the precursors result in the formation
of crystalline phosphor particles. Solid-state reaction offers
simplicity, scalability, and versatility, making it suitable for
producing a wide range of phosphor materials, including
oxides, sulfides, and nitrides. However, it may require long
reaction times and high temperatures, leading to the for-
mation of agglomerated particles and phase impurities.26

Solid-state reaction is a traditional method for synthesizing
inorganic phosphors, offering several advantages, along
with some disadvantages and challenges.
Advantages:
I) Solid-state reaction is a relatively simple and straightfor-

ward method that involves mixing precursor compounds
andheating them tohigh temperatures in a furnace. It does

not require complex equipment or specialized techniques,
making it accessible to researchers and manufacturers.

II) Solid-state reaction can be used to synthesize a wide
range of inorganic phosphors, including oxides, sulfides,
and nitrides. It offers versatility in terms of composition,
allowing for the incorporation of various dopant ions
and modifiers to tailor the properties of the phosphor
material.

III) Solid-state reaction can be easily scaled up for large-
scale production, making it suitable for industrial
manufacturing processes. The simplicity of the method
and the availability of raw materials contribute to its
scalability and cost-effectiveness.

Disadvantages:
i) Solid-state reaction typically requires heating precursor

compounds to high temperatures (above 1,000 °C) to
initiate the chemical reactions and facilitate the forma-
tion of crystalline phosphor particles. These high tem-
peratures can lead to energy consumption, material
degradation, and phase impurities.

ii) Solid-state reaction often involves long reaction times
to ensure complete conversion of precursor com-
pounds into the desired phosphor phase. Prolonged
heating at high temperatures may increase processing
time and production costs, particularly for large-scale
synthesis.

iii) Solid-state reaction may lack precise control over par-
ticle size, morphology, and composition, leading to the
formation of agglomerated particles and phase impu-
rities. Achieving uniform and monodisperse phosphor
particles may require additional processing steps or
optimization of reaction parameters.

Figure 1: Synthetic route of inorganic phosphor materials via solid state reactions.
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Challenges:
i) One of the major challenges in solid-state reaction is

achieving phase-pure phosphor materials without the
formation of unwanted phases or impurities. Control-
ling reaction kinetics, stoichiometry, and processing
conditions is crucial for minimizing phase segregation
and ensuring the desired crystal structure.

ii) Another challenge is achieving uniform distribution of
dopant ions and modifiers within the phosphor lattice.
Inhomogeneous distribution can lead to variations in
luminescence properties, affecting the performance and
reliability of phosphor-based devices.

iii) Improving the energy efficiency of solid-state reaction
processes is a key challenge, particularly in light of
increasing environmental concerns and energy conser-
vation efforts. Developing alternative synthesis methods
or optimizing reaction conditions to reduce energy
consumption and minimize waste generation is essen-
tial for sustainable phosphor manufacturing.

2.2 Sol–gel method

The sol–gel method involves the hydrolysis and condensa-
tion of metal alkoxides or metal salts in a liquid solvent to
form a colloidal suspension, or sol. By controlling the reac-
tion conditions, such as pH, temperature, and solvent

composition, the sol can be processed further to form a gel or
dried to yield a powder.27 Subsequent calcination of the gel
or powder at elevated temperatures results in the formation
of crystalline phosphor particles. The sol–gel method offers
precise control over the chemical composition, particle size,
and morphology of the phosphor material, enabling the
synthesis of homogeneous and nanostructured phosphors
with enhanced luminescence properties. Moreover, it allows
for the incorporation of dopant ions and modifiers to tailor
the optical characteristics of the phosphor (Figure 2). The
sol–gel method is a versatile technique for synthesizing
inorganic phosphors, offering several advantages alongwith
some disadvantages and challenges:28

Advantages:
i) The sol–gel method enables precise control over the

composition, particle size, morphology, and crystallinity
of the phosphor material. By adjusting parameters
such as pH, temperature, and precursor concentrations,
researchers can tailor the properties of the phosphor to
meet specific requirements.

ii) Sol–gel synthesis results in homogeneous distribution
of dopant ions and modifiers within the phosphor lat-
tice, leading to uniform luminescence properties. This
ensures consistent performance and reliability of
phosphor-based devices, such as LEDs and displays.

iii) The sol–gel method allows for the synthesis of nano-
structured phosphors with controlled particle size and

Figure 2: Schematic representation of the
different stages and routes of the sol–gel
technology.29
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surface properties. Nanoscale phosphor particles
exhibit unique optical properties, such as enhanced
luminescence efficiency and tunable emission spectra,
making them suitable for advanced applications in
lighting, sensing, and imaging.

iv) Sol–gel synthesis can be used to fabricate awide range of
inorganic phosphors, including oxides, sulfides, and ni-
trides. It offers versatility in terms of precursor selection
and processing conditions, allowing for the incorpora-
tion of various dopant ions and modifiers to tailor the
optical characteristics of the phosphor material.

Disadvantages:
i) The sol–gel method involves multiple steps, including

hydrolysis, condensation, drying, and calcination, which
can make the process complex and time-consuming.
Achieving optimal synthesis conditions and controlling
reaction kinetics require careful attention to detail and
expertise in materials chemistry.

ii) The sol–gel method may involve the use of expensive
precursors and reagents, increasing the cost of phosphor
synthesis compared to other methods. Additionally,
the need for specialized equipment, such as vacuum
systems and controlled atmosphere furnaces, can
further contribute to the overall cost of production.

iii) Achieving reproducible results with the sol–gel method
can be challenging due to variations in reaction kinetics,
precursor reactivity, and environmental conditions. Small
changes in synthesis parameters can have significant
effects on the properties of the resulting phosphor mate-
rial, requiringmeticulous optimization andquality control.

Challenges:
i) Scaling up the sol–gel synthesis process for large-scale

production remains a challenge due to the complexity of
the method and the need for precise control over reac-
tion conditions. Developing cost-effective and scalable
synthesis strategies while maintaining product quality
and consistency is essential for commercialization of
sol–gel-derived phosphor materials.

ii) Ensuring the long-term stability and reliability of
sol–gel-derived phosphors under harsh operating con-
ditions, such as high temperatures and humidity, poses a
challenge. Improving the chemical and thermal stability
of phosphor materials through advanced synthesis
techniques and surfacemodification strategies is critical
for expanding their practical applications.

iii) Addressing the environmental impact of sol–gel synthe-
sis, including the generation of hazardous waste and the
consumption of energy and resources, is a key challenge.
Developing greener synthesis protocols and alternative

precursors with lower environmental footprint is essen-
tial for sustainable phosphor manufacturing.

