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Preface

The manufacture of light emitting diodes (LEDs) has opened many opportunities in science
and technology by providing work for novel smart display gadgets. The triumph of emerg‐
ing micro- and nanosized LEDs has become lengthened with advanced hi-tech improve‐
ments in technologies. Ultimately, the LED can be broken down into three major categories:
(i) traditional inorganic LEDs, (ii) organic LEDs (small molecule OLEDs, polymer LEDs, pas‐
sive matrix OLEDs, and active matrix OLEDs), and (iii) high brightness LEDs. With the in‐
creased demand for OLED-based touchscreens, electronics manufacturers are increasingly
turning to UV LEDs because of their many benefits in bonding applications for OLED flat
panel manufacturing. The benefits to manufacturers include high productivity, environmen‐
tal safety and friendliness, and a reliable solution to how these products are cured. LEDs are
low cost, fascinating, and important to humankind. Capitalizing on the latest applications of
LEDs has proffered innovative technological advancements, which have been rapidly imple‐
mented for groundbreaking research, especially in the subnanoscale, which involves physi‐
cal and chemical properties of the lighting process. 

For more than a decade, semiconductor technology has been elevated to greater heights. The
result is in the form of nifty semiconductor electronic devices. Furthermore, commercially
available LEDs and OLEDs deliver enhanced illumination with low power consumption
and have longer lifetimes too. Undoubtedly, these innovations have survived the impact of
the different sizes, shapes, and even the circuit design to which an LED can be affixed. Also,
the production of LEDs encompasses the following: flexible thin film LEDs and OLEDs, col‐
or capability, low power consumption, brighter images, wide viewing angles, fast response
times, low cost, extended lifespan, UV sensitivity, restriction of hazardous substances manu‐
facturing compatibility (lead free), etc., in comparison with their traditional counterparts.
There are a number of concrete motives for switching to LED bulbs, due to their durability,
chemical stability, extended lifetime, cost-effectiveness, etc. In addition, LEDs are not over‐
sensitive to temperature or humidity, making them ideal for active indoor and outdoor
lighting. Unlike compact fluorescent lamps (CFLs), which contain a minor quantity of mercu‐
ry, LEDs are not manufactured with any precarious material making them safe both around
the home (even if broken) and when they are disposed of.

Globally, there is a faster growth into an additional defensible way of living environment, the
LEDs and OLEDs captivating over the illumination space by replacing with CFL bulbs. For
some reasons, LEDs still do not dominate the commercial market, which is still controlled by
the first generation of LED light bulbs that have narrow light beams. and that the flea market
prices were at first besides costs more. However, all these issues are being overcome with the
help of recent advancements in LED technology. Clusters of LED precut chips are being as‐
sembled during the fabrication of second-generation LED lights. These are known as surface-
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mounted diodes. The modern generation of LED lighting uses chip on board technology, as
well as new filament technology that contributes to the outcome of incandescence. The
present day sees the latest fabrication techniques on LEDs and OLEDs providing scientific
developments at the frontline of optical sciences with good international prospects. As a re‐
sult, the aforesaid technological advancements in LEDs and OLEDs may perhaps be desired
for these applications. The capability to imitate modern LED devices from microscale to
nanoscale is of pivotal importance to the advancement in micro- and nanotechnologies. This
book forms the basis for a better fundamental understanding of the capabilities and limita‐
tions of LEDs, and also may suggest better, cheaper, or alternative lighting technologies.

The broad spectrum of this book provides exhaustive coverage of selected advanced topics
in LEDs and OLEDs by highly experienced authors. Also, research scientists from dissimilar
areas are very often prolifically employed in the field of LEDs and OLEDs all over the global
network. This book describes the advanced knowledge of frontline subjects in LED and OL‐
ED materials and their applications. The chapters of the book have been contributed by emi‐
nent scholars active in recent research and development in materials science, and are ideal
for researchers and students to gain an understanding of the basic ideas that are imperative
to the pertinent areas of research. It is our expectation that you, the readers, will find this
book of immense help in your research.

The book consists of seven chapters dealing with LEDs and their phototoxic-cum-bacterici‐
dal effect of blue LED irradiation, the history of LEDs and OLEDs with necessary examples,
DC network indoor and outdoor LED lighting, white organic LEDs with thermally activated
delayed fluorescence emitters, tetradentate cyclometalated platinum (II) complex-based effi‐
cient organic LEDs, the impact of the use of large LED lighting loads in low-voltage net‐
works, highly efficient OLEDs using thermally activated delayed fluorescent materials, and
AlGaN deep ultraviolet LEDs.

I would like to thank all the contributors of the chapters for their tremendous efforts in cre‐
ating outstanding work. Last but not least, I would like to express my sincere gratitude to
Ms. Danijela Sakic, publishing process manager, for effective communication and assistance
during the preparation of this book.

Jagannathan Thirumalai
SASTRA Deemed University

Tanjavur, India
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1. A succinct evidence of light-emitting diode

Amid the supreme contemporary machineries in lamps and lighting devices, Light-emitting 
diodes (LEDs) have an enormous amount of novel applications day by day, and flattering 
ever more prevalent and manageable to the societal benign. Basically, the LED is connected 
to direct current which emits light in the visible region of spectrum. While experimenting 
with silicon carbide (crystal detectors) and a cat’s whisker, the first discovery of electrolu-
minescence phenomenon using light emitting diode was noticed back at the beginning of 
the twentieth century (1907), by a British radio engineer H J Round and the assistant to 
Guglielmo Marconi [1, 2]. In 1927, the phenomenon of electroluminescence in the diodes used 
in radio sets was studied by a Russian radio researcher Oleg Vladimirovich Losev. Also a 
credit toward his research, he has published a paper named Luminous carborundum [silicon 
carbide] detector and detection with crystals [3]. At room (298 K), low (77 K) temperature 
and even in other semiconductor alloys, the infrared emission was observed by employing 
the simple diode structures with indium phosphide (InP), silicon-germanium (SiGe), gallium 
arsenide (GaAs), and gallium antimonide (GaSb) alloys by Rubin Braunstein in 1955 [4]. 
Years later in the fall 1961, the first infrared LED was invented and patented by Robert Biard 
and Gary Pittman [5–7]. In 1962, the first visible red LED was invented by Nick Holonyack, 
using gallium arsenide phosphide (GaAsP) as a substrate for the diode [8]. By employing 
gallium arsenide phosphide in the diode, the first yellow LED was invented by M George 
Craford in 1972 [9]. In 1968, the Monsanto Company was the leading group of institution has 
made a mass-production of visible red LEDs as indicators using gallium arsenide phosphide 
(GaAsP). Nevertheless, it was not in anticipation of the 1970s that LEDs befitted popular as 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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soon as Fairchild Optoelectronics instigated manufacturing the low-cost LED devices [10]. 
In 1976, Thomas P. Pearsall invented a new semiconductor LED materials to be used in fiber 
optics and telecommunication systems with tremendously bright and high efficiency [11]. In 
1979, first blue LED using gallium nitride (GaN) was designed by Shuji Nakamura of Nichia 
Corporation. By dint of creative techniques, the Fairchild Optoelectronics have made LED 
into profitable manufactured goods with diversity of usages based on packaging and a planar 
process of chip production. [5–8].

Among the utmost topical technological advancements in lamps lighting devices, LEDs have 
enormous amount of application niches. Day by day, LEDs are flattering more attractive and 
more accessible to the common people. For the past few decades semiconductor technology 
has progressed to greater statures. The result is in the form of smart gadgets and the LEDs 
which give enhanced illumination with low power ingesting and better life span too.

The LED can be lingering further into three major categories are: (1) traditional inorganic 
LEDs, (2) organic LEDs (small molecule OLED, polymer LED, passive matrix OLED, active 
matrix OLED), (3) high brightness LEDs. Further, Table 1 provides the detailed information 
about the historical developments in LED and OLED [1–55].

Traditional Inorganic LEDs: By employing various inorganic materials, the traditional 
type LEDs are made and therefore called as inorganic LEDs. A number of extensively used 
LEDs have been fabricated using semiconductor materials like aluminum-gallium arsenide 
(AlGaAs) and indium-gallium nitride (InGaN). Furthermore, with different doping concen-
trations in inorganic semiconductor material, the traditional inorganic LEDs are used nowa-
days. These are obtainable in souk with various sizes, shapes and colors like single color LED, 
surface mounted LED, flashing LED and multicolor LED.

Organic LEDs: Using organic materials, the organic LEDs have been fabricated, which are 
fictitious from carbon-based polymers and semiconductors. Organic light-emitting diode 
(OLED) is a thin film of organic compound which consists of a PN junction made by an emis-
sive electroluminescent layer. Further, the emissive layer emits light in Ref. to an electric 
current and this layer of organic material is positioned among two electrodes. In general, it 
is realized that as a minimum one of the electrodes must be a transparent one. The organic 
LEDs are factory-made in the form of thin films; hence, these are given that a small portion 
for diffusion through which the light engenders, and these can be used for larger surface area. 
Furthermore, the OLEDs are available in the form of small molecule OLED, polymer LED, 
passive matrix OLED, and active matrix OLED.

High brightness LEDs: This type of high brightness (HB) comprises both inorganic and 
organic LEDs, and these are broadly employed for lighting applications. In essence, this type 
of LEDs is nearly similar as organic LEDs; however, these HBLEDs could produce a very high 
brightness of light output with respect to the OLEDs. For engendering high brightness, these 
LEDs require a high current and high-power debauchery; as a result, these LEDs were kept 
on the heat sink for eradicating the liberation of unnecessary heat.

All these three types have found enormous progresses in their light output in recent 
years. However, the normal quantum yield is exceeding 100 lm/W for the inorganic 
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Light-emitting diode (inorganic LED) Organic light-emitting diode (OLED)

Year Historical development Ref. Year Historical development Ref.

1907 The first discovery of
electroluminescence
phenomenon using light emitting
diode were noticed back at
the beginning of the twentieth
century, was discovered by
a British radio engineer H J
Round and assistant to Guglielmo
Marconi while investigating with
silicon carbide (crystal detectors)
and a cat’s whisker

[1, 2] 1950 
to 
1955

André Bernanose and coconspirators at 
Université de Nancy, France, consummate 
the first innovations of electroluminescence 
in organic materials. By applying the high 
alternating voltages in air to materials 
for instance acridine orange (N,N,N′,N′-
Tetramethylacridine-3,6-diamine), whichever 
set down on or melted on the thin film layer 
of cellophane or cellulose. The mechanism 
put forward of any kind of excited electrons 
or direct excitation of the dye molecules.

[30–33]

1927 A Russian radio researcher
Oleg Vladimirovich Losev was
experimenting the phenomena
of electroluminescence (dealing
with the emission spectrum of
light radiation in regard to the
current–voltage physiognomies
of SiC cat’s whisker diodes) in
the diodes especially employed
in radio sets. He has inquisitively
published an article called
Luminous carborundum [silicon
carbide] detector and detection
with zincite & iron glance crystals.

[3, 4] 1960 From New York University, Martin Pope and 
few of his accomplices fabricated the ohmic 
dark-injecting electrode contacts to organic 
crystals. These acquaintances are the root 
of injection of charges in all contemporary 
OLED gadgets.

[34, 35]

1935 The French physicist Georges 
Destriau discovers light 
emission (electroluminescence) 
in zinc sulfide. Further the effect 
can be called as “Lossew Light”.

[5–8] 1963 Pope’s group as well first perceived 
direct current (DC) electroluminescence 
under vacuum on a single pure crystal of 
anthracene and on anthracene crystals doped 
with tetracene based on a lesser area silver 
electrode at 400 V under the process of field-
accelerated electron excitation of molecular 
fluorescence.

[36]

1939 Zoltan Bay together with 
Gyorgy Szigeti received a U.S. 
patent on “Electroluminescent 
light sources” which were made 
of a lighting device using SiC, 
with an possibility on boron 
carbide (BC), that emitted white, 
yellowish white, or greenish 
white contingent on impurities 
present; these light sources were 
the ancestors of light-emitting 
diodes (LEDs).

[5–8] 1965 Pope’s group described the nonoccurring of 
an external electric field, the recombination 
of a thermalized electron and hole 
electroluminescence mechanism can be 
instigated on anthracene crystals, and as a 
result the conducting level of anthracene 
dwell in the higher energy than the energy 
level of exciton.

[37]

1951 After the discovery of transistor, 
Shockley and his collaborators 
Howard Briggs and James 
Haynes applied for manifest 
on infrared LED by employing 
Germanium and Silicon.

[5–8] 1965 For the first time, W. Helfrich and W. G. 
Schneider developed the double-injection 
recombination electroluminescence in an 
anthracene single crystal by the usage of hole 
and electrons injection electrodes.

[38]
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soon as Fairchild Optoelectronics instigated manufacturing the low-cost LED devices [10]. 
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about the historical developments in LED and OLED [1–55].

Traditional Inorganic LEDs: By employing various inorganic materials, the traditional 
type LEDs are made and therefore called as inorganic LEDs. A number of extensively used 
LEDs have been fabricated using semiconductor materials like aluminum-gallium arsenide 
(AlGaAs) and indium-gallium nitride (InGaN). Furthermore, with different doping concen-
trations in inorganic semiconductor material, the traditional inorganic LEDs are used nowa-
days. These are obtainable in souk with various sizes, shapes and colors like single color LED, 
surface mounted LED, flashing LED and multicolor LED.

Organic LEDs: Using organic materials, the organic LEDs have been fabricated, which are 
fictitious from carbon-based polymers and semiconductors. Organic light-emitting diode 
(OLED) is a thin film of organic compound which consists of a PN junction made by an emis-
sive electroluminescent layer. Further, the emissive layer emits light in Ref. to an electric 
current and this layer of organic material is positioned among two electrodes. In general, it 
is realized that as a minimum one of the electrodes must be a transparent one. The organic 
LEDs are factory-made in the form of thin films; hence, these are given that a small portion 
for diffusion through which the light engenders, and these can be used for larger surface area. 
Furthermore, the OLEDs are available in the form of small molecule OLED, polymer LED, 
passive matrix OLED, and active matrix OLED.

High brightness LEDs: This type of high brightness (HB) comprises both inorganic and 
organic LEDs, and these are broadly employed for lighting applications. In essence, this type 
of LEDs is nearly similar as organic LEDs; however, these HBLEDs could produce a very high 
brightness of light output with respect to the OLEDs. For engendering high brightness, these 
LEDs require a high current and high-power debauchery; as a result, these LEDs were kept 
on the heat sink for eradicating the liberation of unnecessary heat.

All these three types have found enormous progresses in their light output in recent 
years. However, the normal quantum yield is exceeding 100 lm/W for the inorganic 

Light-Emitting Diode - An Outlook On the Empirical Features and Its Recent Technological Advancements2

Light-emitting diode (inorganic LED) Organic light-emitting diode (OLED)

Year Historical development Ref. Year Historical development Ref.
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Shockley and his collaborators 
Howard Briggs and James 
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[5–8] 1965 For the first time, W. Helfrich and W. G. 
Schneider developed the double-injection 
recombination electroluminescence in an 
anthracene single crystal by the usage of hole 
and electrons injection electrodes.

[38]
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Light-emitting diode (inorganic LED) Organic light-emitting diode (OLED)

1952 Kurt Lehovec and his research 
team have applied for a patent 
aimed at SiC diodes that emit 
light. The research team has 
grown n-type SiC doped with 
arsenic and then literally 
acquaints using boron with a 
beam of electron to produce

p-SiC for the junction.

[5–8] 1965 Dow Chemical patented a method of 
preparing electroluminescent cells using the 
mechanism of electronic excitation at the 
contacts between the graphite particles and 
the anthracene molecules.

[39]

1955 Rubin Braunstein observed 
infrared emission generated by 
simple diode structures using 
gallium antimonide (GaSb), 
GaAs, indium phosphide (InP), 
and silicon-germanium (SiGe) 
alloys at room (298 K) and at 
low (77 K) temperature and even 
in other semiconductor alloys 
as well.

[9] 1975 Roger Partridge patented the first 
observation of electroluminescence from 
polymer films and his device contained of a 
thick film of poly(N-vinylcarbazole) equal to 
2.2 micrometers located among two charge 
injecting electrodes and further the work got 
consequently published in 1983.

[40–44]

1958 Rubin Braunstein and Egnor 
Loebner, working at Radio 
Corporation of America (RCA) 
patented a green LED made 
from lead antimonide (PbSb) 
dot amalgamate to p-type 
Germanium (Ge).

[10] 1987 Ching W. Tang and Steven Van Slyke at 
Eastman Kodak develop the first practical 
OLED device. This device utilized a two-
layer structure with distinct electron and 
hole transporting layers such that the light 
emission through recombination process can 
happen in the intermediate of the organic 
layer; this would yield in the enhancement in 
efficiency and a decline in operating voltage.

[45]

1961 James Robert Biard and Gary 
Pittman invented the infrared 
radiation from GaAs when 
electric current is applied and 
patented a first infrared LED.

[11–
13]

1990 J. H. Burroughes et al. reported a research 
on high efficiency green light-emitting 
polymer-based device by employing poly(p-
phenylene vinylene) with a film thickness of 
100 nm.

[46]

1962 Nick Holonyack (regarded as 
Father of LED) invented the 
first practical visible spectrum 
of red LED with high efficiency 
by using gallium arsenide 
phosphide (GaAsP) as a 
substrate for the diode.

[14] 1994 Universal Display Corporation (UDC) is 
a developer and manufacturer of organic 
light emitting diodes (OLED) technologies 
(profitable for phosphorescent-based OLEDs 
and also respective supple, stacked and 
transparent OLEDs) and materials in regard 
to the supplier of services to the display and 
lighting industries.

[47]

1968 MONSANTO Company 
becomes the first organization 
to churn out visible red LEDs 
based on gallium arsenide 
phosphide (GaAsP).

[5–8] 1998 As an additional advantage the printable 
and flexible displays were developed using 
Polymer LEDs.

[48]

1970 FAIRCHILD Optoelectronics 
(Part of Monsanto Electronic 
Materials Group) produce 
commercially successful LEDs.

[5–8] 2004 The potential advantages of OLEDs include 
thin, cost effective displays along with high 
contrast, color gamut, low driving voltage, 
and widespread observing angle.

[49]
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Light-emitting diode (inorganic LED) Organic light-emitting diode (OLED)

1971 By employing gallium 
nitride the first blue LED was 
developed by Jacques Pankove.

[15] 2008 The organic materials could be considered 
as small organic molecules in a crystalline 
phase, or polymers. OLEDs could be 
widely employed to create display 
imaging for portable electronic devices like 
mobile phones, MP3 players, and digital 
cameras, while conceivable for imminent 
uses comprise televisions and lighting 
applications.

[50]

1972 M George Craford invented the 
first yellow LED using gallium 
arsenide phosphide (GaAsP) 
in the diode with an enhanced 
illumination of red and LEDs 
with red-orange emission by 
factors of ten.

