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Abstract: To date most Light-emitting diodes (LEDs) have revolutionized the lighting industry due to their energy efficiency, long 

lifespan, and versatility in various applications. Lead in this direction of advanced research and modification in semiconductor properties 

the White Light-Emitting Diode (WLED) research over the last five years (2021–2026) has primarily focused on phasing out scarce rare-

earth minerals, achieving perfect "sun-like" color rendering, and developing eco-friendly single-component materials. This part of review 

provides an overview of WLED technology, its key components, and its impact on different sectors. 
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1. Introduction 
 

Presently, phosphor converted white light-emitting diodes (pc 

WLEDs) have been assumed as the fourth-generation solid-

state lighting sources, due to their low energy consumption, 

high brightness, as well as long lifetime service and 

environmentally friendly characteristics [1,2]. Therefore, 

research efforts have been focused on the investigation of new 

inorganic materials and thus phosphor technology for white 

light emitting materials will be persisting in near future. The 

luminescence behaviour of the trivalent rare earth doped 

phosphors is highly sensitive to the stoichiometric 

composition of the host materials, dopant concentration and 

processing conditions [3]. Carbon Dots (CDs): Researchers 

have synthesized single-component WLEDs utilizing carbon 

dots derived from biomass (such as medicinal plant leaves) 

and carbon nitrides. These emit bright broadband white light 

without the need for traditional phosphors. Recent research 

has successfully developed high-performing alternatives 

utilizing abundant, organic, and plant-derived materials. This 

review provides a comprehensive overview of WLED 

technology, its applications, and the challenges and 

opportunities in the field. As LED technology continues to 

advance, we can expect to see even more innovative and 

efficient lighting solutions in the future. 

 

Basic Principles of LEDs 

1) Semiconductor Junction: LEDs utilize a p-n junction, 

where p-type (hole-rich) and n-type (electron-rich) 

semiconductors are joined. 

2) Electroluminescence: When a forward voltage is applied 

across the junction, electrons from the n-side recombine 

with holes from the p-side, releasing energy in the form of 

light. 

3) Wavelength: The color of the emitted light depends on the 

bandgap of the semiconductor material used. For example, 

blue LEDs use gallium nitride (GaN), while red LEDs 

often employ gallium arsenide phosphide (GaAsP). 

 

Key Components of an LED 

• Semiconductor Chip: The heart of the LED, where the 

light is generated. 

• Reflector Cup: Enhances light extraction efficiency by 

reflecting light back towards the front. 

• Lens: Focuses and directs the emitted light. 

• Wire Bond: Connects the semiconductor chip to the 

external leads. 

• Package: Encapsulates the LED and provides mechanical 

and thermal protection. 

 

Advancement of WLEDs over to LED 

The rapid growth of the phosphor-based LED market segment 

led to extensive research on exploiting new phosphor 

materials. Therefore, research efforts have been focused on 

the investigation of new inorganic materials and thus 

phosphor technology for white light emitting materials will 

be persisting in near future. The luminescence behaviour of 

the trivalent rare earth doped phosphors is highly sensitive to 

the stoichiometric composition of the host materials, dopant 

concentration and processing conditions. The focus has 

primarily transitioned toward simplifying device 

architectures, leveraging advanced nanocrystals, developing 

environmentally sustainable cadmium-free quantum dots, and 

evaluating the biological and visual health impacts of solid-

state lighting. The aim of the present review is here to 

discussed the last five years highlight these advancements: 

 

1) High-Efficiency Quantum Dot WLEDs (QLEDs) 

Traditional WLEDs combine a blue LED chip with a down-

conversion phosphor coating (like YAG: Ce³⁺), which often 

suffers from phase-segregation and uneven material 

degradation rates over extensive use [4]. Recent research has 

heavily favored perovskite and colloidal quantum dots (QDs) 

to establish superior color qualities. 

 

2) Perovskite Quantum Dots with Enhanced Thermal 

Stability 

A major milestone in 2022 successfully resolved the poor 

thermal and humidity vulnerabilities of all-inorganic CsPbBr₃ 

perovskite quantum dots by employing strong surface ligand 

modifications [4]. By integrating these green-emitting 

modified perovskites with red AgInZnS QDs on top of blue 

InGaN chips, researchers achieved a warm WLED boasting 

an exceptional **Color Rendering Index (CRI) of 93** and a 

power efficiency of 64.8 lm/W [4]. 
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3) Nanocrystal and Nano-Pixel Innovations 

Developments have advanced toward nano-pixel structures, 

shifting pixel geometries to cylindrical or conical shapes [5]. 