2.3 Hydrothermal synthesis

Hydrothermal synthesis involves the reaction of precursor
compounds in an aqueous solution under elevated temper-
ature and pressure conditions inside a sealed autoclave. The
hydrothermal environment promotes the rapid nucleation
and growth of crystalline phases, resulting in the formation
of highly crystalline and uniformly sized phosphor parti-
cles.30 The controlled release of reactants and the confine-
ment of reaction intermediates within the autoclave
facilitate the formation of phase-pure and stoichiometric
phosphors with enhanced crystallinity and luminescence
properties. Hydrothermal synthesis is particularly well-
suited for producing complex and metastable phosphor
materials, such as perovskites, garnets, and nanocrystalline
structures, with precise control over particle size, shape, and
surface properties. Hydrothermal synthesis is a powerful
method for synthesizing inorganic phosphors, offering
numerous advantages along with some disadvantages and
challenges.31 A.B. Chavan et al.32 design SrMnO4:Dy3+ phos-
phor with blue emission via hydrothermal process, where
NaOHwas used as PH regulator.32While X. Yu et al.33 reported
white light emitting phosphor of Dy3+ with Ca3(PO4)2 by this
process. It was also concluded that we can synthesize phos-
phor even at low temperature by hydrothermal process.33

Advantages:
i) Hydrothermal synthesis enables controlled nucleation

and growth of crystalline phases under high-
temperature and high-pressure conditions. This results
in the formation of highly crystalline and uniformly
sized phosphor particles with precise control over par-
ticle size, morphology, and crystal structure.

ii) The hydrothermal environment restricts the access of
impurities and contaminants, leading to the formation
of phase-pure phosphor materials. This ensures high
purity and crystallinity of the synthesized phosphors,
minimizing the presence of defects and non-radiative
recombination centers that can degrade luminescence
properties.

iii) Hydrothermal synthesis allows for the incorporation of
dopant ions andmodifiers to tailor the optical properties
of the phosphor material. By controlling reaction
parameters such as temperature, pressure, pH, and
precursor concentrations, researchers can fine-tune the
emission spectra, quantum efficiency, and thermal sta-
bility of the synthesized phosphors to meet specific
application requirements.32
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iv) Hydrothermal synthesis can be used to fabricate a wide
range of inorganic phosphors, including oxides, sulfides,
and nitrides. It offers versatility in terms of precursor
selection and reaction conditions, enabling the synthesis
of complex and metastable phosphor materials with
tailored properties for various applications.

Disadvantages:
i) Hydrothermal synthesis requires specialized equip-

ment, such as autoclaves capable of withstanding high
pressures and temperatures, which can be expensive
to purchase and maintain. Additionally, the need for
corrosion-resistant materials and safety precautions
adds to the overall cost of operation.

ii) Hydrothermal synthesis involves heating precursor
solutions to high temperatures under pressure,
consuming significant amounts of energy. The high
energy requirements make hydrothermal synthesis
relatively expensive and may limit its scalability for
large-scale production.

iii) Hydrothermal synthesis involves multiple steps,
including precursor preparation, reaction setup, and
post-synthesis treatments, which can make the process
complex and time-consuming. Achieving optimal syn-
thesis conditions and controlling reaction kinetics
require expertise in materials chemistry and experi-
mental techniques.

Challenges:
i) Scaling up hydrothermal synthesis for commercial pro-

duction remains a challenge due to the complexity of the
method and the need for precise control over reaction
parameters. Developing cost-effective and scalable syn-
thesis strategies while maintaining product quality and
consistency is essential for industrial applications.

ii) Achieving reproducible results with hydrothermal syn-
thesis can be challenging due to variations in reaction
conditions, precursor reactivity, and crystal growth
kinetics. Optimizing synthesis parameters and under-
standing the underlying mechanisms governing crystal
growth are critical for achieving consistent and reliable
synthesis of phosphor materials.

iii) Addressing the environmental impact of hydrothermal
synthesis, including energy consumption, waste gener-
ation, and the use of hazardous reagents, is a key
concern. Developing greener synthesis protocols and
alternative reaction pathways with reduced environ-
mental footprint is essential for sustainable phosphor
manufacturing.

2.4 Coprecipitation

Coprecipitation involves the simultaneous precipitation of
cations and anions from aqueous solutions by the addition
of a precipitating agent, such as a base or a salt. By adjusting
the pH, temperature, and concentration of the reactants,
the formation of insoluble precipitates containing the
desired phosphor constituents can be induced. The result-
ing precipitates are typically washed, dried, and calcined to
form crystalline phosphor particles.34 Coprecipitation of-
fers advantages such as simplicity, scalability, and unifor-
mity of particle size and composition. Moreover, it enables
the synthesis of composite and doped phosphor materials
by incorporating dopant ions or secondary phases during
the precipitation process. Coprecipitation is a widely used
method for synthesizing inorganic phosphors, offering
several advantages along with some disadvantages and
challenges.35

Advantages:
i) Coprecipitation is a relatively simple and cost-effective

method that involves mixing aqueous solutions of
precursor salts followed by the addition of a precipi-
tating agent. The method does not require complex
equipment or specialized techniques, making it acces-
sible to researchers and manufacturers.

ii) Coprecipitation typically yields a high quantity of
product compared to other synthesis methods. The
precipitation reaction generates a large number of
phosphor particles simultaneously, leading to high
production efficiency and throughput.

iii) Coprecipitation results in homogeneous distribution of
dopant ions and modifiers within the phosphor lattice,
leading to uniform luminescence properties. This
ensures consistent performance and reliability of
phosphor-based devices, such as LEDs and displays.

iv) Coprecipitation can be used to fabricate a wide range
of inorganic phosphors, including oxides, sulfides, and
nitrides. It offers versatility in terms of precursor selection
and reaction conditions, enabling the synthesis of complex
and multicomponent phosphor materials with tailored
properties for various applications.36

Disadvantages:
i) Coprecipitation may lack precise control over particle

size, morphology, and composition, leading to the for-
mation of agglomerated particles and phase impurities.
Achieving uniform and monodisperse phosphor parti-
cles may require additional processing steps or optimi-
zation of reaction parameters.
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ii) Coprecipitation may result in the incorporation of im-
purities or contaminants from the precursor salts or
precipitating agent, affecting the chemical purity and
optical properties of the synthesized phosphor material.
Purification steps, such as washing and annealing, may
be required to remove residual impurities and improve
material quality.

iii) Coprecipitation is typically carried out under ambient
conditions or mild heating, limiting the range of achiev-
able particle sizes and crystal structures. Complex phos-
phor compositions ormetastable phasesmaybedifficult to
synthesize using coprecipitation alone, requiring alterna-
tive synthesis methods or post-treatment procedures.

Challenges:
i) Achieving phase-pure phosphor materials with desired

crystal structures and properties remains a challenge in
coprecipitation. Controlling reaction kinetics, stoichi-
ometry, and processing conditions is crucial for mini-
mizing phase segregation and ensuring the formation of
the desired crystalline phase.

ii) Coprecipitated phosphor particlesmay exhibit surface
defects or functional groups that can affect their op-
tical and chemical properties. Developing surface
modification strategies, such as coating or doping, is
important for enhancing the stability, luminescence
efficiency, and functionality of coprecipitated phos-
phor materials.

iii) Scaling up coprecipitation for large-scale production
poses challenges related to reproducibility, process
control, and cost-effectiveness. Developing scalable
synthesis protocols and optimizing reaction conditions
while maintaining product quality and consistency is
essential for industrial applications.