[16] 2013 Zhenan Bao et al., have evaluated an 
innovative approach to develop a large-area 
organic semiconductor thin film with highly 
oriented single crystalline domains.

[51]

1974 Stevenson published a patent, 
reveals a category of gallium 
nitride (GaN) LED that 
illuminates light in the visible 
(violet) region of the spectrum. 
By employing organic and 
inorganic phosphors GaN LED 
may convert lower frequencies 
(lower energy) with good 
conversion efficiency. Further 
he suggests, by employing 
dissimilar phosphors, all the 
primary colors may be prepared 
from this similar basic device.”

[17] 2015 Consequent researches have been 
technologically advanced on polymer-
based multilayer device, plastic electronics, 
production of novel OLED-based devices 
were grown rapidly and so on.

[52]

1976 Thomas P. Pearsall invented a 
new semiconductor material 
having exceptionally bright 
LED and high efficiency in lieu 
of usage in fiber optics and 
telecommunications.

[5–8] 2016 OLED Display Forecasts 2016–2026: The 
up-to-date development in plastic and 
flexible display technology analysis. With 
reference to a deep profundity of the 
technological analysis and the remaining 
logjams, IDTechEx has predicted all types of 
OLED display flea market toward its future 
prospects.

[53]

1987 Using AlGaAs (aluminum 
gallium arsenide) diodes, 
the Hewlett Packard has 
produced the first application, 
encompasses lighting and usage 
of light bulbs in vehicles brake 
light, traffic lights and so on.

[5–8] 2017 OLED technology delivers three decades of 
display innovation with high brightness.

[54]

1989 Cree Inc. declared the first 
commercially accessible blue 
LED based on indirect band 
gap silicon carbide (SiC) 
semiconductor.

[5–8] 2018 Owing to its intrinsic benefits and upcoming 
prospect OLED has been applied to 
widespread applications. Nowadays, OLED 
is widely employed in smart mobile phones, 
notebooks, smart watches, TV, visual reality 
(VR) devices, smart wearable devices, 
on-board displays, etc.

[55]
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Light-emitting diode (inorganic LED) Organic light-emitting diode (OLED)

1991 Masayuki Senoh, scholar 
at NICHIA is successful in 
fabricating p-type gallium 
nitride (GaN).

[5–8]

1991 A multi-LED-chip methodology 
in which the light emitted from 
three LED chips emitting the 
three primary colors (red, green, 
and blue) is mixed to generate 
white light.

[18]

1994 Using p-n junction gallium 
nitride (GaN), the first high 
illumination blue LED was 
fabricated by Shuji Nakamura of 
Nichia Corporation.

[5–8]

1995 Using indium tin oxide (InSnO), 
a transparent contact LED was 
made by Alberto Barbieri.

[5–8]

1999 PHILIPS LUMILEDS launched 
power LEDs accomplished of 
incessant usage by the side of 
one watt.

[5–8]

2002 LUMILEDS made 5 WATT LEDs 
having a luminous efficacy of 
18–22 lumens per watt.

[5–8]

2006 The first LEDs about 100 lumens 
per watt are manufactured.

[5–8]

2008 BILKENT University reports 
the luminous efficacy about 300 
lumens per watt from the visible 
light and warm light by means 
of nanocrystals.

[5–8]

2009 CAMBRIDGE University bangs 
a method for making silicon-
based gallium nitride LEDs.

[5–8]

2010 LEDs of a definite color with a 
gargantuan luminous efficacy 
of 250 lumens per watt are 
heretofore being technologically 
advanced under laboratory 
circumstances.

[5–8]

2010 Solid-state lighting (SSL) 
is a developing field that 
potentials enactment features 
and efficiencies are to use and 
to harvest enormous extents 
in terms of energy-economics 
perspective.

[19, 
20]
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Light-emitting diode (inorganic LED) Organic light-emitting diode (OLED)

From 
2010 
onward

High luminous efficiency and, 
consequentially, low power 
consumption (67 lm/W, Philips, 
2010;

94 lm/W, Philips, 2010; 
commercial LED light bulbs with 
source efficacies >100 lm/W, by 
multiple manufacturers, 2015).

[21]

2011 Elgala et al., discussed about 
the optical wireless (OW) as a 
capable balancing technology 
for RF technology has grew 
newfangled impetus powered by 
noteworthy utilizations in solid 
state lighting technology.

[22]

2014 The Cree Company declared 
a laboratory-result efficacy of 
303 lm/W for a white LED lamp 
(excluding power supply) with a 
related color temperature of 5150 K 
at an injection current of 350 mA.

The OSRAM Company 
proclaimed a lamp efficacy of 
215 lm/W and a system efficacy 
(including power supply) of 
205 lm/W for a white LED 
lamp system along with a color 
temperature of 3000 K.

[23, 
24]

2014 Zhang et al. showed that 
the phosphor-in-glass-based 
white LED shows not only 
have remarkable features like 
heat- and humidity resistance, 
in addition to that it possess 
high luminous efficacy of 
124 lm/W with a correlated color 
temperature of 6674 K and a 
color rendering index of 70.

[25]

2015 The commercial, Light Fidelity (Li-
Fi) is designated as a Visible Light 
Communications (VLC) system 
running wireless communications 
itinerant at very extreme haste. 
The process is by a rapid adoption 
of indoor and outdoor solid-state 
lighting will serve as a powerful 
platform for a new means of 
delivering data (swaggering 
speeds of up to 224 gigabits per 
second approx.) visible light 
communication (VLC) or Li-Fi.

[26]
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white-phosphor-based LEDs. Also, it could be found that general lighting applications 
using OLEDs with a rating 50 lm/W [53–55].

2. Recent space-age advancements of LED and its phototoxic-cum-
bactericidal effect of blue LED irradiation

In the past few years, incredible developments have been made in LED technologies. In the 
ambience of lighting industry, LED technology forms one of the energetic forces besides new 
lighting notions and applications. The accelerated change produce in product design yields 
the respective powerful light sources. One of the more fundamental advancements, which has 
promise in the LED arena, is from the nanotechnology referred to as “quantum dots.” Being 
make a breakthrough in efficiency, the respective ultra-small crystals would possess unique 

Light-emitting diode (inorganic LED) Organic light-emitting diode (OLED)

2016 LED Technology Breakthroughs: 
There were many exciting 
and surprising technology 
breakthroughs, based on 
statistics compiled by LED 
inside there were at least 10 
major technology advancements 
this year.

[27]

2017 K. P. Acharya et al., have 
demonstrated on the high 
efficiency colloidal quantum dot-
polymer hybrid light emitting 
diodes (QLEDs) that show 
external quantum efficiencies 
>12% for all the three primary 
colors (21% from green) from 
a positive aging effect (the 
efficiency of the QLED gets 
augmented with time).

In the market, nowadays 
world’s top LED-based device 
manufacturing companies 
like CREE, NICHIA, Toyoda 
Gosei, OSRAM, Lumileds 
(Philips), Seoul Semiconductor, 
LG Innotek, Edison Opto., 
EPISTAR, Seoul Semiconductor, 
San’an Optoelectronics, Sony, 
Samsung and so on, making 
high brightness LEDs, LED 
chips, HD-TVs with excellent 
lumens output, durability and 
lifetime, etc.

[28, 
29]
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Light-Emitting Diode - An Outlook On the Empirical Features and Its Recent Technological Advancements8

properties that could be tuned to emit light covering the visibility spectrum. This is highly 
important because when these particles are in a confined state, they would have the potential 
to provide diverse options for color for a while producing an improved white. The uniformity, 
quality, and tonal color of an LED source desperately add to its allure in usage in commercial 
production applications. Color stability in fact is one of the more accelerating developments 
seen recently. Using inorganic packaging associated with flip-chip mounting, the features of 
the phosphor layer are matched to each chip’s individual characteristics. As a result, firms 
could now suggest white LEDs that have a highly precise prefixed color temperature without 
the discarding necessary to account for natural changes in color. Another significant advance-
ment in LED technologies has to be done with the material which is in the usage in their 
production and the resulting efficacy of that production. With one emerging technology, LED 
lighting could be made with a mixture of organic and inorganic materials. The cumulative 
effect of this technology is somewhat than typical four or five layers of material would be 
necessary in producing the product; this new material necessitates just one layer. This vividly 
lowers the cost of production and produces the manufacturing process relatively easier. This 
is yielding lower cost for LED light sources while performance continues to enhance. This 
emerges the new technology to more and more potential applications all over the time [56].

A recent study of the bactericidal and phototoxic effect of blue LED irradiation revealed that 
LED irradiation persuades apoptosis by triggering a mitochondria-mediated pathway and 
reducing the preliminary growth rate of melanoma cells [57]. Oh et al. observed that irradia-
tion with blue LEDs abridged cell feasibility and thus persuaded apoptotic cell death with the 
mouse A20 and human RAMOS B-cell lymphoma cells [58]. As a potential risk of high energy 
LED lamps, lighting at night may disturb the body’s biological clock, the circadian rhythm. 
According to the Harvard Health Letter “Blue light has a dark side,” the blue wavelengths 
seem to be the most harmful at night and comprise a large portion in the emission of CFLs 
and LED lamps [59, 60].

3. Conclusion

The promulgation of LED lighting has led to prompt progressions in LED lighting technolo-
gies over the past few eons across the globe with state-of-the-art scientific advancements; 
however, evidences besides authenticates that it has been and will spread out to be vitally 
important in the direction of revolutionary investigation against innovative applications for 
the societal cause. Among the most important notable advancement in sundry fields of LED 
and OLED has the roadmap for flexible OLEDs points to the emergence of foldable, rollable 
displays and the espousal of OLED in smart mobile phones will reach more than 70% by 2020 
[54], and this will probably too occur in tablets, laptops, and televisions with subsequently 
more rapid OLED market share growth. However, the difference of opinion on the bacteri-
cidal and phototoxic effect of blue LED irradiation, associated to such parts that need remain 
to be enhanced for these groundbreaking global improvements on harmful free lighting for 
the global cause. Thus, studies on peerless LED/OLED hi-tech environs might give way to the 
future harbingers of green energy in the upcoming scenario.
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LED lighting products have become a significant revolution in this technological 
sector. These components are, by nature, digital emitters created with semiconduc-
tor crystals that are powered with very low voltage and direct current (DC). Under 
these conditions, they have become one of the most relevant actors in the present ten-
dency that is recovering the DC as the channel to transport and distribute energy and 
is reinforcing the photovoltaic (PV) panels as a relevant sustainable energy source that 
allows to improve the efficiencies of all types of lighting installations with the local 
self-generated energy. An analysis of the working principles of this component and the 
mechanism implemented for their control as lighting equipment to be powered with 
both conventional alternate current (AC) and DC is presented. A specific differentia-
tion is done upon indoor and outdoor applications where new standards and regula-
tions, specific technical procedures, and singular experimental project descriptions are 
detailed. The results expose the advantages and difficulties of implementation of this 
new DC paradigm, the main conclusion obtained up to this moment, and trends of 
future evolution.
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1. Introduction

The manufacturing industry is pushing a technological evolution toward the general adop-
tion of the increasingly extended digital systems. This process has been observed in cam-
eras, televisions, automotive controlling, telephones, and, lately, in lighting products with the 
introduction of LEDs as effective light sources.
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In this last sector, this new nature implies bigger energy efficiencies (which make a major 
contribution to sustainability as, approximately, 20% of the total energy consumed in the 
world is used for indoor and outdoor illumination [1]) and robustness and easiness of control 
(allowing brightness regulation, status supervision, or even the generation of a proprietary 
data transmission network [2]). However, minimizing energy usage within this new trend 
goes far beyond the light source and the saving that can be achieved through occupancy sens-
ing and dimming. It also brings a new way or energy use: the opportunity for better efficiency 
also extends to their power grid.

As LEDs work naturally on direct current (DC), drivers are a basic requirement for any light-
ing equipment powered with the common alternate current (AC) power network of public 
lighting and buildings. The movement toward a new DC grid allows to enhance the charac-
teristics of LED luminaires: better global efficiencies (minimizing power conversions) and 
reliability (AC/DC systems have a natural lifetime expectation significantly lower than the 
LEDs, and they are the most common point of failure in AC luminaires), simplifies household 
equipment (eliminating many small power supplies), and may obtain better security condi-
tions as very low voltage distribution (VLDC <75 VDC European Council Directive 73/23/EEC) 
may be possible in many cases. Moreover, advance lighting controls are being developed that 
are fully integrated inside these DC systems at no higher cost [3].

Until recently, DC LED lights were designed exclusively to be used with battery-based off-
grid power sources. However, DC grids have been investigated more intensely in the last 
decade since many renewable energy sources as well as electronic and control technologies 
are being developed.

Modern energy consumption grids are thought to be powered in DC either by renewable 
energy—mainly photovoltaic (PV) panels—centralized AC/DC conversion units, energy stor-
age systems—bank of batteries, electric cars (V2G), and so on—or a combination of all of them.

In this chapter, we analyze the evolution and present developments of new DC energy con-
sumption grids and how LED control technologies are evolving to adapt themselves to these 
new powering models. Lately, we expose, analyze, and discuss several significant initiatives 
and projects developed for both indoor and outdoor related to DC LED lighting.

1.1. DC grids

The world runs on AC since electrical power transmission was introduced in the last quarter 
of the nineteenth century, and AC and DC competed to become the standard power distribu-
tion system in the process known as the “War of the Currents.”

The light bulb, incorporating a high-resistance carbon filament, was industrially devel-
oped in the last quarter of the eighteenth century. Thomas Alva Edison was developing an 
industry to manufacture these bulbs but also to provide a complete infrastructure of power 
plants, transportation grids, and end-use devices such as fuses and switches. Edison opted 
for DC to share the same grid that was used to power electric engines, which ran this way 
at the time.

However, George Westinghouse (Westinghouse Electric Corporation) focused on the limited 
range of the low-voltage DC. At a time when power electronics were too limited, he found in 
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1883 the first technically usable transformer which made possible to step up and down easily 
the AC voltage to carry power over long distances from a power plant.

As DC electricity was not converted efficiently into high voltages until the 1960s, a DC power 
network implied the installation of small/medium power plants in every block of a city (which 
reduces the efficiency of the system), and, besides, Nikola Tesla presented in 1888 the first AC 
engine, eliminating the other greatest argument for building up DC grids.

More than 120 years later, AC still constitutes the basis of our power infrastructure. However, 
two converging factors have renewed the interest in DC power consumption grids in this last 
decade:

• There are better alternatives for decentralized power generation, PV panels being its most 
significant technology. They produce DC power and so do chemical batteries, which are 
the most practical storage technology for PV systems [4].

• Most of our electrical appliances operate internally on DC power. AC electricity is trans-
formed into DC with specific nonefficient internal converters.

Within the next 15 years, more than half of the total household loads are expected to run 
directly on DC, and LED lights are one of the main actors of this trend [5].

1.2. LED technology

LEDs are an “old” technology that, in recent years, is undergoing numerous advances and 
transformations toward new applications that are leading the latest revolution in the lighting 
industry [6].

The first fully electronic-type light source consists of a semiconductor diode base on the junc-
tion of two segments of a crystal. When a differential voltage is applied on both extremes 
of the diode—direct way polarization—it generates photons with an electromagnetic radia-
tion of a specific frequency related by the Planck constant. This allows efficient monochro-
matic light generation if the frequency emitted is within the range of the human eye vision 
(~400–700 nm). The research on dopants and crystal structures has led to more efficient and 
higher-power LEDs. However, white-light sources have been possible through a long path of 
development generated aside this type of semiconductor.

At the end of the 1990s, the blue LED became a reality developed by Isamu Akasaki and 
Hiroshi Amano (Nagoya University) and Shuji Nakamura (Nichia Corp). They were awarded 
with the Nobel Prize in physics in 2014 for this work. They were looking for a precise tool 
to improve optic data storage systems but they also achieved the basic principle of the lat-
est breakthrough in LED technology: a very efficient and stable white-light emission using 
phosphorus, not as a dopant, but as a coating for the silicon crystal of blue LEDs and, conse-
quently, to be able to use these devices as sources in general lighting applications as substi-
tutes of fluorescent bulbs and discharge lamps (see Figure 1).

Mass-produced LEDs are reaching rapidly comparable results to prototypes being developed 
in research laboratories, and the electronic drivers that operate LED lamps are also constantly 
improving on efficiency and robustness. Present projections are contingent on technology 
developments that achieve the goal of 200 lm/W luminaire efficacy by 2025 [7].
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2. Working behavior of a high-power LED

The light output of a high-power (HP) LED depends basically on two factors: the electric 
inputs—forward voltage (“Vf”) and current (“If”) values—and its crystal junction tempera-
ture (“Tj”). This last value inevitably increases as electrons and holes combine.

Figure 2. Working parameters of a high-power XT-E white LED by CREE.

Figure 1. High power 3000 K white XTE LED by CREE. Blue emitter with phosphorus cover.
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Given a constant “Tj,” the illuminance of HP LED varies linearly with its “If” at small values and 
tends to saturate at higher values. Otherwise, if a constant current (CC) drive is forced, the light 
emitted moves down as “Tj” increases. This is caused by the variation relationship between “Vf” 
and “Tj,” which is approximately proportional [8]. For the XT-E LED by CREE, the typical relation-
ship is −2.5 mV/°C. This effect makes itself visible in the displacement of its working curves. These 
“Vf”-“If”-“Tj”-“Luminous flux” relationship curves of the mentioned LED are shown in Figure 2.

Consequently, if a CC is applied on the LED, the increase in the junction temperature causes 
only a slight decrease in its “Vf” drop and, at the same time, in the illumination obtained, 
creating a natural mechanism of negative feedback that maintains the stability of the system.

However, if we use a constant “Vf” with LEDs, its power consumption increases along with its 
“Tj,” produced by a significant increment in the forward current, creating a positive feedback 
that will finally conduct to a catastrophic burn failure. This phenomenon is generally known 
as thermal runaway and is the reason why the standard method of driving LEDs is the use for 
DC current sources.

3. DC LED drivers

Because of this electrical behavior of HP LEDs, in case of DC supply, we need to have a cur-
rent control device in series with the LEDs to guarantee stable working conditions. Creating 
a regulated current source can go from a very simple concept, using a passive polarization 
resistor, to a more complex solution using active current regulator circuits. Here, we summa-
rize the general trends found in the study and the market to achieve this objective, accounting 
nonsteady (batteries) and steady (switching converter outputs) DC sources.

