
 

 

 

From Fundamental 
Materials and Device 
Architectures  
to Emerging 
Applications  

ADVANCES IN OLED TECHNOLOGY 



OLEDs: Significant potential for next-generation display 
and integrated optoelectronic applications  
Organic light-emitting diodes (OLEDs) have emerged as a leading optoelectronic platform, owing to their high 
efficiency, tunable emission, and mechanical flexibility. This review analyzes approximately 86 thousand OLED-
related documents from the CAS Content Collection™ spanning 2016 to 2026, a period chosen to capture recent 
developments in this rapidly evolving field. This data-driven study provides a comprehensive assessment of 
advances across multiple dimensions of OLED technology:  

• Global innovation trends reveal a pronounced concentration of intellectual property and technological 
development in East Asia. 

• Materials-level analysis highlights diverse molecular motifs governing key processes such as charge 
transport, exciton management, and emission.  

• Device architectures, including tandem structures, micro-OLED platforms, flexible form factors, and 
hybrid integration, demonstrate a clear shift toward application-driven optimization.  

• The application landscape indicates widespread commercialization in consumer electronics and display 
technologies, with expanding roles in lighting, automotive systems, wearable devices, medical 
technologies, and immersive platforms such as AR/VR.  

Despite ongoing challenges related to emitter stability, efficiency roll-off, and manufacturing complexity, 
emerging approaches in data-driven materials discovery and scalable fabrication are expected to enable further 
performance enhancements.  
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1. Introduction 
Organic light-emitting diodes (OLEDs) are electroluminescent devices that convert electrical energy into light, using 
organic molecules (or in some cases, metal complexes). Unlike conventional light emitting diodes (LEDs), which function 
as point light sources, OLEDs are area light sources that can be fabricated into various shapes and can even be made 
transparent and flexible, allowing them to be used in displays in devices such as televisions, computer and tablet screens, 
phones, heads-up displays, virtual reality systems, and lighting.1, 2  

In OLEDs, electrical energy is converted into light through the injection of electrons and holes from opposite electrodes, 
maintaining charge neutrality. These charge carriers recombine in the emissive layer to form excitons that decay via 
fluorescence (singlet states) or phosphorescence (triplet states), with efficient devices using both pathways through 
intersystem crossing mechanisms. Structurally, OLEDs comprise multilayer thin films between an anode and cathode 
including charge generation layers, charge transport layers (hole-transporting and electron-transporting), and an emissive 
layer where controlled recombination and light emission occur. The general structure of an OLED is shown in Figure 1. 

 

Figure 1: General structure and operating processes of OLED. Illustration created with BioRender.com. 

The evolution of OLED emitters has progressed through four generations marked by improved exciton utilization.3 Early 
fluorescent emitters were limited by spin statistics, harvesting only singlet excitons, whereas phosphorescent systems 
enabled near-unity internal efficiency by using singlet and triplet excitons via ISC. More recent generations employ 
thermally activated delayed fluorescence (TADF) materials, which exploit small singlet-triplet energy gaps (ΔEST) to 
enable RISC and convert non-emissive triplet states into emissive singlets.4, 5 Building on this concept, fourth generation 
emitters, often known as hyperfluorescent emitters, combine TADF sensitizers with conventional emitters to achieve 
efficient exciton harvesting and high color purity. Control of ΔEST, primarily through the modulation of HOMO-LUMO 
overlap via donor-acceptor design and molecular geometry, is central to optimizing TADF performance.6 

At the device level, OLED performance is governed by multilayer architectures that control charge injection, transport, 
recombination, and light extraction.7 Modern OLEDs incorporate tandem architectures (stacked emissive units)8; micro-
OLEDs (high pixel density on silicon backplanes);9 and transparent or flexible configurations, all of which have played a 
central role in improving efficiency, lifetime, and luminance.10 Additionally, innovations in pixel-level control, backplane 
technologies, and color-generation strategies have enabled specialized device configurations optimized for distinct 
applications.11 Increasingly, performance gains arise from system-level integration of electrical, optical, and mechanical 
design alongside materials innovation. 

https://pubs.acs.org/jpccck/article/129/7/3359/3652515/Thermally-Activated-Delayed-Fluorescence-TADF
https://pubs.acs.org/aamick/article-abstract/17/1/1760/3707562/Toward-High-Performance-Pure-Green-Tandem-Organic?redirectedFrom=fulltext


 
3 

 

These technological developments are closely tied to the growing application landscape of OLEDs. OLED displays are 
now used in premium consumer electronics due to their high color fidelity and contrast, while their inherent flexibility and 
low power consumption make them suitable for wearable and medical devices.3 In automotive and AR/VR systems, 
OLEDs offer fast response times, high dynamic range, and adaptability to constrained or curved surfaces.12 Beyond 
displays, OLED-based lighting and emerging integrated systems, combining sensing, touch, and photonic functionalities, 
highlight the transition of OLEDs from standalone components to multifunctional platforms. 

In this review, we analyze approximately 153 thousand OLED-related documents from the CAS Content Collection, the 
largest human-curated repository that encompasses publications from thousands of journals worldwide across diverse 
disciplines, as well as patents from 19 patent authorities, for the years 2001 to 2026. We provide comprehensive analysis 
from multiple perspectives: global research trends and intellectual property landscapes; materials innovation through 
detailed structural motif analysis, examining how specific molecular building blocks, such as carbazoles, dibenzofurans, 
fluorenes, and boron-containing heterocycles, which govern charge transport, exciton management, and emission across 
device layers; device architectures and engineering strategies; the relationship between material design and device 
implementation, highlighting how prevalent motifs are deployed across dominant OLED platforms; application landscapes; 
and key challenges with future directions including AI-driven materials discovery and scalable manufacturing.  

Through this integrated perspective, the review aims to provide a fundamental understanding and a data-driven overview 
of the factors shaping the current state and future trajectory of OLED technology. 

2. Trends in OLED research  
The publication trends for 153 thousand documents related to OLEDs were extracted from the CAS Content Collection for 
the period of 2001 to 2026 (Figure 2). We observed that the publication activity of OLEDs has evolved over time, growing 
substantially from the early 2000s through the late 2010s, reaching peak levels around 2019 to 2021, before declining 
moderately in subsequent years. Patent activity has declined sharply post-2020 while journal publications remain 
relatively stable, suggesting OLED technology has entered a mature phase focused on optimization rather than 
breakthrough innovation.  

Notably, the distribution of publication types reveals that patents dominate the landscape, constituting 75% of all OLED-
related publications, with commercial patents representing 91% of patent activity. This heavy emphasis on patent filings 
underscores the highly commercial and competitive nature of OLED technology development, where securing intellectual 
property rights has been prioritized over open academic publication. The relatively modest proportion of journal articles 
(25%) suggests that much of the innovation has been proprietary and industry-driven rather than emerging from 
fundamental academic research. 

https://www.cas.org/cas-data
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Figure 2: Publication trends of OLED-related journal articles and patent families from 2001 to 2026, with inset pie chart showing overall 
distribution of patent families and journal articles, and a distribution of commercial and non-commercial patents from the CAS Content 
Collection. *Data for 2026 is partial and is only for the months January to February 2026. 

2.1. Global Landscape of OLED Innovation 

Analysis of the global OLED research and innovation from 2016 to 2026 (86 thousand documents) reveals strong 
geographic concentration in East Asia (Figure 3). China leads in both journal articles and patent families, reflecting 
coordinated national strategy integrating fundamental research with aggressive IP development. South Korea and Japan 
maintain high patent activity consistent with their mature OLED manufacturing ecosystems. In contrast, Western countries 
such as the U.S. and Germany show substantially lower activity, suggesting a relative retreat from mainstream OLED 
development or a strategic shift toward niche applications. Among smaller contributors, India emphasizes academic 
publishing with limited patenting, Taiwan demonstrates balanced research and IP output, while the U.K., France, and 
Russia exhibit academic presence but minimal commercial engagement. These patterns indicate that global OLED 
innovation is shaped by regional manufacturing capacity, reinforcing a divide between market-driven leadership and 
primarily academic participation. 
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Figure 3: Geographic distribution of OLED-related journal articles and patent families by country/region (2016 to 2026), with the inset 
bar graph showing zoomed in version for India, Taiwan (a province of China), United Kingdom, France, and Russia.  Source: CAS 
Content Collection. 

2.2. Academic Leadership in OLED Research and IP 

 

Figure 4: Research output (publication volume) and impact (average citation count per publication) for leading research and academic 
institutions in the field of OLEDs. Data includes journal articles for the period 2016 to 2026 from the CAS Content Collection. 
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Leading academic institutions assessed by publication volume and average citation impact (Figure 4) reveal divergent 
research strategies. East Asian institutions, particularly China, Japan, South Korea, and Taiwan, dominate publication 
output, with Tsinghua University, followed by Kyushu University and Seoul National University leading in volume. 
However, Western institutions such as Durham University and the University of Cambridge show disproportionately high 
citations despite lower output, suggesting that OLEDs are a secondary research topic in academic institutions, but one 
that has provided disproportionate advancements. 

 

Figure 5: Leading research and academic institutions in OLED research by number of patent families, with inset pie chart showing 
geographic distribution. Data includes patent families in the field of OLED research for the period 2016 to 2026 from the CAS Content 
Collection. 

Non-commercial patent analysis (2016 to 2026; Figure 5) reinforces this geographic concentration. South China 
University of Technology and the Chinese Academy of Sciences lead in patent volume, with multiple Chinese universities 
(Tsinghua, Soochow, Jilin, and Nanjing University of Posts and Telecommunications) appearing prominently, indicating a 
systematic academic innovation ecosystem. South Korean and Japanese universities rank next, while U.S. and Indian 
institutions are notably absent from the top 15, signaling a significant shift in the global academic centers driving OLED 
innovation. 

2.3. Leading and Emerging Corporate Enterprises in OLED Intellectual Property 

Commercial patent activity is concentrated among major East Asian corporations (Figure 6). TCL, Samsung Electronics, 
and BOE Technology Group emerge as clear leaders followed by LG Electronics and LG Chem. East Asian dominance is 
pronounced: China accounts for nearly half of all patent families among top assignees, South Korea represents the 
second-largest share, and Japan maintains significant presence. Western representation is minimal: Universal Display 
stands as the sole U.S. company among top patent assignees. This geographic concentration reflects a fundamental shift 
in innovation centers, with established infrastructure, supply chains, and technical expertise now concentrated in East 
Asia. 
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Figure 6: Leading corporate enterprises in OLED research by number of patent families, colored by country of origin. Pie chart shows 
the geographical distribution of all corporate enterprises.  Data includes patent families in the field of OLEDs for the period 2016 to 2026 
from the CAS Content Collection. 

To find the emerging players in the field of OLED innovation, we evaluated the growth rate of commercial patent 
assignees between 2021 to 2025 (Figure 7). Our analysis revealed a pronounced dominance of Chinese enterprises 
among emerging players in this sector. Notable Chinese entities include Manareco, which exhibits extraordinarily high 
growth rates despite moderate patent holdings, and Shanghai Optoelectronics, also demonstrating strong growth 
momentum with similar patenting activity. Other Chinese players such as Yaoyi Electronics, Truly, Lumilan, and Yunji 
Technology operate at moderate growth levels with varying patent portfolio sizes, while Summer Sprout, and Eternal 
Materials represent less growth rate with extensive patent families. This concentration underscores China's strategic focus 
on establishing leadership in display technology and next-generation electronics manufacturing. In contrast, 
representation from other major technology-producing nations remains limited, with the United States represented by 
Meta, and Applied Materials; South Korea by Material Science; Japan by JIC; and Germany by Merck. This disparity 
suggests that emerging innovation activity in OLED technology is concentrated in China, while Western and other Asian 
markets may be experiencing barriers to new player entry or a consolidation of research activities within pre-existing 
corporate structures. 
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Figure 7: Emerging commercial patent assignees in the field of OLED research for the period 2021 to 2025. The patent assignees are 
colored as per their country of origin. Source: CAS Content Collection. 
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3. Materials Innovations Driving OLED Performance 
OLED compounds are designed with distinct structural components that work synergistically to achieve efficient light 
emission. A clear understanding of how these molecules are divided into functional motifs is essential for rational material 
design and device performance optimization. In this study, we extracted all indexed substances from patents published 
over the most recent three-year period (2023 to 2025), enabling a focused analysis of trends across most common 
functional motifs used in a commercial OLED landscape seen in Figure 8. This data was used to identify seven main 
functions taken by the various motifs present in OLED compounds (Table 1): core chromophore/central units, donor 
groups, acceptor groups, linker/bridge units, peripheral/substituent groups, steric control groups, and ancillary ligands in 
metal complexes. Figure 8 focuses on motifs with ring systems larger than 3. For brevity, some smaller motifs with shown 
significance will only be briefly mentioned in Table 1. 

Table 1: Seven main functions taken by motifs present in OLEDs 

Functional  
-Category 

Primary Role Key Characteristics Representative Motifs Application Context 

Core 
Chromophore 
-/Central Units  

Establish 
fundamental 
electronic and 
optical properties 

Provide primary π-
conjugated system; 
determine HOMO/LUMO 
levels, emission wavelength, 
and excited state 
characteristics13  

Carbazole, fluorene, 
anthracene, 
phenanthrene, 
dibenzofuran, 
dibenzothiophene, 
indolocarbazole13  

Fluorescent cores 
(anthracene, pyrene for blue); 
phosphorescent metal centers 
(Ir, Pt complexes); MR-TADF 
rigid polycyclic cores14, 15  

Donor Groups Facilitate hole 
transport 

Increase HOMO energy; 
reduce hole injection barrier; 
feature electron-rich N or O 
heteroatoms13 

Triarylamines, 
carbazoles, 
triphenylamines13, 16 
  

Hole transport layers; host 
materials; small molecule and 
polymeric OLEDs  

Acceptor 
Groups 

Enable electron 
transport 

Lower LUMO energy; 
facilitate electron injection; 
create D-A charge transfer 
systems13  

Cyano groups, 
phosphine oxide, 
sulfone; pyridines, 
triazines, quinolines, 
oxadiazoles, 
benzothiadiazoles  

Electron transport layers; tune 
emission toward blue/green; 
enable intramolecular charge 
transfer17 

Linker/Bridge 
Units 

Control 
molecular 
architecture  

Connect D-A groups; 
regulate conjugation and 
rigidity; modulate ΔE_ST13 

Phenyl, biphenyl, 
thiophene, direct C-C 
bonds, silane, 
phosphine oxide  

Enable electronic 
communication in charge-
transfer systems; isolate 
segments to reduce unwanted 
transfer17 

Peripheral/ 
Substituent 
Groups 

Enhance 
processability 
and stability 

Improve solubility, film-
forming; prevent 
aggregation; tune 
thermal/morphological 
stability18, 19  

Alkyl chains, tert-butyl, 
bulky aryl substituents, 
dendrimers  

Solution processing; prevent 
concentration quenching; 
control molecular orientation 
for light outcoupling20, 21 

Steric Control 
Groups 

Prevent 
aggregation and 
quenching 

Create spatial separation; 
minimize intermolecular 
interactions; increase 
rigidity19, 22  

tert-Butyl, 
spirobifluorene, bulky 
substituents23, 24 

Suppress excimer formation; 
achieve >95% PLQY; maintain 
horizontal dipole orientation; 
inhibit deformation in metal 
complexes 19, 20 

Ancillary 
Ligands (Metal 
Complexes) 

Fine-tune metal 
center 
properties14  

Adjust emission color, 
quantum efficiency, 
electrochemical properties13  

Picolinate, 
acetylacetonate, 
arylpyridines, 
spirobifluorene-based 
ligands  

Phosphore-scent OLEDs; 
optimize excited state 
lifetimes; enhance device 
efficiency without core 
redesign25  
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3.1. Patent Landscape Analysis: Structural Motif Prevalence and Functionality 

In this section, we analyze the structural motifs identified in Figure 8, which were created by dividing all indexed 
substances from patents published from 2023 to 2025 into two main categories: metal-free and metal-containing. This 
distinction separates conventional organic OLEDs from phosphorescent OLED materials based on transition metal 
organometallic complexes, which can be more expensive and have their specific needs and challenges. Within each 
category, motifs are further grouped by elemental composition: structures containing only C, N, O, or S atoms (Panel A 
and D), metalloid-containing species (Panel B and E), and compounds with other heteroatoms (Panel C and F). 