2.5 Microwave-assisted processing

Microwave-assisted processing involves the application of
microwave irradiation to accelerate chemical reactions and
promote the synthesis of inorganic phosphor materials.37

Microwave heating offers several advantages over conven-
tional thermalmethods, including rapid heating rates, uniform
heating profiles, and energy efficiency. By couplingmicrowave
irradiation with conventional synthesis techniques, such as
solid-state reaction, sol–gel method, or hydrothermal syn-
thesis, the synthesis time can be significantly reduced, while
improving the crystallinity, purity, and yield of the phosphor
material. Microwave-assisted processing is particularly
beneficial for synthesizing nanoscale and metastable phos-
phors, as it enables precise control over reaction kinetics and

thermodynamics.38,39 Microwave-assisted processing is an
innovative method for synthesizing inorganic phosphors,
offering several advantages along with some disadvantages
and challenges.
Advantages:
i) Microwave-assisted processing allows for rapid and

uniform heating of reaction mixtures, resulting in
accelerated synthesis rates and reduced processing
times compared to conventional heating methods. The
selective absorption of microwave energy by polar
molecules, such as water and certain precursor com-
pounds, facilitates fast and efficient energy transfer,
enabling high-temperature reactions to occur within
minutes or even seconds.40

ii) Microwave-assisted processing typically requires lower
energy consumption compared to conventional heating
methods, as microwave energy is directly absorbed by
the reaction mixture, minimizing heat loss to the sur-
roundings. This leads to improved energy efficiency and
reduced operating costs, making microwave-assisted
synthesis environmentally friendly and economically
viable.

iii) Microwave-assisted processing offers enhanced con-
trol over reaction parameters, such as temperature,
pressure, and heating rate, leading to improved
reproducibility and product quality. Precise modula-
tion of microwave power and irradiation time allows
researchers to optimize reaction conditions and tailor
the properties of the synthesized phosphor material to
meet specific application requirements.

iv) Microwave-assisted processing can be used to synthe-
size a wide range of inorganic phosphors, including
oxides, sulfides, and nitrides. It offers versatility in
terms of precursor selection and reaction conditions,
enabling the synthesis of complex and multicomponent
phosphor materials with tailored properties for various
applications.

Disadvantages:
i) Microwave-assisted processing requires specialized

equipment, such as microwave reactors or synthe-
sizers, which can be expensive to purchase and main-
tain. Additionally, the need for corrosion-resistant
materials and safety precautions adds to the overall
cost of operation.

ii) Scaling up microwave-assisted synthesis for large-scale
production may pose challenges related to reactor
design, heat transfer, and process control. Achieving
uniform heating and efficient energy transfer in large
reaction volumeswhilemaintaining product quality and
consistency is essential for industrial applications.
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iii) Microwave heating may result in non-uniform temper-
ature distribution within the reaction mixture, leading
to localized hot spots and thermal gradients. This can
affect reaction kinetics, phase evolution, and product
homogeneity, requiring careful optimization of micro-
wave power and irradiation conditions to ensure uni-
form heating and reaction progress.

Challenges:
i) Understanding the underlying reaction mechanisms

and kinetics of microwave-assisted synthesis is crucial
for optimizing reaction conditions and controlling
product formation. Investigating the effects of micro-
wave irradiation on precursor decomposition, nucle-
ation, growth, and phase transformation processes is
essential for predicting and controlling the properties of
the synthesized phosphor material.

ii) Microwave-assisted processing may result in side
reactions, decomposition, or phase impurities due to the
rapid and intense heating conditions.41 Developing
strategies to enhance reaction selectivity and minimize
unwanted by-products or defects is important for
achieving high purity and crystallinity of the synthe-
sized phosphor material.

iii) Optimizing microwave-assisted synthesis protocols
for specific phosphor compositions, crystal structures,
and properties requires systematic experimentation
and parameter optimization. Factors such as precur-
sor concentration, solvent choice, reaction tempera-
ture, and irradiation time need to be carefully
optimized to achieve desired product performance
and functionality.

2.6 Flame spray pyrolysis

Flame spray pyrolysis involves the atomization of precursor
solutions into fine droplets, which are then ignited and
combusted in a high-temperature flame reactor. 42 The rapid
heating and cooling rates within the flame reactor promote
the formation of nanoscale phosphor particles through
homogeneous nucleation and growth.43 By adjusting the
composition of the precursor solution, theflame parameters,
and the residence time in the reactor, the size, morphology,
and crystallinity of the phosphor particles can be controlled.
Flame spray pyrolysis offers advantages such as continuous
operation, scalability, and versatility, making it suitable for
producing high-purity and well-defined phosphor materials
for various applications. Flame spray pyrolysis (FSP) is an
advanced technique for synthesizing inorganic phosphors,

offering several advantages along with some disadvantages
and challenges.44,45

Advantages:
i) Flame spray pyrolysis enables high production rates,

making it suitable for large-scale synthesis of inorganic
phosphors. The continuous flow of precursor solutions
through a high-temperature flame reactor allows for
rapid nucleation and growth of nanoparticles, leading to
high throughput and productivity.

ii) FSP produces inorganic phosphor nanoparticles with
narrow size distribution and controlled morphology.
The high-temperature flame environment promotes
rapid and homogeneous nucleation, resulting in uni-
form particle size and shape. This uniformity enhances
the optical properties and performance of the synthe-
sized phosphors in various applications.

iii) FSP can be easily scaled up for industrial production of
inorganic phosphors due to its simple and continuous
operation. The modular design of flame spray pyrolysis
reactors allows for easy adjustment of process parame-
ters and reactor configurations to accommodate different
production scales and throughput requirements.

iv) FSP offers versatility in terms of precursor selection and
reaction conditions, enabling the synthesis of a wide
range of inorganic phosphors, including oxides, sulfides,
and nitrides. By adjusting precursor compositions, con-
centrations, and feed rates, researchers can tailor the
properties of the synthesized phosphor material to meet
specific application requirements.

Disadvantages:
i) Flame spray pyrolysis requires specialized equipment,

such as a spray nozzle, burner system, and temperature
control unit, which can be complex and expensive to set
up and maintain. Additionally, the need for precise
control over process parameters, such as fuel flow rate,
oxygen concentration, and residence time, adds to the
complexity of operation.

ii) FSP consumes significant amounts of energy to generate
and maintain the high-temperature flame required for
nanoparticle synthesis. The high energy requirements
may increase operating costs and environmental impact,
particularly for large-scale production.

iii) Achieving precise control over particle size,
morphology, and composition in FSP can be challenging
due to the complex interplay of process parameters and
reaction kinetics. Variations in flame temperature,
residence time, and precursor droplet sizemay affect the
nucleation and growth of nanoparticles, leading to var-
iations in product quality and performance.
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Challenges:
i) Flame spray pyrolysis may result in the formation of

particle agglomerates due to collisions and coalescence
of nanoparticles in the high-temperature flame envi-
ronment. Controlling particle dispersion and preventing
agglomeration is essential for maintaining uniformity
and stability of the synthesized phosphor material.

ii) Understanding the surface chemistry and reactivity of
flame-synthesized phosphor nanoparticles is important
for controlling their optical and chemical properties.
Surface modification techniques, such as coating or
doping, may be required to enhance the stability, lumi-
nescence efficiency, and functionality of FSP-derived
phosphors for specific applications.

iii) Addressing the environmental impact of flame spray
pyrolysis, including energy consumption, emissions, and
waste generation, is a key concern. Developing greener
synthesis protocols and alternative fuel sources with
reduced environmental footprint is essential for sus-
tainable phosphor manufacturing.

3 Structure of inorganic phosphors

The structural diversity of inorganic phosphor materials
plays a critical role in determining their luminescence
properties and performance in various applications. Com-
mon crystal structures include perovskites, garnets, oxides,
sulfides, and nitrides, each characterized by specific lattice
parameters, symmetry elements, and coordination envi-
ronments. Perovskite phosphors, with their ABX3 composi-
tion, exhibit versatile luminescence behavior and arewidely
employed in solid-state lighting applications. Garnet phos-
phors, typified by the A3B5O12 structure, offer excellent
thermal stability and are commonly used in high-power
LEDs and laser diodes.46 Oxide phosphors, such as aluminate
and silicate compounds, demonstrate superior chemical
durability and color purity, making them suitable for display
and signage applications. Sulfide and nitride phosphors,
though less common, exhibit unique luminescence proper-
ties and have garnered interest for emerging optoelectronic
devices. The structure of inorganic phosphors plays a crucial
role in determining their luminescent properties, stability,
and performance in various applications. In this section, we
will explore the common crystal structures of inorganic
phosphors and their implications for luminescence.