3.1. Passive control methods: polarization resistors

The simplest driver is a current-limiting resistor placed along with the powered LEDs. The 
reduction in the polarization voltage of LEDs due to temperature increment is compensated 
with the larger drop in the resistor (negative feedback effect). If the supply voltage is very 
well defined and stable, close to “Vf,” this is the simplest, most reliable, and long-lasting LED 
driver. However, it is not significantly efficient as all the required current is driven through 
these impedances generating a significant amount of heat, and a substantial resistance value 
is required to keep current within an adequate range. If the voltage source is not stable, 
the brightness of the LED would vary remarkably because a small voltage variation would 
already lead to large changes of the output power. This system is only able to correct the 
variations of the behavior of the LED due to the changes of its “Tj.”

3.2. Active control methods

3.2.1. Linear power drivers

Active current control uses bipolar or MOSFET transistors as regulation devices or feedback ele-
ments to regulate the current driven through the LEDs. In contrast to the polarization resistors, 
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this solution is the next step in a complexity qualification as it uses again a resistor but now as 
a current sensor load that is able to modify the gate signal of the control transistor. The resistor 
can be of a much lower value as it will not work as a limitation but as a sensor.

The obtained efficiency is also good in case there is a constant forward DC voltage source 
on the range of the nominal polarization voltage of the LED because the control neglects the 
entire voltage drop in the semiconductor. If the voltage variation is within ±10% of the nomi-
nal LED polarization, voltage efficiency can still be above 84% on the worst case [9].

This solution can be improved using linear voltage regulators (LVRs) set as CC control ele-
ments (e.g., LM317 or NTE956) instead of transistors [10]. They use an internal voltage refer-
ence that offers a more accurate solution, but they have a minimum dropout voltage—as high 
as a few volts—which introduces significant energy loses (see Figure 3).

In general, these types of solutions, as well as the first option, have as main advantages that 
both include no EMIF generation as there is no current commutations (thus, no filtering is 
required). However, they allow a limited supply voltage range; the LED load voltage has to be 
lower than the supply voltage, and there are significant energy losses due to heat dissipation.

3.2.2. CC switch-mode converter drivers

This is the most implemented type of solution for commercial DC LED lighting drivers. 
Although there are many different variations, three standardized models are widely recog-
nized to configure CC generators for HP LEDs. Each of them is prepared for a different rela-
tionship between the supply and the LED voltage that has to be maintained independently of 
the variations that can suffer the supply or the load due to “Tj” changes:

• Buck converters: very efficient step-down topology with many implementations: synchro-
nous switching, average current, peak current, or hysteric control.

• Boost converters: step-up topology very common in battery-powered equipment. The two 
basic implementations are inductive boosts or charge pumps.

• Boost-buck converters (single-winding fly-back converters): they drive power loads with 
both step-up and step-down requirements. This model is characteristic from stand-alone 
systems powered with batteries where input voltage can suffer large variations. They are 
more flexible but less efficient than the two previous options.

Figure 3. Linear power LED driver configurations: (A) MOSFET and (B) linear voltage regulator.
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A large number of ICs from many manufacturers are available in the market to implement 
these types of drivers. Efficiencies over 95% can be achieved with adequate designs as observed 
in Figure 4. However, these CC drivers present the following main drawbacks:

a. They do not control the temperature of LEDs. This defines their lifetime expectation.

b. They include components that are not as reliable as LEDs (inductors, electrolytic capaci-
tors, etc.) which become the weakest points of these types of lamps.

c. They generate an electric conversion that provides a current-regulated output. In all cases, 
this reduces efficiency, performance, and, as mentioned, reliability.

3.2.3. LED matrix temperature-feedback drivers

Another driver option is to use MOSFET transistors as commutators to create a pulse-width 
modulation (PWM) signal that controls the energy introduced into the LED matrix. Under 
this concept, DC lamps can be driven with an electronic circuit that applies regulated current 
PWM cycles according to the LED matrix temperature or the voltage level of the source.

The control principle assures that the temperature of the LED is kept below high values to 
guarantee the expected lifetime in all working conditions using only a reliable hardware 
architecture of very few components: one low-power microcontroller, one temperature sen-
sor, and a power MOSFET (N-type) that acts as the control actuator in the LED matrix, plug-
ging or unplugging this with a PWM commutation (see Figure 5).

This control architecture can execute, if required, a smooth reduction on the active period of the 
LED driving signal (from a normal status of 100% active) to reduce the power consumption. This 

Figure 4. Efficiency versus load curve of commercial DC/CC switch-mode converter drivers.
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this solution is the next step in a complexity qualification as it uses again a resistor but now as 
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implies reducing the light emitted but also the heat generated inside the LEDs. This situation can 
be reached by either abnormal working operation conditions or unusually high working tem-
peratures. This control is a negative feedback compensation mechanism of current increments 
due to high “Tj” while powering with constant voltage DC values. The commutation frequency 
must be high enough to avoid significant flickering and low enough to produce no excessive 
EMIF. Values between 0.5 and 1.0 KHz are suitable.

A common DC driver adapts the grid values to the specific impedance of an LED matrix, but 
it is possible to flip this concept and evolve this driver to be able to modify the impedance of 
its LED lamp to adapt it to the variable voltage of a nonsteady power source.

The LED matrix may include also a P-channel MOSFET in series with a small impedance resis-
tor (R) placed in parallel with the first LEDs connected on each branch of our matrix. This 
scheme is designed to adapt the lamp to the wide range of voltage supply of batteries. For 
example, the circuit in Figure 5 is prepared for the voltage supplied by a 12 VDC lead acid 
battery that can vary between 11 and 15 VDC. The exponential V-I relationship of a white LED 
makes its brightness decrease dramatically when the voltage gets below 12.3 VDC (3.1 VDC per 
diode), generating unsatisfactory luminance. If the control detects an input voltage below this 
threshold, it activates the second PWM signal that takes out the first LED of each branch of the 
lamp for discrete moments. In this way, the impedance of the matrix is reduced keeping the 
rest of the LEDs with adequate “Vf” polarization and brightness.

This sample LED luminaire design varies its consumption from 13 (at 12.6VDC) to 7.5 W (at 
11 VDC). This behavior can be considered good for PV stand-alone systems as the lamp consump-
tion is reduced at low voltage (low energy in the battery) which contributes to a safe man-
agement of the system while maintaining a good level of illumination. The energy efficiency 
of the proposed control scheme is, on average, 15% higher than the one obtained with a CC 
switch converter control powering the same LED lamp [11].

3.3. Control method selection

Designers may consider that if the voltage of the LED lamp is just below that of the DC 
source, both linear current regulators and temperature feedback controllers are simple, high-
efficient, cost-effective, and very reliable solutions. If the design is well adjusted to the input 
voltage, efficiencies can be extremely high; otherwise, significant loses appear. In those cases, 

Figure 5. LED lamp with temperature and input voltage-feedback driver implementation.
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switching current regulators are needed: boost or boost-buck solutions if the voltage of the 
LED lamp is over the DC source voltage and buck implementations if the voltage of the 
matrix of emitters is significantly below (80% or less) the DC source voltage.

3.4. Advantages of DC versus AC drivers

DC LED lighting allows eliminating components that are necessary in AC/DC conversion. To 
compare the component effort required in solutions with AC and DC current supplies, Figure 6  
shows a block diagram of a typical lamp driver AC operated. Once it reaches the last stage of 
the chain (DC/DC box), all the abovementioned for LED matrix powering are applicable [9].

These blocks are as follows:

• Filter: It suppresses high-frequency contents of the input source. Most of the international 
regulations (e.g., IEC 61000-3 or IEEE STD 519-2014) order that the maximum total har-
monic distortion (THD) of the voltage and current signals generated must be under certain 
limits. It is also a necessary part of an active power factor corrector (PFC). It may still be 
required in DC drivers if switched conversions are used to avoid the generation of fluctua-
tions in the energy source.

• Rectifier: It is typically implemented with a bridge of diodes. It might also be useful in DC 
operation to allow an arbitrary connection of the positive and negative lines. However, this 
problem may be solved with a mechanical system that avoids a wrong connection.

• PFC circuit: It increases the ratio between the useful (W) and the total power (VA) con-
sumed by the driver. Many drivers use switch converters (typically a boost-type circuit) 
but this requires an input filter to limit high-frequency THD generation. The next review of 
the IEC 61000-3-2 intends to raise the requirement of integrating a PCF circuit in any lamp 
driver from 25 to 5 W.

Figure 6. Typical topology of an AC lamp driver.
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battery that can vary between 11 and 15 VDC. The exponential V-I relationship of a white LED 
makes its brightness decrease dramatically when the voltage gets below 12.3 VDC (3.1 VDC per 
diode), generating unsatisfactory luminance. If the control detects an input voltage below this 
threshold, it activates the second PWM signal that takes out the first LED of each branch of the 
lamp for discrete moments. In this way, the impedance of the matrix is reduced keeping the 
rest of the LEDs with adequate “Vf” polarization and brightness.

This sample LED luminaire design varies its consumption from 13 (at 12.6VDC) to 7.5 W (at 
11 VDC). This behavior can be considered good for PV stand-alone systems as the lamp consump-
tion is reduced at low voltage (low energy in the battery) which contributes to a safe man-
agement of the system while maintaining a good level of illumination. The energy efficiency 
of the proposed control scheme is, on average, 15% higher than the one obtained with a CC 
switch converter control powering the same LED lamp [11].

3.3. Control method selection

Designers may consider that if the voltage of the LED lamp is just below that of the DC 
source, both linear current regulators and temperature feedback controllers are simple, high-
efficient, cost-effective, and very reliable solutions. If the design is well adjusted to the input 
voltage, efficiencies can be extremely high; otherwise, significant loses appear. In those cases, 
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switching current regulators are needed: boost or boost-buck solutions if the voltage of the 
LED lamp is over the DC source voltage and buck implementations if the voltage of the 
matrix of emitters is significantly below (80% or less) the DC source voltage.

3.4. Advantages of DC versus AC drivers

DC LED lighting allows eliminating components that are necessary in AC/DC conversion. To 
compare the component effort required in solutions with AC and DC current supplies, Figure 6  
shows a block diagram of a typical lamp driver AC operated. Once it reaches the last stage of 
the chain (DC/DC box), all the abovementioned for LED matrix powering are applicable [9].

These blocks are as follows:

• Filter: It suppresses high-frequency contents of the input source. Most of the international 
regulations (e.g., IEC 61000-3 or IEEE STD 519-2014) order that the maximum total har-
monic distortion (THD) of the voltage and current signals generated must be under certain 
limits. It is also a necessary part of an active power factor corrector (PFC). It may still be 
required in DC drivers if switched conversions are used to avoid the generation of fluctua-
tions in the energy source.

• Rectifier: It is typically implemented with a bridge of diodes. It might also be useful in DC 
operation to allow an arbitrary connection of the positive and negative lines. However, this 
problem may be solved with a mechanical system that avoids a wrong connection.

• PFC circuit: It increases the ratio between the useful (W) and the total power (VA) con-
sumed by the driver. Many drivers use switch converters (typically a boost-type circuit) 
but this requires an input filter to limit high-frequency THD generation. The next review of 
the IEC 61000-3-2 intends to raise the requirement of integrating a PCF circuit in any lamp 
driver from 25 to 5 W.

Figure 6. Typical topology of an AC lamp driver.
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• Electrolytic capacitor: It levels the pulsating rectified voltage signal. In DC, they can sup-
press voltage dips of the energy source but most lighting applications may consider accept-
able to pass them and allow short flickers on the LEDs.

The LED driver can be housed in an external case or in the device itself (which is much cheaper 
and significantly simplifies the luminaire configuration). Eliminating the AC/DC components 

Figure 7. Typical topology of a common AC lamp driver compared to a DC counterpart.

Figure 8. Efficiency versus load curve of commercial AC/CC switch-mode converter drivers.
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means less space requirements, cost reduction, and simpler installation. Between 40 and 50% 
of the printed circuit board (PCB) in an AC/DC, LED driver is occupied by the AC components.

Figure 7 shows a photograph of two LED drivers. On the left, we present a 42-W AC unit by 
Eagle Rise with PF corrected over 0.95, an efficiency between 0.89 and 0.92 (60–100% loads) 
and no dimming possibilities. All parts that are necessary for AC conversion are highlighted. 
On the right, we have a 24VDC (18–32VDC range) input LDH-45B-700 DC dimmable LED driver 
by Mean Well with efficiencies between 0.95 and 0.96 (30–100% loads). It has no input diode 
bridge so that polarity has to be checked before powering the equipment.

Figure 8 presents, similar to Figure 4, the efficiency of four commercial AC/CC drivers versus 
their load. These curves present larger slopes and an average decrement of efficiency of 5–6% 
compared to their DC/CC counterparts.

4. Indoor and outdoor DC-lighting experience

Nowadays, the US is the country that is adapting more DC-lighting installation in a context 
where, according to the 2016 calculation of its Energy Information Administration (EIA), this 
country used 15% of all its consumed energy for lighting purposes [12]. This is a significant 
reduction from the 22% calculated in 2009 due to the massive installation of LED equipment 
and efficiency initiatives as the AC to DC residential and commercial indoor grid translations. 
On account of this, these two sectors figure as very significant with 7% of the total electricity 
consumed (approx. 279 billion kWh) [13].

If all general purpose lighting equipment in the world were converted to LED light sources 
(agreeing an average 40% saving at each point), their energy consumption could be decreased 
by around 1000 TW h/year, reducing 200 million tons of greenhouse gas emission [7]. Any 
additional development that allows higher efficiencies, as the elimination of the AC losses, 
has also significant relevance due to the large amount of energy involved.

4.1. Indoor direct current indoor led lighting: trends and applications

On average, 80% of the energy used in modern buildings power DC loads. Low-power devices 
(≤50 W), like most indoor LED lamps, are responsible for 35–50% of this use, and all of them 
work with small power-wasting converters. LEDs and DC power distribution in buildings 
can notably enhance the efficiency of this significant amount of energy.

As it is considerably difficult to eliminate all the AC loads and the general distribution grid, 
the basic consensus is to replace all the many AC/DC converters placed on each luminaire 
with a common centralized frontend to provide high-efficiency conversion and protection 
and then conduct the electric power in DC to the LED fixtures.

4.1.1. Development of systems

LED matrixes may work from just 3.3 VDC. Over this voltage, many possible solutions can be 
implemented using different serial/parallel LED configurations. It is important to select the 
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On account of this, these two sectors figure as very significant with 7% of the total electricity 
consumed (approx. 279 billion kWh) [13].

If all general purpose lighting equipment in the world were converted to LED light sources 
(agreeing an average 40% saving at each point), their energy consumption could be decreased 
by around 1000 TW h/year, reducing 200 million tons of greenhouse gas emission [7]. Any 
additional development that allows higher efficiencies, as the elimination of the AC losses, 
has also significant relevance due to the large amount of energy involved.

4.1. Indoor direct current indoor led lighting: trends and applications

On average, 80% of the energy used in modern buildings power DC loads. Low-power devices 
(≤50 W), like most indoor LED lamps, are responsible for 35–50% of this use, and all of them 
work with small power-wasting converters. LEDs and DC power distribution in buildings 
can notably enhance the efficiency of this significant amount of energy.

As it is considerably difficult to eliminate all the AC loads and the general distribution grid, 
the basic consensus is to replace all the many AC/DC converters placed on each luminaire 
with a common centralized frontend to provide high-efficiency conversion and protection 
and then conduct the electric power in DC to the LED fixtures.

4.1.1. Development of systems

LED matrixes may work from just 3.3 VDC. Over this voltage, many possible solutions can be 
implemented using different serial/parallel LED configurations. It is important to select the 
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most appropriate solution to achieve the highest energy efficiency and the safest operation 
conditions. The main problem is that these two concepts are here antagonists. A significant 
number of DC distribution systems have emerged over the years, and, at present, it seems 
yet far to achieve a unique standard. Special focus has been put over several specific supply 
voltage levels along with the type of cable and connections to be used. The most developed 
proposals are presented in Table 1. The most significant aspects that are important to consider 
choosing one of these systems for a specific installation are described in the subsequent text.

4.1.1.1. Solar energy

These renewable sources are not yet the perfect solutions but match significantly well with 
LED lighting. In fact, DC LED lighting was first developed to be powered off-grid exclusively 
with solar energy as LED-lighting technology is efficient enough as to reduce its required 

Range Characteristics VDC Details Standards

VLDC ADVANTAGES 12 Most used in cars, 
trucks, motor homes, 
caravans, and boats

UL 1838 & UTSFfSHS 
(Universal Technical Standard 
for Solar Home Systems) [14]<75 VDC Council 

Directive 73/23/
EEC

• Safe from electric shock and 
fire hazard

• Many commercially avail-
able devices

24 Intermediate solution UL 2108

• No grounding needed Low voltage conversions 
inside the DC lamps

Emerge Alliance (US) www.
emergealliance.org

• No protection against direct 
contact is required

<60 VDC • Simple adaptation of PV 
generators and batteries

48 Allows working with 
higher power devices

IEC 60364–7-715:2011

EDISON project (EU) http://
www.project-edison.eu/ [13]

NFPA 70 
National 
Electrical Code

DISADVANTAGES 60 Ethernet cabling 
combines power and 
control.

PoE (Power over Ethernet) 
Lighting systems [15, 16]

• - Relatively high cable losses 
(depends on the length)

Maximum allowed: 
100 W at 60 V

DC <1500 VDC ADVANTAGES 380 Similar DC voltage than 
230 VAC (needs equal 
insulation properties). 
Generates only about 
one-third of the losses 
in converters and cables 
[17]

IEC SG 4 Group “LVDC 
distribution systems up to 
1500VDC”

Low Voltage 
Directive (LVD) 
2006/95/EC

• - Minimum cable losses TBINK-LVDC working group 
at DKE/VDE

DISADVANTAGES

• - Complex security systems 
are required

• - Arcing appears when a 
load is unplugged

Internal arcing chambers. 
Voltage broken protection

Standard IEC 60947–2 -3

Table 1. Common voltage levels for DC indoor lighting: characteristics and standards.
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consumption within PV power generation capability, especially when combined with control 
systems that are able to regulate energy consumption to avoid deep discharges.

According to the nature of LEDs, PV panels, and batteries, it is easy to use LVDC with this 
type of integrations as they allow a more flexible PV panel configuration and reduce voltage 
conversions.

4.1.1.2. Cable losses

Cable losses are determined by their length, diameter, and the conducting material. A copper 
wire with a 10-mm2 cross section, distributing 100 W at 12 VDC over a 10-m distance, generates 
an energy loss of 3%. If this length increases to 50 m, energy loss becomes 16% and for 100 m 
raises to 32% (which erases all the efficiency advantages of DC lighting). Cable losses also 
limit the use of high power luminaires. In a 12VDC 10-mm2 copper wire, 1-kW LED projector 
has 16% energy losses in a 1-m cable and 47% in 3 m. Working with higher voltages, even still 
within VLDC, reduces these losses by a square factor of the voltage variation. Moving from 
12 to 48VDC improves cable transmission efficiency by a factor of 16.