3.1.1. Metal-free motifs 

The patent analysis of metal-free OLED compounds containing only carbon, nitrogen, oxygen, and sulfur atoms (Figure 8, 
Panel A) reveals a clear hierarchy of structural motifs reflecting their versatile functionality in molecular design. 
Dibenzo[b,d]furan (A1) emerges as the most prevalent motif found in 176 thousand substances (in 3.1 thousand patents). 
It functions as a core chromophore and  donor group because of the electron-rich furan ring that elevates HOMO levels 
and facilitates hole transport.26 Its rigid, oxygen-bridged structure provides critical steric control through three-dimensional 
non-planar geometry that resists intermolecular aggregation, which is essential for maintaining high quantum yields in 
solid-state films.27 

9H-Carbazoles (A2), present in 142 thousand substances and patents higher than dibenzo[b,d]furan (A1) at 3.5 thousand 
are widely used donor groups in hole-transport layers and host materials because of their electron-rich nature from 
nitrogen lone-pair delocalization. They enable strong electron-density and versatile functionalization through Buchwald-
Hartwig coupling and SNAr reactions, and act as core chromophores, supporting complex donor-acceptor architectures28, 

29 through additional substitution at nitrogen.   

9H-fluorene (A3) and 9,9'-spirobifluorene (A7) provide rigidity and steric bulk critical for emissive performance. Fluorene 
serves as a common blue-emitting scaffold and high-triplet-energy host, while spirobifluorene maintains fluorene’s 
electronic properties but enforces orthogonal ring orientation, yielding a 3D structure that limits packing and preserves 
high triplet energies for blue phosphorescent hosts.26  

Dibenzo[b,d]thiophenes (A4) offer tunable photophysical characteristics similar to dibenzofurans, with sulfur enhancing 
spin-orbit coupling to reduce ΔEST, improving quantum efficiency while enabling HOMO/LUMO optimization and 
preserving the beneficial steric and morphological properties. 30 

 

https://pubs.acs.org/chreay/article-abstract/107/4/953/3712307/Charge-Carrier-Transporting-Molecular-Materials?redirectedFrom=fulltext
https://pubs.acs.org/chreay/article-abstract/107/4/953/3712307/Charge-Carrier-Transporting-Molecular-Materials?redirectedFrom=fulltext
https://pubs.acs.org/cmatex/article-abstract/30/18/6389/752410/Effect-of-the-Number-and-Substitution-Pattern-of?redirectedFrom=fulltext
https://pubs.acs.org/cmatex/article-abstract/30/18/6389/752410/Effect-of-the-Number-and-Substitution-Pattern-of?redirectedFrom=fulltext
https://advanced.onlinelibrary.wiley.com/doi/abs/10.1002/adma.201200627
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Figure 8: A flow chart representing most prominent functional motifs (containing more than three fused rings) identified in the OLED 
patent dataset for the period 2023 to 2025, comparing substances without metals (Panel A, B, and C) and with metals (Panel D, E, and 
F). Motifs are grouped by elemental composition: structures containing only C, N, O, and S (Panel A and D), metalloid-containing 
species (Panel B and E), and compounds with other heteroatoms (Panel C and F). Size of the colored symbols at the top of each motif 
indicate the numbers of associated substances, and the color indicates number of associated patents, highlighting the relative 
prevalence of each motif class. 

This metal-free category (only C, N, O, or S) also contains tricyclic aromatics anthracene (A5) and phenanthrene (A6), as 
well as triphenylenes (A9), which function as core chromophores with multiple points of attachment and allow linker and 
bridge functionalities with extended conjugation.  Substituted anthracenes such as 9,10-diphenylanthracene (CAS RN® 
1499-10-1) are also emissive and are commonly used.31 Naphthobenzofuran isomers (A8 and A10) extend conjugation 
while maintaining the electron-donating oxygen atom and rigid non-planar geometry of dibenzofurans and preserve its 
electron-donating and steric properties.32, 33 

Nine of the ten most common ring systems found can act as core chromophores or linkers, secondary donors, or steric 
controllers, allowing a limited number of compact, synthetically accessible frameworks to perform multiple functions.33, 34 

3.1.2. Metalloid-containing motifs 

Boron and silicon incorporation represents a transformative strategy for creating electron-deficient molecular architectures 
addressing efficient electron transport and acceptor functionality, as shown in Figure 8 (Panel B). Boron-containing motifs 
dominate with nine of ten structures featuring boron centers, leveraging empty p-orbitals to accept electron density and 
promote charge delocalization.35 Polycyclic boron-nitrogen frameworks underpin multiple resonance TADF (MR-TADF) 
emitters, where special HOMO/LUMO separation minimizes ΔEST while maintaining narrow emission bandwidths for high 
color purity, particularly in blue OLEDs.35, 36 A key example, 5,9-dihydro-5,9-diaza-13b-boranaphtho[3,2,1-de]anthracene 
(B1), illustrates this design: It combines an electron-deficient boron acceptor with a rigid anthracene core chromophore 
and ladder-type B-N coordination yielding a 3D structure that suppresses aggregation and narrows emission.37 
Substituting N with O or S further tunes properties: B-O enhances stability, while B-S bonds offer unique orbital 
interactions which influence the (reverse) intersystem crossing rates critical for triplet harvesting.38, 39 The bis-carbazole-

https://scifinder-n.cas.org/searchDetail/substance/6a15df193f46f0173a221b16/substanceDetails
https://www.nature.com/articles/s41566-019-0476-5
https://pubs.acs.org/jpccck/article-abstract/128/33/13756/419268/Efficient-Narrowband-Multiple-Resonance-Thermally?redirectedFrom=fulltext
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boron complex ring system (B4) is an example of the donor-acceptor-donor architecture, where electron-deficient boron 
functions as an electron acceptor and a linker connecting carbazole donors, creating separated intramolecular charge-
transfer states which are necessary for TADF.39, 40 The boron-bis(carbazole) core embodies the fundamental design 
principles of TADF emitters.41, 42  

Silicon motifs, exemplified by 5H-dibenzo[b,d]silole (B2), and azasiline (B9), provide complementary functionality through 
different electronic and structural effects. Siloles act as linker units in which silicon interrupts π-conjugation between aryl 
groups while providing steric control. They also exhibit σ*-π* interactions, where silicon σ* orbitals couple with π* systems 
to lower LUMO energy without significantly affecting HOMO levels, enabling efficient electron transport while preserving 
large band gaps for blue emission.43, 44 Silanes can also improve the stability of emitters; silyl groups can block reactivity 
at positions otherwise susceptible to oxidation reactions that degrade an emitter.45 

The longer C-Si bond length (relative to C-C) changes bond angles, molecular geometry, and the conjugation between 
separated arenes; Silicon substituents can also prevent aggregation and undesired phase separation, improving 
processability and making manufacturing OLED potentially easier. Siloxane rings as substituents allow a larger number of 
substituents and greater separation between emitters, reducing their interactions with one another (such as triplet-triplet 
annihilation) and thus improving their emission efficiency. Azasilines combine silicon's bridging functionality with nitrogen's 
donor character, creating balanced electronic structures suitable for hole and electron transport. Silicon's tetrahedral 
geometry prevents planarization facilitating excimer formation while increasing the horizontal molecular orientation of films 
which maximizes light outcoupling by preferential transition dipole alignment.40, 46 

Metalloid motifs provide strong acceptor character and three-dimensional control complementing donor-rich planar 
C/N/O/S motifs, together offering balanced charge transport, tunable energy levels, and controlled packing essential for 
high-performance devices across the visible spectrum.42 

3.1.3. Other heteroatom motifs 

The presence of heavier main-group heteroatoms such as selenium and phosphorus alters the electronic and 
photophysical properties of OLED materials, as illustrated in Figure 8 (Panel C). Although less represented than C/N/O/S- 
or metalloid-containing compounds, they provide targeted advantages. Seven of the ten most common motifs containing 
heavy or unusual atoms contain selenium, indicating its usefulness in facilitating RISC through heavy atom-enhanced 
spin-orbit coupling and its value for phosphorescent emitters and TADF materials.47  

Dibenzo[b,d]selenophene (C1), the top motif of this group, functions as a core chromophore analogous to 
dibenzothiophene and dibenzofuran, while providing enhanced donor character and increased spatial steric bulk from 
selenium’s larger atomic radius. Extended frameworks combining selenium with oxygen (C2) or sulfur (C4) offer tunable 
HOMO levels and properties intermediate between all-selenium and all-sulfur/all-oxygen rings.48, 49 In these systems, the 
differing atomic sizes of selenium and sulfur create controlled structural distortions that influence electronic structure and 
packing. The selenaborinine (C6) ring system combines boron's acceptor functionality with selenium's heavy atom 
properties, merging electron-deficient character for electron transport with enhanced spin-orbit coupling for triplet 
harvesting.  

Phosphorus motifs, though less prevalent, are electronically versatile due to multiple oxidation states and coordination 
geometries. In its reduced (P(III)) form, 5,10-dihydroacridophosphine (C10) functions as an electron-donating linker or 
bridge, with tetrahedral geometry that suppresses planar stacking. 50, 51 In its oxidized form (P(V)) as phosphine oxide 
(P=O), the system becomes electron-accepting, lowering LUMO levels to facilitate electron injection and improving 
thermal stability, and is used in electron-transport materials.52 For example, spiroacridophosphines (C3) combine 
orthogonal spiro geometry with a phosphorus heteroatom, preventing aggregation while maintaining high triplet energies 
for blue phosphorescent hosts,53 and is used in electron-transport materials.52  

The limited patent representation of phosphorus and selenium compounds in OLED reflects their limited use, which likely 
stems from difficulties in the synthesis and handling of selenium compounds and the toxicity of selenium; they are likely 
most useful for specific challenges rather than as general-purpose building blocks.47, 54 

 

https://onlinelibrary.wiley.com/doi/10.1002/anie.202301988
https://onlinelibrary.wiley.com/doi/10.1002/anie.202301988
https://pubs.rsc.org/en/content/articlelanding/2011/cs/c0cs00160k
https://pubs.rsc.org/en/content/articlelanding/2011/cs/c0cs00160k
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3.1.4. Metal-containing complexes 

Metal-containing compounds based on iridium(III) and platinum(II) phosphorescent complexes reveal how C/N/O/S 
structural motifs adopt different functional roles in coordination compounds (Figure 8, Panel D). This panel consists of 
ligand components rather than metal complexes with all ten prevalent motifs primarily serving as ancillary ligands, fine-
tuning emission color, quantum efficiency, and electrochemical properties.55, 56 Dibenzo[b,d]furan (D1), and 9H-carbazole 
(D2), maintain dominant positions but now modify photophysical properties of metal centers, with dibenzofuran providing 
extended π-conjugation for emission tuning while carbazole raises HOMO levels improving hole injection.57, 58 Carbazole 
units are frequently substituents for phenylpyridine frameworks, tuning frontier orbitals without disrupting metal 
coordination.59 9H-Fluorene (D3) serves as a blue-emission core chromophore while allowing attachment of ancillary 
ligands such as acetylacetonate, with the resulting orientation preventing triplet-triplet annihilation at high dopant 
concentrations.60 

Functional diversification arises from the contrast between donor and acceptor structures within ligands of metal-
containing C/N/O/S complexes as shown in Figure 8 (Panel D). Dibenzo[b,d]thiophene (D4) offers unique tuning through 
sulfur-metal d-orbitals interactions that influence charge transfer and ligand-centered excited states governing emission 
and decay rates.61 In contrast, nitrogen-containing fused systems such as benzofuro[2,3-b]pyridine (D5) and 
benzo[4,5]thieno[2,3-c]pyridine (D9) act as electron-deficient acceptors. Benzofuro[2,3-b]pyridine (D5) enables blue-
shifted emission through its pyridine nitrogen and oxygen-containing framework, maintaining high triplet energies.62, 63 On 
the other hand, benzo[4,5]thieno[2,3-c]pyridine (D9) functions as strong-field cyclometalating acceptor with high quantum 
yields, where pyridine coordination and sulfur-driven π-extension tune emission toward longer red-shifting emission 
wavelengths.64, 65  

Spirobifluorenes (D8) provide steric control for phosphorescent emitters with long excited-state lifetimes vulnerable to 
bimolecular annihilation,60, 66 suppressing triplet-triplet annihilation and triplet-polaron quenching and improving efficiency 
and stability.66, 67 Extended aromatics such as anthracene (D6) and phenanthrene (D10) serve similar purposes in metal-
containing and metal-free emitters.57, 65 Phenanthrene's bent geometry creates different packing and excited-state 
properties from linear anthracene, improving control over solid-state photophysics.65 Although less prevalent due to 
synthetic complexity, these ligands enable efficient harvesting of singlet and triplet excitons via metal spin-orbit coupling, 
improving internal quantum efficiency over fluorescent emitters.55, 56, 63 

Integration of metalloids into metal complex ligands is a strategy to combine the triplet harvesting of heavy metals with the 
properties of boron and silicon atoms, as illustrated in Figure 8 (Panel E). All ten prevalent motifs serve as ancillary 
ligands, as distinguished from their metal-free counterparts and demonstrating context-dependent functional roles.57, 63 
5H-Dibenzo[b,d]siloles (E1), function as linker/bridge moieties with silicon interrupting aryl-aryl conjugation, while σ*-π* 
interactions lower LUMO levels to improve electron injection and transport.43, 58 Incorporated into complexes such as 
Ir(ppy-silole)₂(acac), they tune emission and quantum efficiency without disrupting metal coordination.43 Substituents 
control steric bulk to prevent quenching of long-lifetime phosphorescent emitters vulnerable to triplet-triplet annihilation. 

Boron-containing motifs exploit its electron-deficiency to tune metal complex photophysics. B-N heterocycles, like E2, 
function as acceptor groups to lower HOMO/LUMO levels, valuable for blue-shifting emission with high triplet energies 
and saturated blue coordinates.68, 69 Incorporation into ancillary ligands provides a mechanism to fine-tune ligands without 
redesigning them.70 Boronate esters, such as E5, offer enhanced stability versus B-N bonds while maintaining acceptor 
character, with B-O bonds providing robust linkages withstanding thermal and electrical stress.61, 71 B-N-S heterocycles, 
E4, use sulfur’s d-orbitals to create unique metal-ligand interactions influencing charge transfer and excited states and 
their decay rates and quantum yields.60, 61 

Silicon's larger atomic radius and tetrahedral geometry prevent close intermolecular contacts, suppressing triplet-triplet 
annihilation and triplet-polaron quenching which limit efficiency and stability.60, 72, 73  Spirocyclic silanes (E6) control the 
aggregation of emitters through steric effects, interrupting aryl-aryl conjugation while enabling σ*-π* conjugation, providing 
a method to improve phosphorescence. Azasilines (E3) and oxasilines (E10) combine silicon's interruption of conjugation 
with nitrogen or oxygen donors, creating segments with isolated but connected electronic segments,43 which are valuable 
for bipolar transport and facilitate electron and hole injection.65 Their lower occurrence in the dataset likely reflects the 
difficulty of synthesis and their utility in limited circumstances.57, 63 Metalloid incorporation is a method to optimize ligand 
properties without complete redesign.  

https://pubs.acs.org/apchd5/article-abstract/12/8/4540/3760471/Self-Assembled-Carbazole-Phosphonate-Hole?redirectedFrom=fulltext
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Selenium and phosphorus-containing ligands occurred infrequently in emitters (Figure 8, Panel F), primarily in cases 
where synergistic heavy atom effects between ligands and metals are necessary such as for challenging deep blue 
emitters requiring high triplet energies or red/near-infrared emitters where intersystem crossing efficiency decreases with 
extended conjugation.47 In metal complexes with the dibenzo[b,d]selenophene moieties (F1), which appear in 23 patents, 
these ligands act as chromophores with selenium's enhanced spin-orbit coupling versus lighter chalcogens but can also 
function as ancillary ligands.54 Selenophenopyridines, benzo[4,5]selenopheno[2,3-c]pyridine (F2), and their isomers (F7) 
function as core cyclometalating ligands for metal complexes such as Ir(Se-ppy)₃ or Ir(Se-ppy)₂(acac) to maximize 
selenium's effects on excited-state dynamics while providing additional acceptor properties,74, 75 altering ring fusion yields 
distinct electronic structures despite identical compositions.76  Boron-selenium heterocycles including B-N-Se (F3), 
selenaborinine, Si-B-Se (F9), and B-di-Se (F10) merge boron's electronic character, selenium's heavy atom effects on 
spin-orbit coupling and thus ΔEST, and multiple resonance substructures to optimize emission.77, 78 

Multi-heteroatom systems are uncommon in our analysis reflecting practical barriers including the toxicity and air-
sensitivity of selenium and the difficulty of syntheses involving it, high cost, and the lack of need for its performance 
advantages in most applications.57 However, their presence in patents indicates their novelty and their utility for 
applications where additional performance justifies their complexity, such as in displays requiring extreme color purity or 
ultra-high efficiency, or for optical communications or bioimaging requiring extended near-infrared spectral coverage.67 
Large selenium polycycles (F5) are useful for red and near-infrared emission because of their extended conjugation of 
red-shifts emission and reduced barriers to triplet formation for useful quantum yields at longer wavelengths.54 The limited 
number of phosphorus-containing motifs such as imidazole-phosphorus compounds (F6), contrasts with the prevalence of 
phosphorus in coordination chemistry, but reflects dataset focus on aromatic conjugated frameworks and not saturated 
phosphines. Imidazole-phosphorus ligands may either act as multidentate ligands with phosphorus (III) or as phosphine 
oxide, or phosphorus (V) may enhance the electron-accepting character without altering coordination79, 80 Collectively, this 
category of OLED materials is primarily used in specialized applications and not in broad applications. 