3.1 Perovskite structure

The perovskite structure, named after the mineral calcium
titanate (CaTiO3), is one of the most widely studied and

versatile crystal structures in inorganic phosphors. It has
the general formula ABX3, where A and B are cations
occupying octahedral and larger coordination sites,
respectively, and X is an anion. The octahedral coordina-
tion of the A-site cation creates a network of corner-sharing
polyhedra, while the B-site cation occupies the center of the
octahedra. The perovskite structure can accommodate a
wide range of cations and anions, allowing for extensive
compositional variations and dopant incorporation.47

Perovskite phosphors exhibit diverse luminescence prop-
erties, including emission colors ranging fromultraviolet to
near-infrared, depending on the composition and dopant
ions. For example, europium-doped strontium aluminate
(SrAl2O4:Eu2+) phosphors emit long-lasting green lumines-
cence due to the 4f–5d transition of the Eu2+ ions within the
perovskite lattice (Figure 3). Similarly, lanthanide-doped
perovskite oxides, such as LaAlO3:Ln3+ (Ln = Eu, Tb, Ce), are
widely used for their efficient red, green, and blue emis-
sions, respectively, making them suitable for applications
in solid-state lighting and displays.48 Perovskite structure
phosphor materials have gained significant attention in
recent years due to their unique properties and potential
applications in various fields, including lighting, displays,
sensing, and photovoltaics. The perovskite structure is
characterized by a specific crystal structure known as the
perovskite structure, which consists of a three-dimensional
network of corner-sharing octahedra. In this structure, a
cation occupies the center of the octahedron, while an
anion occupies the vertices. The general chemical formula
for perovskite structure compounds is ABX3, where A is a
large cation (usually an alkaline earth metal or a rare earth
metal), B is a smaller transition metal cation, and X is an
anion (usually oxygen). However, in perovskite structure

Figure 3: Perovskite crystal structure, which can be followed by the
constituents of phosphor materials for more stability.
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phosphormaterials, X can also include other anions such as
halides (e.g., chloride, bromide, iodide) or other elements
(e.g., sulfur, nitrogen).49

Some key characteristics of perovskite structure phos-
phor materials include:
i) Perovskite structure phosphors offer tunable optical,

electronic, and magnetic properties through composi-
tional variation and dopant incorporation. The flexi-
bility in composition allows researchers to tailor the
bandgap, emission wavelength, and luminescence
efficiency of perovskite structure phosphors for spe-
cific applications.

ii) Perovskite structure phosphors exhibit high lumines-
cence quantum efficiency, making them promising
candidates for efficient light emission and energy
conversion. The defect-tolerant nature of perovskite
materials enables efficient radiative recombination of
charge carriers, resulting in bright and stable
luminescence.

iii) Perovskite structure phosphors can emit light across a
wide range of wavelengths, from ultraviolet to near-
infrared, depending on the composition and structure
of the material. This broad emission spectrum makes
perovskite phosphors suitable for various applications,
including white light generation and color-tunable
lighting.

iv) Perovskite structure phosphors can be synthesized using
solution-based methods, such as solution combustion,
sol–gel, and precipitation, enabling facile and cost-
effective synthesis of phosphor nanoparticles, thin films,
and coatings. Solution processability allows for large-area
deposition and compatibility with flexible substrates,
offering opportunities for scalable manufacturing and
device integration.

v) Perovskite structure phosphors exhibit excellent ther-
mal and chemical stability under ambient conditions,
making them suitable for long-term device operation in
harsh environments. The robustness of perovskite
materials against degradation ensures the durability
and reliability of phosphor-based devices for practical
applications.

vi) Perovskite structure phosphor materials have shown
great promise in various optoelectronic and photonic
devices, including light-emitting diodes (LEDs), displays,
lasers, photodetectors, and solar cells. Ongoing research
efforts are focused on further improving the perfor-
mance, stability, and scalability of perovskite phosphors
for commercialization and widespread adoption in
emerging technologies.

3.2 Garnet structure

The garnet structure, characterized by the general formula
A3B5O12, is another common crystal structure found in
inorganic phosphors. In garnet phosphors, the A-site cation
occupies dodecahedral coordination sites, while the B-site
cation occupies octahedral coordination sites within the
crystal lattice. The close-packed arrangement of oxygen
atoms creates tunnels or channels throughwhich the cations
are arranged in a three-dimensional network.46 Garnet
phosphors exhibit excellent thermal stability, chemical
durability, and photoluminescence properties, making them
suitable for high-power LED applications. For instance,
yttrium aluminum garnet (YAG:Ce3+) phosphors, doped with
cerium ions as activators, are widely used as yellow phos-
phors inwhite LED devices.50 The 4f–5d transition of the Ce3+

ions within the garnet lattice results in efficient yellow
emission, which, when combined with blue LEDs, produces
white light with high color rendering index (CRI) and lumi-
nous efficacy. The garnet structure refers to a specific crystal
structure known as the garnet structure (Figure 4), which is
commonly found in a class of materials called garnets.
Garnets are a group of silicate minerals that share the same
crystal structure characterized by a cubic unit cell. The
garnet structure is named after the mineral garnet, which is
one of the most well-known members of this mineral group.
The general chemical formula for garnet structure com-
pounds is A3B2(CO4)3, where A is typically a divalent cation
such as calcium (Ca), magnesium (Mg), or iron (Fe), B is a

Figure 4: Garnet-type structure which can be followed by phosphors.
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trivalent cation such as aluminum (Al), iron (Fe), or chro-
mium (Cr), and CO4 represents a group of four oxygen atoms.
However, the garnet structure can accommodate a wide
range of cations and anions, leading to a diverse family of
materials with various compositions and properties.51

Key features of the garnet structure include:
i) The garnet structure belongs to the cubic crystal sys-

tem, characterized by a unit cell with cubic symmetry.
The lattice parameters of the garnet structure can vary
depending on the specific composition of the garnet
material, but the overall cubic symmetry remains
consistent.

ii) In the garnet structure, the cations (A and B) are arranged
in corner-sharing polyhedral units, forming a three-
dimensional network. Each cation is surrounded by oxy-
gen atoms, which are shared between adjacent polyhedra,
creating a continuous framework throughout the crystal
lattice.

iii) The garnet structure allows for the substitution of cat-
ions at both the A and B sites, as well as the substitution
of anions such as oxygen. This flexibility in composition
leads to the formation of solid solutions with a wide
range of properties, including variations in color,
hardness, and optical behavior.

iv) Garnet structure materials exhibit interesting optical
and magnetic properties due to the interaction between
the cations and the surrounding oxygen atoms. Some
garnet materials are transparent and exhibit strong
optical absorption and emission characteristics, making
them useful in optical and laser applications. Others
display magnetic behavior, with potential applications
in magnetic storage and spintronics.

v) Garnet structure materials have diverse applications in
various fields, including optics, electronics, telecommu-
nications, and materials science. For example, yttrium
aluminum garnet (YAG) is widely used as a host material
for solid-state lasers, phosphors in LED lighting, and
scintillator detectors in medical imaging.

vi) Overall, the garnet structure provides a versatile
framework for the design and synthesis of functional
materials with tailored properties for specific applica-
tions. Understanding the structure-property relation-
ships in garnet materials is essential for optimizing
their performance and exploring new functionalities in
emerging technologies.