The spatial layout is very important to limit this distribution problem. Large buildings will 
require several energy AC/DC converters placed in different powering sectors. Another way 
to reduce cable losses is to set up several independent power supply units (PV panels and bat-
teries) in these sectors. Although this strategy implies the use of extra solar charge controllers, 
this might be the most efficient way to illuminate large buildings.

4.1.1.3. Protections

Protection systems are among the main challenges in the design and operation of DC lighting. 
DC power distribution, as well as AC, becomes more dangerous as its voltage level increases 
but, in all cases, fast-speed fault protection, including coordination and interruption, is the 
essential requirement to be protected against failures as short circuits.

The primary protection in DC lighting grids is the circuit disconnection by overcurrent detec-
tion devices: circuit breaker or fuses. They have to be specifically designed as in DC there is no 
zero crossing in the waveform and they have to break the full fault current. However, they are 
becoming more common as more DC installations are generated. On the other hand, as total 
power is reduced and the most extended standards work in VLDC, grid-lighting protection is 
usually incorporated inside the driver modules with solid-state circuit breakers, and there is 
no need of adding it externally.

4.1.2. Research installation experiences

Several significant experimental research installations involving DC lighting with published 
results are presented in Table 2 [18].

4.2. DC outdoor led lighting: trends and applications

Worldwide, outdoor public lighting means, on average, a reduced amount of the total energy 
usage (3% of the total energy consumed) compared with that used for indoor installations 
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most appropriate solution to achieve the highest energy efficiency and the safest operation 
conditions. The main problem is that these two concepts are here antagonists. A significant 
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yet far to achieve a unique standard. Special focus has been put over several specific supply 
voltage levels along with the type of cable and connections to be used. The most developed 
proposals are presented in Table 1. The most significant aspects that are important to consider 
choosing one of these systems for a specific installation are described in the subsequent text.

4.1.1.1. Solar energy

These renewable sources are not yet the perfect solutions but match significantly well with 
LED lighting. In fact, DC LED lighting was first developed to be powered off-grid exclusively 
with solar energy as LED-lighting technology is efficient enough as to reduce its required 
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consumption within PV power generation capability, especially when combined with control 
systems that are able to regulate energy consumption to avoid deep discharges.

According to the nature of LEDs, PV panels, and batteries, it is easy to use LVDC with this 
type of integrations as they allow a more flexible PV panel configuration and reduce voltage 
conversions.

4.1.1.2. Cable losses

Cable losses are determined by their length, diameter, and the conducting material. A copper 
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essential requirement to be protected against failures as short circuits.

The primary protection in DC lighting grids is the circuit disconnection by overcurrent detec-
tion devices: circuit breaker or fuses. They have to be specifically designed as in DC there is no 
zero crossing in the waveform and they have to break the full fault current. However, they are 
becoming more common as more DC installations are generated. On the other hand, as total 
power is reduced and the most extended standards work in VLDC, grid-lighting protection is 
usually incorporated inside the driver modules with solid-state circuit breakers, and there is 
no need of adding it externally.

4.1.2. Research installation experiences

Several significant experimental research installations involving DC lighting with published 
results are presented in Table 2 [18].

4.2. DC outdoor led lighting: trends and applications

Worldwide, outdoor public lighting means, on average, a reduced amount of the total energy 
usage (3% of the total energy consumed) compared with that used for indoor installations 
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(17%) [1]. However, this is still a major market where efficiency improvements can make sig-
nificant advances in sustainability.

Planning a similar approach than those presented in indoor lighting, one of the first studies 
generated to compare DC versus AC grids in outdoor LED lighting was realized in 2013. The 
results of a 220 VDC centralized street-lighting system over conventional 230 VAC power system 
showed that the efficiency can be improved by 13 (full loads) and 17% (dimmed loads) [23].

However, and independently of this trend that is still under a very early stage of develop-
ment, the first and most consolidated architecture used to develop DC LED streetlight is the 
autonomous solar-powered equipment. Modern PV DC luminaires have become the most 
extended element by virtue of its simplicity, function, and robustness of its components: bat-
tery, LED luminaire, and PV panels. This technical evolution and the growth of emerging 
countries with underdeveloped electrification infrastructures have boosted the market of 
lighting installations powered only by locally produced energy from the sun [24].

Park et al. [25] remark that the development and installation costs of a micro-distributed ESS-
based smart LED streetlight system have been reduced by 33% in just a few years. Moreover, 
Loomba and Asgotraa [26] claim that DC solar microgrids are 25–30% more efficient than 
their AC counterparts. The global energy efficiency benefits may vary a lot depending on the 
location. According to information from the World Bank, the average electric transmission 
losses are only 4% in Germany and the Netherlands but raise slightly, 6%, in the USA and 
China and much more, between 15 and 20%, in Turkey and India.

Solar low-power equipment is widespread and participates already in many in-use instal-
lations. As an example, we have participated in a public-lighting renewal project developed 
with 1365 autonomous 50 W LED lighting poles in the city of Cuimba (Angola), as illustrated 
in Figure 9. The equipment used is designed to store enough energy to work three nights 
with no solar energy input. Development installation costs were reduced in more than 35% 
compared to renew and bury the AC grid existing already.

Project VDC Details Results and conclusions

Philips Research 
Eindhoven (NL) [19]

380 2 kWpk photovoltaic (PV) 54 LED 
downlights (37 W) 3 power grids of 
100 m length (3 × 2.5 mm2)

DC energy demand 2.24% lower than the 
AC equivalence

Fort Bragg, North 
Carolina (US) [20]

24 Bosch DC microgrid: 15 kW PV array. 
44 DC lights. Direct power from 
100 kW lithium-ion battery system

VEEI: 1.80 WAC/m2/100Lux of AC 
fluorescents Vs 0.87 WDC/m2/100Lux of the 
380 VDC LEDs

Fraunhofer Institute 
in Erlangen (GR) [21]

380 & 
24

DC office building with lighting and 
a 24 V DC grid for electronic loads. 
Batteries back-up storage

The DC system demonstrated electricity 
savings ranging from 2.7 to 5.5% over an 
equivalent AC system

Xiamen University, 
Xiamen (PRC) [22]

380 & 
24

150 kWp solar panels. 20 kW LED 
lighting:14 W tube lights as T5 
fluorescent tubes retrofits

DC microgrid with bidirectional inverter 
and battery storage. Static payback period 
5.5 years ($0.887/W)

Table 2. DC indoor-lighting experimental research installations.
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However, there are still uncertainties about the technical capability of this type of equipment 
in order to match their performance to their AC grid equivalents in lighting installations with 
large regulatory requirements: high-density traffic roads. We present a technical evaluation of 
the capability of present equipment to achieve these requirements in different global locations 
based on energy generation capability of solar panels, efficiency of DC LED luminaires, and 
capacity and long-term reliability of batteries.

4.2.1. Dimensioning of an autonomous led-lighting installation

The DIALux software has been used to size the requirements of the luminaires to fulfill the 
requirements of the ME2 and ME3 roads with geometric aspects as presented in Table 3. We 
simulate these specifications with different high-class DC LED street luminaires by three man-
ufacturers (Philips, Solitec, and Schreder Socelec), and the results are compared with the nor-
mative classification assigned. The power and luminance requirements for each  manufacturer 

Figure 9. Solar autonomous public streetlight installation in Cuimba, Angola, 2017.

Road parameters Road Type A Road Type B

Road classification ME3a ME2

Number of lanes 2 4

Road width 7 m 14 m

Interdistance 30 m 35 m

Height of light point 9 m 12 m

Placement setup Unilateral Bilateral face to face

Luminaires manufacturer/model Luminous flux/power Luminous flux/power

Solitec/Navia G 8805 lm/80 W 12,101 lm/110 W

Philips/UniStreet 7654 lm/76 W 11,050 lm/110 W

Schreder/Ampera 9905 lm/87 W 11,972 lm/105 W

Table 3. Geometric data and luminaires selection for the ME2 and ME3 roads under study.
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to achieve the objectives established are also presented in Table 3. All three results are very 
similar, and for the rest of the study, we use the average power in each road case. Dimming 
during the night is included as energy efficiency regulations advice for this possibility. This 
leads to a total energy consumption of 75% of the nominal value calculated previously. 
Moreover, the battery storage system has to accumulate at least double of the energy to bright 
as programmed for one night.

There are two power distribution possibilities: autonomous poles with PV panels and 
storage systems integrated with each luminaire (simplest installation) or an independent 
renewable generation system that powers a smart micro-grid with several luminaries 
(more complex and expensive due to wiring canalization). The first option is limited by the 
amount of PV surface that is mechanically adaptable in a single pole. The availability of 
each solution depends on the amount of energy that is possible to generate depending on 
the geographical latitude. This value conditions the functional elements of the facilities, the 
simplicity and cost of the installation, the protection requirements, and maintenance and 
operation cost. Several representative locations have been chosen between or close to the 
Tropics of Cancer and Capricorn as these are the regions that receive the greatest amount 
of solar radiation. The PV energy generation capability on the main cities of this portion of 
the world is shown in Figure 10. For calculation purposes, the extreme representative pos-
sibilities are found in the following:

• Rabat, Morocco (2770 Wh/m2 per day). Latitude 34°00′47”N. Its radiations present consid-
erable differences along the year, and it has long nights in winter.

• Brasilia, Brazil (4523 Wh/m2 per day). Latitude 15°46′46″S. On the other hand, it receives 
very constant solar radiations, and the night duration is similar all year long.

The equations used to define the power generation capability by PV panels in these two loca-
tions are presented in Table 4. Table 5 shows the components required to light both classes 
of roads under study on the worst scenario (design day in winter in the city of Rabat), and 
Figure 11 explains that while in Brasilia, it is possible to install fully integrated autonomous 

Figure 10. Solar energy input and design requirements of the streetlighting equipment for capital cities close to the 
tropics.
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PV luminaire poles to fulfill ME2 and ME3 requirements in Rabat, this is not possible with 
ME2 roads as, at least, 2.52 m2 of 30 kg PV panels are required, which makes it impossible to 
integrate them on top of a single lighting pole due to mechanical limitations.

Minimum power required by the photovoltaic generator

  P  G−min   =   
 W  d   ∙  G  CEM  

 ________  G   (α,β)    ∙  K  T     
• 𝑊𝑊𝑑𝑑: Energy consumption [Wh/day]

• 𝐺𝐺_𝐶𝐶𝐶𝐶𝐶𝐶: Standard radiation, 1000 W/m2

• 𝐺𝐺(𝛼𝛼,𝛽𝛽): Incident radiation in the panel [Wh/m2-day]

• KT: Battery and regulator efficiency [%]

Energy accumulation system

  C  N   =   
 Q  d   ∙ A __________  PD  MAX   ∙  η  Con  

   • Qd: Nominal daily capacity [Ah/day]

• A: Days of autonomy

• PDMAX: Maximum discharge depth of the battery

• 𝜂𝜂_con: Battery and regulator performance

• Un: Rated voltage of the photovoltaic generator [V]

Regulation system

  U  OC (Tmin)    =  U  OC   + β ∙  ( T  min   − 25)  
  I  R   = 1, 25 ∙  I  G,sc   

• UOC (TMIN): Rated voltage of the photovoltaic generator [V]

• Tmin: Historical minimum temperature (°C)

• UOC: Open circuit voltage [V]

• IG,SC: Short-circuit current of the generator [A]

Table 4. Equations for the dimensioning of LED luminaires powered by photovoltaic panels.

Type of road A (ME3) B (ME2)

Photovoltaic generator PG-min design 340.5 W 468.2 W

Equipment SunPower SPR-X21–345 2 x HIT-235

Surface 1.60 m2 2.52 m2

Weight 18.6 kg 30.0 kg

Energy accumulation and 
regulation system

Cn C10,14 = 95.88 Ah C10,13 = 263.60 Ah

Equipment Move MPA 110–12 Move MPA 245-6XL

Weight 33.3 kg 39.0 kg

Number 4 4

Voltage 12 V 6 V

Energy regulatory system Equipment Steca Tarom 4545–48 Steca Solarix 2020-x2

Weight 0.8 kg 0.5 kg

Uoc ≤100 V ≤60 V

I 45 A 20 A

Table 5. Component requirements for a solar LED luminaire at worst case: city of Rabat.
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Nowadays and according to these results, this technology has still a further step to evolve 
before autonomous pole luminaries can be used on high-density traffic roads worldwide with 
autonomy assurance. However, many demonstration projects are already being constructed. 
For example, autonomous PV luminaires have been installed in the A−62 motorway (ME3 
road), in Salamanca, Spain. In this case, promoters also appraise the quick installation process 
(only 3 days) that avoids large dangerous installation process along traffic conditions.

5. Conclusions

Many Scientifics and technicians consider that the conversion of the lighting sector toward a 
full DC environment is its natural evolution trend as LED technology has become the basic 
engine of almost any new equipment developed for both indoor and outdoor applications.

Better energy efficiencies and larger lifetime expectations are the basic economic forces that 
are conducting this process that, nevertheless, is still facing considerable challenges in this 
primitive stage of development.

The unavailability of DC infrastructures and the lack of training/educations are the main 
drawbacks that are being overcome as universities and private research centers have consid-
ered this a priority research line. However, some other concerns are still far to be solved such 
as the consolidations of worldwide regulations and standards that ensure acceptable energy 
savings and total human safety. The first parameter varies significantly in each experimen-
tal installations ranging from 3 to 30% [18]. This will also lead to establish common safety 

Figure 11. Basic configurations and available integrations for ME3 (Type A) and ME2 (Type B) road regulation 
accomplishment in the cities of Rabat and Brasilia.

Light-Emitting Diode - An Outlook On the Empirical Features and Its Recent Technological Advancements32

procedures and voltage levels for LED-lighting DC grids that will allow mass production of 
devices that may work anywhere as well as their AC equivalents.

Considering the relationship between LEDs and PV energy generation, the direct intercon-
nection possibility and the advance in efficiency of the new light emitters have renewed the 
interest in autonomous applications, both stand-alone and with a backup energy grid. Thus, 
the number of solar-powered LED equipment installed is increasing exponentially. However, 
a further step in the evolution of these two technologies is still expected to improve the inte-
gration capability and the autonomy in high-latitude locations.

Acknowledgements

We would like to acknowledge Alfonso C. Gago-Bohórquez for the deep critical reading, 
Tiara L. Orejón-Sánchez for her useful recommendations, and the Solitec Foundation (Spain) 
for its support in contributing with technical resources.

Author details

Alfonso Gago-Calderón1*, Rami D. Orejón-Sánchez1 and Manolo J. Hermoso-Orzáez2

*Address all correspondence to: agago@uma.es

1 Department of Graphic Expression, Design and Projects, Universidad de Málaga, Spain

2 Department of Graphic Expression, Design and Projects, Universidad de Jaen, Spain

References

[1] Montoya F-G, Peña-García A, Juaidi A, Manzano-Agugliaro F. Indoor lighting tech-
niques: An overview of evolution and new trends for energy saving. Energy and Buil-
dings. 2017;140:50-60. DOI: 10.1016/j.enbuild.2017.01.028

[2] Held G. Introduction to Light Emitting Diode Technology and Applications. Boca Raton, 
FL (USA): CRC Press; 2016. 161p. ISBN: 9781420076622

[3] Jhunjhunwala A, Vasudevan K, Kaur P, Ramamurthi B, Bitra S, Uppal K. Energy effi-
ciency in lighting: AC vs DC LED lights. In: International Conference on Sustainable 
Green Buildings and Communities (SGBC); December 2016. IEEE. pp. 1-4

[4] Ciriminna R, Meneguzzo F, Albanese L, Pagliaro M. Solar street lighting: A key technol-
ogy en route to sustainability. Wiley Interdisciplinary Reviews: Energy and Environment. 
2017;6(2). DOI: 10.1002/wene.218

[5] Willems S, Aerts W. Study and Simulation of a DC Micro Grid with focus on Efficiency, 
Use of Materials and Economic Constraints. Leuven, Belgium: University of Leuven; 
2014

DC Network Indoor and Outdoor LED Lighting
http://dx.doi.org/10.5772/intechopen.74974

33



Nowadays and according to these results, this technology has still a further step to evolve 
before autonomous pole luminaries can be used on high-density traffic roads worldwide with 
autonomy assurance. However, many demonstration projects are already being constructed. 
For example, autonomous PV luminaires have been installed in the A−62 motorway (ME3 
road), in Salamanca, Spain. In this case, promoters also appraise the quick installation process 
(only 3 days) that avoids large dangerous installation process along traffic conditions.

5. Conclusions

Many Scientifics and technicians consider that the conversion of the lighting sector toward a 
full DC environment is its natural evolution trend as LED technology has become the basic 
engine of almost any new equipment developed for both indoor and outdoor applications.

Better energy efficiencies and larger lifetime expectations are the basic economic forces that 
are conducting this process that, nevertheless, is still facing considerable challenges in this 
primitive stage of development.

The unavailability of DC infrastructures and the lack of training/educations are the main 
drawbacks that are being overcome as universities and private research centers have consid-
ered this a priority research line. However, some other concerns are still far to be solved such 
as the consolidations of worldwide regulations and standards that ensure acceptable energy 
savings and total human safety. The first parameter varies significantly in each experimen-
tal installations ranging from 3 to 30% [18]. This will also lead to establish common safety 
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procedures and voltage levels for LED-lighting DC grids that will allow mass production of 
devices that may work anywhere as well as their AC equivalents.

Considering the relationship between LEDs and PV energy generation, the direct intercon-
nection possibility and the advance in efficiency of the new light emitters have renewed the 
interest in autonomous applications, both stand-alone and with a backup energy grid. Thus, 
the number of solar-powered LED equipment installed is increasing exponentially. However, 
a further step in the evolution of these two technologies is still expected to improve the inte-
gration capability and the autonomy in high-latitude locations.
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Abstract

Recently, thermally activated delayed fluorescence (TADF) organic light-emitting diodes 
(OLEDs) have attracted both academic and industrial interest due to their extraordinary 
characteristics, such as high efficiency, low driving voltage, bright luminance, lower 
power consumption, and potentially long lifetime. In this chapter, various approaches to 
realize white OLEDs (WOLEDs) with TADF emitters have been introduced. The recent 
development of WOLEDs based on all TADF emitters, WOLEDs based on TADF and 
conventional fluorescence emitters, and WOLEDs based on TADF and phosphorescence 
emitters is highlighted. Particularly, the device structures, design strategies, working 
mechanisms, and electroluminescent processes of the representative high-performance 
WOLEDs with TADF emitters are reviewed. Moreover, challenges and opportunities for 
further enhancement of the performance of WOLEDs with TADF emitters are presented.