This provides extreme high-resolution performance and 

targets a major industry goal: bypassing traditional efficiency 

droops by maximizing color rendering quality up to 70–100% 

efficiency metrics without standard blue LED structural 

limitations [5]. 

 

4) Advanced Structural Simplification in WOLEDs 

To bridge the gap between commercial manufacturing costs 

and laboratory performance, simplifying the internal 

multilayered architecture of organic LEDs has become a 

critical hotspot. 

 

5) Ultrathin Emitting Layers (UEMLs) 

Standard WOLED designs are often convoluted, demanding 

complex multi-host and guest co-evaporation under strict 

high vacuum conditions [6]. Recent work on UEML 

architecture eliminates the complex requirement for matching 

energy levels between host and dopant [6]. This approach 

yields up to **70% material cost savings** while utilizing 

simple exciton management techniques across non-doped 

fluorescent, phosphorescent, or hybrid configurations to 

generate stable white emission [6]. 

 

6) Single Emissive Layer Exploiting Exciplex & 

Electromer Pathways 

Rather than stacking multiple emitting materials, a 2021 study 

successfully achieved pure white light emission from a 

**single emissive layer** blend using an electron transport 

material (TPBi) and a hole transport material (TAPC) [7]. By 

tuning the device to emit blue exciplex light at low voltages 

and yellow electromer light at high voltages, researchers 

unlocked precise white balance (CIE color coordinates of 

0.34, 0.31) via a single layer [7]. 

 

7) A Decade of Advancements (2022 Review) 

Research mapping out device progression has thoroughly 

detailed the structural engineering of OLEDs, emphasizing 

the crucial balancing of electron and hole transport layers 

(HIL/HTL/EIL/ETL) to minimize proximity quenching at the 

cathode [8]. This body of research aligns current material 

nodes toward robust solid-state lighting applications [8]. 

 

8) Photobiological and Visual Health Impacts 

As white LEDs completely saturate the domestic and 

industrial general illumination markets, recent medical and 

environmental research has focused on the biological 

consequences of light emission qualities. 

 

9) Refractive Development Disruption (2024 Study) 

A notable photobiological study revealed that widespread 

white LEDs with a **high Correlated Color Temperature 

(CCT)** of roughly 5000 K possess intense blue-light spikes 

that significantly impact eye health [9]. Testing models under 

these high-CCT white LEDs demonstrated pronounced 

myopic (nearsighted) shifts, reduction in choroidal tissue 

thickness, and decreased collagen accumulation in the sclera 

compared to traditional incandescent lighting [9]. 

 

 

 

10)  Metal-Organic Alternatives 

Rare-earth-free self-activated phosphors (like magnesium-

doped compounds) have been engineered to achieve a high 

Color Rendering Index (CRI) alongside deep-red (\(R9\)) 

performance. 

 

(i) Perovskite Technology AdvancementsHalide-perovskite 

materials have been a major focal point for achieving purer 

and highly intense white light. Distorted crystal structures 

have been engineered to generate intense light covering the 

entire visible spectrum. Researchers have developed hybrid 

perovskite-organic white LEDs that combine the high 

efficiency of perovskites with the flexibility of organic 

polymers, achieving exceptional external quantum 

efficiencies (EQEs). 

 

(ii) Efficiency and Device Architecture Remote Phosphor 

Configurations: Using multilayer remote phosphors rather 

than putting the phosphor directly on the LED chip has 

allowed engineers to achieve ultra-high CRI values (up to 

\(95.7\)) without compromising thermal or optical stability. 

Single-Component Emitters: A major leap has been made in 

moving away from complex multi-component mixtures 

(which can lead to color degradation) toward single-molecule 

or single-layer white electroluminescence devices. 

 

(iii) Software and Smart Lighting Aside from hardware 

materials, the open-source community has driven massive 

consumer adoption of "WLED" as a highly popular firmware 

and control system for addressable RGBW (Red, Green, Blue, 

White) LED strips. This software development allows 

independent smart-home control over individual white 

channels, allowing for seamless dynamic animations and 

shifting between "warm" and "cool" white temperatures. 

Explore the scientific literature on Nature Communications 

for single-component devices, or consult Analog Devices for 

more on fundamental display structures. 

 

2. Conclusion 
 

Comprehensive literature over the last five years serves to 

catalog the evolving role of charge-carrier layers, material 

classifications, and display nodes.  WLED technology has 

made remarkable strides in recent years, enabling the 

development of high-performance displays with a wide range 

of applications. Continued advancements in materials, device 

architecture, and manufacturing processes will drive further 

innovation and expand the potential of WLEDs in various 

industries. 
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