3.3 Oxide structures

Oxide phosphors encompass a wide range of crystal
structures, including perovskites, garnets, spinels, and

scheelites, among others. These structures are characterized
by close-packed arrangements of oxygen atoms, with metal
cations occupying specific coordination sites within the lat-
tice.52 The optical properties of oxide phosphors are influ-
enced by factors such as crystal field effects, charge transfer
transitions, and dopant concentration.53 For example, zinc
sulfide-based oxide phosphors, such as ZnS:Cu,Ag, emit blue-
green luminescence due to the radiative recombination of
electron-hole pairs trapped at defect sites within the crystal
lattice.54 These phosphors are commonly used in cathode-
ray tube (CRT) displays and fluorescent lamps. Similarly,
magnesium aluminate spinel (MgAl2O4) phosphors doped
with rare earth ions exhibit intense blue or green lumines-
cence, making them suitable for applications in LED-based
displays and signage.55 Oxide structures refer to a broad
class of materials composed primarily of oxygen atoms
bonded to one or more metal cations. Oxides are ubiquitous
in nature and have a wide range of structural motifs, each
with unique properties and applications. Some common
oxide structures include:
i) Ionic oxides consist of positively chargedmetal cations

and negatively charged oxide ions arranged in a reg-
ular lattice structure. Examples include sodium oxide
(Na2O) andmagnesium oxide (MgO). Ionic oxides often
exhibit high melting points, electrical insulating
properties, and are commonly used as ceramics and
refractory materials.

ii) The perovskite oxides has the chemical formula ABX3,
where A is a larger cation (often an alkaline earth
metal), B is a smaller transitionmetal cation, and X is an
anion (typically oxygen). Perovskite oxides have a cubic
crystal structure with the A cations occupying the cor-
ners of the unit cell, the B cations in the center, and the X
anions at the face centers. Perovskite oxides are known
for their diverse properties, including ferroelectricity,
ferromagnetism, and superconductivity, and have
applications in catalysis, fuel cells, and electronic
devices.

iii) Spinel oxides have the general formula AB2O4, where A
and B are metal cations. The spinel structure consists of
oxygen ions arranged in a face-centered cubic lattice,
with the A cations occupying tetrahedral sites and the B
cations occupying octahedral sites. Spinel oxides exhibit
a range of properties, including semiconducting, mag-
netic, and optical behavior, and are used in various
applications such as pigments, catalysts, and electronic
components.

iv) The corundum structure is characterized by a close-
packed arrangement of oxygen atoms with metal cat-
ions occupying two-thirds of the octahedral sites. This
structure is commonly found in aluminum oxide
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(Al2O3), where the aluminum ions occupy two-thirds of
the octahedral sites, resulting in a hexagonal close-
packed arrangement. Corundum oxides are hard,
transparent, and have high melting points, making
them suitable for use as abrasives, refractory mate-
rials, and gemstones.

v) Periclase or rock salt structure is a simple cubic
arrangement of oxide ionswithmetal cations occupying
all of the octahedral sites. This structure is observed in
oxides such as magnesium oxide (MgO) and calcium
oxide (CaO), which exhibit high ionic conductivity and
are used in ceramics, refractories, and as catalyst
supports.

vi) Some oxides adopt layered structures, where metal-
oxygen layers are stacked on top of each other. Exam-
ples include layered double hydroxides (LDHs) and
transition metal oxides such as molybdenum oxide
(MoO3) and vanadium pentoxide (V2O5). Layered oxides
exhibit interesting electronic and electrochemical
properties and find applications in batteries, catalysis,
and sensors.

vii) oxide structures encompass a diverse range of mate-
rials with varying compositions, structures, and prop-
erties. Understanding the structural characteristics of
oxides is essential for tailoring their properties and
harnessing their potential in a wide range of techno-
logical applications, including energy storage, elec-
tronics, catalysis, and environmental remediation.

3.4 Nitride and sulfide structures

Nitride and sulfide phosphors represent another class of
inorganic materials with unique crystal structures and
luminescence properties. Nitride phosphors, such as silicon
nitride (Si3N4), gallium nitride (GaN), and aluminum nitride
(AlN), exhibit wide bandgap energies and efficient lumi-
nescence in the visible and ultraviolet regions of the spec-
trum. These materials are of interest for applications in
UV-LEDs, solid-state lighting, and optoelectronic devices.56

Sulfide phosphors, including zinc sulfide (ZnS), cad-
mium sulfide (CdS), and calcium sulfide (CaS), are known for
their broad emission spectra and high quantum efficiency.
These phosphors are commonly used as activators in fluo-
rescent lamps, cathode-ray tubes, and phosphor-converted
LEDs. For example, cadmium sulfide-based phosphors doped
withmanganese ions (CdS:Mn) emit red luminescence due to
the 4T1-6A1 transition of theMn2+ ions,making them suitable
for red-emitting phosphor applications.57 The structure of
inorganic phosphors plays a critical role in determining
their luminescence properties, stability, and performance in

various applications. Understanding the crystallographic
arrangement of atoms within the phosphor lattice enables
researchers to design and engineer materials with tailored
optical characteristics and enhanced functionality. From
perovskites and garnets to oxides, nitrides, and sulfides, the
diverse array of crystal structures offers a versatile toolkit for
advancing the frontier of solid-state lighting, displays, and
optoelectronic devices. Nitride and sulfide structures are
widely utilized in the field of phosphors due to their unique
luminescent properties and diverse crystal structures.
i) Nitride compounds with the wurtzite crystal structure,

such as galliumnitride (GaN) and indium galliumnitride
(InGaN), are extensively used in phosphor applications,
particularly in light-emitting diodes (LEDs). These
materials exhibit direct bandgaps and efficient light
emission, making them suitable for producing blue,
green, and even white light in LEDs. By varying the
composition and doping levels, the emission wavelength
of wurtzite nitride phosphors can be tuned across the
visible spectrum.

ii) Nitride materials with the zinc blende crystal structure,
including aluminum nitride (AlN) and indium nitride
(InN), are also employed as phosphors in LEDs and other
optoelectronic devices. Zinc blende nitride phosphors
exhibit strong luminescence properties and are often
used to produce blue and ultraviolet (UV) light in LEDs.
These materials offer advantages such as high thermal
stability and excellent optical properties, contributing to
the efficiency and color quality of LED lighting systems.

iii) Sulfide compounds with various crystal structures are
utilized as phosphors in different applications. For
example, zinc sulfide (ZnS) phosphors are commonly
used in cathode ray tubes (CRTs), fluorescent lamps, and
X-ray screens due to their strong luminescence proper-
ties and wide bandgap. Zinc sulfide phosphors can emit
light in the visible spectrum, ranging from blue to red,
depending on the dopants and processing conditions.

iv) Layered sulfide structures, such as transition metal
dichalcogenides (TMDs) like molybdenum disulfide
(MoS2) and tungsten disulfide (WS2), have also emerged
as promising phosphor materials. These materials
exhibit unique optical properties, including quantum
confinement effects and strong photoluminescence,
making them suitable for applications in displays,
sensors, and photodetectors.58 Layered sulfide phos-
phors offer opportunities for tuning the emission
wavelength and enhancing the efficiency of light con-
version processes.

v) Doping sulfide and nitride phosphors with various
activator ions enables precise control over their lumi-
nescent properties. For instance, rare earth ions such
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as europium (Eu), cerium (Ce), and terbium (Tb) are
commonly used as activators in nitride and sulfide
phosphors to produce specific emission colors and
improve luminescence efficiency. By doping with
different activators and adjusting the synthesis condi-
tions, researchers can tailor the emission characteris-
tics of nitride and sulfide phosphors for specific
applications, including display technologies and light-
ing systems.

vi) Nitride and sulfide structures offer a rich variety of
phosphor materials with diverse luminescent proper-
ties and crystal structures. These materials play a
crucial role in modern lighting, display, and optoelec-
tronic technologies, driving advances in energy effi-
ciency, color quality, and functionality. Continued
research and development in nitride and sulfide
phosphors are expected to lead to further improve-
ments in performance and expand their applications in
emerging technologies.