Keywords: white, organic light-emitting diodes, thermally activated delayed 
fluorescence, lighting, display

1. Introduction

In 1987, Tang and his coworker reported the first organic light-emitting diodes (OLED) [1]. 
Since then, OLEDs have been the object of intense research because of the superior proper-
ties, including bright luminance, excellent efficiency, fast response, good stability as well as 
the flexible characteristic [2–5]. Currently, there are a large number of available commercial 
applications in our life, such as televisions, lamps as well as cell phones. In addition, after the 
invention of OLED, other kinds of LEDs (e.g., polymer LED, quantum-dot LED, nanoplatelet 
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LED, and perovskite LED) were also reported [6–10]. By dint of the strategies used in OLEDs, 
the performance of these LEDs can be greatly enhanced. Besides, with the increasing under-
standing of the insight of OLEDs, the concepts utilized in OLEDs can also be applied to other 
optoelectrical devices, which is beneficial to the development of related fields [11–13].

To satisfy the requirements of energy-saving lighting and high-quality displays, white OLED 
(WOLED) has been considered to be one of the most promising candidates. Since the pioneer 
WOLEDs made by Kido and his coworkers, the WOLED technology is greatly improved [14, 
15]. During the last 24 years, the power efficiency (PE) was enhanced from less than 1 lm/W 
to more than 100 lm/W [16–18], indicating that WOLEDs are promising for the lighting and 
displays filed. In terms of lighting application, WOLEDs require a standard fluorescent tube 
efficiency (40–70 lm/W) and ≥10,000 h of lifetime at the luminance of ≥1000 cd/m2 [19–21]. 
Besides, the color rendering index (CRI) above 80 is required for the indoor lighting, and 
the Commission International de L’Eclairage (CIE) chromaticity coordinates of WOLEDs 
should be located near white light equal-energy point (0.33, 0.33) [22–25]. Moreover, for the 
high-quality lighting, other characterization parameters (e.g., correlated color temperature 
(CCT), color stability, and driving voltage) of WOLEDs are also required to be taken into 
account [26–30].

In 2012, Adachi et al. made a breakthrough on the thermally activated delayed fluorescence 
(TADF) material, which has been considered as the third-generation OLED emitter [31–33]. 
Different from the conventional fluorescent emitters in which only the singlet excitons (25%) 
can emit light since the radiative decay of triplet excitons (75%) is spin forbidden, TADF 
emitters could harness both singlet and triplet excitons since triplet excitons can be harvested 
as delayed fluorescence through their upconversion from a lowest triplet state to a lowest 
singlet state by inducing an efficient reverse intersystem crossing (RISC) [34–38]. Therefore, 
similar to phosphorescence emitters, a maximum internal quantum efficiency (IQE) of 100% 
can be realized [39–42]. Due to the outstanding properties (e.g., free noble metal, high effi-
ciency, low driving voltage, bright luminance, lower power consumption, and potentially 
long lifetime), TADF emitters have been actively investigated to develop WOLEDs [43–45]. 
Although efficient TADF emitters were only demonstrated 6 years ago and WOLEDs with 
TADF emitters were just reported 4 years ago, the performance of WOLEDs with TADF 
emitters has been improved step by step [46]. For example, WOLEDs with TADF emitters 
can exhibit nearly 20% external quantum efficiency (EQE) [47], which is comparable to state-
of-the-art phosphorescence WOLEDs and fluorescence/phosphorescence hybrid WOLEDs 
[29, 30, 48–54]. Thus, WOLEDs with all TADF emitters have great potential to the lighting 
and display field.

Herein, we first introduced the basic concepts of TADF emitters, which are beneficial to com-
prehend WOLEDs with TADF emitters. Then, we summarize the main approaches to real-
ize WOLEDs with TADF emitters in recent years. More specifically, we highlight the recent 
development of WOLEDs based on all TADF emitters, WOLEDs based on TADF and conven-
tional fluorescence emitters, and WOLEDs based on TADF and phosphorescence emitters. 
Particularly, the device structures, design strategies, working mechanisms, and electrolumi-
nescent processes of the representative high-performance WOLEDs with TADF emitters are 
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reviewed. Finally, challenges and opportunities for further enhancement of the performance 
of WOLEDs with TADF emitters are presented.

2. Fundamental concepts of TADF emitters

Due to the effect of spin statistics, when holes injected from the anode meet electrons injected 
from the cathode, singlet and triplet excitons will be formed with a ratio of 1:3 [55]. In the case 
of the first-generation OLED emitters (i.e., conventional fluorescence emitters), only the sin-
glet excitons (25%) can emit light since the radiative decay of triplet excitons (75%) is spin for-
bidden, as shown in Figure 1. Therefore, the EQE of fluorescence WOLEDs is usually below 
5%, considering that the outcoupling factor is ~20%. For the second-generation OLED emitters 
(i.e., phosphorescence emitters), they can not only harvest triplet excitons via the triplet-trip-
let energy transfer but also harvest singlet excitons via the singlet-triplet intersystem crossing 
process (ISC) due to the heavy-atom effect [56]. Thus, the EQE of phosphorescence WOLEDs 
can be as high as 20%.

In terms of the third-generation OLED emitters (i.e., TADF emitters), a small energy gap 
(△EST) between singlet (S1) and triplet (T1) excited states is required and can be attained by 
carefully designing organic molecules [31]. Generally, the S1 level was considerably higher in 
energy than the T1 level by 0.5–1.0 eV, because of the electron exchange energy between these 

Figure 1. An energy diagram of a conventional organic molecule. H is hole and e is electron. Reproduced from Ref. [31].
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Figure 1. An energy diagram of a conventional organic molecule. H is hole and e is electron. Reproduced from Ref. [31].
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levels. However, to enhance thermal upconversion (i.e., T1 → S1 RISC), the molecular design 
of TADF materials requires small △EST, typically less than 0.2 eV, to overcome competitive 
non-radiative decay pathways, leading to highly luminescent TADF materials [57]. In addi-
tion, to enhance the photoluminescence efficiency of TADF materials, the geometrical change 
in molecular conformation between its ground state (S0) and S1 states should be restrained to 
suppress non-radiative decay. As a result, the maximum theoretical IQE of TADF emitters 
can be 100%.

3. Approaches to realize WOLEDs with TADF emitters

3.1. Basic aspects of WOLEDs with TADF emitters

Similar to phosphorescence emitters, the use of TADF emitters is very promising to achieve 
WOLEDs. This is because TADF emitters can (1) harness triplet excitons, (2) exhibit excellent 
efficiency, and (3) show usually broad emission spectra with rather large full width at half 
maximum of about 100 nm, which is wider than that of conventional fluorescent materials 
because of their charge-transfer nature [31–47].

To attain the high performance, the device structures, design strategies, working mechanisms, 
and electroluminescent processes of the WOLEDs with TADF emitters should be well manip-
ulated. For example, unlike conventional fluorescence emitters, the T1 of TADF emitters is 
necessary to be considered when designing a WOLED architecture, since hosts or nearby lay-
ers with low T1 would quench the triplet excitons, which leads to the low efficiency. Besides, 
the location of TADF emitters is needed to be investigated, since the energy transfer would 
occur between the contacted different emitters (e.g., energy can transfer from high-energy 
TADF emitters to low-energy emitters). To date, various approaches have been reported to 
develop WOLEDs with TADF emitters, such as the exploitation of all TADF emitters, the 
combination of TADF and conventional fluorescence emitters, and the mixture of TADF and 
phosphorescence emitters.

3.2. WOLEDs with all TADF emitters

The most directed approach to develop WOLEDs with TADF emitters is the exploitation of 
all TADF emitters. That is to say, all blue, green, and red emitters are TADF materials. By 
selecting high-T1 hosts and charge transport materials, high-performance WOLEDs can be 
attained. More specifically, the conventional fluorescent host should possess high T1, which 
should be particularly higher than the blue TADF materials. Otherwise, the triplet excitons 
of emitters would be quenched by the host, resulting in low performance. Moreover, high-T1 
charge transport materials should be selected, which is used to confine the triplet excitons in 
the EML, leading to the excitons being well consumed.

Adachi and his coworkers for the first time adopted such an approach to develop highly efficient 
WOLEDs with all TADF emitters [46]. Figure 2 depicts the device structure: ITO/1,4,5,8,9,11-
hexaazatriphenylene hexacarbonitrile (HAT-CN, 10 nm)/9,9′,9″-triphenyl-9H,9’H,9”H-3,3′:6′,3″-
tercarbazole (Tris-PCz, 35 nm)/10 wt% 1,2,3,4-tetrakis(carbazol-9-yl)-5,6-dicyanobenzene 
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(4CzPN): 3,3-Di(9H-carbazol-9-yl)biphenyl (mCBP, green EML) (x nm)/6 wt% 4CzPN: 2 wt% 
41,4-dicyano-2,3,5,6-tetrakis (3,6-diphenylcarbazol-9-yl)benzene (CzTPN-Ph): mCBP (red EML) 
(y nm)/10 wt% 9-(3-(9H-carbazol-9-yl)-9-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-9H-carba-
zol-6-yl)-9H-carbazole (3CzTRZ): 2,8-bis(diphenylphosphoryl) dibenzo-[b,d] thiophene (PPT, 
blue EML) (z nm)/PPT (50 nm)/LiF/Al. In this device, the T1 level of mCBP host is 2.9 eV, which 
is much higher than that of blue, green, and red TADF emitters, ensuring the high efficiency. 
Besides, PPT has a high T1 of 3.1 eV, suggesting a good confinement of the triplet excitons. By 
optimizing the charge generation zone via the adjustment of different EML thickness (the total 
thickness is set to be x + y + z = 15 nm), the WOLED achieved a maximum EQE of over 17%, a 
peak PE of 34.1 lm/W with CIE coordinates of (0.30, 0.38).

3.3. WOLEDs with TADF and conventional fluorescence emitters

Considering that triplets could be harnessed by TADF emitters, it is promising to realize the 
unity IQE by combining traditional fluorescent materials with TADF emitters [61]. For such 
an approach, the TADF molecules would act as the triplet harvester, which is used to harness 
the triplets for the conventional other-color fluorescence materials. As a result, highly efficient 
white light can be produced [42–44].

In 2016, Li et al. reported high-efficiency and high CRI WOLEDs with the chromaticity-
adjustable yellow TADF emitter 2-(4-phenoxazinephenyl)thianthrene-9,9′,10,10′-tetraoxide 

Figure 2. The WOLED structures and energy level diagram. Reproduced from Ref. [46].
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levels. However, to enhance thermal upconversion (i.e., T1 → S1 RISC), the molecular design 
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non-radiative decay pathways, leading to highly luminescent TADF materials [57]. In addi-
tion, to enhance the photoluminescence efficiency of TADF materials, the geometrical change 
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WOLEDs. This is because TADF emitters can (1) harness triplet excitons, (2) exhibit excellent 
efficiency, and (3) show usually broad emission spectra with rather large full width at half 
maximum of about 100 nm, which is wider than that of conventional fluorescent materials 
because of their charge-transfer nature [31–47].

To attain the high performance, the device structures, design strategies, working mechanisms, 
and electroluminescent processes of the WOLEDs with TADF emitters should be well manip-
ulated. For example, unlike conventional fluorescence emitters, the T1 of TADF emitters is 
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TADF emitters to low-energy emitters). To date, various approaches have been reported to 
develop WOLEDs with TADF emitters, such as the exploitation of all TADF emitters, the 
combination of TADF and conventional fluorescence emitters, and the mixture of TADF and 
phosphorescence emitters.

3.2. WOLEDs with all TADF emitters

The most directed approach to develop WOLEDs with TADF emitters is the exploitation of 
all TADF emitters. That is to say, all blue, green, and red emitters are TADF materials. By 
selecting high-T1 hosts and charge transport materials, high-performance WOLEDs can be 
attained. More specifically, the conventional fluorescent host should possess high T1, which 
should be particularly higher than the blue TADF materials. Otherwise, the triplet excitons 
of emitters would be quenched by the host, resulting in low performance. Moreover, high-T1 
charge transport materials should be selected, which is used to confine the triplet excitons in 
the EML, leading to the excitons being well consumed.

Adachi and his coworkers for the first time adopted such an approach to develop highly efficient 
WOLEDs with all TADF emitters [46]. Figure 2 depicts the device structure: ITO/1,4,5,8,9,11-
hexaazatriphenylene hexacarbonitrile (HAT-CN, 10 nm)/9,9′,9″-triphenyl-9H,9’H,9”H-3,3′:6′,3″-
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blue EML) (z nm)/PPT (50 nm)/LiF/Al. In this device, the T1 level of mCBP host is 2.9 eV, which 
is much higher than that of blue, green, and red TADF emitters, ensuring the high efficiency. 
Besides, PPT has a high T1 of 3.1 eV, suggesting a good confinement of the triplet excitons. By 
optimizing the charge generation zone via the adjustment of different EML thickness (the total 
thickness is set to be x + y + z = 15 nm), the WOLED achieved a maximum EQE of over 17%, a 
peak PE of 34.1 lm/W with CIE coordinates of (0.30, 0.38).

3.3. WOLEDs with TADF and conventional fluorescence emitters

Considering that triplets could be harnessed by TADF emitters, it is promising to realize the 
unity IQE by combining traditional fluorescent materials with TADF emitters [61]. For such 
an approach, the TADF molecules would act as the triplet harvester, which is used to harness 
the triplets for the conventional other-color fluorescence materials. As a result, highly efficient 
white light can be produced [42–44].

In 2016, Li et al. reported high-efficiency and high CRI WOLEDs with the chromaticity-
adjustable yellow TADF emitter 2-(4-phenoxazinephenyl)thianthrene-9,9′,10,10′-tetraoxide 
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(PXZDSO2) [47]. By combining the conventional deep-blue fluorescence emitter NI-1-
PhTPA and PXZDSO2, the two-color WOLED showed a maximum EQE of 15.8% (device 
W3). Then, since the chromaticity of the EML containing PXZDSO2 could be tuned to 
yellowish green, they introduced a deep-red fluorescence emitter DBP (dibenzo{[f,f′]-4, 
4′,7,7′-tetraphenyl}diindeno[1,2,3-cd:1′,2′,3′-lm]perylene) subtly to fabricate three-color 
WOLED, achieving the most efficient ever EQE of 19.2% with a CRI of 68 (device W4) 
and the highest ever CRI of 95 with an EQE of 15.6% (device W6). The configurations 
are ITO/HATCN/TAPC/EMLs/TmPyPB/LiF/Al, in which device W3 has the EML of CBP: 
8 wt% NI-1-PhTPA (10 nm)/CBP (3 nm)/CBP: 6 wt% PXZDSO2 (15 nm)/CBP (3 nm)/CBP: 
8 wt% NI-1-PhTPA (10 nm), device W4 has the EML of CBP: 7 wt% NI-1-PhTPA (10 nm)/
CBP (3 nm)/CBP: 3 wt% PXZDSO2 (5 nm)/CBP: 5 wt% PXZDSO2: 0.3 wt% DBP (5 nm)/
CBP:3 wt% PXZDSO2 (5 nm)/CBP (3 nm)/CBP: 7 wt% NI-1-PhTPA (10 nm), device W6 
has the EML of CBP: 10 wt% NI-1-PhTPA (10 nm)/CBP (3 nm)/CBP: 5 wt%PXZDSO2: 
0.35 wt% DBP (15 nm)/CBP (3 nm)/CBP: 10 wt% NI-1-PhTPA (10 nm). The device work-
ing mechanisms can be described as follows. For device W3, (1) since NI-1-PhTPA is a 
deep-blue fluorescence emitter and CBP: 6 wt% PXZDSO2 emits a yellow light with broad 
spectrum, high-performance two-color WOLEDs were realized; (2) given the almost equal 
T1 level of NI-1-PhTPA and PXZDSO2, the efficiency roll-off occurs if they are directly in 
contact due to the triplet exciton quenching by NI-1-PhTPA; (3) the efficiency roll-off can 
be further induced as the formed triplet excitons of NI-1-PhTPA cannot be utilized by 
PXZDSO2; (4) to stabilize the recombination zone which occurs in whole EMLs since NI-1-
PhTPA/CBP are bipolar and avoid triplet exciton quenching by NI-1-PhTPA, two 3-nm 
CBPs were inserted between the blue and yellow EMLs, restraining the inevitable Förster 

Figure 3. Function mechanisms of the use of singlets/triplets. (a) Device W3 and (b) devices W4 and W6. H, B, Y, and R 
represent CBP, NI-1-PhTPA, PXZDSO2, and DBP, respectively. Reproduced from Ref. [47].
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energy transfer from NI-1-PhTPA to PXZDSO2; (5) to reduce the triplet exciton energy 
loss via nonradiative transition process, blue-fluorescence emitter was dispersed in CBP 
for blue emission, leading to most excitons being generated at CBP; and (6) triplet energy 
transferred from CBP gives most of triplet excitons of PXZDSO2 since triplet excitons typi-
cally have long diffusion lengths (≈100 nm), as shown in Figure 3a. Hence, an EQE of 
15.8% was achieved for device W3. For device W4, (1) a deep-red fluorescence emitter DBP 
was conceived to be used; (2) PXZDSO2 was an assistant host for DBP to realize a red-
light emission due to an efficient energy transfer from the S1 of PXZDSO2; (3) the doping 
concentration of PXZDSO2 was decreased to reduce intermolecular aggregation and thus 
blue-shifted emission (20 nm), achieving green emission, complementary to emissions of 
NI-1-PhTPA and DBP; (4) a red EML of CBP: 5 wt% PXZDSO2: 0.3 wt% DBP was inserted 
between two green EMLs of CBP: 3 wt% PXZDSO2 to receive singlet exciton energy trans-
ferred from the PXZDSO2 molecules in both sides to give both green and red emissions; (5) 
the two doped blue EMLs and CBP interlayers located at both sides of the green EMLs to 
give a blue emission and to confine the PXZDSO2 triplet excitons, respectively, as shown 
in Figure 3b. Thus, an EQE of 19.2% was achieved for device W4. Furthermore, an EML 
consisting of improved DBP doping concentration was utilized instead of the green and 
red EMLs for candle-style warm WOLEDs (device W6), achieving a high CRI of 95.

3.4. WOLEDs with TADF and phosphorescence emitters

Since both TADF and phosphorescence emitters can harvest singlet and triplet excitons, 
the mixture of TADF and phosphorescence emitters is a significant approach to construct 
WOLEDs. By virtue of their respective advantages, high efficiency and long lifetime can be 
realized simultaneously [44, 58]. In particular, there is tremendous interest in mixing blue 
TADF emitters with green/red or complementary color phosphorescence emitters. This is 
because blue TADF materials (1) are naturally advantageous to achieve high triplet energies 
due to their reduced singlet-triplet splits, (2) can possess high efficiency, and (3) can harvest 
the triplets [59–61]. For this kind of WOLED (i.e., mixing blue TADF and other-color phospho-
rescence emitters), it is generally called hybrid WOLEDs [21].