3.1.5. Emerging structural trends 

From the most prevalent fragments, several trends emerge. Common motifs such as carbazoles, dibenzofurans and 
dibenzothiophenes, anthracenes, and fluorenes are most widely used due to their synthetic accessibility, ease of 
functionalization, and applicability across multiple types and generations of OLED materials. Carbazoles are commercially 
popular for their use as inexpensive and accessible electron-donating components in OLED emitters. Anthracenes and 
spirobifluorenes are commonly applied in OLED patents as they can be used as peripheral and steric substituents, as well 
as cores. Dibenzofurans and dibenzothiophenes act as synthetically accessible electron-donating substituents with 
stability, while phenanthrenes and fluorenes provide increased delocalization, leading to their popularity in the publication 
landscape. The prevalence of boron-containing materials in multiply fused ring compounds indicates the adoption of MR-
TADF materials in commercial OLEDs. We cannot distinguish from their presence whether the materials are used as 
emitters themselves or as dopants for energy transfer to emitters. Selenium is by far the most common heavy element in 
OLED materials analyzed and is also consistent with incorporation in TADF materials where its mass and enhanced spin-
orbit-coupling can influence excited-state dynamics and may improve efficiency and performance. Metal-containing OLED 
materials use similar ring systems to materials lacking metals. Nitrogen is incorporated in dibenzofuran and 
dibenzothiophene rings to allow direct coordination to metals, while silicon-containing ring systems are more common as 
well. Overall, these observations highlight how prevalent molecular design strategies shape the material landscape, 
motivating an examination on how device architectures leverage these structural features in practical OLED systems. 

4. Device Architecture and Performance Enhancements  
As OLED technologies mature beyond simple emissions, device differentiation arises from how optical, electrical, and 
mechanical design choices are integrated. To analyze this evolving landscape, we used CAS-indexed controlled terms to 
identify documents related to device architecture and technologies and examined approximately 25 thousand OLED 
device technology-related documents and classified technologies based on their function in an OLED stack, 
encompassing the substrate, pixel control layer, emission layer, color conversion/filter layer, integrated system layer, and 
encapsulation.  
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4.1. OLED architecture landscape 

This classification reveals a multi-dimensional, orthogonal design space in which innovations occur across five primary 
dimensions: display architecture, platform and pixel-scale implementation, color generation strategy, physical form factor, 
and system-level integration as seen in Figure 9. Rather than fitting into a linear taxonomy, modern OLED devices 
emerge from specific combinations of choices across these layers, enabling diverse realizations optimized for applications 
ranging from large area displays to ultra-high-resolution micro-displays and low-power indicator panels. 

 

Figure 9: Landscape of different OLED architectures and integration technologies. Data includes journal articles and patent families for 
the period 2016 to 2026 from the CAS Content Collection. 

4.1.1. Display architecture 

Within this framework, display architecture captures the structural and electrical decisions that govern pixel addressing 
and light generation. Tandem OLEDs act as performance enhancers rather than standalone addressing architectures, 
applicable across active-matrix OLEDs (AMOLED), top-emission, and transparent configurations, as reflected by its 
occurrence across multiple device categories in the underlying data. They employ multiple electroluminescent units 
(typically two-to-three layers) that are vertically stacked and electrically connected in series within a single pixel, 
enhancing luminous efficiency and extending operational lifetime at equivalent brightness levels. Unlike conventional 
single-unit OLEDs, tandem architectures incorporate two or more emissive stacks separated by charge-generation layers 
(CGLs) that enable efficient carrier recombination at each internal interface. Ytterbium (Yb)-based CGLs features as one 
of the prominent inventions in the technology landscape of tandem OLEDs.81 Yb is especially effective in tandem OLEDs 
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because it forms stable charge-transfer complexes that create internal, low-loss electron reservoirs within the n-type CGL, 
enabling efficient and durable charge generation for stacked electroluminescent units. From an architectural perspective, 
tandem OLEDs exemplify a shift from materials-centric performance scaling toward device-level engineering, where 
electrical stress is redistributed across stacked emissive units rather than mitigated solely through new emitters.  

AMOLED and passive matrix OLEDs (PMOLED) constitute the two electrically distinct base architectures within this 
category. AMOLEDs use thin-film transistor (TFT) backplanes that enable independent pixel control, high refresh rates, 
and scalability to high resolutions and large areas.82 In contrast, PMOLEDs rely on passive row-column addressing 
without pixel-level switching, constraining their use to small-format, low-resolution applications.83 Correspondingly, 
AMOLED nodes dominate this branch by document volume in Figure 9, while PMOLED appears as a comparatively 
minor category. 

AMOLED research has mainly concentrated on the transition from inorganic to organic backplane insulators and 
structures.84 Additionally, research also focuses on emission technology through manufacturing methods such as inkjet-
printed RGB OLEDs.85 The patent landscape is dominated by inventions that optimize how light is generated, confined, 
extracted, and protected within the OLED stack, particularly for flexible and silicon-based micro-OLED applications. This 
highlights a shift toward photon and system-level engineering as OLED technologies mature.86, 87 This branch also 
includes optical architectural variants, namely bottom-emission, top-emission, and transparent OLEDs (bidirectional or 
selective emission), each optimized for specific optical requirements. 

This illustrates how OLED innovation has shifted from basic addressing schemes toward stack-level and photon-
management strategies, setting the foundation for downstream differentiation across platform implementation, form factor, 
and system integration. 

4.1.2. Platform and pixel-scale implementation 

This dimension in Figure 9 describes how OLED pixels are fabricated, addressed, and scaled, directly constraining 
achievable resolution, brightness, power density, cost, and target applications. Micro-OLEDs fabricated on silicon 
complementary metal-oxide (CMOS) backplanes represent the most document-intensive platform, driven by their 
importance for high-resolution near-eye displays.88 In this architecture, OLED emissive stacks are deposited directly onto 
processed silicon wafers, enabling sub-micron pixel pitches but introducing stringent manufacturing and yield constraints. 

Micro-OLED innovations have centered on incremental changes in manufacturing and materials rather than on the 
development of entirely new materials. Research focuses includes yield improvement89 and defect reduction through 
protective structures around metal interconnects (e.g., indium tin oxide (ITO) sidewall coatings), multilayer encapsulation 
schemes, and adhesion optimization for high-density patterning.90, 91 A secondary but visible cluster of documents is 
centered on optical performance, particularly the reduction of inter-pixel optical crosstalk and color mixing at extreme pixel 
densities.92 

Smaller nodes in this branch, including large-area, glass-based, and low-resolution, direct-drive OLEDs capture 
exploration approaches that combine complementary technologies to overcome OLED’s intrinsic limitations. Large-area 
glass-based OLEDs are active-matrix displays fabricated on glass substrates using TFT backplanes, enabling high-
resolution, full-color panels for applications such as smartphones and televisions. Recent research focuses on simplified 
architectures and improved RGB efficiency for scalable manufacturing, including hybrid micro-LED/OLED architectures 
that employ inorganic LEDs to address blue emission constraints.87 In contrast, direct-drive OLEDs are segmented 
architectures in which discrete emission regions are independently powered without a matrix backplane, making them 
suitable for low-resolution displays and lighting applications. Innovation centers on optical and structural optimization of 
individually driven segments, particularly through refractive index engineering to reduce losses and improve luminance 
uniformity.93 Despite their lower representation, these approaches highlight how platform-level integration can balance 
performance trade-offs beyond emitter-level design. 

 

https://pubs.acs.org/aamick/article-abstract/17/1/1760/3707562/Toward-High-Performance-Pure-Green-Tandem-Organic?redirectedFrom=fulltext
https://pmc.ncbi.nlm.nih.gov/articles/PMC12451013/
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4.1.3. Form factor 

In OLEDs, form factors describe physical configurations such as flat, curved, foldable, thin, or flexible designs. The branch 
is dominated by flexible OLEDs (Figure 9), reflected by the largest node size in this segment. This prominence arises 
from sustainable effort to achieve mechanical compliance without sacrificing electrical or optical performance. A key focus 
is the replacement of brittle ITO with flexible electrodes that maintain high conductivity, transparency, and mechanical 
robustness under repeated bending.94, 95 

Achieving flexibility extends beyond substrate substitutions with polymers and requires coordinated engineering across 
materials, mechanics, optics, and interfacial layers. Structural strategies such as Cu-Be serpentine interconnects increase 
strain tolerance by up to ~200% compared with conventional straight conductors. At the materials level, composite 
charge-transport layers, for example poly[N,N′-bis(4-butylphenyl)-N,N′-bis(phenyl)benzidine]:4,4′,4″-tris(carbazol-9-
yl)triphenylamine (poly-TPD:TCTA) architectures used in red CsPbI₃ perovskite-based emissive systems have been 
shown to retain ~80% of their initial external quantum efficiency after 300 bending cycles.96 Architectural approaches, 
including stretchable designs with rigid OLED islands interconnected by flexible links, further decouple mechanical 
compliance from electronic function. 

Additional form factors include tiled and segmented displays. Tiled OLED displays are formed by combining multiple 
smaller OLED panels into one large, scalable screen, enabling the creation of large displays while minimizing visible 
seams between modules. Segmented OLED displays, in contrast, divide a panel into predefined regions or segments that 
can be independently controlled. These are typically used to display simple icons, numbers, or symbols efficiently. 
Research on tiled OLED displays focuses on driving schemes to reduce distortion between tiled panels which address 
synchronization and scan delay issues in modular OLEDs. Segmented OLED advancements have been developed such 
as power-optimized OLED architectures for wearables97 and improving energy efficiency improvements through localized 
control strategies.  

Overall, these approaches highlight a key trend: mechanical resilience is achieved through structural and geometric 
design rather than fully flexible materials. The dominance of flexible OLEDs underscores the importance of system-level 
mechanical integration in advancing form-factor innovation. 

4.1.4. Multicolor emission method 

The Multicolor emission branch in Figure 9 highlights the main strategies for achieving RGB output in OLED platforms, 
with node size reflecting technical maturity and manufacturability. The Color Filter Method (CCM), based on blue or white 
OLED emission combined with color filters or conversion layers, remains widely used despite its intrinsic optical losses 
(~60-70%). Recent advances including optical-cavity tuning, refractive-index-matched capping layers, and 
photoluminescent color filters can partially recover efficiency. 98, 99 

RGB subpixel patterning forms a second major approach, driven by advances in photolithography-compatible organic and 
quantum-dot (QD) patterning. Resolutions exceeding 1000 PPI and ligand-engineered QD photoresists retain ~70% 
photoluminescence following lithographic processing demonstrating progress toward ultra-high-density displays.100, 101 
Pure QD color-conversion architectures, relying on blue excitation without filters or lateral patterning, represent a smaller 
but performance-intensive category. Optical enhancements such as mixed-shape scattering layers and plasmonic 
structures have achieved up to sevenfold red output gains and ~90% conversion efficiency, albeit with ongoing stability 
challenges.102, 103  

Tandem or stacked multi-wavelength OLEDs generate multicolor emission by vertical spectral-engineering strategy rather 
than by generating many distinct colors, enabling intrinsic white emission, tunable color balance, and wavelength 
narrowing without lateral patterning or external filters.104, 105 

Overall, academic research addresses fundamental efficiency, exciton management, and optical modeling, whereas 
patent activity focuses on engineering solutions that enable high-yield manufacturing and stable color reproduction. Patent 
disclosures emphasize device-level suppression of residual blue leakage, via selective reflection or polarization-
manipulation layers. They also highlight hybrid pixel concepts that replace unstable blue OLED emitters with QD-based 
blue emission while retaining organic red and green pixels.106, 107  

https://ieeexplore.ieee.org/document/10644053
https://www.sciencedirect.com/science/article/pii/S2666542523000644?via%3Dihub
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4.1.5. Integrated/Hybrid technologies 

The Integrated and hybrid technologies branch in Figure 9 captures a shift in OLED innovation: from optimizing isolated 
device components toward system level co design, where emission, optics, sensing, touch, and inorganic functionalities 
are engineered as a single, interdependent platform. Patent activity in this space indicates that OLED panels are no 
longer treated as self-contained light sources, but rather as structural hubs serving multiple functions without 
compromising brightness, color purity, or reliability. 

Integration with touch functionality exemplifies this transition. Rather than adding discrete touch stacks, patents describe 
architectures that repurpose OLED electrodes as capacitive sensors, embed display-on-touch (DOT) layers, or combine 
touch, directional sound emission, and mechanical foldability within the same panel.108, 109 These solutions primarily 
address manufacturing efficiency, reducing stack thickness, minimizing interfacial defects, and maintaining optical 
uniformity under mechanical deformation, highlighting how integration directly translates into yield and form-factor 
advantages. 

A similar system level logic governs OLED incorporating light modulation. Patent disclosures emphasize replacing 
passive, standalone optical elements with engineered, multifunctional optical stacks, including microcavity control layers, 
cholesteric liquid-crystal cavities, wavelength-matched retardation films, and electrochromic metal-oxide layers.110-112 
Unlike journal studies that often treat contrast, viewing angle, polarization, and color purity as separable optimization 
problems, these hybrid architectures tightly couple multiple optical functions, enabling displays that dynamically adapt 
emission spectrum, polarization state, and angular distribution in response to ambient conditions, often with reduced 
power consumption.113  

Sensor integration further reinforces the OLED panel’s evolution into a bidirectional optoelectronic platform. In under-
display cameras and fingerprint sensing, early transparency-based approaches give way to more sophisticated 
architectures that locally modify pixel geometry, electrode transparency, light-transmission layers, microlenses, or stress-
relieved through-structures.114, 115 Increasingly, photodetectors are fabricated within or directly beneath the OLED stack, 
sharing electrodes or transport layers to simplify processing while preserving display performance.116 These designs blur 
the boundary between emitter and detector, positioning OLEDs as platforms that both generate and sense light. 

Finally, hybridization with inorganic materials underscores how integration enables durability, scalability, and new 
application spaces. Inorganic barrier layers, silicon backplanes, metal-oxide functional films, transparent conductive 
oxides, metal nanostructures, and ultra-thin glass substrates emerge as core performance enablers rather than auxiliary 
layers. Silicon-based OLED micro-displays leverage CMOS precision for ultra-high pixel densities,117 while inorganic black 
matrices, electrochromic oxides, and reflective metal layers address crosstalk, ambient reflection, and brightness 
challenges that organic materials alone cannot resolve.118, 119 This branch of the landscape demonstrates that as OLED 
technologies mature, differentiation arises from hybrid system architectures that ensure laboratory-level efficiency and 
lifetime gains remain viable in real-world products and high-volume manufacturing. 

Overall, integrated and hybrid technologies illustrate a clear transition in the OLED field from isolated device innovation 
toward platform-level engineering. While journal articles define what is physically possible at the level of materials and 
device physics, patent activity shows how these possibilities are consolidated into manufacturable, multifunctional display 
systems, blurring the boundaries between display, sensing, optics, and materials engineering. 