4 Luminescence properties of
inorganic phosphors

The luminescence properties of inorganic phosphormaterials
are governed by a complex interplay of electronic transitions,
energy transfer mechanisms, and defect states within the
crystal lattice. The emission spectrum of a phosphor material
is determined by the energy levels of the dopant ions and the
host lattice, as well as the nature of the excitation source.
Photoluminescence, wherein photons are emitted following
the absorption of light, is the most common luminescence
mechanism observed in inorganic phosphors. Other mecha-
nisms, including cathodoluminescence (stimulated by elec-
tron beams), electroluminescence (induced by electrical
currents), and thermoluminescence (activated by heat), offer
additional avenues for harnessing the luminescent properties
of phosphor materials in diverse applications. Quantum effi-
ciency, lifetime, and color purity are key parameters that
govern the performance of inorganic phosphors in LED and
display devices, with ongoing research efforts focused on
enhancing these attributes through the design of novel
materials and doping strategies.59 The luminescence prop-
erties of inorganic phosphors are governed by a complex
interplay of electronic transitions, energy transfer mecha-
nisms, and defect states within the crystal lattice. Under-
standing these properties is crucial for tailoring phosphor
materials to meet the requirements of various applications,
including lighting, displays, sensors, and biomedical imag-
ing. In this section, we will explore the key luminescence
properties of inorganic phosphors:

4.1 Emission spectrum

The emission spectrum of an inorganic phosphor refers to
the range of wavelengths of light emitted when the phos-
phor is excited by an external energy source, such as
ultraviolet (UV) or blue light. The emission spectrum is
influenced by the energy levels of the dopant ions and the
host lattice, as well as the nature of the excitation source.
Different phosphor compositions and crystal structures can
result in emission spectra spanning the ultraviolet, visible,
and near-infrared regions of the electromagnetic spectrum.
For example, europium-doped strontium aluminate
(SrAl2O4:Eu2+) phosphors emit green luminescence due to
the 4f–5d transition of the Eu2+ ions within the crystal lat-
tice. Similarly, lanthanide-doped perovskite oxides, such as
LaAlO3:Ln3+ (Ln = Eu, Tb, Ce), exhibit red, green, and blue
emissions, respectively, making them suitable for applica-
tions in solid-state lighting and displays.60

4.2 Quantum efficiency

The quantum efficiency of an inorganic phosphor refers to
the ratio of the number of photons emitted to the number of
photons absorbed by the phosphor material. It is a measure
of the phosphor’s ability to convert absorbed energy into
emitted light and is typically expressed as a percentage. High
quantum efficiency is desirable for phosphor materials used
in lighting and display applications, as it indicates efficient
energy conversion and minimal losses due to non-radiative
processes. Phosphors with high quantum efficiency exhibit
intense and uniform luminescence, leading to bright and
vibrant displays with high color purity and contrast. Quan-
tum efficiency can be influenced by factors such as crystal
structure, dopant concentration, defect states, and surface
morphology. Improving the quantum efficiency of phosphor
materials is a key focus of research aimed at enhancing the
performance and energy efficiency of solid-state lighting and
display devices.26 The relationship among external quantum
efficiency, internal quantum efficiency, injection and
extraction efficiency is as below:

External Quantum Efficiency = [Internal Quantum Effi-
ciency] × [Injection Efficiency] × [Extraction Efficiency].

4.3 Lifetime

The lifetime of luminescence refers to the duration over
which the phosphor emits light following excitation. It is
determined by the radiative and non-radiative decay pro-
cesses occurring within the phosphor material. Radiative
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decay involves the emission of photons, while non-radiative
decay involves processes such as phonon-assisted relaxation,
energy transfer to impurity centers, and surface quenching.
Phosphors with long lifetimes are desirable for applications
requiring sustained luminescence, such as fluorescent lamps,
cathode-ray tubes, and phosphor-converted LEDs. Long life-
times ensure stable and uniform illumination, minimizing
flicker and color shift over time. The lifetime of a phosphor
can be influenced by factors such as dopant concentration,
crystal structure, defect density, and temperature. Improving
the lifetime of phosphor materials is essential for enhancing
the reliability and longevity of lighting and display devices.61

4.4 Color rendering index (CRI) and CIE
chromaticity coordinate

The color rendering index (CRI) is a quantitative measure of
the ability of a light source to accurately reproduce the colors
of objects compared to a reference light source. It is partic-
ularly important for applications such as indoor lighting,
where accurate color representation is essential for visual
comfort, aesthetics, and task performance. Phosphors with
high CRI values exhibit broad and uniform emission spectra,
enabling them to render colors faithfully and accurately. CRI
values are influenced by factors such as the spectral distri-
bution of the emitted light, the color temperature of the light
source, and the color sensitivity of the human eye. In gen-
eral, phosphors with a balanced emission spectrum span-
ning the visible spectrum (i.e., red, green, and blue regions)
are preferred for achieving high CRI values. Improving the
CRI of phosphor materials is a key objective in the devel-
opment of next-generation lighting technologies, such as

phosphor-converted LEDs and white light-emitting diodes
(WLEDs).62 For CIEmainly three colors coordinates are used,
upto date three model are proposed to representation CIE
coordinates which are CIE-19931, CIE-1960, and CIE-1976 as
shown in Figure 5.63

4.5 Thermal stability

The thermal stability of inorganic phosphors refers to their
ability to maintain their luminescent properties at elevated
temperatures. Phosphors used in lighting and display
applications are often subjected to high operating tem-
peratures, which can affect their efficiency, color stability,
and longevity. Thermal stability is influenced by factors
such as the chemical composition, crystal structure, dopant
concentration, and defect density of the phosphor material.
Phosphors with high thermal stability exhibit minimal
degradation in luminescence properties when exposed to
elevated temperatures, ensuring consistent performance
over the lifetime of the device. Improving the thermal sta-
bility of phosphor materials is essential for enhancing the
reliability and efficiency of LED-based lighting and display
systems, particularly in high-power and high-temperature
environments.