In 2014, Zhang and coworkers demonstrated hybrid WOLEDs via the use of blue TADF 
emitter, obtaining the peak efficiency as high as 47.6 lm/W [59]. The device structure is ITO/
HATCN (5 nm)/NPB (40 nm)/TCTA (10 nm)/mCP: 4,5-bis(carbazol-9-yl)-1,2-dicyanobenzene 
(2CzPN, 11 nm, blue EML)/TAZ: 4 wt% (acetylacetonato)bis[2-(thieno[3,2-c]pyridin-4-yl)phe-
nyl]iridium(III) (PO-01, 4 nm, orange EML)/TAZ (40 nm)/LiF (0.5 nm)/Al (150 nm), as shown 
in Figure 4. The factors for the high performance are as follows: (1) mCP is chosen to be the 
host for 2CzPN due to the wide energy gap and high T1 of 3.0 eV, since the host of the TADF 
material plays an important role in determining the efficiency; (2) 2CzPN is placed nearest 
to the main recombination zone, ensuring that excitons can diffuse throughout the emissive 
region to produce a desired color-balanced output; (3) triplets formed on 2CzPN can be har-
vested by either energy transfer to the low-lying triplet states of the phosphor PO-01 (2.2 eV) 
or thermal upconversion to the emissive singlet states, eliminating the energy loss; and (4) 
the recombination zone is fixed as the voltage increases by 2CzPN due to its charge-trapping 
ability, achieving a stable white emission.
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energy transfer from NI-1-PhTPA to PXZDSO2; (5) to reduce the triplet exciton energy 
loss via nonradiative transition process, blue-fluorescence emitter was dispersed in CBP 
for blue emission, leading to most excitons being generated at CBP; and (6) triplet energy 
transferred from CBP gives most of triplet excitons of PXZDSO2 since triplet excitons typi-
cally have long diffusion lengths (≈100 nm), as shown in Figure 3a. Hence, an EQE of 
15.8% was achieved for device W3. For device W4, (1) a deep-red fluorescence emitter DBP 
was conceived to be used; (2) PXZDSO2 was an assistant host for DBP to realize a red-
light emission due to an efficient energy transfer from the S1 of PXZDSO2; (3) the doping 
concentration of PXZDSO2 was decreased to reduce intermolecular aggregation and thus 
blue-shifted emission (20 nm), achieving green emission, complementary to emissions of 
NI-1-PhTPA and DBP; (4) a red EML of CBP: 5 wt% PXZDSO2: 0.3 wt% DBP was inserted 
between two green EMLs of CBP: 3 wt% PXZDSO2 to receive singlet exciton energy trans-
ferred from the PXZDSO2 molecules in both sides to give both green and red emissions; (5) 
the two doped blue EMLs and CBP interlayers located at both sides of the green EMLs to 
give a blue emission and to confine the PXZDSO2 triplet excitons, respectively, as shown 
in Figure 3b. Thus, an EQE of 19.2% was achieved for device W4. Furthermore, an EML 
consisting of improved DBP doping concentration was utilized instead of the green and 
red EMLs for candle-style warm WOLEDs (device W6), achieving a high CRI of 95.

3.4. WOLEDs with TADF and phosphorescence emitters

Since both TADF and phosphorescence emitters can harvest singlet and triplet excitons, 
the mixture of TADF and phosphorescence emitters is a significant approach to construct 
WOLEDs. By virtue of their respective advantages, high efficiency and long lifetime can be 
realized simultaneously [44, 58]. In particular, there is tremendous interest in mixing blue 
TADF emitters with green/red or complementary color phosphorescence emitters. This is 
because blue TADF materials (1) are naturally advantageous to achieve high triplet energies 
due to their reduced singlet-triplet splits, (2) can possess high efficiency, and (3) can harvest 
the triplets [59–61]. For this kind of WOLED (i.e., mixing blue TADF and other-color phospho-
rescence emitters), it is generally called hybrid WOLEDs [21].

In 2014, Zhang and coworkers demonstrated hybrid WOLEDs via the use of blue TADF 
emitter, obtaining the peak efficiency as high as 47.6 lm/W [59]. The device structure is ITO/
HATCN (5 nm)/NPB (40 nm)/TCTA (10 nm)/mCP: 4,5-bis(carbazol-9-yl)-1,2-dicyanobenzene 
(2CzPN, 11 nm, blue EML)/TAZ: 4 wt% (acetylacetonato)bis[2-(thieno[3,2-c]pyridin-4-yl)phe-
nyl]iridium(III) (PO-01, 4 nm, orange EML)/TAZ (40 nm)/LiF (0.5 nm)/Al (150 nm), as shown 
in Figure 4. The factors for the high performance are as follows: (1) mCP is chosen to be the 
host for 2CzPN due to the wide energy gap and high T1 of 3.0 eV, since the host of the TADF 
material plays an important role in determining the efficiency; (2) 2CzPN is placed nearest 
to the main recombination zone, ensuring that excitons can diffuse throughout the emissive 
region to produce a desired color-balanced output; (3) triplets formed on 2CzPN can be har-
vested by either energy transfer to the low-lying triplet states of the phosphor PO-01 (2.2 eV) 
or thermal upconversion to the emissive singlet states, eliminating the energy loss; and (4) 
the recombination zone is fixed as the voltage increases by 2CzPN due to its charge-trapping 
ability, achieving a stable white emission.
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Although high-performance hybrid WOLEDs based on TADF materials have been dem-
onstrated, there are still some problems, even for these state-of-the-art devices [59–61]. For 
example, (1) the driving voltages are somewhat high (e.g., 3.2 V at 1 cd m−2 [61]); (2) the lumi-
nances are very low (e.g., only ~10,000 cd m−2 [61]); (3) the efficiency at high luminance is not 
high (e.g., <6 lm W−1 at 10,000 cd m−2 [61]); (4) the CRI is not high enough; and (5) negligible 
attention has been paid to the lifetime of TADF-based hybrid WOLED.

To solve the issues, Luo et al. recently reported high-performance two-color and three-color 
hybrid WOLEDs [62]. The two-color WOLED exhibits (1) low voltage (i.e., 2.9 V at 1 cd m−2); 
(2) high luminance (103,756 cd m−2); (3) maximum EQE and PE of 23.5% and 70.92 lm W−1, 
respectively; and (4) 21.59 lm W−1 at 10,000 cd m−2. The three-color WOLED exhibits (1) 
low voltage and high luminance (51,514 cd m−2); (2) superior CRI of 94; and (3) EQE and 
PE of 17.3% and 46.09 lm W−1, respectively. The configuration of the two-color WOLEDs is 
ITO/HAT-CN (100 nm)/TAPC (20 nm)/mCP: 9,9′,9″,9′′′-((6-phenyl-1,3,5-triazine-2,4-diyl)
bis(benzene-5,3,1-triyl))tetrakis(9H-carbazole) (DDCzTrz, 10 nm, 20%)/interlayers (3 nm)/
bis[2-(2-hydroxyphenyl)-pyridine] beryllium (Bepp2): bis(2-phenyl-4,5-dimethylpyridinato)
[2-(biphenyl-3-yl)pyridinato] iridium(III) (Ir(dmppy)2(dpp), 15 nm, 1:2%)/Bepp2 (35 nm)/

Figure 4 Schematic diagrams of the working mechanisms. The gray-filled rectangle represents the main exciton 
generation zone. PF is the prompt fluorescence while DF is the delayed fluorescence. RISC indicates the reverse ISC 
and ET denotes the energy transfer. Reproduced from Ref. [59] with permission from the Royal Society of Chemistry.
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LiF (1 nm)/Al (160 nm), where interlayers are none, mCP and 2,6-bis(3-(carbazol-9-yl)phe-
nyl)pyridine (26DCzPPy) for devices W11, W12, and W13, respectively. The configuration 
of the two-color WOLED is ITO/HAT-CN (100 nm)/TAPC (20 nm)/mCP: DDCzTrz (10 nm, 
20%)/26DCzPPy (interlayer, 3 nm)/Bepp2: Ir(dmppy)2(dpp): Ir(piq)3 (15 nm, 1: 2%: 1.3%)/Bepp2 
(35 nm)/LiF (1 nm)/Al (160 nm). Unlike previous TADF-based hybrid WOLEDs, the bipolar 
interlayer is demonstrated to enhance the performance. Particularly, it is demonstrated that 
the use of interlayer can enhance the lifetime (2.3 times). The working mechanism of the two-
color WOLED can be described as follows, which is beneficial to comprehend the reason 
why the bipolar interlayer can enhance the performance. For W11, since mCP and Bepp2 are 
p-type and n-type materials, respectively, holes and electrons are easily accumulated at the 
mCP/Bepp2 interface, forming singlet and triplet excitons, as shown in Figure 5a. The trip-
lets on blue EML can (1) convert into singlets via the RISC procedure and then generate the 
blue emission, and (2) transfer to the low energy of yellow phosphor Ir(dmppy)2(dpp) via 
the Dexter process and then generate part of yellow emission (the other part of yellow emis-
sion is originated from excitons on the yellow EML). However, the main exciton generation 

Figure 5 A schematic illustration of the working mechanism of (a) W11, (b) W12, and (c) W13. The gray-filled rectangles 
are the main exciton generation zones. The Dexter energy transfer can occur in W11, while it is prohibited in both W12 
and W13. Reproduced from Ref. [62].
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Although high-performance hybrid WOLEDs based on TADF materials have been dem-
onstrated, there are still some problems, even for these state-of-the-art devices [59–61]. For 
example, (1) the driving voltages are somewhat high (e.g., 3.2 V at 1 cd m−2 [61]); (2) the lumi-
nances are very low (e.g., only ~10,000 cd m−2 [61]); (3) the efficiency at high luminance is not 
high (e.g., <6 lm W−1 at 10,000 cd m−2 [61]); (4) the CRI is not high enough; and (5) negligible 
attention has been paid to the lifetime of TADF-based hybrid WOLED.

To solve the issues, Luo et al. recently reported high-performance two-color and three-color 
hybrid WOLEDs [62]. The two-color WOLED exhibits (1) low voltage (i.e., 2.9 V at 1 cd m−2); 
(2) high luminance (103,756 cd m−2); (3) maximum EQE and PE of 23.5% and 70.92 lm W−1, 
respectively; and (4) 21.59 lm W−1 at 10,000 cd m−2. The three-color WOLED exhibits (1) 
low voltage and high luminance (51,514 cd m−2); (2) superior CRI of 94; and (3) EQE and 
PE of 17.3% and 46.09 lm W−1, respectively. The configuration of the two-color WOLEDs is 
ITO/HAT-CN (100 nm)/TAPC (20 nm)/mCP: 9,9′,9″,9′′′-((6-phenyl-1,3,5-triazine-2,4-diyl)
bis(benzene-5,3,1-triyl))tetrakis(9H-carbazole) (DDCzTrz, 10 nm, 20%)/interlayers (3 nm)/
bis[2-(2-hydroxyphenyl)-pyridine] beryllium (Bepp2): bis(2-phenyl-4,5-dimethylpyridinato)
[2-(biphenyl-3-yl)pyridinato] iridium(III) (Ir(dmppy)2(dpp), 15 nm, 1:2%)/Bepp2 (35 nm)/

Figure 4 Schematic diagrams of the working mechanisms. The gray-filled rectangle represents the main exciton 
generation zone. PF is the prompt fluorescence while DF is the delayed fluorescence. RISC indicates the reverse ISC 
and ET denotes the energy transfer. Reproduced from Ref. [59] with permission from the Royal Society of Chemistry.
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LiF (1 nm)/Al (160 nm), where interlayers are none, mCP and 2,6-bis(3-(carbazol-9-yl)phe-
nyl)pyridine (26DCzPPy) for devices W11, W12, and W13, respectively. The configuration 
of the two-color WOLED is ITO/HAT-CN (100 nm)/TAPC (20 nm)/mCP: DDCzTrz (10 nm, 
20%)/26DCzPPy (interlayer, 3 nm)/Bepp2: Ir(dmppy)2(dpp): Ir(piq)3 (15 nm, 1: 2%: 1.3%)/Bepp2 
(35 nm)/LiF (1 nm)/Al (160 nm). Unlike previous TADF-based hybrid WOLEDs, the bipolar 
interlayer is demonstrated to enhance the performance. Particularly, it is demonstrated that 
the use of interlayer can enhance the lifetime (2.3 times). The working mechanism of the two-
color WOLED can be described as follows, which is beneficial to comprehend the reason 
why the bipolar interlayer can enhance the performance. For W11, since mCP and Bepp2 are 
p-type and n-type materials, respectively, holes and electrons are easily accumulated at the 
mCP/Bepp2 interface, forming singlet and triplet excitons, as shown in Figure 5a. The trip-
lets on blue EML can (1) convert into singlets via the RISC procedure and then generate the 
blue emission, and (2) transfer to the low energy of yellow phosphor Ir(dmppy)2(dpp) via 
the Dexter process and then generate part of yellow emission (the other part of yellow emis-
sion is originated from excitons on the yellow EML). However, the main exciton generation 

Figure 5 A schematic illustration of the working mechanism of (a) W11, (b) W12, and (c) W13. The gray-filled rectangles 
are the main exciton generation zones. The Dexter energy transfer can occur in W11, while it is prohibited in both W12 
and W13. Reproduced from Ref. [62].
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zone of W11 is narrow, unfavorable to the performance. Similarly, the main exciton genera-
tion zone of W12 is located at the mCP interlayer/Bepp2 interface, as shown in Figure 5b. As 
a result, excitons are more easily harvested by Ir(dmppy)2(dpp) instead of DDCzTrz since 
Ir(dmppy)2(dpp) is close to the main exciton generation zone. However, a part of electrons 
can pass through the thin interlayer via the tunneling process and then meet holes, which can 
generate excitons to guarantee the blue emission. For W13, by way of the bipolar interlayer 
and the suitable energy levels of 26DCzPPy, both holes and electrons can be easily passed 
through 26DCzPPy, as shown in Figure 5c. As a result, excitons can be formed at both the 
mCP/26DCzPPy and 26DCzPPy/Bepp2 interfaces, leading to a broad exciton generation zone, 
which ensure the high performance of W23. Besides, since the Dexter energy transfer from 
DDCzTrz to Ir(dmppy)2(dpp) is also prevented due to the 3 nm 26DCzPPy, the yellow emis-
sion mainly results from excitons on the yellow EML.

Another effective approach to develop WOLEDs with TADF and phosphorescence emitters is 
the mixture of green TADF and other-color phosphorescence emitters. In this case, the TADF 
emitters are adopted as the emitters for WOLEDs because they may be compatible with phos-
phorescence emitters and not quench triplet excitons of the phosphorescence emitters, other-
wise triplet excitons will be wasted.

Kim et al. reported this approach by combining a green TADF with red/blue phosphores-
cence materials to organize high-efficiency hybrid-type WOLEDs [45]. In their WOLED, 
energy transfer between a blue phosphorescent material and a green TADF emitter was 
efficient and could be managed by controlling the doping concentration of emitters. A 
maximum EQE of 20.2% was achieved by optimizing the device structure of the hybrid-
type WOLEDs. The device structure is ITO (50 nm)/poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonate) (PEDOT:PSS, 60 nm)/TAPC (20 nm)/mCP (10 nm)/mCP: iridium(III) 
bis[(4,6-difluorophenyl)-pyridinato-N,C2]picolinate (FIrpic): (4 s,6 s)-2,4,5,6-tetra(9H-
carbazol-9-yl)isophthalonitrile (4CzIPN) (12.5 nm)/TPBI: Ir(pq)2acac (12.5 nm, 3%)/diphe-
nylphosphine oxide-4-(triphenylsilyl)phenyl (TSPO1, 35 nm)/LiF (1 nm)/Al (200 nm), where 
4CzIPN is the green TADF emitter, and FIrpic and Ir(pq)2acac are blue and red phosphores-
cence emitter, respectively, as shown in Figure 6. To explore the possibility of this type of 
WOLEDs, hybrid OLEDs with blue-emitting FIrpic and green-emitting 4CzIPN were first 
fabricated. By optimizing the concentration of FIrpic and 4CzIPN, a maximum EQE of the 
hybrid OLEDs was 19.2% at 5% FIrpic and 0.5% 4CzIPN. Given that the EQE of mCP: FIrpic 
OLED is <20%, such superior EQE of hybrid OLED suggests that 4CzIPN would not quench 
FIrpic triplet emission. In fact, T1 of FIrpic can be transferred to 4CzIPN and then make a con-
tribution to the 4CzIPN TADF emission. For this hybrid OLED, there are three main energy 
transfer processes, that is, energy transfer processes from mCP to FIrpic, mCP to 4CzIPN, 
and FIrpic to 4CzIPN dominate the blue and green emissions of the hybrid OLEDs. After 
the successful exploration of hybrid OLED, Kim et al. combined this system and red phos-
phorescence emitting layers, attaining high-efficiency WOLEDs. The factors for the high-
performance of WOLEDs can be summarized as follows: (1) the hybrid OLEDs doped with 
FIrpic and 4CzIPN showed a high quantum efficiency, which ensure the high efficiency of 
blue-green-emitting layer. In this emitting layer, energy transfer from FIrpic to 4CzIPN is 
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efficient, leading to no non-radiative triplet exciton quenching of FIrpic by 4CzIPN. (2) The 
energy transfer from mCP to dopant materials in the FIrpic and 4CzIPN co-doped emitting 
layer is very efficient. (3) FIrpic activates the delayed emission of 4CzIPN through an efficient 
energy transfer, which resulted in the high quantum efficiency of the hybrid-emitting layer. 
(4) The balanced charge density in the emitting layer contributed to the high quantum effi-
ciency. The TPBI: Ir(pq)2acac-emitting layer efficiently injects electrons due to electron trans-
port properties of TPBI, which improved charge balance in the emitting layer in combination 
with hole transport-type mCP: FIrpic: 4CzIPN-emitting layer.

4. Summary and outlook

As a novel kind of OLED emitter, TADF materials show many unique characteristics, which 
have been demonstrated to develop high-performance WOLEDs. Thanks to the hard endeav-
ors of researchers, the performance of WOLEDs is now comparable to state-of-the-art phos-
phorescence WOLEDs and fluorescence/phosphorescence hybrid WOLEDs. In this chapter, 
the focus is the development of WOLEDs by manipulating TADF emitters. Specifically, we 
highlight the recent development of WOLEDs based on all TADF emitters, WOLEDs based 
on TADF and conventional fluorescence emitters, and WOLEDs based on TADF and phos-
phorescence emitters. Particularly, the device structures, design strategies, working mecha-
nisms, and electroluminescent processes of the representative high-performance WOLEDs 
with TADF emitters are reviewed.