4.2. Frequent motifs used in predominant device technologies 

Central to these system-level advances in Figure 10 is precise molecular electronic structure engineering, where 
recurring structural motifs are deployed individually or synergistically across various substances to govern charge 
transport, exciton formation, and light emission in support of specific platform functions. To examine the motifs most 
relevant to dominant device technologies, their frequencies were analyzed across two categories: (i) C/N/O/S-based 
functional motifs and (ii) motifs incorporating other heteroatoms. 

https://ieeexplore.ieee.org/document/9964079
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Figure 10: Prevalent motifs with more than 50 publications across various OLED technologies. Data includes patent families for the 
period 2023 to 2025 from the CAS Content Collection. 

Among conventional heterocyclic motifs, 1,3,5-triazine is the most prominent electron-deficient unit. Its nitrogen-rich 
aromatic core stabilizes charge transfer states, making it critical for tandem OLED CGLs and charge transport layers of 
AMOLEDs. Triazine derivatives facilitate efficient charge separation at p/n interfaces, enable exciplex formation with small 
ΔEST, and support p-type doping, collectively ensuring low-loss charge generation.120, 121 Across patents, triazine and 
related acceptor motifs consistently appear as foundational components of charge-generation architectures. 1,3,5-
Triazines also possess multiple points of attachment for substituents, allowing a single molecule to serve multiple 
functions. 

Naphthalene functions primarily as a π-conjugation extender and structural linker, widely used across transport layers and 
host systems. It enhances electron mobility and film stability, particularly in phenanthroline-based electron 
transport/charge generation material, highlighting its role as a modular backbone rather than an active electronic 
center.122  

Rigid fused motifs, such as dibenzofuran and fluorene, provide structural stability and high-triplet-energy. Dibenzofuran 
contributes to thermal and morphological robustness and wide bandgap characteristics. In tandem OLED technology, the 
dibenzofuran moiety is a chiral ligand backbone in an Mn(II) complex,123 while in CGL compositions, it acts as a structural 
component in electron-accepting and hole-transporting molecules, which contributes to efficient charge generation and 
stability in tandem OLED architectures.124 Fluorene serves multiple roles across the OLED stack: as a π-conjugated 
bridge in emitter design,125 a rigid structural unit providing high triplet energy and thermal stability, and a high refractive 
index component in encapsulation systems.126 It also acts as a scaffold for deuterated transport and host materials.127 
These functions arise from its rigid planar structure, tunable 9,9-substitution for morphology control, and compatibility with 
both solution and vacuum processing, making it a versatile building block. 

Pyridine plays a multifunctional role, acting as (i) metal-coordinating ligand component in phosphorescent emitters,128 (ii) 
an electron deficient linker in organic architectures,129 and (iii) a tuning element for optical and electronic properties.130 
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These roles stem from pyridine's electron-withdrawing heteroaromatic character combined with its coordination capability, 
making it versatile for organometallic emitter design and organic layer engineering in OLED architectures. 

Other common motifs: carbazole, dibenzothiophene, phenanthroline, pyrimidine, and other specialized heterocycles, 
represent targeted building blocks addressing specific functional requirements in tandem OLEDs and AMOLEDs. 
Carbazole is a dominant donor for hole transport and host design and is extensively used in p-doped CGLs, TADF emitter 
donor components, and chiral hole transport materials for circularly polarized emission applications.13 Dibenzothiophene 
provides sulfur-mediated rigidity with tuned electronic properties, lower triplet energy and modified HOMO/LUMO levels 
suitable for red/green hosts, while its heavy-atom effect enhances intersystem crossing.131, 132 Phenanthroline functions 
both as a metal-chelating ligand in phosphorescent emitters and as an electron-transporting scaffold in n-doped CGLs, 
with rigid planarity and strong electron-accepting character enabling efficient electron injection when alkali-metal doped.133 
Pyrimidine offers enhanced electron affinity compared to pyridine, serving in electron transport materials and bipolar 
hosts.134 Less prevalent motifs such as benzofuran-pyridine fused systems, benzo[k]xanthene, naphtho-benzoxazole, and 
tetrahydroquinolines are used in similar-volume applications including high refractive index capping layers, 
morphologically stable hosts, and sterically hindered transport materials for preventing aggregation.135-137 

These motifs provide heteroatom diversity (N, O, S) and structural variations enabling precise optimization of charge 
balance, exciton confinement, and interface energetics across complex tandem OLED and AMOLED architectures. Their 
moderate occurrence frequencies reflect their role as specialized optimization tools rather than universal building blocks, 
deployed strategically where specific properties are required. 

Motifs with other ring atoms (Figure 10, right panel) represent a class of rigid polycyclic architecture incorporating main 
group heteroatoms (B, N, P, S, Se, Si, Ge) designed to optimize OLED performance. As discussed in section 3.2, the 
most common framework features B as an electron acceptor paired with nitrogen donors, creating an intramolecular 
donor-acceptor architecture that spatially separates HOMO and LUMO orbitals. 138, 139 Further, heavy atoms such as Se 
and S enhance spin-orbit coupling for phosphorescent applications140, 141 while systematic substitution of heteroatoms (P, 
Si, Ge) allows precise tuning of emission wavelengths across the visible spectrum.142, 143 Together, these structural 
features create a versatile molecular platform that addresses the fundamental challenge of OLED technology: harvesting 
all electrically generated excitons while maintaining excellent color quality, stability, and device longevity.  

These rigid heteroatom-rich polycyclic motifs are prevalent in tandem OLEDs and AMOLEDs because they enable near-
unity exciton harvesting at low current densities while delivering narrow, cavity-compatible emissions. Their structural 
rigidity and tunable heteroatom chemistry also provide superior operational stability and energy-level control, critical for 
stacked architectures and pixel-driven displays.33, 144 

The diversity of motifs reflects the complexity of OLED device physics, in which no single molecular structure can 
simultaneously optimize electron transport, hole transport, exciton formation, light emission, and charge generation. 
Instead, OLED technology requires a library of complementary molecular building blocks, each excelling in its designated 
role, working together in a carefully engineered multilayer architecture to achieve high performance. 
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5. Applications Landscape of OLED Technology 
5.1. Key application areas of OLED devices 

We analyzed application domains in OLED research to identify how research and patent activity align with end-use 
sectors, revealing where technological strengths, market pull, and commercialization readiness converge (Figure 11). 
Flexible devices dominate both academic and patent landscapes, reflecting OLED’s intrinsic advantages such as 
mechanical flexibility, lightweight structure, thin form factor, and low-temperature processing compatibility with plastic 
substrates.145 These attributes make OLEDs suited for foldable displays, rollable screens, and flexible electronics, 
explaining strong engagement from both researchers and industry.146 Lighting and consumer electronics also exhibit 
strong patent orientation, highlighting OLED’s commercial maturity in high-value displays like television, smartphones, 
laptops, tablets etc. and solid-state lighting, where high contrast ratios, wide color gamut, energy efficiency, and design 
freedom offer clear advantages over conventional technologies.147, 148 In these domains, the concurrent presence of 
sustained journal activity and extensive patenting indicates that OLED technologies have advanced to stages where 
research and innovation are directed toward refinement, implementation, and application specific development rather than 
initial feasibility demonstration. 

Medical and wearable applications show balanced but differentiated engagement, indicating growing interest in 
specialized use cases. OLEDs are well-suited for medical and wearable devices due to their low power consumption, eye-
safe emission characteristics, and ability to be integrated into soft, body conformable platforms, enabling applications 
such as diagnostic and surgical displays, phototherapy panels, flexible health monitoring patches, smartwatches, and 
fitness trackers that require thin, lightweight, and compact display and light emission solutions.149, 150 Automotive and 
AR/VR applications, while more selectively explored, leverage OLED’s fast response times, high dynamic range, and form 
factor versatility for displays in constrained or immersive environments.151, 152 In contrast, aviation exhibits limited research 
and patenting activity, suggesting OLED research and innovation remain less extensive relative to other domains, 
potentially reflecting the stricter performance, integration, and qualification requirements inherent to this sector.  

Overall, the distribution highlights that OLED research and innovation gravitate toward applications in which its intrinsic 
properties can be efficiently leveraged, emphasizing domain-specific adoption pathways over uniform applicability across 
all display technologies. 

 

Figure 11: Distribution of journal articles and patent families across major OLED application domains during 2016 to 2026. Source: 
CAS Content Collection 
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5.2. Co-occurrence between applications and OLED devices  

To quantify OLED technology-application relationships, we analyzed co-occurrence patterns between device architectures 
and application domains. The heatmap in Figure 12 visualizes co-occurrence counts between individual OLED 
technology concepts (rows) and application domains (columns), with color intensity representing the frequency of joint 
occurrence. The statistical significance of technology-application associations was first evaluated using chi-square 
analysis, followed by correspondence analysis (CA) to capture underlying relational structure in the data space. 
Hierarchical clustering was then applied to both rows and columns based on similarity in co-occurrence profiles, grouping 
technologies and applications with shared usage patterns. Color bars along the rows indicate technology cluster 
membership, distinguishing specialized (Cluster 1) and mainstream (Cluster 2) groups.  

 

Figure 12: Hierarchical heatmap showing the co-occurrence of OLED device technologies and application segments, revealing two 
distinct clusters, specialized and mainstream, based on usage patterns. The dendrogram lines illustrate hierarchical relationships, 
where technologies that merge at lower linkage distances exhibit greater similarity in co-occurrence patterns. Conversely, branches that 
join at higher levels indicate more distinct technologies, reflecting weaker similarity in their application profiles. Color intensity 
represents occurrence counts. Data includes journal articles and patent families for the period 2016 to 2026 from the CAS Content 
Collection. 

Hierarchical clustering revealed clear similarity patterns among the device technologies based on their co-occurrence 
profiles. The dendrogram indicates that technologies joining at lower linkage distances exhibit strong similarity, forming 
tightly connected groups, whereas those merging at higher levels reflect more distinct behavior. The specialized cluster is 
narrow, comprising only Tiled and Segment architectures, both of which show consistently low co-occurrence counts 
across all application domains, distinguishing them structurally from the rest of the technology set even though their 
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absolute activity is modest. The remaining technologies, including micro-OLED, PMOLED, RGB subpixels, Tandem 
OLED, and Flexible, form the broader mainstream cluster. Within this mainstream group, Tandem OLED and Flexible 
stand out with markedly higher co-occurrence intensity, particularly with Consumer electronics and Lighting, indicating that 
linkage-distance similarity does not necessarily correspond to similar activity levels; two technologies can cluster together 
structurally while differing substantially in overall co-occurrence volume. 

Tandem OLED and Flexible, despite belonging to the mainstream cluster, show the highest co-occurrence intensity in the 
entire heatmap, concentrated in Consumer electronics, Automotive, and Lighting, reflecting their broad adoption across 
high-volume application areas. Tiled and Segment, the two specialized-cluster technologies, show comparatively low and 
diffuse co-occurrence across all applications, without a sharply concentrated signal in any single domain. On the 
application side, Wearables and Medical form a distinct specialized cluster, while Consumer electronics, Automotive, and 
Lighting form the mainstream application cluster with generally higher co-occurrence counts across most device 
technologies. 

The dendrogram structure therefore highlights a clear separation between a small set of low-activity, structurally distinct 
technologies (Tiled, Segment) and a broader mainstream group that includes both moderate-activity and high-activity 
technologies. This fine-grained structure provides mechanistic context for the enrichment patterns observed at the cluster 
level, illustrating how structural similarity in co-occurrence profiles does not always align with similarity in overall activity 
level, an important distinction when interpreting cluster-level enrichment and depletion signals. 

6. Challenges  
Despite their remarkable advantages and widespread adoption in commercial displays, OLEDs continue to face several 
significant technical and economic challenges that limit their broader application and long-term viability. One of the most 
persistent issues is device lifetime and efficiency, driven by the inherent instability of organic electronic materials. 
Degradation from oxygen, moisture and operational stress leads to brightness loss and color shifts over time, with blue 
emitters degrading significantly faster than red and green.153, 154 This imbalance affects color stability and limits overall 
device lifetime, especially under high brightness and temperatures (e.g., HDR or outdoor use). Blue OLEDs also exhibit 
lower efficiency, requiring higher drive currents that further accelerate degradation and increase power consumption. 
Additional losses from charge imbalance, exciton quenching, and light trapping further reduce real-world efficiency.44, 155, 156 

Manufacturing complexity and cost represent another major barrier. The production of OLED fabrication requires 
controlled environments with ultra-low humidity and oxygen levels, as even trace amounts of these contaminants can 
severely compromise device performance.44, 157 Moreover, OLED fabrication requires precise multilayer deposition of 
extremely thin organic films, often under high vacuum conditions.158 Techniques such as vacuum thermal evaporation are 
expensive and result in significant material wastage, especially for large-area panels.159 Further, the reliance on rare 
materials like iridium and platinum in phosphorescent emitters further increases material costs and raises concerns about 
long-term supply chain sustainability.160 These manufacturing hurdles contribute to higher prices compared to mature 
display technologies like LCDs. 

The phenomenon of burn-in or image retention poses yet another challenge for OLED displays, particularly in 
applications requiring static content. Differential pixel aging causes persistent ghost images.161, 162 Despite various 
mitigation strategies, including pixel shifting, screen savers, and brightness management algorithms, burn-in remains a 
concern for professional monitors, signage applications, and consumer devices with persistent UI elements.163, 164 This 
issue is problematic given the expectation of durable and uniform performance over the operational lifetime of displays. 

Finally, material development and scalability issues continue to constrain technology’s potential. The discovery and 
optimization of new OLED materials with improved efficiency, stability, and color purity is a time-consuming and expensive 
process. TADF materials show promise as alternatives to phosphorescent emitters, potentially eliminating the need for 
heavy metals, but these materials often suffer from efficiency roll-off at high current densities and stability concerns.165, 166 
Additionally, scaling OLED technology to new form factors, such as transparent displays, flexible and foldable screens, or 
large-area lighting panels, introduces additional technical challenges related to substrate selection, encapsulation 
techniques, and maintaining uniform performance across large areas.157, 167 The development of printable OLEDs that 
could dramatically reduce manufacturing costs remains confined to research laboratories, with significant obstacles 
preventing commercialization.168 

https://pubs.acs.org/chreay/article-abstract/115/16/8449/1482269/Degradation-Mechanisms-and-Reactions-in-Organic?redirectedFrom=fulltext
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Together, these challenges highlight why, despite their superior contrast, color quality, and form-factor advantages, 
OLEDs remain an active area of research rather than a fully optimized, universal display solution. 

7. Future outlook  
The future of OLED technology will be defined by parallel advances across several interconnected fronts, including 
materials innovation, data-driven discovery approaches, emerging display architectures, specialized microdisplay 
platforms, and scalable manufacturing techniques. Among these, artificial intelligence (AI) is transforming the materials 
discovery process, accelerating traditionally slow, trial-and-error approaches.169, 170 Publication trends show a steady rise 
in AI-driven OLED research, reflecting growing academic and industrial interest. Machine learning models, including deep 
neural networks, variational autoencoders (VAEs), and generative adversarial networks (GANs), enable rapid screening of 
molecular candidates and prediction of key photophysical properties such as emission wavelength, quantum yield, and 
stability prior to synthesis. This is impactful for addressing the long-standing challenge of stable, high-efficiency blue 
emitters with AI facilitating molecular design, ligand optimization, and degradation prediction, thereby shortening 
development cycles and accelerating commercialization.171-173  

Beyond materials discovery, OLED technologies are evolving toward more immersive display paradigms. Holographic 
OLEDs represent one such direction, combining self-emissive properties with advanced light-field or holographic optics. 
Rather than true volumetric holography, these systems generate depth-rich, three-dimensional visual effects through 
controlled light manipulation. Integration with holographic optical elements 174(HOEs), diffraction gratings, or light-field 
architectures enables floating or spatially realistic images without the need for glasses, making them attractive for AR, 
automotive head-up displays, medical visualization, and advanced human-machine interfaces.175-177 

Closely related to these immersive applications is the rapid advancement of OLED-on-silicon (OLEDoS) technology, 
which integrates organic emissive layers onto CMOS-based silicon backplanes. This architecture enables ultra-high pixel 
densities, fast switching, high current drive, and precise grayscale control, resulting in superior image quality and refresh 
rates.178-180 These features are critical for near-eye applications such as AR/VR, where even minor imperfections are 
magnified. With increasing demand for compact, lightweight wearable systems, OLEDoS is emerging as a key platform for 
next-generation human-computer interaction across consumer, medical, automotive, and defense applications.180-182   

At the manufacturing level, inkjet-printed OLEDs are gaining increasing attention as a cost-effective alternative to 
conventional vacuum thermal evaporation.183 Unlike vacuum processes requiring expensive equipment and shadow 
masks, inkjet printing enables mask-free, additive deposition with significantly improved material utilization.184 This makes 
it well-suited for large-area displays and lighting panels, where conventional methods become costly and inefficient. Its 
compatibility with flexible substrates and reduced capital investment further positions it as a critical enabler for scalable 
OLED production.185, 186  

Overall, while OLEDs are unlikely to become a universal solution for all display and lighting applications in the near term, 
continued progress across materials development, AI-driven discovery, advanced display architectures, and 
manufacturing technologies are expected to mitigate many of their current limitations. The convergence of enhanced 
performance, novel form factors, and more economical fabrication methods suggests a future in which OLEDs play a 
more prominent and diversified role across consumer electronics, lighting, and emerging optoelectronic applications. 
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8. Conclusion  
OLED technology has evolved from early conceptual demonstrations to a mature platform driven by advances in 
molecular design, device engineering, and system-level integration. This review analyzed ~86 thousand OLED-related 
documents from the CAS Content Collection (2016 to 2026), capturing recent developments in a rapidly advancing field. 
The innovation landscape shows strong industrial participation and geographic concentration of patents, particularly in 
East Asia, complemented by academic research focused on fundamental understanding and incremental improvements. 