5 Applications of inorganic
phosphors

Inorganic phosphor materials find wide-ranging applica-
tions in solid-state lighting, displays, sensors, and biomed-
ical imaging. Phosphor-converted LEDs, wherein blue or

Figure 5: The type color RBG CIE chromaticity diagram CIE-19931, CIE-1960, and CIE-1976.63
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ultraviolet light is absorbed by a phosphor layer and
re-emitted at longer wavelengths, offer energy-efficient
alternatives to traditional lighting sources, with applica-
tions spanning residential, commercial, and automotive
lighting. White light-emitting diodes (WLEDs), employing
multi-component phosphor blends or quantum dot con-
verters, enable the replication of natural daylight and
customizable color temperatures for various indoor and
outdoor environments. In displays, phosphor materials
serve as the emissive components in liquid crystal displays
(LCDs), organic light-emitting diodes (OLEDs), and quan-
tum dot displays, facilitating the generation of vibrant,
high-resolution imagery in televisions, smartphones, tab-
lets, and other electronic devices. Phosphor-based sensors,
leveraging the sensitivity of luminescent signals to detect
and quantify analytes, find applications in environmental
monitoring, industrial process control, and biomedical
diagnostics, offering rapid, selective, and cost-effective
solutions for a wide range of sensing applications. Inor-
ganic phosphors find wide-ranging applications across
various fields due to their unique luminescent properties,
stability, and versatility. From lighting and displays to
sensors and biomedical imaging, inorganic phosphors play
a crucial role in a multitude of technologies.

5.1 Solid-state lighting

One of the most prominent applications of inorganic phos-
phors is in solid-state lighting (SSL), where they are used to
enhance the performance and efficiency of light-emitting
diodes (LEDs). Phosphors are employed in phosphor-
converted LEDs (PC-LEDs) to convert the blue or ultravio-
let light emitted by the LED chip into a broad spectrum of
visible light. This enables the generation of white light with

adjustable color temperatures and high color rendering
index (CRI), making PC-LEDs suitable for a wide range of
lighting applications, including residential, commercial, and
automotive lighting (Figure 6).64

The basic principle behind PC-LEDs involves the use of
a blue LED chip, which emits high-energy blue light. This
blue light excites the inorganic phosphors coated on the
LED chip, causing them to emit light in the green, yellow, or
red regions of the spectrum. By carefully selecting and
blending different phosphors, it is possible to produce
white light with specific color temperatures, ranging from
warmwhite (2700–3000 K) to cool white (5000–6500 K). The
ability to adjust the color temperature and achieve a high
CRI makes PC-LEDs highly versatile, as they can mimic
natural sunlight and provide pleasant lighting for various
environments. One of the key advantages of PC-LEDs is
their high efficiency and long lifespan compared to tradi-
tional incandescent and fluorescent lighting.2 The use of
inorganic phosphors ensures that the light conversion
process is highly efficient, resulting in minimal energy loss
as heat. This efficiency translates to lower energy con-
sumption and reduced operational costs, making PC-LEDs
an attractive option for residential, commercial, and
automotive lighting applications. Additionally, the robust
nature of inorganic phosphors contributes to the durability
and reliability of PC-LEDs, ensuring consistent perfor-
mance over time.2

In residential lighting, PC-LEDs offer the benefits of en-
ergy savings and enhanced light quality, creating comfortable
and visually appealing living spaces. In commercial settings,
such as offices and retail environments, the adjustable color
temperatures and high CRI of PC-LEDs contribute to better
visual clarity and a more pleasant atmosphere for employees
and customers. In automotive lighting, the superior bright-
ness and reliability of PC-LEDs improve visibility and safety

Figure 6: Solid state lighting materials. a) Light emitting of phosphor material under blue LED, and ultraviolet LED. b) Laser-activated remote phosphor
system for generation of white light.66
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on the road. Overall, the application of inorganic phosphors in
SSL represents a significant advancement in lighting tech-
nology, driving the widespread adoption of energy-efficient
and high-performance LED lighting solutions.65

5.1.1 Laser activated remote phosphor systems

The replacement of LEDS by blue laser blue LDs were
emerged in the early 2000s, but latter since 2011 car manu-
facturer companies has been worked on the combination of
blue-emitting laser diode light with a solid-state phosphor
for generating white light for car headlights. In 2014 Ledru
et al. design laser activated remote phosphor (LARP) aswhite
light source, with 40 lm/W for a CCT of 4000 K (CRI 94) as
shown in Figure 6.66

5.2 Display technologies

Inorganic phosphors play a crucial role in various display
technologies, including liquid crystal displays (LCDs), organic
light-emitting diodes (OLEDs), and quantum dot displays.
Phosphors are used as emissive materials in these displays
to generate red, green, and blue (RGB) light, enabling the
reproduction of vibrant and high-resolution images with
accurate color representation. Phosphor-based displays offer
advantages such as high brightness, wide viewing angles, and
low power consumption, making them suitable for applica-
tions in televisions, smartphones, tablets, and other electronic
devices.2,67 The LCDs is consider as mature stage of display
technology, LCDsbelong to class of panelwhere liquid crystals
that do not emit light directly are used, as light modulating
properties. Therefore, it should keep in mind that LCD
requires specialized light source. The color gamut of LCD can
be design according to color coordinate of RGB emission for
WLEDs, while passing through their corresponding filters.
Hence a narrow band phosphor material is required for high
efficiency of LCDs with larger color gamut (see Figure 7a).
Contrast to LCDs, the OLEDs an organic compound is required
which can emit light by applying electric current as shown in
Figure 7b. While the Figure 7c and d shows the operation of
QD-LCD and micro-LED displays by utilization of RBG as
narrow band emitters. The overall summary of narrow band
emitting phosphor materials are shown in Figure 6e, in term
of display technologies.68

5.3 Sensors

Inorganic phosphors are widely used in sensor applications
due to their sensitivity to external stimuli and their ability to

emit light in response to specific analytes or environmental
conditions. Phosphors can be incorporated into sensor
devices for detecting gases, heavy metals, toxins, and other
pollutants in the environment. Luminescent sensors based
on phosphors offer advantages such as high sensitivity, fast
response times, and multiplexing capabilities, making them
suitable for applications in environmental monitoring,
industrial process control, and biomedical diagnostics.

5.4 Biomedical imaging

Inorganic phosphors are also employed in biomedical imag-
ing techniques, such as fluorescence microscopy, bioimaging,
and photodynamic therapy. Phosphors can be functionalized
with targeting ligands or biomolecules to selectively label
cells, tissues, or specific molecular targets for imaging pur-
poses. Luminescent probes based on phosphors offer advan-
tages such as high signal-to-noise ratio, photostability, and
tunable emission wavelengths, enabling non-invasive visu-
alization of biological structures and processes with high
spatial and temporal resolution.69,70

5.5 Security and anti-counterfeiting

Inorganic phosphors are used in security and anti-
counterfeiting applications to authenticate products, docu-
ments, and currency. Phosphors with unique luminescent
signatures can be incorporated into security features, such as
invisible inks, coatings, or tags, whichfluoresce under specific
excitation conditions. Luminescent security features based
on phosphors offer advantages such as high sensitivity,
long-term stability, and resistance to tampering,making them
suitable for applications in currency authentication, brand
protection, and product tracking.

5.6 Radiation detection

Inorganic phosphors are employed in radiation detection
devices for monitoring and measuring ionizing radiation,
such as X-rays, gamma rays, and alpha particles. Phosphors
can be used as scintillators, which emit light when exposed
to ionizing radiation, enabling the detection and quantifi-
cation of radiation doses. Scintillation detectors based on
phosphors offer advantages such as high sensitivity, fast
response times, and wide dynamic range, making them
suitable for applications in medical imaging, homeland
security, and nuclear physics research.71 Inorganic phos-
phors find diverse applications across various fields,
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including solid-state lighting, displays, sensors, biomedical
imaging, security, and radiation detection. Their unique
luminescent properties, stability, and versatility make them
indispensable materials in modern technologies, enabling
advancements in energy efficiency, visual comfort, envi-
ronmental monitoring, healthcare, and security. Continued
research and innovation in phosphor design, synthesis, and
characterization are expected to drive further advance-
ments in the field, leading to the development of more effi-
cient, reliable, and sustainable applications.