Figure 6. The energy level diagram and device architecture of the WOLED. Reproduced from Ref. [45].
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zone of W11 is narrow, unfavorable to the performance. Similarly, the main exciton genera-
tion zone of W12 is located at the mCP interlayer/Bepp2 interface, as shown in Figure 5b. As 
a result, excitons are more easily harvested by Ir(dmppy)2(dpp) instead of DDCzTrz since 
Ir(dmppy)2(dpp) is close to the main exciton generation zone. However, a part of electrons 
can pass through the thin interlayer via the tunneling process and then meet holes, which can 
generate excitons to guarantee the blue emission. For W13, by way of the bipolar interlayer 
and the suitable energy levels of 26DCzPPy, both holes and electrons can be easily passed 
through 26DCzPPy, as shown in Figure 5c. As a result, excitons can be formed at both the 
mCP/26DCzPPy and 26DCzPPy/Bepp2 interfaces, leading to a broad exciton generation zone, 
which ensure the high performance of W23. Besides, since the Dexter energy transfer from 
DDCzTrz to Ir(dmppy)2(dpp) is also prevented due to the 3 nm 26DCzPPy, the yellow emis-
sion mainly results from excitons on the yellow EML.

Another effective approach to develop WOLEDs with TADF and phosphorescence emitters is 
the mixture of green TADF and other-color phosphorescence emitters. In this case, the TADF 
emitters are adopted as the emitters for WOLEDs because they may be compatible with phos-
phorescence emitters and not quench triplet excitons of the phosphorescence emitters, other-
wise triplet excitons will be wasted.

Kim et al. reported this approach by combining a green TADF with red/blue phosphores-
cence materials to organize high-efficiency hybrid-type WOLEDs [45]. In their WOLED, 
energy transfer between a blue phosphorescent material and a green TADF emitter was 
efficient and could be managed by controlling the doping concentration of emitters. A 
maximum EQE of 20.2% was achieved by optimizing the device structure of the hybrid-
type WOLEDs. The device structure is ITO (50 nm)/poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonate) (PEDOT:PSS, 60 nm)/TAPC (20 nm)/mCP (10 nm)/mCP: iridium(III) 
bis[(4,6-difluorophenyl)-pyridinato-N,C2]picolinate (FIrpic): (4 s,6 s)-2,4,5,6-tetra(9H-
carbazol-9-yl)isophthalonitrile (4CzIPN) (12.5 nm)/TPBI: Ir(pq)2acac (12.5 nm, 3%)/diphe-
nylphosphine oxide-4-(triphenylsilyl)phenyl (TSPO1, 35 nm)/LiF (1 nm)/Al (200 nm), where 
4CzIPN is the green TADF emitter, and FIrpic and Ir(pq)2acac are blue and red phosphores-
cence emitter, respectively, as shown in Figure 6. To explore the possibility of this type of 
WOLEDs, hybrid OLEDs with blue-emitting FIrpic and green-emitting 4CzIPN were first 
fabricated. By optimizing the concentration of FIrpic and 4CzIPN, a maximum EQE of the 
hybrid OLEDs was 19.2% at 5% FIrpic and 0.5% 4CzIPN. Given that the EQE of mCP: FIrpic 
OLED is <20%, such superior EQE of hybrid OLED suggests that 4CzIPN would not quench 
FIrpic triplet emission. In fact, T1 of FIrpic can be transferred to 4CzIPN and then make a con-
tribution to the 4CzIPN TADF emission. For this hybrid OLED, there are three main energy 
transfer processes, that is, energy transfer processes from mCP to FIrpic, mCP to 4CzIPN, 
and FIrpic to 4CzIPN dominate the blue and green emissions of the hybrid OLEDs. After 
the successful exploration of hybrid OLED, Kim et al. combined this system and red phos-
phorescence emitting layers, attaining high-efficiency WOLEDs. The factors for the high-
performance of WOLEDs can be summarized as follows: (1) the hybrid OLEDs doped with 
FIrpic and 4CzIPN showed a high quantum efficiency, which ensure the high efficiency of 
blue-green-emitting layer. In this emitting layer, energy transfer from FIrpic to 4CzIPN is 
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efficient, leading to no non-radiative triplet exciton quenching of FIrpic by 4CzIPN. (2) The 
energy transfer from mCP to dopant materials in the FIrpic and 4CzIPN co-doped emitting 
layer is very efficient. (3) FIrpic activates the delayed emission of 4CzIPN through an efficient 
energy transfer, which resulted in the high quantum efficiency of the hybrid-emitting layer. 
(4) The balanced charge density in the emitting layer contributed to the high quantum effi-
ciency. The TPBI: Ir(pq)2acac-emitting layer efficiently injects electrons due to electron trans-
port properties of TPBI, which improved charge balance in the emitting layer in combination 
with hole transport-type mCP: FIrpic: 4CzIPN-emitting layer.

4. Summary and outlook

As a novel kind of OLED emitter, TADF materials show many unique characteristics, which 
have been demonstrated to develop high-performance WOLEDs. Thanks to the hard endeav-
ors of researchers, the performance of WOLEDs is now comparable to state-of-the-art phos-
phorescence WOLEDs and fluorescence/phosphorescence hybrid WOLEDs. In this chapter, 
the focus is the development of WOLEDs by manipulating TADF emitters. Specifically, we 
highlight the recent development of WOLEDs based on all TADF emitters, WOLEDs based 
on TADF and conventional fluorescence emitters, and WOLEDs based on TADF and phos-
phorescence emitters. Particularly, the device structures, design strategies, working mecha-
nisms, and electroluminescent processes of the representative high-performance WOLEDs 
with TADF emitters are reviewed.

Figure 6. The energy level diagram and device architecture of the WOLED. Reproduced from Ref. [45].
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Although the performance of WOLEDs with TADF emitters has been enhanced over the past few 
years, there are still many challenges before they can be large-scale commercialized production, 
such as the efficiency, lifetime, and cost. However, it is deserved to point out that these issues are 
also hindrances for other kinds of WOLEDs. For example, there is still much room for the effi-
ciency of WOLEDs to the theoretical limit of 248 lm/W (standard light source (D65) from 400 to 
700 nm wavelength) [63]. Therefore, the photoluminescence quantum efficiency of the emissive 
materials (TADF or other-type emitters), the charge balance, and outcoupling efficiency of the 
devices should be further enhanced.

Besides, despite the efficiency of WOLEDs with TADF emitters that can be high enough, 
there are some other parameters that are needed to be enhanced. Particularly, the stabil-
ity and efficiency roll-off of WOLEDs with TADF emitters still lags behind other kinds 
of WOLEDs. For example, fluorescence WOLEDs can show an extremely long lifetime of 
150,000 h at an initial luminance of 1000 cd/m2 [64], while hybrid WOLEDs based on con-
ventional blue fluorescence emitters can possess a long lifetime of >30,000 h at 1000 cd/
m2 [65]. However, it is still difficult for WOLEDs with TADF emitters to achieve long life-
time, which may be attributed to the instability of TADF emitters. For example, Wang et al. 
recently reported the first WOLED with TADF emitters realizing long lifetime (2025 h 
at 1000 cd/m2) [66]. However, it is noted that the lifetime still cannot meet the require-
ment of large-scale commercialized productions. Hence, to solve this issue, stable TADF 
emitters are urgently explored [57]. In addition, fluorescence WOLEDs, hybrid WOLEDs 
based on conventional blue fluorescence emitters or even phosphorescence WOLEDs with 
extreme color stability (△CIE = (0.00, 0.00)) in the whole luminance/driving voltage have 
been reported [28, 67–70]. However, the color stability of WOLEDs with TADF emitters 
is usually unstable, indicating that more efforts are required to manage this difficulty. 
Furthermore, the efficiency roll-off in WOLEDs with TADF emitters is not ideal, particu-
larly for the PE roll-off [71]. As a consequence, only low efficiency can be attained at high 
luminances, which is not beneficial to the practical applications. To loosen this bottleneck, 
the charge balance, energy barriers between nearby layers, and materials selection should 
be well manipulated [72–76]. With the endeavor of academic and industrial researchers to 
enhance the materials design and device engineering, we believe that WOLEDs with TADF 
emitters can play a significant role in the marketplace in the near future, which is beneficial 
to our human society.
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Although the performance of WOLEDs with TADF emitters has been enhanced over the past few 
years, there are still many challenges before they can be large-scale commercialized production, 
such as the efficiency, lifetime, and cost. However, it is deserved to point out that these issues are 
also hindrances for other kinds of WOLEDs. For example, there is still much room for the effi-
ciency of WOLEDs to the theoretical limit of 248 lm/W (standard light source (D65) from 400 to 
700 nm wavelength) [63]. Therefore, the photoluminescence quantum efficiency of the emissive 
materials (TADF or other-type emitters), the charge balance, and outcoupling efficiency of the 
devices should be further enhanced.

Besides, despite the efficiency of WOLEDs with TADF emitters that can be high enough, 
there are some other parameters that are needed to be enhanced. Particularly, the stabil-
ity and efficiency roll-off of WOLEDs with TADF emitters still lags behind other kinds 
of WOLEDs. For example, fluorescence WOLEDs can show an extremely long lifetime of 
150,000 h at an initial luminance of 1000 cd/m2 [64], while hybrid WOLEDs based on con-
ventional blue fluorescence emitters can possess a long lifetime of >30,000 h at 1000 cd/
m2 [65]. However, it is still difficult for WOLEDs with TADF emitters to achieve long life-
time, which may be attributed to the instability of TADF emitters. For example, Wang et al. 
recently reported the first WOLED with TADF emitters realizing long lifetime (2025 h 
at 1000 cd/m2) [66]. However, it is noted that the lifetime still cannot meet the require-
ment of large-scale commercialized productions. Hence, to solve this issue, stable TADF 
emitters are urgently explored [57]. In addition, fluorescence WOLEDs, hybrid WOLEDs 
based on conventional blue fluorescence emitters or even phosphorescence WOLEDs with 
extreme color stability (△CIE = (0.00, 0.00)) in the whole luminance/driving voltage have 
been reported [28, 67–70]. However, the color stability of WOLEDs with TADF emitters 
is usually unstable, indicating that more efforts are required to manage this difficulty. 
Furthermore, the efficiency roll-off in WOLEDs with TADF emitters is not ideal, particu-
larly for the PE roll-off [71]. As a consequence, only low efficiency can be attained at high 
luminances, which is not beneficial to the practical applications. To loosen this bottleneck, 
the charge balance, energy barriers between nearby layers, and materials selection should 
be well manipulated [72–76]. With the endeavor of academic and industrial researchers to 
enhance the materials design and device engineering, we believe that WOLEDs with TADF 
emitters can play a significant role in the marketplace in the near future, which is beneficial 
to our human society.
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Abstract

The principal numerical and experimental results obtained by the authors on the har-
monic power losses in low-voltage networks in the lighting area have been summarized
in this review. Light-emitting diodes (LEDs) and compact fluorescent lamp (CFL) loads
were considered. Four-core cables and four single-core cable arrangements were exam-
ined. The cables were modeled by using electromagnetic finite element analysis software.
It was found that the cross section of the neutral conductor plays an important role in the
derating of the cable ampacity due to the presence of a high level of triplen harmonics in
the distorted current. In order to reduce the third-order harmonic currents in the neutral
conductor, an experimental investigation of diversity factors for LED in combination with
CFL and LED lamps was also performed. Attention was paid to the reduction of the third-
order harmonic current, which is mainly responsible for the strong increase in power
losses in the neutral conductor of low-voltage installations. The convenience of having
LED lamps designed to operate as two-phase loads is suggested for certain applications.

Keywords: LED, CFL, non-linear lighting loads, harmonic currents, energy losses,
low-voltage networks

1. Introduction

Today, non-linear devices constitute a bigger part of the electrical load in industrial and
commercial power systems. Non-linear devices generate harmonics in line currents, resulting
in a large number of problems for electrical equipment, such as capacitors, circuit breakers,
electronic equipment, metering, conductors and telephones [1–3]. The presence of harmonic
currents in electric systems has increased in recent times due to several factors (increased use
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of solid-state energy conversion devices, industrial variable speed drive systems and cutting
and welding equipment). Significant sources of harmonic currents in power systems also
include electric devices such as compact fluorescent lamps (CFLs), power transformers operat-
ing near saturation and computer system installations [4–6].

Nowadays, with the technological advancement in semiconductors, light-emitting diode
(LED) lamps are becoming a promising lighting technology due to its superior energy effi-
ciency, longer lifetime and a better visual performance compared to most of the conventional
light sources [7–9]. Due to these unique features, CFLs are now being replaced by LED,
seeking a reduction in lighting costs and a lower impact on environment. In general lighting
applications, a compact ac/dc (alternating current/direct current) converter should be used to
supply dc current to LEDs, which introduces non-linearity to the system [10–12]. As non-linear
loads, LEDs might produce highly distorted currents. Although the input power of a single
LED is quite low, an incoming widespread use of them in lighting could create significant
additional harmonic losses in the existing low-voltage lines [13]. Since several national stan-
dards allow for the neutral conductor reducing sizing with respect to the phase conductors,
many of these existing low-voltage installations have the cross section of the neutral conductor
approximately equal to half of the phase conductors.

A large number of works were conducted on LEDs as an energy-efficient lamp, but most of
them have been devoted to the internal driver circuit design [10–12, 14–17]. Several other
works have concentrated on the light distribution and visual performance of LED lamps
[18–20]. A few contributions focused on harmonic emissions of LED lamps [12, 21–24].

When significant harmonic currents are present in low-voltage supply systems, additional
Joule losses occur in the phase or line conductors as well as the neutral conductor. Significant
harmonic currents may be present in secondary circuits of three-phase wye-connected trans-
formers and single-phase transformers. Zero sequence harmonic currents flow in the phase
conductors and are added in the neutral conductor, thus resulting in even higher harmonic
current flow in the neutral conductor [25, 26]. Thus, the harmonic current flow in the neutral
must be considered in the design of the supply system. The presence of harmonic currents in
the supply conductors affects the ampacity of the supply system because of the additional
ohmic losses [13, 26–28]. The determination of ohmic losses is complicated by the fact that the
resistance of the cables is frequency dependent. Specifically, the resistance is increased with
frequency because of the skin effect and proximity effect in the conductors and proximity effect
from metallic conduit (if present) [26, 29]. The effects of harmonic currents in the neutral
conductors can be evaluated with the same methods as for the phase or line conductors.
However, the harmonic current magnitudes may be different in the neutral conductors due to
non-cancelation of zero sequence harmonic currents and the cancelation of the positive and
negative sequence harmonic currents. Thus, the neutral conductor becomes an additional heat-
generating conductor and must be considered in the ampacity calculation for three-phase wye-
connected and single-phase circuits [26–28]. Besides the knowledge of the increased losses due
to harmonic currents, it is significant also for the economic evaluation of measures that atten-
uate harmonic currents. Such measures can be, for instance, passive or active harmonic filters
[30, 31] or controlling the current unbalance in three-phase distribution systems by node
reconfiguration [32].

Light-Emitting Diode - An Outlook On the Empirical Features and Its Recent Technological Advancements58

A research on the diversity factor for combinations of LED lamps with powers in the range 3 to
8 W was presented in [33]. It was found that the diversity factor becomes smaller if a large
number of lamps are combined. However, such a reduction was more significant for high-
order harmonic currents. In particular, a diversity factor close to one for the third-order
harmonic was found for the combinations studied. In [34] an investigation was presented on
the diversity factor for combinations of LED and FCL lamps. The measurements showed a
considerable reduction of the diversity factor for higher harmonic currents, but, on the other
hand, the low-order harmonics did not show a significant decrease.

The principal numerical and experimental results obtained by the authors on the harmonic
power losses in low-voltage networks feeding large LED and CFL loads have been summa-
rized in this review. Attention was paid to the reduction of low-order harmonic currents,
especially the third one, which is mainly responsible for the strong increase in power losses in
the neutral conductor of low-voltage installations [13]. The convenience of having LED lamps
designed to operate as two-phase loads is suggested for certain applications of significant
power demand.

2. Harmonic losses in low-voltage networks

2.1. Harmonic emission of LED and CFL

Figure 1 shows the current in one phase and in the neutral conductor of a four-core cable that
feeds a balanced load of three identical LEDs (one per phase). Specifically, Figure 1 was
obtained by testing the Philips 8 W LED. It can be seen that the LED current is highly distorted
with respect to a sinusoidal waveform and that the fundamental frequency of the current in the
neutral conductor is 150 Hz (i.e. the frequency of the third harmonic). Because the third-order
harmonic currents (and their multiples) are zero sequence, they are added to the neutral

Figure 1. Voltage and current waveforms in one phase and current in the neutral conductor [35].
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conductor. All experiments were done with an almost sinusoidal voltage waveform. The total
harmonic distortion (THD) of the phase voltage waveform was relatively low (< 3%).

A frequency domain analysis of the current harmonics (Ipu(h)) produced by several commer-
cially available LEDs is presented in Figure 2. In this figure, Ipu(h) was expressed in per unit of
the fundamental current harmonic (h = 1 corresponding to a harmonic frequency of f = 50 Hz,
with h being the order of the harmonic).

The experimental data can be approximately described by the power law:

I hð Þ
I 1ð Þ ¼ hm, (1)

where m = � 1.2 � 0.2. Eq. (1) (which is indicated by a solid line in Figure 2) defines the
harmonic signature of the examined LED lamps. It is observed in Figure 2 that the amplitude
of the harmonic currents decreases almost inversely with the order of the harmonic, thus
indicating that the third-order one is usually the most significant one. Note that the data
corresponded to LEDs from 3 to 120 W. FCLs also tend to present considerable amplitudes in
their third-order harmonics [34]. Figure 3 shows the amplitude of the third harmonic current
(expressed in per unit of the fundamental harmonic) of several commercially available LEDs
and CFLs, with powers varying between 3 and 23 W. The red line (representing a constant
value of 86%) indicates one of the criteria established by IEC 61000–3-2 [36] for the harmonic
emission limits for lamps having an active input power < 25 W (i.e. that the third harmonic
current should not exceed 86% of the fundamental one).

As it can be seen in Figure 3, the lamps tested meet the quoted emission limit imposed by IEC,
except for one of them (LED 9 W Sica), which is slightly above it.

Figure 2. Frequency domain analysis of the current harmonics on several commercially available LEDs. The blue line
represents the power law given by Eq. (1) [13].
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A power quality analyzer (Fluke 435-II) was used in the measurements presented here.

2.2. Numerical simulation of the harmonic losses in low-voltage networks

Two different types of cables were examined. The first type was an arrangement of four single-
core cables in contact with each other, as they are specified by IEC 60502–1 [37]. The schematic
of the used cable arrangement is shown in Figure 4, while its geometric dimensions are
summarized in Table 1.

As the conductors in all cables were assumed solid in the modeling, the conductor dimensions
showed in Table 1 are slightly smaller than the actual dimensions. This assumption leads to
results that are on the conservative side. Cases where the conductors were copper and the
cross section of the neutral conductor was approximately equal to half of phase conductors
were modeled.

The second type corresponded to four-core cables as they were specified by CENELEC Standard
HD603 [38]. In this case, a large cross-sectional sector-shaped cable, namely, 3 � 240 + 120 mm2,
was examined.