Materials innovation remains central, with recurring structural motifs, such as carbazoles, dibenzofurans, fluorenes, and 
boron-containing heterocycles, serving as modular, multifunctional building blocks across emitter systems and device 
architectures. These motifs enable precise control over charge transport, exciton dynamics, and emission characteristics, 
supporting continued gains in device performance and operational longevity. 

Progress is shaped by advances beyond materials alone, including device architecture, hybrid integration, and scalable 
manufacturing. Developments such as tandem OLEDs, micro-OLED (OLEDoS) platforms, and flexible or transparent form 
factors reflect a shift toward application-driven optimization, enabling translation from laboratory concepts to real-world 
products. 

As a result, OLEDs now span a broad application space, from consumer electronics to lighting, automotive interfaces, 
AR/VR, and emerging bio-integrated systems. Their compatibility with flexible substrates and integration with sensing and 
optical components further strengthens their role in next-generation multifunctional devices. 

Despite this progress, challenges such as blue emitter durability and emission purity, and manufacturing complexity 
persist, necessitating continued interdisciplinary innovation. Emerging approaches, including AI-driven materials 
discovery, advanced device architectures, and cost-efficient fabrication, are expected to address these limitations. 

Overall, OLED technology is transitioning from rapid innovation to strategic refinement, where coordinated advances 
across materials, devices, and systems will define future progress, sustaining its role as a versatile platform for next-
generation optoelectronic applications. 

 

 



 
26  

References 
(1) Dickson, G. The Steady Evolution of OLED Displays. Information Display 2023, 39 (6), 21-24. DOI: 10.1002/msid.1438. 
(2) OLED Lighting’s Long Fade, and a Possible Flicker of Revival. INSIDE LIGHTING, 2025. https://inside.lighting/news/25-
09/oled-lightings-long-fade-and-possible-flicker-revival (accessed 2026 29 June 2026). 
(3) Hong, G.; Gan, X.; Leonhardt, C.; Zhang, Z.; Seibert, J.; Busch, J. M.; Bräse, S. A Brief History of OLEDs—Emitter 
Development and Industry Milestones. Advanced Materials 2021, 33 (9), 2005630. DOI: 10.1002/adma.202005630. 
(4) Balijapalli, U.; Lee, Y.-T.; Karunathilaka, B. S. B.; Tumen-Ulzii, G.; Auffray, M.; Tsuchiya, Y.; Nakanotani, H.; Adachi, C. 
Tetrabenzo[a,c]phenazine Backbone for Highly Efficient Orange-Red Thermally Activated Delayed Fluorescence with 
Completely Horizontal Molecular Orientation. Angewandte Chemie International Edition 2021, 60 (35), 19364-19373. DOI: 
10.1002/anie.202106570. 
(5) Aizawa, N.; Matsumoto, A.; Yasuda, T. Thermal equilibration between singlet and triplet excited states in organic 
fluorophore for submicrosecond delayed fluorescence. Science Advances 2021, 7 (7), eabe5769. DOI: 
10.1126/sciadv.abe5769. 
(6) Wu, X.; Ni, S.; Wang, C.-H.; Zhu, W.; Chou, P.-T. Comprehensive Review on the Structural Diversity and Versatility of 
Multi-Resonance Fluorescence Emitters: Advance, Challenges, and Prospects toward OLEDs. Chemical Reviews 2025, 
125 (14), 6685-6752. DOI: 10.1021/acs.chemrev.5c00021. 
(7) Jang, J.; Kim, H.-B.; Yoo, J.-I.; Song, J.-K. Recombination Zone Selection in Vertically Stacked OLEDs with Thickness-
Controlled Inorganic Hole Delay Layer. ACS Applied Electronic Materials 2025, 7 (23), 10664-10671. DOI: 
10.1021/acsaelm.5c01755. 
(8) Lee, H. C.; Im, H.; Jeon, J.-H.; Moon, K. C.; Kim, Y.-S. New Pixel Circuit Based on Silicon Backplane for Micro-Organic 
Light-Emitting Diode Employing Hybrid Program Method. Journal of Electrical Engineering & Technology 2025, 20 (4), 2529-
2536. DOI: 10.1007/s42835-025-02157-x. 
(9) Zhang, D.; Huang, T.; Duan, L. Emerging Self-Emissive Technologies for Flexible Displays. Advanced Materials 2020, 
32 (15), 1902391. DOI: 10.1002/adma.201902391. 
(10) Keum, N.-H.; Hong, S.-K.; Chai, C. C.; Kwon, O.-K. An AMOLED pixel circuit for high image quality of 1000 ppi mobile 
displays in AR and VR applications. Journal of the Society for Information Display 2018, 26 (2), 71-78. DOI: 10.1002/jsid.638. 
(11) Xie, Y.-M.; Liao, L.-S.; Fung, M.-K. Hybrid Design of Light-Emitting Diodes in Tandem Structures. Advanced Functional 
Materials 2025, 35 (21), 2401789. DOI: 10.1002/adfm.202401789. 
(12) Tarnowski, T.; Kreuzer, M.; Haidenthaler, R.; Aichholz, M.; Pohl, M.; Pross, A. 61-1: Invited Paper: OLED Technology 
for Automotive Display Applications. SID Symposium Digest of Technical Papers 2022, 53 (1), 794-797. DOI: 
10.1002/sdtp.15611. 
(13) Oner, S.; Bryce, M. R. A review of fused-ring carbazole derivatives as emitter and/or host materials in organic light 
emitting diode (OLED) applications. Materials Chemistry Frontiers 2023, 7 (19), 4304-4338, 10.1039/D3QM00399J. DOI: 
10.1039/D3QM00399J. 
(14) Soellner, J.; Pinter, P.; Stipurin, S.; Strassner, T. Platinum(II) Complexes with Bis(pyrazolyl)borate Ligands: Increased 
Molecular Rigidity for Bidentate Ligand Systems. Angewandte Chemie International Edition 2021, 60 (7), 3556-3560. DOI: 
10.1002/anie.202011927. 
(15) Patil, V. V.; Hong, W. P.; Lee, J. Y. Indolocarbazole Derivatives for Highly Efficient Organic Light-Emitting Diodes. 
Advanced Energy Materials 2025, 15 (2), 2400258. DOI: 10.1002/aenm.202400258. 
(16) Kalatozishvili, A.; Keruckiene, R.; Naghizade, R.; Bezvikonnyi, O.; Volyniuk, D.; Dabuliene, A.; Grazulevicius, J. V. Hole-
transporting deep blue emissive derivatives of fluorene and dibenzofuran or carbazole for organic light emitting diodes. 
Optics & Laser Technology 2026, 199, 115057. DOI: 10.1016/j.optlastec.2026.115057. 
(17) Deng, Y.; Li, Y.; Li, X.; Yu, F.; Li, H.; Zhu, S.; Wang, B.; Chen, Z.; Feng, Q.; Xie, L.; et al. Spiro-Based Thermally Activated 
Delayed Fluorescence Emitters for Organic Light-Emitting Diodes. Advanced Optical Materials 2025, 13 (5), 2402464. DOI: 
10.1002/adom.202402464. 
(18) Shirota, Y.; Kageyama, H. Charge Carrier Transporting Molecular Materials and Their Applications in Devices. Chemical 
Reviews 2007, 107 (4), 953-1010. DOI: 10.1021/cr050143+. 
(19) Gong, X.; Li, P.; Huang, Y.-H.; Wang, C.-Y.; Lu, C.-H.; Lee, W.-K.; Zhong, C.; Chen, Z.; Ning, W.; Wu, C.-C.; et al. A 
Red Thermally Activated Delayed Fluorescence Emitter Simultaneously Having High Photoluminescence Quantum 
Efficiency and Preferentially Horizontal Emitting Dipole Orientation. Advanced Functional Materials 2020, 30 (16), 1908839. 
DOI: 10.1002/adfm.201908839. 
(20) Wallwork, N. R.; Mamada, M.; Keto, A. B.; McGregor, S. K. M.; Shukla, A.; Adachi, C.; Krenske, E. H.; Namdas, E. B.; 
Lo, S.-C. Cibalackrot Dendrimers for Hyperfluorescent Organic Light-Emitting Diodes. Macromolecular Rapid 
Communications 2022, 43 (16), 2200118. DOI: 10.1002/marc.202200118. 

https://inside.lighting/news/25-09/oled-lightings-long-fade-and-possible-flicker-revival
https://inside.lighting/news/25-09/oled-lightings-long-fade-and-possible-flicker-revival


 
27 

 

(21) Burn, P. L.; Lo, S.-C.; Samuel, I. D. W. The Development of Light-Emitting Dendrimers for Displays. Advanced Materials 
2007, 19 (13), 1675-1688. DOI: 10.1002/adma.200601592. 
(22) Zhong, Z.; Zhu, X.; Wang, X.; Zheng, Y.; Geng, S.; Zhou, Z.; Feng, X. J.; Zhao, Z.; Lu, H. High Steric-Hindrance 
Windmill-Type Molecules for Efficient Ultraviolet to Pure-Blue Organic Light-Emitting Diodes via Hybridized Local and 
Charge-Transfer Excited-State. Advanced Functional Materials 2022, 32 (26), 2112969. DOI: 10.1002/adfm.202112969. 
(23) Poriel, C.; Rault-Berthelot, J. Structure-property relationship of 4-substituted-spirobifluorenes as hosts for 
phosphorescent organic light emitting diodes: an overview. Journal of Materials Chemistry C 2017, 5 (16), 3869-3897, 
10.1039/C7TC00746A. DOI: 10.1039/C7TC00746A. 
(24) Qu, Y.-K.; Zheng, Q.; Fan, J.; Liao, L.-S.; Jiang, Z.-Q. Spiro Compounds for Organic Light-Emitting Diodes. Accounts 
of Materials Research 2021, 2 (12), 1261-1271. DOI: 10.1021/accountsmr.1c00208. 
(25) Yang, Y.-J.; Zheng, Q.; Zuo, P.; Yuan, H.-T.; Liu, R.-H.; Feng, Z.-Q.; Zhou, D.-Y.; Jiang, Z.-Q.; Liao, L.-S. C1-substituted 
bipolar spiro host for high-performance organic light-emitting diodes. Journal of Materials Chemistry C 2025, 13 (12), 6156-
6161, 10.1039/D4TC05428H. DOI: 10.1039/D4TC05428H. 
(26) Sasabe, H.; Kido, J. Development of high performance OLEDs for general lighting. Journal of Materials Chemistry C 
2013, 1 (9), 1699-1707, 10.1039/C2TC00584K. DOI: 10.1039/C2TC00584K. 
(27) Wu, C. C.; Lin, Y. T.; Chiang, H. H.; Cho, T. Y.; Chen, C. W.; Wong, K. T.; Liao, Y. L.; Lee, G. H.; Peng, S. M. Highly 
bright blue organic light-emitting devices using spirobifluorene-cored conjugated compounds. Applied Physics Letters 2002, 
81 (4), 577-579. DOI: 10.1063/1.1493669 (acccessed 6/26/2026). 
(28) Tsai, M.-H.; Hong, Y.-H.; Chang, C.-H.; Su, H.-C.; Wu, C.-C.; Matoliukstyte, A.; Simokaitiene, J.; Grigalevicius, S.; 
Grazulevicius, J. V.; Hsu, C.-P. 3-(9-Carbazolyl)carbazoles and 3,6-Di(9-carbazolyl)carbazoles as Effective Host Materials 
for Efficient Blue Organic Electrophosphorescence. Advanced Materials 2007, 19 (6), 862-866. DOI: 
10.1002/adma.200600822. 
(29) Brunner, K.; van Dijken, A.; Börner, H.; Bastiaansen, J. J. A. M.; Kiggen, N. M. M.; Langeveld, B. M. W. Carbazole 
Compounds as Host Materials for Triplet Emitters in Organic Light-Emitting Diodes:  Tuning the HOMO Level without 
Influencing the Triplet Energy in Small Molecules. Journal of the American Chemical Society 2004, 126 (19), 6035-6042. 
DOI: 10.1021/ja049883a. 
(30) Im, Y.; Kim, M.; Cho, Y. J.; Seo, J.-A.; Yook, K. S.; Lee, J. Y. Molecular Design Strategy of Organic Thermally Activated 
Delayed Fluorescence Emitters. Chemistry of Materials 2017, 29 (5), 1946-1963. DOI: 10.1021/acs.chemmater.6b05324. 
(31) Ho, M.-H.; Balaganesan, B.; Chen, C. H. Blue Fluorescence and Bipolar Transport Materials Based on Anthracene and 
Their Application in OLEDs. Israel Journal of Chemistry 2012, 52 (6), 484-495. DOI: https://doi.org/10.1002/ijch.201100112. 
(32) Yook, K. S.; Lee, J. Y. Organic Materials for Deep Blue Phosphorescent Organic Light-Emitting Diodes. Advanced 
Materials 2012, 24 (24), 3169-3190. DOI: 10.1002/adma.201200627. 
(33) Wong, M. Y.; Zysman-Colman, E. Purely Organic Thermally Activated Delayed Fluorescence Materials for Organic 
Light-Emitting Diodes. Advanced Materials 2017, 29 (22), 1605444. DOI: 10.1002/adma.201605444. 
(34) Tao, Y.; Yuan, K.; Chen, T.; Xu, P.; Li, H.; Chen, R.; Zheng, C.; Zhang, L.; Huang, W. Thermally Activated Delayed 
Fluorescence Materials Towards the Breakthrough of Organoelectronics. Advanced Materials 2014, 26 (47), 7931-7958. 
DOI: 10.1002/adma.201402532. 
(35) Kondo, Y.; Yoshiura, K.; Kitera, S.; Nishi, H.; Oda, S.; Gotoh, H.; Sasada, Y.; Yanai, M.; Hatakeyama, T. Narrowband 
deep-blue organic light-emitting diode featuring an organoboron-based emitter. Nature Photonics 2019, 13 (10), 678-682. 
DOI: 10.1038/s41566-019-0476-5. 
(36) Zhang, Y.; Wei, J.; Zhang, D.; Yin, C.; Li, G.; Liu, Z.; Jia, X.; Qiao, J.; Duan, L. Sterically Wrapped Multiple Resonance 
Fluorophors for Suppression of Concentration Quenching and Spectrum Broadening. Angewandte Chemie International 
Edition 2022, 61 (2), e202113206. DOI: 10.1002/anie.202113206. 
(37) Svanström, S.; García Fernández, A.; Sloboda, T.; Jacobsson, T. J.; Zhang, F.; Johansson, F. O. L.; Kühn, D.; Céolin, 
D.; Rueff, J.-P.; Sun, L.; et al. Direct Measurements of Interfacial Photovoltage and Band Alignment in Perovskite Solar Cells 
Using Hard X-ray Photoelectron Spectroscopy. ACS Applied Materials & Interfaces 2023, 15 (9), 12485-12494. DOI: 
10.1021/acsami.2c17527 (acccessed 8/14/2026). 
(38) Oda, S.; Kawakami, B.; Kawasumi, R.; Okita, R.; Hatakeyama, T. Multiple Resonance Effect-Induced Sky-Blue 
Thermally Activated Delayed Fluorescence with a Narrow Emission Band. Organic Letters 2019, 21 (23), 9311-9314. DOI: 
10.1021/acs.orglett.9b03342. 
(39) Yang, M.; Park, I. S.; Yasuda, T. Full-Color, Narrowband, and High-Efficiency Electroluminescence from Boron and 
Carbazole Embedded Polycyclic Heteroaromatics. Journal of the American Chemical Society 2020, 142 (46), 19468-19472. 
DOI: 10.1021/jacs.0c10081. 