6 Future directions and challenges

Despite their widespread use and importance in various
applications, inorganic phosphor materials continue to face
challenges related to efficiency, stability, and sustainability.
Improving the quantum efficiency and color purity of phos-
phor materials remains a primary focus of research, with
efforts aimed at optimizing dopant concentrations, crystal
structures, and defect engineering strategies. Enhancing
the thermal stability and reliability of phosphor-converted

Figure 7: Display technologies and application of solid-state materials. A) i) LCD protype on WLEDS, ii) fabricated and lightened WLEDs, iii) the emission
spectra of narrow band emitting phosphor materials used in WLED backlight. B) RBG LED pixel with organic/polymer/QD film as emission layer.
C) Operation of QD-LCD display. D) i) Micro-LED structure, ii) RGB pixels for full color pixels by jetting inside, iii) RGB mechanism for micro-LED full color
display. E) Conclusion of LCD backlight by the employment of RG narrow-band emitting phosphor materials.68
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LEDs and WLEDs is another critical area of investigation,
particularly for high-power lighting applications. More-
over, the development of environmentally friendly phos-
phor materials, free from toxic elements such as cadmium
and lead, is essential for ensuring the sustainability of
phosphor-based technologies. Advances in synthesis tech-
niques, computational modeling, and materials character-
ization are expected to drive further innovations in the
field of inorganic phosphors, unlocking new opportunities
for enhancing energy efficiency, visual comfort, and envi-
ronmental sustainability in lighting and display applica-
tions. As inorganic phosphors continue to play a pivotal
role in various technologies, including lighting, displays,
sensing, and biomedical imaging, the field is poised for
significant advancements and innovations in the coming
years. However, several challenges and opportunities lie
ahead, shaping the future direction of research and
development in this field. In this section, we will discuss
some of the key future directions and challenges facing the
field of inorganic phosphors.

6.1 Efficiency and sustainability

One of the primary objectives in the development of inor-
ganic phosphors is to enhance their efficiency and sustain-
ability. This includes improving the quantum efficiency,
lifetime, and thermal stability of phosphor materials to
maximize energy conversion and minimize losses due to
non-radiative processes. Additionally, there is a growing
emphasis on developing environmentally friendly phosphor
materials free from toxic elements, such as cadmium and
lead, to ensure the sustainability and safety of phosphor-
based technologies.

6.2 Tailored properties and functionality

Future research efforts will focus on tailoring the prop-
erties and functionality of inorganic phosphors to meet the
evolving demands of emerging applications. This includes
designing phosphor materials with specific emission
spectra, color temperatures, and color rendering proper-
ties to address the diverse needs of solid-state lighting and
display technologies. Furthermore, there is increasing
interest in developing multifunctional phosphor materials
capable of integrating additional functionalities, such
as sensing, energy harvesting, and photocatalysis, into
phosphor-based devices.

6.3 Advanced synthesis and fabrication
techniques

Advances in synthesis and fabrication techniques are
essential for producing high-quality phosphor materials
with tailored nanostructures, hierarchical morphologies,
and enhanced optical properties. Future researchwill focus
on exploring advanced synthesis methods, such as sol–gel,
hydrothermal synthesis, and aerosol-assisted processing,
to achieve precise control over particle size, shape, and
composition. Additionally, the integration of additive
manufacturing techniques, such as 3D printing and inkjet
printing, holds promise for fabricating complex phosphor-
based devices with customized designs and functionalities.

6.4 Integration with emerging technologies

Inorganic phosphors are expected to play a crucial role in the
integrationwith emerging technologies, such as quantumdots,
perovskite nanocrystals, and two-dimensional materials.
Collaborative efforts between researchers in phosphor science
and these emerging fields will enable the development of
hybridmaterials anddeviceswith enhanced performance and
functionality. For example, the integration of phosphors with
quantum dots can lead to tunable emission colors and
improved efficiency in display and lighting applications.

6.5 Application-specific optimization

Future researchwill focus on application-specific optimization
of inorganic phosphors to address the unique requirements
of different industries and sectors. This includes tailoring
phosphor materials for specific lighting environments, such
as residential, commercial, and automotive applications, to
optimize color rendering, spectral tunability, and energy effi-
ciency. Additionally, there is increasing interest in developing
phosphor-based sensors tailored for environmental moni-
toring, industrial process control, and biomedical diagnostics,
leveraging the sensitivity and selectivity of luminescent sig-
nals for real-time detection and quantification of analytes.

6.6 Cost-effectiveness and scalability

Achieving cost-effectiveness and scalability is essential
for thewidespread adoption of phosphor-based technologies
in commercial applications. Future research will focus on
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developing cost-effective synthesis methods and scalable
fabrication processes to reduce production costs and improve
the accessibility of phosphor materials. This includes
exploring alternative precursors, reaction conditions, and
post-synthesis treatments to streamline manufacturing pro-
cesses and increase production yields. In conclusion, the
future of inorganic phosphors holds immense promise, driven
by ongoing research efforts aimed at enhancing efficiency,
tailoring properties, and integrating with emerging technolo-
gies. Addressing challenges related to efficiency, sustainability,
synthesis, and scalability will be critical for unlocking the
full potential of phosphor-based technologies and realizing
their impact across various industries and sectors. Through
collaborative interdisciplinary efforts and continued innova-
tion, inorganic phosphors will continue to illuminate the
world with brilliance and pave the way for a brighter, more
sustainable future.

7 Conclusions

Inorganic phosphor materials represent a versatile and
indispensable class of materials with diverse applications in
lighting, displays, sensors, and beyond. Synthesis methods,
structural design, and doping strategies play crucial roles in
tailoring the luminescence properties and performance
of phosphor materials for specific applications. Ongoing
research efforts aimed at enhancing the efficiency, stability,
and sustainability of phosphor-based technologies hold
promise for advancing the frontier of illumination and
optoelectronics, paving the way for a brighter, more energy-
efficient future. Through interdisciplinary collaborations
and continued innovation, inorganic phosphor materials
will continue to illuminate the world with brilliance and
beauty, transforming the way we perceive and interact with
light in the modern era. Inorganic phosphors stand as
indispensable materials in a wide array of applications,
ranging from solid-state lighting and displays to sensing,
biomedical imaging, and security. Their luminescent prop-
erties, chemical stability, and versatility make them essen-
tial components in numerous technologies, enabling energy-
efficient illumination, high-resolution imaging, sensitive
detection, and secure authentication. As we look to the
future, several key trends and challenges shape the trajec-
tory of research and development in the field of inorganic
phosphors. Efforts are focused on enhancing efficiency,
sustainability, and tailoring properties to meet the evolving
demands of emerging applications. Advanced synthesis and
fabrication techniques, integration with emerging technol-
ogies, and application-specific optimization are driving
innovation in phosphor design and manufacturing.

Moreover, the pursuit of cost-effectiveness and scalability
is crucial for the widespread adoption of phosphor-based
technologies in commercial applications. Through interdis-
ciplinary collaboration and continued innovation, inorganic
phosphors will continue to illuminate the world with bril-
liance, transforming the way we perceive and interact with
light in themodern era. By addressing challenges and seizing
opportunities, we can harness the full potential of phosphor-
based technologies to create a brighter, more sustainable
future for generations to come.
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