https://doi.org/10.1002/ijch.201100112


 
28  

(40) Naveen, K. R.; Lee, H.; Braveenth, R.; Karthik, D.; Yang, K. J.; Hwang, S. J.; Kwon, J. H. Achieving High Efficiency and 
Pure Blue Color in Hyperfluorescence Organic Light Emitting Diodes using Organo-Boron Based Emitters. Advanced 
Functional Materials 2022, 32 (12), 2110356. DOI: 10.1002/adfm.202110356. 
(41) Cui, L.-S.; Nomura, H.; Geng, Y.; Kim, J. U.; Nakanotani, H.; Adachi, C. Controlling Singlet–Triplet Energy Splitting for 
Deep-Blue Thermally Activated Delayed Fluorescence Emitters. Angewandte Chemie International Edition 2017, 56 (6), 
1571-1575. DOI: 10.1002/anie.201609459. 
(42) Liu, Y.; Li, C.; Ren, Z.; Yan, S.; Bryce, M. R. All-organic thermally activated delayed fluorescence materials for organic 
light-emitting diodes. Nature Reviews Materials 2018, 3 (4), 18020. DOI: 10.1038/natrevmats.2018.20. 
(43) Chen, X.-L.; Jia, J.-H.; Yu, R.; Liao, J.-Z.; Yang, M.-X.; Lu, C.-Z. Combining Charge-Transfer Pathways to Achieve 
Unique Thermally Activated Delayed Fluorescence Emitters for High-Performance Solution-Processed, Non-doped Blue 
OLEDs. Angewandte Chemie International Edition 2017, 56 (47), 15006-15009. DOI: 10.1002/anie.201709125. 
(44) Scholz, S.; Kondakov, D.; Lüssem, B.; Leo, K. Degradation Mechanisms and Reactions in Organic Light-Emitting 
Devices. Chemical Reviews 2015, 115 (16), 8449-8503. DOI: 10.1021/cr400704v. 
(45) Sun, D.; Ren, Z.; Bryce, M. R.; Yan, S. Arylsilanes and siloxanes as optoelectronic materials for organic light-emitting 
diodes (OLEDs). Journal of Materials Chemistry C 2015, 3 (37), 9496-9508, 10.1039/C5TC01638J. DOI: 
10.1039/C5TC01638J. 
(46) Liang, X.; Tu, Z.-L.; Zheng, Y.-X. Thermally Activated Delayed Fluorescence Materials: Towards Realization of High 
Efficiency through Strategic Small Molecular Design. Chemistry – A European Journal 2019, 25 (22), 5623-5642. DOI: 
10.1002/chem.201805952. 
(47) Wang, T.; Yin, X.; Cao, X.; Yang, C. A Simple Approach to Solution-Processible Small-Molecule Multi-Resonance TADF 
Emitters for High-Performance Narrowband OLEDs. Angewandte Chemie International Edition 2023, 62 (24), e202301988. 
DOI: 10.1002/anie.202301988. 
(48) Cui, L.-S.; Ruan, S.-B.; Bencheikh, F.; Nagata, R.; Zhang, L.; Inada, K.; Nakanotani, H.; Liao, L.-S.; Adachi, C. Long-
lived efficient delayed fluorescence organic light-emitting diodes using n-type hosts. Nature Communications 2017, 8 (1), 
2250. DOI: 10.1038/s41467-017-02419-x. 
(49) Wex, B.; Kaafarani, B. R. Perspective on carbazole-based organic compounds as emitters and hosts in TADF 
applications. Journal of Materials Chemistry C 2017, 5 (34), 8622-8653, 10.1039/C7TC02156A. DOI: 
10.1039/C7TC02156A. 
(50) Kim, K.-H.; Moon, C.-K.; Lee, J.-H.; Kim, S.-Y.; Kim, J.-J. Highly Efficient Organic Light-Emitting Diodes with 
Phosphorescent Emitters Having High Quantum Yield and Horizontal Orientation of Transition Dipole Moments. Advanced 
Materials 2014, 26 (23), 3844-3847. DOI: 10.1002/adma.201305733. 
(51) Sasabe, H.; Kido, J. Recent Progress in Phosphorescent Organic Light-Emitting Devices. European Journal of Organic 
Chemistry 2013, 2013 (34), 7653-7663. DOI: 10.1002/ejoc.201300544. 
(52) Tao, Y.; Yang, C.; Qin, J. Organic host materials for phosphorescent organic light-emitting diodes. Chemical Society 
Reviews 2011, 40 (5), 2943-2970, 10.1039/C0CS00160K. DOI: 10.1039/C0CS00160K. 
(53) Fukagawa, H.; Shimizu, T.; Hanashima, H.; Osada, Y.; Suzuki, M.; Fujikake, H. Highly Efficient and Stable Red 
Phosphorescent Organic Light-Emitting Diodes Using Platinum Complexes. Advanced Materials 2012, 24 (37), 5099-5103. 
DOI: 10.1002/adma.201202167. 
(54) Baryshnikov, G.; Minaev, B.; Ågren, H. Theory and Calculation of the Phosphorescence Phenomenon. Chemical 
Reviews 2017, 117 (9), 6500-6537. DOI: 10.1021/acs.chemrev.7b00060. 
(55) Baldo, M. A.; O'Brien, D. F.; You, Y.; Shoustikov, A.; Sibley, S.; Thompson, M. E.; Forrest, S. R. Highly efficient 
phosphorescent emission from organic electroluminescent devices. Nature 1998, 395 (6698), 151-154. DOI: 
10.1038/25954. 
(56) Adachi, C.; Baldo, M. A.; Thompson, M. E.; Forrest, S. R. Nearly 100% internal phosphorescence efficiency in an 
organic light-emitting device. Journal of Applied Physics 2001, 90 (10), 5048-5051. DOI: 10.1063/1.1409582 (acccessed 
6/26/2026). 
(57) Yersin, H.; Rausch, A. F.; Czerwieniec, R.; Hofbeck, T.; Fischer, T. The triplet state of organo-transition metal 
compounds. Triplet harvesting and singlet harvesting for efficient OLEDs. Coordination Chemistry Reviews 2011, 255 (21), 
2622-2652. DOI: 10.1016/j.ccr.2011.01.042. 
(58) Tsai, M.-H.; Lin, H.-W.; Su, H.-C.; Ke, T.-H.; Wu, C.-c.; Fang, F.-C.; Liao, Y.-L.; Wong, K.-T.; Wu, C.-I. Highly Efficient 
Organic Blue Electrophosphorescent Devices Based on 3,6-Bis(triphenylsilyl)carbazole as the Host Material. Advanced 
Materials 2006, 18 (9), 1216-1220. DOI: 10.1002/adma.200502283. 
(59) Chou, H.-H.; Cheng, C.-H. A Highly Efficient Universal Bipolar Host for Blue, Green, and Red Phosphorescent OLEDs. 
Advanced Materials 2010, 22 (22), 2468-2471. DOI: 10.1002/adma.201000061. 
(60) Saragi, T. P. I.; Spehr, T.; Siebert, A.; Fuhrmann-Lieker, T.; Salbeck, J. Spiro Compounds for Organic Optoelectronics. 
Chemical Reviews 2007, 107 (4), 1011-1065. DOI: 10.1021/cr0501341. 



 
29 

 

(61) Li, K.; Ming Tong, G. S.; Wan, Q.; Cheng, G.; Tong, W.-Y.; Ang, W.-H.; Kwong, W.-L.; Che, C.-M. Highly phosphorescent 
platinum(ii) emitters: photophysics, materials and biological applications. Chemical Science 2016, 7 (3), 1653-1673, 
10.1039/C5SC03766B. DOI: 10.1039/C5SC03766B. 
(62) Baranoff, E.; Curchod, B. F. E.; Monti, F.; Steimer, F.; Accorsi, G.; Tavernelli, I.; Rothlisberger, U.; Scopelliti, R.; Grätzel, 
M.; Nazeeruddin, M. K. Influence of Halogen Atoms on a Homologous Series of Bis-Cyclometalated Iridium(III) Complexes. 
Inorganic Chemistry 2012, 51 (2), 799-811. DOI: 10.1021/ic2011474. 
(63) Cai, S.; Yao, X.; Ma, H.; Shi, H.; An, Z. Manipulating intermolecular interactions for ultralong organic phosphorescence. 
Aggregate 2023, 4 (3), e320. DOI: 10.1002/agt2.320. 
(64) Tsuboyama, A.; Iwawaki, H.; Furugori, M.; Mukaide, T.; Kamatani, J.; Igawa, S.; Moriyama, T.; Miura, S.; Takiguchi, T.; 
Okada, S.; et al. Homoleptic Cyclometalated Iridium Complexes with Highly Efficient Red Phosphorescence and Application 
to Organic Light-Emitting Diode. Journal of the American Chemical Society 2003, 125 (42), 12971-12979. DOI: 
10.1021/ja034732d. 
(65) You, Y.; Park, S. Y. Phosphorescent iridium(iii) complexes: toward high phosphorescence quantum efficiency through 
ligand control. Dalton Transactions 2009,  (8), 1267-1282, 10.1039/B812281D. DOI: 10.1039/B812281D. 
(66) Gu, C.; Dong, W.; Yao, L.; Lv, Y.; Zhang, Z.; Lu, D.; Ma, Y. Cross-Linked Multifunctional Conjugated Polymers Prepared 
by In Situ Electrochemical Deposition for a Highly-Efficient Blue-Emitting and Electron-Transport Layer. Advanced Materials 
2012, 24 (18), 2413-2417. DOI: 10.1002/adma.201200559. 
(67) Lee, J.; Jeong, C.; Batagoda, T.; Coburn, C.; Thompson, M. E.; Forrest, S. R. Hot excited state management for long-
lived blue phosphorescent organic light-emitting diodes. Nature Communications 2017, 8 (1), 15566. DOI: 
10.1038/ncomms15566. 
(68) Hayakawa, M.; Tang, X.; Ueda, Y.; Eguchi, H.; Kondo, M.; Oda, S.; Fan, X.-C.; Iswara Lestanto, G. N.; Adachi, C.; 
Hatakeyama, T. “Core–Shell” Wave Function Modulation in Organic Narrowband Emitters. Journal of the American Chemical 
Society 2024, 146 (27), 18331-18340. DOI: 10.1021/jacs.4c02598. 
(69) Guo, Y.; Xie, W.; Ye, Z.; Xu, K.; Zhang, Z.; Xiao, Z.; Miao, J.; Zou, Y.; Zhong, C.; Yin, X.; et al. Simple Boron–Nitrogen 
Covalent Bond Constructs Multi-Resonance TADF Emitters: Ultra-Narrowband Deep-Blue Electroluminescence. 
Angewandte Chemie International Edition 2025, 64 (22), e202503320. DOI: 10.1002/anie.202503320. 
(70) He, R.; Wang, Q.; Xiao, S.; Ju, W.; Si, H.; Gan, X.; Chen, X.; Meng, G.; Zhang, D.; Duan, L.; et al. Engineering B‒N 
Covalent Bond-Fused Naphthalene Derivatives for Narrowband Yellow Emission and Power-Efficient White OLEDs. 
Advanced Materials 2026, 38 (3), e13180. DOI: 10.1002/adma.202513180. 
(71) Williams, J. A. G. Photochemistry and Photophysics of Coordination Compounds: Platinum. In Photochemistry and 
Photophysics of Coordination Compounds II, Balzani, V., Campagna, S. Eds.; Springer Berlin Heidelberg, 2007; pp 205-
268. 
(72) Chen, H.; Jiang, Z.-Q.; Gao, C.-H.; Xu, M.-F.; Dong, S.-C.; Cui, L.-S.; Ji, S.-J.; Liao, L.-S. Silicon-Based Material with 
Spiro-Annulated Fluorene/Triphenylamine as Host and Exciton-Blocking Layer for Blue Electrophosphorescent Devices. 
Chemistry – A European Journal 2013, 19 (35), 11791-11797. DOI: 10.1002/chem.201301106. 
(73) Yuan, H.-T.; Yang, Y.-J.; Yu, Z.-H.; Zheng, Q.; Yan, H.-Y.; Wang, Y.; Zhou, D.-Y.; Liao, L.-S.; Jiang, Z.-Q. Silicon-based 
peripheral steric donor modifications for a high-efficiency multi-resonance thermally activated delayed fluorescence emitter. 
Journal of Materials Chemistry C 2024, 12 (46), 18725-18731, 10.1039/D4TC04002C. DOI: 10.1039/D4TC04002C. 
(74) Feng, Z.; Wang, D.; Yang, X.; Jin, D.; Zhong, D.; Liu, B.; Zhou, G.; Ma, M.; Wu, Z. Asymmetric Heteroleptic Ir(III) 
Phosphorescent Complexes with Aromatic Selenide and Selenophene Groups: Synthesis and Photophysical, 
Electrochemical, and Electrophosphorescent Behaviors. Inorganic Chemistry 2018, 57 (17), 11027-11043. DOI: 
10.1021/acs.inorgchem.8b01639. 
(75) Arsenyan, P.; Petrenko, A.; Leitonas, K.; Volyniuk, D.; Simokaitiene, J.; Klinavičius, T.; Skuodis, E.; Lee, J.-H.; 
Gražulevičius, J. V. Synthesis and Performance in OLEDs of Selenium-Containing Phosphorescent Emitters with Red 
Emission Color Deeper Than the Corresponding NTSC Standard. Inorganic Chemistry 2019, 58 (15), 10174-10183. DOI: 
10.1021/acs.inorgchem.9b01283. 
(76) Wang, M.; Yang, S.; Zhang, X.; Shen, X. Structural isomerism and π-extension effects in iridium(III) complexes: From 
green to deep-red emission tuning. Inorganica Chimica Acta 2025, 587, 122821. DOI: 10.1016/j.ica.2025.122821. 
(77) Li, Q.; Wu, Y.; Yang, Q.; Wang, S.; Shao, S.; Wang, L. Selenium-Doped Polycyclic Aromatic Hydrocarbon 
Multiresonance Emitters with Fast Reverse Intersystem Crossing for Narrowband Blue Emission. ACS Applied Materials & 
Interfaces 2022, 14 (44), 49995-50003. DOI: 10.1021/acsami.2c12017. 
(78) Hu, Y. X.; Miao, J.; Hua, T.; Huang, Z.; Qi, Y.; Zou, Y.; Qiu, Y.; Xia, H.; Liu, H.; Cao, X.; et al. Efficient selenium-integrated 
TADF OLEDs with reduced roll-off. Nature Photonics 2022, 16 (11), 803-810. DOI: 10.1038/s41566-022-01083-y. 



 
30  

(79) Martin, D.; Moraleda, D.; Achard, T.; Giordano, L.; Buono, G. Assessment of the Electronic Properties of P ligands 
Stemming from Secondary Phosphine Oxides. Chemistry – A European Journal 2011, 17 (45), 12729-12740. DOI: 
10.1002/chem.201101663. 
(80) Asada, T.; Hoshimoto, Y.; Kawakita, T.; Kinoshita, T.; Ogoshi, S. Axial Chirality around N–P Bonds Induced by 
Complexation between E(C6F5)3 (E = B, Al) and an N-Phosphine Oxide-Substituted Imidazolinylidene: A Key Intermediate 
in the Catalytic Phosphinoylation of CO2. The Journal of Organic Chemistry 2020, 85 (22), 14333-14341. DOI: 
10.1021/acs.joc.9b03210 (acccessed 8/14/2026). 
(81) Kim, S.-H.; Lee, C.-H.; Lee, D.; Park, J.; Yoo, E.; Kim, A.-Y.; Lee, G. M.; Lee, G.-D.; Yi, Y. Charge Transfer Complex 
and Gap States in Yb-Doped 4,5-diaza-9,9-Spirofluorene: A Key to Efficient n-Type Charge Generation for Tandem OLEDs. 
Advanced Optical Materials 2025, 13 (36), e02126. DOI: 10.1002/adom.202502126. 
(82) Kim, D. J.; Lee, I. S.; Shin, S.-I.; Yun, J. S.; Kim, Y. W.; Jang, Y.; Kim, H. S.; Park, S. Y.; Kim, H. J. Stabilizing image 
quality in AMOLED displays across temperature variations via subpixel-level design optimization. Journal of Information 
Display 2026, 27 (2), 9. DOI: 10.1007/s44469-026-00010-z. 
(83) Lee, H.; Na, C.; Cho, S. M. A simple fabrication method of passive-matrix organic light-emitting diode display without a 
photolithography process. Solid-State Electronics 2023, 208, 108744. DOI: 10.1016/j.sse.2023.108744. 
(84) Kim, T.; Seol, Y.; Lee, S.; Choi, J.; Lee, J.; Kim, J.; Lee, P.; Park, J.; Park, B.; Tien, N. T.; et al. Flexible TFT backplane 
development for extremely small bending radius with organic ILD and novel TFT structures. J. Soc. Inf. Disp. 2024, 32 (5), 
397-405. DOI: 10.1002/jsid.1305. 
(85) Cinquino, M.; Pugliese, M.; Prontera, C. T.; Mariano, F.; Zizzari, A.; Maiorano, G.; Maggiore, A.; Manfredi, R.; Mello, C.; 
Tarantini, I.; et al. Inkjet-printed multilayer structure for low-cost and efficient OLEDs. J. Sci.: Adv. Mater. Devices 2024, 9 
(2), 100707. DOI: 10.1016/j.jsamd.2024.100707. 
(86) Gao, R.; Li, J.; Zhang, D.; Chen, L. A high performance organic light emitting device and applications thereof. 
CN117615600, 2024. 
(87) Choi, S. S. A high-efficiency light-emitting display device for maximizing the luminous efficiency of red, green, and blue 
light using a single improved layer structure, without the complex processes and fabrication involved in controlling thickness 
and refractive index. WO2025249693, 2025. 
(88) Kim, T. S.; Ryu, J.-E.; Park, J.; Liu, R.-J.; Choi, J.; Kim, J.; Hong, Y. J.; Kim, D.-H.; Shin, J. Future trends of display 
technology: micro-LEDs toward transparent, free-form, and near-eye displays. Light: Science & Applications 2025, 14 (1), 
335. DOI: 10.1038/s41377-025-02027-1. 
(89) Hong, S. W.; Shin, H. H.; Ahn, S.; Yang, H. J.; Lee, K. J.; Lee, M.; Cho, J. W.; Jung, Y. H. Assembly and integration of 
micro-led displays: a review of transfer methods targeting near-perfect yield. International Journal of Extreme Manufacturing 
2026, 8 (2), 022008. DOI: 10.1088/2631-7990/ae25a8. 
(90) Meng, Z.; Lu, C.; Wang, G.; Gao, S.; Deng, F.; Zhang, J.; Gao, S.; Yang, W. Enhanced contact performance of high-
brightness micro-LEDs via ITO/Al anode stack and annealing process. Scientific Reports 2024, 14 (1), 12050. DOI: 
10.1038/s41598-024-63075-y. 
(91) Joo, J.; Choi, G.-M.; Lee, C.; Jang, K.-s.; Oh, J.-h.; Eom, Y.-S.; Choi, K.-S.; Um, B. J.; Bae, B.-S.; Shin, J. 
Heterogeneous integration of micro-LEDs via multiple simultaneous transfer and bonding. Microsystems & Nanoengineering 
2026, 12 (1), 170. DOI: 10.1038/s41378-026-01304-2. 
(92) Lu, C.; Xie, J.; Duan, Y.; Sun, Y.; Wu, K.; Cao, Y.; Wu, X. A method for isolating and enhancing microcavity against 
optical crosstalk of a top emission micro-oled stacked device. CN119698207, 2025. 
(93) Boroson, M.; Spindler, J.; Knipping, J.; Ruske, M. Segmented OLED with bottom-emitting segments separated by 
nonemitting gap on common transparent substrate. WO2022250995, 2022. 
(94) Zhuang, D.; Sun, Y. A preparation method of flexible substrate of oled. CN118119250, 2024. 
(95) Gholami, M.; Tajabadi, F.; Taghavinia, N.; Moshfegh, A. Chemically-stable flexible transparent electrode: gold-
electrodeposited on embedded silver nanowires. Scientific Reports 2023, 13 (1), 17511. DOI: 10.1038/s41598-023-44674-
7. 
(96) Tseng, Y.-T.; Chen, T.-Y.; Chu, S.-Y. A simple hole transport composite single-layer for high-efficiency quantum dot light-
emitting diodes and exploring its feasibility for flexible applications. J. Alloys Compd. 2025, 1049, 185378. DOI: 
10.1016/j.jallcom.2025.185378. 
(97) Jeong, W.-B.; Kim, T.; Nam, H.; Lee, S.-W. Low-power technologies for displays. Nature Reviews Electrical Engineering 
2025, 2 (3), 173-187. DOI: 10.1038/s44287-024-00139-1. 
(98) Cho, H.; Sim, S.; Kim, G. H.; Kang, C.-M.; Byun, C.-W.; Hwang, C.-S.; Lee, H. Balancing Efficiency and Color Gamut 
in White Organic Light-emitting Diodes for Microdisplay Applications by Microcavity and Color Filter Conditions. Opt. Express 
2024, 32 (26), 47205-47215. DOI: 10.1364/oe.545968. 



 
31 

 

(99) Chung, H.; Na, E.; Kim, M.; An, S.; Ko, Y. H.; Yu, J. S. Enhanced white efficiency using film color filter via internal 
reflectance control by capping and refractive index matching layers for rigid OLED panels. Displays 2026, 92, 103345. DOI: 
10.1016/j.displa.2026.103345. 
(100) Annis, C. A. 80-1: Analysis of Side-By-Side RGB OLED Notebook Module Costs Patterned by Photolithography 
Compared to Conventional Fine Metal Mask Fabrication. Dig. Tech. Pap. - Soc. Inf. Disp. Int. Symp. 2024, 55 (1), 1108-
1111. DOI: 10.1002/sdtp.17732. 
(101) Wang, Y.; Long, R.; Yang, Y.; Zhang, D.; Zhang, J. Highly luminescent and uniform patterned quantum dot color 
converters via ligand engineering. Giant 2023, 16, 100202. DOI: 10.1016/j.giant.2023.100202. 
(102) Park, H.; Hahm, D.; Cho, H.; Shin, J.-W.; Kang, C.-m.; Ahn, D. H.; Joo, C. W.; Kwon, B.-H.; Kim, K.; Kim, J. Y.; et al. 
Efficient Quantum Dot Color Conversion Layer with Mixed Spherical/rod-shaped Scattering Particles. ACS Appl. Opt. Mater. 
2023, 1 (1), 289-297. DOI: 10.1021/acsaom.2c00054. 
(103) Fang, A.; Li, Q.; Liu, J.; Du, Z.; Tang, P.; Xu, H.; Wang, R.; Song, J.; Yan, Q.; Guo, W.; et al. Local Surface Plasmon-
Graphene Synergy for Efficient Quantum Dot Color Conversion in Micro-LEDs. ACS Photonics 2025, 12 (11), 6300-6307. 
DOI: 10.1021/acsphotonics.5c01788. 
(104) He, L.; Wang, H.; Wei, X.; Sun, W.; Zhang, D.; Wang, J.; Wang, H.; Liu, W.; Zhou, L. Achieving slow efficiency roll-off 
and tunable spectrum in high-performance tandem WOLEDs with mixed hosts. J. Lumin. 2024, 268, 120405. DOI: 
10.1016/j.jlumin.2023.120405. 
(105) Luo, D.; Chen, W.-Y.; Syu, W.-L.; Liu, S.-W.; Chang, C.-H. Enhancing Tandem Organic Light-Emitting Diode 
Performance with Multiple Electroluminescent Units. ACS Photonics 2023, 10 (8), 2874-2885. DOI: 
10.1021/acsphotonics.3c00590. 
(106) Choi, S. S. A display device capable of exhibiting high color purity and high efficiency by completely removing blue 
light to leak from a quantum dot (QD) color conversion layer in the display device. WO2025164980, 2025. 
(107) Liang, F.; Zhou, G.; Deng, R.; Shi, G.; Tan, W. A pixel structure and a display for improving brightness and lifetime of 
a light-emitting element. CN119233667, 2024. 
(108) Yoshino, H.; Morinaga, J. Active matrix substrate comprising pixel electrode, display device, and in-cell touch panel. 
JP2025149768, 2025. 
(109) Zhang, K.; Hu, Y.; Mao, J. A high-reliability touch control display directional sounding device and a preparation process 
thereof. CN118550425, 2024. 
(110) Li, K.; Zheng, R.; Chen, Y.; Kang, X.; Wang, J.; Li, Y.; Lu, C. A type of oled display panel and display device. 
CN116171066, 2023. 
(111) Pu, Y.; Xu, P. Adaptive display panel with electrochromic dimming unit for enhanced viewing experience. 
CN121398401, 2026. 
(112) Choi, S.; Lee, M.; Kwak, M.; Park, S. Display device which can detect a crack formed on a glass substrate of an 
organic light emitting element for improved device functionality, durability, and reliability. US20250127009, 2025. 
(113) Chen, J.; Wu, D.; Wang, J.; Li, X.; Liu, T. An oled display device based on a light management structure and a 
preparation method thereof. CN120076640, 2025. 
(114) Cheng, Y.; Zhou, H.; Ji, F.; Qin, C.; Lu, Y. An oled panel and a light-emitting device. CN118317638, 2024. 
(115) Saitoh, T.; Miwa, M.; Yamanaka, M.; Kanzaki, Y.; Sun, Y. An organic EL display device provided with an island-shaped 
non-display region inside a display region and a through-hole in the non-display region. US20230100577, 2023. 
(116) Seo, H.; Watabe, T.; Ohsawa, N.; Seo, S. Organic semiconductor element, organic EL-element and photodiode. 
DE102022130651, 2023. 
(117) Application of prismatic desktop lens, silicon-based oled display device and preparation method thereof. 
CN120076639, 2025. 
(118) Lim, Y.; Choi, S.; Lee, H.; Kim, J. Display apparatus with moisture barrier structure and method for manufacturing the 
display apparatus. US20250120290, 2025. 
(119) Kitoh, K. Display device with thin film transistor and organic electroluminescence device. WO2025104776, 2025. 
(120) Liu, C.; Du, H.; Yu, Y.; Chen, Z.; Ren, J.; Fan, J.; Liu, Q.; Han, S.; Pang, Z. Dynamics of electron-hole pairs in interface 
exciplex OLEDs investigated by magnetic field effects. Org. Electron. 2024, 128, 107025. DOI: 
10.1016/j.orgel.2024.107025. 
(121) Schulze, B.; Rosenow, T.; Nuellen, M. P.; Wudarczyk, J. J.; Pinter, P. Organic electroluminescent device and display 
device with p-type dopant. EP4686367, 2026. 
(122) Toyota, K.; Tanaka, K. A light emitting device. JP2023139415, 2023. 
(123) Huo, Z.-Z.; Wang, Y.; Yang, B.; Liang, J.-Q.; Hong, X.-F.; An, Q.; Yuan, L.; Ma, H.; Zuo, J.-L.; Zheng, Y.-X. Circularly 
Polarized Electroluminescence From Chiral Manganese(II) Complexes. Adv. Opt. Mater. 2025, 13 (8), 2402684. DOI: 
10.1002/adom.202402684. 



 
32  

(124) Wei, T.; Liu, S.; Shao, Z.; Zhang, J.; Xu, L. Composition for charge generation layer and organic electroluminescent 
device comprising same. CN119343036, 2025. 
(125) Xie, X.; Wang, J.; Zhao, H.; Gao, Z.; Yan, L.; Wu, Y.; Miao, Y. Anilino-carbazole-based D-π-D'-π-D blue light material 
coordinated exciplex for achieving white light dynamic regulation. RSC Adv. 2025, 15 (49), 41471-41478. DOI: 
10.1039/d5ra04330a. 
(126) Lei, T.; Wu, Y. Preparation of composition, packaging structure and display device for packaging flexible OLED 
devices. CN116716067, 2023. 
(127) Miao, Y.; Du, M.; Liu, X. Preparation of fluorene derivatives and its application as organic electroluminescent device. 
CN117164535, 2023. 
(128) Wang, Y.; Xu, J.; Wang, X.; Liu, S.; Zhang, Y.; Zhang, X.; Ma, Y.; Zhao, Q. Chiral dicarbazole-ditriarylamine hole 
transport materials for circularly polarized electroluminescence. J. Mater. Chem. C 2025, 13 (27), 13978-13985. DOI: 
10.1039/d5tc01025j. 
(129) Ma, X.; Jin, C.; Han, R.; Ren, W.; Tang, Z. Preparation of triazine derivatives and application as capping layer material 
in OLED. CN116655614, 2023. 
(130) Ji, Z.; Boudreault, P.-L. T.; Lin, C.; Feldman, J. Iridium-based organometallic compound electroluminescent material, 
and OLED device including the same. CN116444573, 2023. 
(131) Lv, J.; Huo, Y.; Xiao, S.; Zhao, Z.; Peng, L.; Liu, Y.; Ren, Z.; Ma, D.; Ying, S.; Yan, S. Regulation of excited-state 
properties of dibenzothiophene-based fluorophores for realizing efficient deep-blue and HLCT-sensitized OLEDs. Materials 
Chemistry Frontiers 2023, 7 (1), 85-95, 10.1039/D2QM01008A. DOI: 10.1039/D2QM01008A. 
(132) Wright, I. A.; Danos, A.; Montanaro, S.; Batsanov, A. S.; Monkman, A. P.; Bryce, M. R. Conformational Dependence 
of Triplet Energies in Rotationally Hindered N- and S-Heterocyclic Dimers: New Design and Measurement Rules for High 
Triplet Energy OLED Host Materials. Chemistry – A European Journal 2021, 27 (21), 6545-6556. DOI: 
10.1002/chem.202100036. 
(133) Chen, Y.; Sano, T.; Sasabe, H.; Sugiyama, R.; Matsunaga, A.; Sato, H.; Katagiri, H.; Kido, J. A pyrimidine end-capped 
electron transport material interacted with silver for improving electron-injection and long-term stability in OLEDs. Journal 
of Materials Chemistry C 2024, 12 (47), 19274-19280, 10.1039/D4TC03534H. DOI: 10.1039/D4TC03534H. 
(134) Komatsu, R.; Sasabe, H.; Kido, J. Recent progress of pyrimidine derivatives for high-performance organic light-
emitting devices. Journal of Photonics for Energy 2018, 8 (3), 032108. 
(135) Kumar, K.; Kesavan, K. K.; Thakur, D.; Banik, S.; Jayakumar, J.; Cheng, C.-H.; Jou, J.-H.; Ghosh, S. Functional 
Pyrene–Pyridine-Integrated Hole-Transporting Materials for Solution-Processed OLEDs with Reduced Efficiency Roll-Off. 
ACS Omega 2021, 6 (16), 10515-10526. DOI: 10.1021/acsomega.0c04080. 
(136) Seok, M.-K.; Kim, M.-S.; Park, Y.-P.; Han, K.-J.; Oh, E.-G. Preparation of high-refractive-index benzazole derivative 
for organic electroluminescent device. WO2022080696, 2022. 
(137) Peng, J.; Liu, Y.; Yang, J.; Chen, Z.; Wang, K.; Li, A. Multifunctional elastic benzoxazole derivative crystals for 
advanced optoelectronic applications. Science China Materials 2025, 68 (1), 141-148. DOI: 10.1007/s40843-024-3140-4. 
(138) Guo, Y.; Xie, W.; Ye, Z.; Xu, K.; Zhang, Z.; Xiao, Z.; Miao, J.; Zou, Y.; Zhong, C.; Yin, X.; et al. Simple Boron-Nitrogen 
Covalent Bond Constructs Multi-Resonance TADF Emitters: Ultra-Narrowband Deep-Blue Electroluminescence. Angew. 
Chem., Int. Ed. 2025, 64 (22), e202503320. DOI: 10.1002/anie.202503320. 
(139) Yang, W.; Miao, J.; Hu, F.; Zou, Y.; Zhong, C.; Gong, S.; Yang, C. An Effective Approach toward Yellow-to-Orange 
Multi-Resonance TADF Emitters by Integrating Strong Electron Donor into B/N-Based Polycyclic Architecture: High 
Performance OLEDs with Nearly 40% EQE. Adv. Funct. Mater. 2023, 33 (23), 2213056. DOI: 10.1002/adfm.202213056. 
(140) Chen, F.; Zhao, L.; Wang, X.; Yang, Q.; Li, W.; Tian, H.; Shao, S.; Wang, L.; Jing, X.; Wang, F. Novel boron- and sulfur-
doped polycyclic aromatic hydrocarbon as multiple resonance emitter for ultrapure blue thermally activated delayed 
fluorescence polymers. Sci. China: Chem. 2021, 64 (4), 547-551. DOI: 10.1007/s11426-020-9944-1. 
(141) Li, Q.; Wu, Y.; Yang, Q.; Wang, S.; Shao, S.; Wang, L. Selenium-Doped Polycyclic Aromatic Hydrocarbon 
Multiresonance Emitters with Fast Reverse Intersystem Crossing for Narrowband Blue Emission. ACS Appl. Mater. 
Interfaces 2022, 14 (44), 49995-50003. DOI: 10.1021/acsami.2c12017. 
(142) Yuan, L.; Sun, W.; Dou, C. Boron-containing nonbenzenoid polycyclic aromatic hydrocarbons. Huaxue Xuebao 2025, 
83 (8), 937-946. DOI: 10.6023/a25050149. 
(143) Li, W.; Du, C.-Z.; Chen, X.-Y.; Fu, L.; Gao, R.-R.; Yao, Z.-F.; Wang, J.-Y.; Hu, W.; Pei, J.; Wang, X.-Y. BN-Anthracene 
for High-Mobility Organic Optoelectronic Materials through Periphery Engineering. Angew. Chem., Int. Ed. 2022, 61 (24), 
e202201464. DOI: 10.1002/anie.202201464. 
(144) Hatakeyama, T.; Shiren, K.; Nakajima, K.; Nomura, S.; Nakatsuka, S.; Kinoshita, K.; Ni, J.; Ono, Y.; Ikuta, T. Ultrapure 
Blue Thermally Activated Delayed Fluorescence Molecules: Efficient HOMO–LUMO Separation by the Multiple Resonance 
Effect. Advanced Materials 2016, 28 (14), 2777-2781. DOI: 10.1002/adma.201505491. 



 
33 

 

(145) Cho, H.; Kim, G. H.; Lee, W.-j.; Kim, Y.-H. Optimizing OLED performance on polyimide substrates: Evaluation of ITO 
and organic layer thicknesses with different encapsulation materials. ETRI Journal 2025, 47 (6), 1115-1124. DOI: 
10.4218/etrij.2024-0319. 
(146) Kim, J.-H.; Park, J.-W. Intrinsically stretchable organic light-emitting diodes. Science Advances 2021, 7 (9), eabd9715. 
DOI: 10.1126/sciadv.abd9715. 
(147) Long, Y.; Meng, H. Key components for active-matrix OLED displays: Fundamentals and market status. Journal of 
Luminescence 2025, 280, 121099. DOI: 10.1016/j.jlumin.2025.121099. 
(148) Arneson, C.; Huang, X.; Forrest, S. R. Solid-State Lighting Using Side-by-Side White Phosphorescent Organic Light-
Emitting Diodes. ACS Photonics 2023, 10 (2), 526-533. DOI: 10.1021/acsphotonics.2c01698. 
(149) Murawski, C.; Gather, M. C. Emerging Biomedical Applications of Organic Light-Emitting Diodes. Advanced Optical 
Materials 2021, 9 (14), 2100269. DOI: 10.1002/adom.202100269. 
(150) Cho, E. H.; Kim, Y. W.; Sim, J.; Yeon, H.; Baek, S.; Jeong, S. M.; Lee, J.; Jeon, Y.; Choi, K. C. Recent advances in 
flexible and wearable OLEDs for biomedical applications: a review. Materials Horizons 2025, 12 (21), 8862-8894, 
10.1039/D5MH00742A. DOI: 10.1039/D5MH00742A. 
(151) Kang, C.-m.; Lee, H. Recent progress of organic light-emitting diode microdisplays for augmented reality/virtual reality 
applications. Journal of Information Display 2022, 23 (1), 19-32. DOI: 10.1080/15980316.2021.1917461. 
(152) Chang, K.-H.; Seder, T. Automotive Augmented Reality: User Experience and Enabling Technology. Information 
Display 2022, 38 (1), 12-18. DOI: 10.1002/msid.1272. 
(153) Sudheendran Swayamprabha, S.; Dubey, D. K.; Shahnawaz; Yadav, R. A. K.; Nagar, M. R.; Sharma, A.; Tung, F.-C.; 
Jou, J.-H. Approaches for Long Lifetime Organic Light Emitting Diodes. Advanced Science 2021, 8 (1), 2002254. DOI: 
10.1002/advs.202002254. 
(154) Tankelevičiūtė, E.; Samuel, I. D. W.; Zysman-Colman, E. The Blue Problem: OLED Stability and Degradation 
Mechanisms. The Journal of Physical Chemistry Letters 2024, 15 (4), 1034-1047. DOI: 10.1021/acs.jpclett.3c03317. 
(155) Lee, J.-H.; Chen, C.-H.; Lee, P.-H.; Lin, H.-Y.; Leung, M.-k.; Chiu, T.-L.; Lin, C.-F. Blue organic light-emitting diodes: 
current status, challenges, and future outlook. Journal of Materials Chemistry C 2019, 7 (20), 5874-5888, 
10.1039/C9TC00204A. DOI: 10.1039/C9TC00204A. 
(156) da Silva Candido, L.; Barbosa de Brito, E.; Corrêa Santos, D.; Vieira Marques, M. d. F. Advances in polymeric white 
light-emitting OLEDS for high-efficiency lighting applications. Journal of Materials Science: Materials in Electronics 2025, 
36 (9), 561. DOI: 10.1007/s10854-025-14630-4. 
(157) Kim, J.; Park, S.; Kim, T. Y.; Jo, Y.; Park, K.; Seo, J. Encapsulation Strategies for OLEDs: From Conventional Devices 
to Flexible and Biointegrated Applications. Advanced Electronic Materials 2025, 11 (19), e00475. DOI: 
10.1002/aelm.202500475. 
(158) Xiao, L.; Li, B.; Xiao, J.; Tang, Z.; Bian, M.; Xing, X. Fabrication Techniques from OLED Devices to Displays. In Organic 
Electroluminescence, 2025; pp 53-72. 
(159) Shen, C.; Hu, Y.; Zhou, S.; He, Z.; Han, J.; Zhang, D.; Lu, L.; Mo, X.; Zhang, Q. Vacuum Thermal Evaporation for 
OLEDs: Fundamentals, Optimization, and Implications for Perovskite LEDs. Advanced Electronic Materials 2025, 11 (19), 
e00555. DOI: 10.1002/aelm.202500555. 
(160) Wei, Q.; Fei, N.; Islam, A.; Lei, T.; Hong, L.; Peng, R.; Fan, X.; Chen, L.; Gao, P.; Ge, Z. Small-Molecule Emitters with 
High Quantum Efficiency: Mechanisms, Structures, and Applications in OLED Devices. Advanced Optical Materials 2018, 
6 (20), 1800512. DOI: 10.1002/adom.201800512. 
(161) Kim, C.-J.; Seok, I.-H.; Lee, J. W.; Kim, M.-C. Effective burn-in reduction of organic light-emitting diode display using 
perceptual color difference between logo and background. Journal of the Society for Information Display 2023, 31 (1), 37-
45. DOI: 10.1002/jsid.1187. 
(162) Kirch, A.; Fischer, A.; Liero, M.; Fuhrmann, J.; Glitzky, A.; Reineke, S. Electrothermal Tristability Causes Sudden Burn-
In Phenomena in Organic LEDs. Advanced Functional Materials 2021, 31 (47), 2106716. DOI: 10.1002/adfm.202106716. 
(163) Ok, J.; Yu, Y.; An, J.-y.; Na, S.; Jang, W.; Lim, H.-W.; Lee, J.-Y. A multiunit compensation for organic light-emitting 
diode burn-in in mobile displays. Journal of the Society for Information Display 2021, 29 (5), 405-415. DOI: 
10.1002/jsid.1031. 
(164) Yoo, Y.-S.; Lee, I.-C. 21-4: Method for Improving Burn-in for RGBW OLED Displays. SID Symposium Digest of 
Technical Papers 2025, 56 (1), 270-273. DOI: 10.1002/sdtp.18142. 
(165) Diesing, S.; Zhang, L.; Zysman-Colman, E.; Samuel, I. D. W. A figure of merit for efficiency roll-off in TADF-based 
organic LEDs. Nature 2024, 627 (8005), 747-753. DOI: 10.1038/s41586-024-07149-x. 
(166) King, L. G.; Yoshida, K.; Ruseckas, A.; Samuel, I. D. W. Uncovering the Origin of Efficiency Roll-Off in TADF OLEDs. 
Advanced Functional Materials 2026, 36 (42), e31845. DOI: 10.1002/adfm.202531845. 



 
34  

(167) Aleksandrova, M. Specifics and Challenges to Flexible Organic Light-Emitting Devices. Advances in Materials Science 
and Engineering 2016, 2016 (1), 4081697. DOI: https://doi.org/10.1155/2016/4081697. 
(168) Zeng, X.-Y.; Tang, Y.-Q.; Cai, X.-Y.; Tang, J.-X.; Li, Y.-Q. Solution-processed OLEDs for printing displays. Materials 
Chemistry Frontiers 2023, 7 (7), 1166-1196, 10.1039/D2QM01241C. DOI: 10.1039/D2QM01241C. 
(169) Madika, B.; Saha, A.; Kang, C.; Buyantogtokh, B.; Agar, J.; Wolverton, C. M.; Voorhees, P.; Littlewood, P.; Kalinin, S.; 
Hong, S. Artificial Intelligence for Materials Discovery, Development, and Optimization. ACS Nano 2025, 19 (30), 27116-
27158. DOI: 10.1021/acsnano.5c04200. 
(170) Zhang, Q.; Su, Z.; Zhang, H.; Sun, Y.; Hu, W. Recent Advances in Artificial Intelligence in Organic Electronic Research. 
Advanced Materials 2026, 38 (28), e73151. DOI: https://doi.org/10.1002/adma.73151. 
(171) Jeong, M.; Joung, J. F.; Hwang, J.; Han, M.; Koh, C. W.; Choi, D. H.; Park, S. Deep learning for development of 
organic optoelectronic devices: efficient prescreening of hosts and emitters in deep-blue fluorescent OLEDs. npj 
Computational Materials 2022, 8 (1), 147. DOI: 10.1038/s41524-022-00834-3. 
(172) Choi, I.-J.; Amin, A.; Katware, A.; Kang, S. W.; Lee, J.-H. Machine Learning Algorithm for Artificial Intelligence-Based 
Precise Structural Modeling in Organic Light-Emitting Diodes. ACS Photonics 2024, 11 (8), 2938-2945. DOI: 
10.1021/acsphotonics.3c01313. 
(173) Islam, M. M.; Belal, T. M. A. I. B.; Anik, M. A. H. C.; Sharif, A. Predicting Materials Using Variational Autoencoders: A 
Systematic Literature Review. Archives of Computational Methods in Engineering 2026. DOI: 10.1007/s11831-025-10485-
4. 
(174) Gong, J.; Biabanifard, M.; Yoshida, K.; Turnbull, G. A.; Di Falco, A.; Samuel, I. D. W. OLED illuminated metasurfaces 
for holographic image projection. Light: Science & Applications 2025, 14 (1), 294. DOI: 10.1038/s41377-025-01912-z. 
(175) Kim, S.; Jeon, H.; Jeon, Y.; Kim, Y.; Hahn, J.; Kim, H. Dispersive eye-box extension in micro-OLED augmented reality 
glasses with a dual-holographic dispersion-compensating reflective combiner. Opt. Lett. 2025, 50 (7), 2449-2452. DOI: 
10.1364/OL.555710. 
(176) Xiong, J.; Yin, K.; Li, K.; Wu, S.-T. Holographic Optical Elements for Augmented Reality: Principles, Present Status, 
and Future Perspectives. Advanced Photonics Research 2021, 2 (1), 2000049. DOI: 
https://doi.org/10.1002/adpr.202000049. 
(177) Parker, W. P.; Parker, J.; Brophy, P. Extended field-of-view near-to-eye wearable display. US20230221558, 2023. 
(178) Shin, H.-J.; Kim, Y.-D.; Kim, S.; Choi, B.-D. 71-2: Distinguished Paper: 4,670-PPI OLEDoS Pixel Circuit Design for 
Wide Data Voltage Range in a 5V 0.13μm CMOS Process. SID Symposium Digest of Technical Papers 2024, 55 (1), 979-
982. DOI: 10.1002/sdtp.17700. 
(179) Sim, I.; Choi, K.; Baek, Y.; Choi, J. H.; Jo, J.; Yeom, J.; Kim, B.; Cho, Y.; Lee, H.; Bang, H.; et al. Microdisplay 
technologies in augmented reality and virtual reality headsets. Nature Reviews Electrical Engineering 2025, 2 (9), 634-650. 
DOI: 10.1038/s44287-025-00199-x. 
(180) Kaçar, R.; Serı̇n, R. B.; Uçar, E.; Artuç, M.; Ülkü, A.; Kınacı, B. OLED-on-silicon (OLEDoS) microdisplays: Technology 
challenges, design considerations, and adaptation in eXtended Reality (XR) ecosystem – Review. Next Nanotechnology 
2025, 7, 100132. DOI: 10.1016/j.nxnano.2025.100132. 
(181) Bae, H. W.; Kwon, Y. W.; An, M.; Kim, J.; Kwon, J. H.; Lee, D. High-Color-Stability and Low-Driving-Voltage White 
Organic Light-Emitting Diodes on Silicon with Interlayers of Thin Charge Generation Units for Microdisplay Applications. 
ACS Applied Electronic Materials 2021, 3 (7), 3240-3246. DOI: 10.1021/acsaelm.1c00406. 
(182) Guo, A.; Ran, F.; Zhang, J. Compression Scan Strategy For Fast Refresh Rate on SXGA OLEDoS Microdisplay. IEICE 
Transactions on Electronics 2021, E104.C (9), 455-462. DOI: 10.1587/transele.2020ECP5032. 
(183) Kang, J.-g.; Koo, Y.; Ha, J.; Lee, C. 41-2: Invited Paper: Recent Developments in Inkjet-printed OLEDs for High 
Resolution, Large Area Applications. SID Symposium Digest of Technical Papers 2020, 51 (1), 591-594. DOI: 
10.1002/sdtp.13937. 
(184) Villani, F.; Vacca, P.; Nenna, G.; Valentino, O.; Burrasca, G.; Fasolino, T.; Minarini, C.; della Sala, D. Inkjet Printed 
Polymer Layer on Flexible Substrate for OLED Applications. The Journal of Physical Chemistry C 2009, 113 (30), 13398-
13402. DOI: 10.1021/jp8095538. 
(185) Kant, C.; Shukla, A.; McGregor, S. K. M.; Lo, S.-C.; Namdas, E. B.; Katiyar, M. Large area inkjet-printed OLED 
fabrication with solution-processed TADF ink. Nature Communications 2023, 14 (1), 7220. DOI: 10.1038/s41467-023-
43014-7. 
(186) Shi, J.; Lin, R.; Mo, Y.; Liu, Q.; Luo, D.; Liu, B. Research Progress on the Preparation of OLED Based on the Inkjet 
Printing. Advanced Optical Materials 2026, 14 (5), e02807. DOI: 10.1002/adom.202502807. 

 

 

https://doi.org/10.1155/2016/4081697
https://doi.org/10.1002/adma.73151
https://doi.org/10.1002/adpr.202000049


 

    

 

 

    

 

 

    

 

© 2026 American Chemical Society. All rights reserved. 

CAS connects the world’s scientific knowledge to 
accelerate breakthroughs that improve lives.  
We empower global innovators to efficiently navigate 
today’s complex data landscape and make confident 
decisions in each phase of the innovation journey. As 
a specialist in scientific knowledge management, our 
team builds the largest authoritative collection of 
human-curated scientific data in the world and 
provides essential information solutions, services, and 
expertise. Scientists, patent professionals, and 
business leaders across industries rely on CAS to 
help them uncover opportunities, mitigate risks, and 
unlock shared knowledge so they can get from 
inspiration to innovation faster. CAS is a division of 
the American Chemical Society.  

 

Connect with us at cas.org 

 