In a conductor where the conductivity is sufficiently high, the displacement current density
can be neglected, and the conduction current density is given by the product of the electric
field and the electrical conductivity (ohm’s law). With these simplifications, the Maxwell’s
equations are

∇� B
μ

� �
¼ σE, (2)

∇� E ¼ � ∂B
∂ t

, (3)

Figure 3. Third-order harmonic current amplitude for the investigated lamps [35].
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where B is the magnetic field, μ is the magnetic permeability, σ is the conductor electrical
conductivity and E is the electric field. Introducing the magnetic vector potential A
(B � ∇� A) in Eq. (3), E can be expressed as

E ¼ � ∇V � ∂A
∂ t

, (4)

(where V is the electrostatic potential), and Eq. (2) becomes

∇� ∇� A
μ

� �
¼ � σ∇V � σ

∂A
∂ t

: (5)

The electromagnetic software [39] solved the diffusion equation (Eq. (5)) to obtain the spatial
distribution of the total current density (J) over each conductor’s surface (S), having as input
the measurable current in the conductor:

Figure 4. Layout of the examined single-core arrangement (taken from [13]).

Nominal cable cross section [mm2]

Dimensions [mm] 3 � 35 + 16 3 � 70 + 35 3 � 120 + 70 3 � 240 + 120

Phase conductor radius [Rp] 3.3 4.7 6.2 8.8

Neutral conductor radius [Rn] 2.3 3.3 4.7 6.2

Thickness of phase conductor insulation [tp] 2.6 2.8 3.1 4.0

Thickness of neutral conductor insulation [tn] 2.4 2.6 2.8 3.1

Distance [L] 8.4 10.6 13.1 18.0

Distance [Y] 6.5 8.2 10.5 12.7

Table 1. Dimensions of the modeled cable arrangement.
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I ¼ Ð
J � dS ¼ Ð

J0 þ Jeddy
� �

� dS

¼ V
Rdc

� σ
ð
∂A
∂ t

� dS,
(6)

where I is the total current and Rdc is the dc conductor resistance (J0 is the spatial average
current density generated by potential electric fields, while Jeddy is the (eddy) current density
induced by rotational fields). Eq. (6) assumed a uniform electrical conductivity over the
conductor surface. This is justified because simple estimates showed that the temperature
variations over the conductor’s surface

ΔT ≈
Λ2

κ
σE2, (7)

(where κ is the conductor thermal conductivity and Λ = R/2.4 and R is the conductor radius)
due to the non-uniform distribution of the Joule heat caused by the skin and proximity effects
are very small because of the large value of the thermal conductivity.

At each harmonic frequency, the software calculates the losses per unit length in each conduc-
tor using the integral:

P hð Þ ¼ 1
σ

ð
J hð Þ2 dS, (8)

where P(h) is the harmonic losses per unit conductor length and J(h) is the current density
corresponding to the harmonic of order h.

The cables were modeled in two dimensions assuming that at each harmonic frequency,
balanced, three-phase and sinusoidal currents flow through them. The three-phase conductors
were assumed carrying the following currents:

IL1 ¼ Ip cos 2πh f t þ ϕh

� �
, (9)

IL2 ¼ Ip cos 2πh f t � h
2
3
π þ ϕh

� �
, (10)

IL3 ¼ Ip cos 2πh f t þ h
2
3
π þ ϕh

� �
, (11)

where Ip is the current peak value, φh is the angle phase of the harmonic order h and L1, L2 and
L3 are the three phases.

For non-triplen harmonic (h 6¼ 3 N, with N = 1, 2, 3,…), the neutral conductor only carries the
eddy currents calculated by the software. Notice that in this case, h = 3 N + 1 represents the
direct sequence harmonics, while h = 3 N – 1 represents inverse sequence harmonics. For
triplen harmonics the current in the neutral conductor was assumed as
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where B is the magnetic field, μ is the magnetic permeability, σ is the conductor electrical
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, (4)
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∇� ∇� A
μ

� �
¼ � σ∇V � σ

∂A
∂ t

: (5)
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Figure 4. Layout of the examined single-core arrangement (taken from [13]).

Nominal cable cross section [mm2]

Dimensions [mm] 3 � 35 + 16 3 � 70 + 35 3 � 120 + 70 3 � 240 + 120

Phase conductor radius [Rp] 3.3 4.7 6.2 8.8

Neutral conductor radius [Rn] 2.3 3.3 4.7 6.2

Thickness of phase conductor insulation [tp] 2.6 2.8 3.1 4.0

Thickness of neutral conductor insulation [tn] 2.4 2.6 2.8 3.1

Distance [L] 8.4 10.6 13.1 18.0

Distance [Y] 6.5 8.2 10.5 12.7

Table 1. Dimensions of the modeled cable arrangement.
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(6)
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due to the non-uniform distribution of the Joule heat caused by the skin and proximity effects
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where Ip is the current peak value, φh is the angle phase of the harmonic order h and L1, L2 and
L3 are the three phases.

For non-triplen harmonic (h 6¼ 3 N, with N = 1, 2, 3,…), the neutral conductor only carries the
eddy currents calculated by the software. Notice that in this case, h = 3 N + 1 represents the
direct sequence harmonics, while h = 3 N – 1 represents inverse sequence harmonics. For
triplen harmonics the current in the neutral conductor was assumed as
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IN ¼ 3 Ip cos 2πh f t þ πð Þ: (12)

In order to obtain an accurate distribution of the current density over the conductor sections, it
was checked that the size of the local numerical mesh was less than half the characteristic skin
penetration length for each harmonic order.

The study domain for the cases of sector-shaped and four single-core cables, showing the non-
uniform numerical grid (with up to about 4000 mesh cells), is presented in Figure 5. At the
boundary of the domain (at a radius up to ten times the cable size), it was assumed that
A ¼ 0 because the magnetic field vanishes at a large distance (as compared to the cable size)
from the cable.

The simulation results were obtained for μ = 4 π � 10�7 H/m (non-magnetic material was
considered). The copper electrical conductivity at 293 K was taken as σ = 5.8 � 107 Ω�1 m�1

according to IEC 60028 [40]. The σ value was correspondingly corrected for other cable
operating temperatures.

Figure 6 illustrates the spatial distribution of the root-mean-square (rms) value of the total
current density over the conductors of cables of large sections submitted to harmonic currents
of different frequencies. Figure 6(a) corresponds to a 3 � 240 + 120 mm2 sector-shaped cable
submitted to a 15 A (peak value) fifth-order harmonic current, while Figure 6(b) corresponds
to an arrangement of four single-core cables (3� 70 + 35 mm2) submitted to a 30 A (peak value)
third-order harmonic current. The magnetic field lines produced by the current are also shown
in Figure 6. A noticeable reduction in the effective area of current circulation due to the skin
and proximity effects is observed in Figure 6(a), thus causing a considerable increase of the ac
conductor resistance (Rac) as compared to the dc resistance, (Rdc), which in turn results in
high heat losses. In Figure 6(b) the neutral conductor is assumed to carry the algebraic sum of
the phase currents.

Figure 5. Non-uniform numerical grid generated by the software for the case of a four-core sector-shaped cable (a) and
four single-core cables (b).
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To calculate the Rac conductor resistance, an ac steady-state harmonic analysis was employed.
Only the odd harmonics, up to the 29th, were considered. A higher value of this upper limit
did not have appreciable impact to the obtained results. Due to the geometry of the cables, the
losses in the phase conductors are not identical. In fact, the losses in phase conductors L1 and
L3 (Figure 4) are the same, but those in L2 are different. The losses per unit length in the three-
phase conductors, when a symmetrical current of rms value Irms(h) and of frequency f h flows
through them, can be defined as PL1 hð Þ, PL2 hð Þ and PL3 hð Þ, for L1, L2 and L3, respectively. The
uneven heat generation inside the cable is a fact that also needs to be considered when
calculating the derating of cable ampacity. According to [41], not only the average cable
temperature but also the temperature at any point along the insulation of the cable should not
exceed the maximum permissible one. Therefore, for derating of the cable ampacity, the
maximum conductor losses should be considered and not their average. For non-triplen
harmonic (h 6¼ 3 N), the neutral conductor only carries the eddy currents calculated by the
software, so the maximum cable losses can be represented by an effective conductor resistance
per unit length Reff(h) for the harmonic order h, which was defined as

3PLmax hð Þ þ PN hð Þ � 3 Irms
2 hð ÞReff hð Þ , (13)

where

PLmax hð Þ � max PL1 hð Þ;PL2 hð Þ;PL3 hð Þf g: (14)

When triplen harmonics are present, the neutral conductor picks up the current. An effective
resistance that reflects the maximum losses of the phase conductors (~Reff hð Þ) and another
resistance (RacN hð Þ) that reflects the losses of the neutral conductor were defined as

3PLmax hð Þ � 3 Irms
2 hð Þ ~Reff hð Þ , (15)

PN hð Þ � IrmsN
2 hð ÞRacN hð Þ , (16)

Figure 6. Spatial distribution of the rms current density for the fifth-order (h = 5) harmonic in a sector-shaped cable of
3 � 240 + 120 mm2 (a) and for the third-order (h = 3) harmonic in four single-core cables of 3 � 70 + 35 mm2 (b).
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IN ¼ 3 Ip cos 2πh f t þ πð Þ: (12)
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penetration length for each harmonic order.
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boundary of the domain (at a radius up to ten times the cable size), it was assumed that
A ¼ 0 because the magnetic field vanishes at a large distance (as compared to the cable size)
from the cable.

The simulation results were obtained for μ = 4 π � 10�7 H/m (non-magnetic material was
considered). The copper electrical conductivity at 293 K was taken as σ = 5.8 � 107 Ω�1 m�1

according to IEC 60028 [40]. The σ value was correspondingly corrected for other cable
operating temperatures.

Figure 6 illustrates the spatial distribution of the root-mean-square (rms) value of the total
current density over the conductors of cables of large sections submitted to harmonic currents
of different frequencies. Figure 6(a) corresponds to a 3 � 240 + 120 mm2 sector-shaped cable
submitted to a 15 A (peak value) fifth-order harmonic current, while Figure 6(b) corresponds
to an arrangement of four single-core cables (3� 70 + 35 mm2) submitted to a 30 A (peak value)
third-order harmonic current. The magnetic field lines produced by the current are also shown
in Figure 6. A noticeable reduction in the effective area of current circulation due to the skin
and proximity effects is observed in Figure 6(a), thus causing a considerable increase of the ac
conductor resistance (Rac) as compared to the dc resistance, (Rdc), which in turn results in
high heat losses. In Figure 6(b) the neutral conductor is assumed to carry the algebraic sum of
the phase currents.
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To calculate the Rac conductor resistance, an ac steady-state harmonic analysis was employed.
Only the odd harmonics, up to the 29th, were considered. A higher value of this upper limit
did not have appreciable impact to the obtained results. Due to the geometry of the cables, the
losses in the phase conductors are not identical. In fact, the losses in phase conductors L1 and
L3 (Figure 4) are the same, but those in L2 are different. The losses per unit length in the three-
phase conductors, when a symmetrical current of rms value Irms(h) and of frequency f h flows
through them, can be defined as PL1 hð Þ, PL2 hð Þ and PL3 hð Þ, for L1, L2 and L3, respectively. The
uneven heat generation inside the cable is a fact that also needs to be considered when
calculating the derating of cable ampacity. According to [41], not only the average cable
temperature but also the temperature at any point along the insulation of the cable should not
exceed the maximum permissible one. Therefore, for derating of the cable ampacity, the
maximum conductor losses should be considered and not their average. For non-triplen
harmonic (h 6¼ 3 N), the neutral conductor only carries the eddy currents calculated by the
software, so the maximum cable losses can be represented by an effective conductor resistance
per unit length Reff(h) for the harmonic order h, which was defined as

3PLmax hð Þ þ PN hð Þ � 3 Irms
2 hð ÞReff hð Þ , (13)

where

PLmax hð Þ � max PL1 hð Þ;PL2 hð Þ;PL3 hð Þf g: (14)

When triplen harmonics are present, the neutral conductor picks up the current. An effective
resistance that reflects the maximum losses of the phase conductors (~Reff hð Þ) and another
resistance (RacN hð Þ) that reflects the losses of the neutral conductor were defined as

3PLmax hð Þ � 3 Irms
2 hð Þ ~Reff hð Þ , (15)

PN hð Þ � IrmsN
2 hð ÞRacN hð Þ , (16)

Figure 6. Spatial distribution of the rms current density for the fifth-order (h = 5) harmonic in a sector-shaped cable of
3 � 240 + 120 mm2 (a) and for the third-order (h = 3) harmonic in four single-core cables of 3 � 70 + 35 mm2 (b).
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where

IrmsN hð Þ � 3 Irms hð Þ, (17)

is the neutral conductor current for the harmonic current of order h. The resistances Reff hð Þ and
~Reff hð Þ will be referred, from now on, as Rac hð Þ. The ratio Rac hð Þ=Rdc for the phase and neutral
conductors of the cables described in Table 1 and for a 3 � 240 + 120 mm2 four-core cable are
shown in Figures 7(a) and (b), respectively. As expected, the ratio Rac hð Þ=Rdc for the phase
conductors increases with both frequency and conductor cross section due to skin and prox-
imity effects. The curve is not smooth but presents spikes at triplen harmonics.

This is mainly due to the increased losses in conductors L1 and L3 when zero sequence
currents flow in the phase conductors and thereby in the neutral conductors. The ratio
Rac hð Þ=Rdc for the neutral conductor is shown only for triplen harmonics, because only when
triplen harmonics are present the neutral conductor picks up the current (other than eddy
currents). It is evident from Figures 7(a) and (b) that the ratio of the neutral conductor is much
smaller than that of the respective phase conductors. This occurs because the zero sequence
currents decrease the proximity effect significantly on the neutral conductor when its position,
relative to the phase conductors, is as shown in Figure 4.

The simulation results corresponded to a conductor operating temperature of 343 K, which is
the maximum conductor temperature for PVC-insulated cables according to IEC 60502–1 [12].
It was checked that large variations in this temperature value (in the range 283 to 343 K) only
render slightly variations (less than 10%) in the conductor resistance ratio. The results of the
employed electromagnetic model were validated by comparison to (a) the numerical model
developed in [27] and (b) the formulae given in the standard IEC 60287–1-1 [42] for thee single-
core cable arrangements. The differences in the calculated ratios Rac hð Þ=Rdc were in both cases
less than 3% in the whole considered frequency range.

Figure 7. Variation with the harmonic order of the ratio Rac hð Þ=Rdc for various examined cables, (a) for the phase
conductors and (b) for the neutral conductor.
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The cable losses can be approximately calculated by the following formula:

Ploss ¼ 3
X29

h¼1

Irms
2 hð ÞRac hð Þ þ

X27

h¼3N

3 Irms hð Þð Þ2RacN hð Þ, (18)

where the first term on the right-hand side represents the losses in the phase conductors and
the second term is the losses in the neutral conductor. This second term is present only when
triplen harmonics are considered (i.e. h = 3, 9, 15, 21, 29). The values of Rac hð Þ and RacN hð Þwere
shown in Figures 7(a) and (b), respectively. It is important to compare the above calculated
cable losses (Eq. (18)) with the losses produced in an identical cable but carrying an
undistorted electric current of a rms value of Irms 1ð Þ. To do this, the cable losses ratio defined as

ξ � Ploss

3 Irms
2 1ð ÞRac 1ð Þ , (19)

were calculated by using the harmonic signature given by Eq. (1) for the cables described in
Table 1 and for a 3 � 240 + 120 mm2 four-core cable as was specified by CENELEC Standard
HD603 [38]. The results obtained for the upper bound of m (= � 1.0) are shown in Table 2. The
assumption on the m value leads to results that are on the conservative side.

As it is observed in Table 2, for a four-core cable with a cross section of 3 x 240 + 120 mm2, the
power losses reach 2.5 times the value corresponding to an undistorted current of the same
rms value of the first harmonic of the LED current. Even for cables with relatively small cross
sections, such as 3 � 35 + 16 mm2, this ratio reaches about 2.1. Furthermore, if the skin and
proximity effects are neglected in the cable losses given by Eq. (18) (the conductor radius is
small as compared to the characteristic skin penetration length and the distances of the nearby
conductors are large as compared to the conductor radius) and thus ξ is not dependent on the
cable cross section, the loss ratio still reaches 2.0 for m = � 1.0. The increase in the losses is
mainly due to the harmonic content of the distorted current.

As shown Table 2, large LED-like loads generate huge harmonic losses resulting in additional
conductor heating. This heating will result in a higher-temperature rise of the cable which can
exceed its rated temperature, thus requiring the derating of the cable ampacity.

Cable type Nominal cable cross section [mm2] ξ

Arrangement of four single-core cables 3 � 35 + 16 2.1

3 � 70 + 35 2.1

3 � 120 + 70 2.0

3 � 240 + 120 2.3

Four-core cable 3 � 240 + 120 2.5

Table 2. Calculated cable loss ratio ξ of various examined PVC-insulated low-voltage cables feeding LED-type loads.
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where

IrmsN hð Þ � 3 Irms hð Þ, (17)
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~Reff hð Þ will be referred, from now on, as Rac hð Þ. The ratio Rac hð Þ=Rdc for the phase and neutral
conductors of the cables described in Table 1 and for a 3 � 240 + 120 mm2 four-core cable are
shown in Figures 7(a) and (b), respectively. As expected, the ratio Rac hð Þ=Rdc for the phase
conductors increases with both frequency and conductor cross section due to skin and prox-
imity effects. The curve is not smooth but presents spikes at triplen harmonics.

This is mainly due to the increased losses in conductors L1 and L3 when zero sequence
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Rac hð Þ=Rdc for the neutral conductor is shown only for triplen harmonics, because only when
triplen harmonics are present the neutral conductor picks up the current (other than eddy
currents). It is evident from Figures 7(a) and (b) that the ratio of the neutral conductor is much
smaller than that of the respective phase conductors. This occurs because the zero sequence
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relative to the phase conductors, is as shown in Figure 4.
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where the first term on the right-hand side represents the losses in the phase conductors and
the second term is the losses in the neutral conductor. This second term is present only when
triplen harmonics are considered (i.e. h = 3, 9, 15, 21, 29). The values of Rac hð Þ and RacN hð Þwere
shown in Figures 7(a) and (b), respectively. It is important to compare the above calculated
cable losses (Eq. (18)) with the losses produced in an identical cable but carrying an
undistorted electric current of a rms value of Irms 1ð Þ. To do this, the cable losses ratio defined as
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2 1ð ÞRac 1ð Þ , (19)

were calculated by using the harmonic signature given by Eq. (1) for the cables described in
Table 1 and for a 3 � 240 + 120 mm2 four-core cable as was specified by CENELEC Standard
HD603 [38]. The results obtained for the upper bound of m (= � 1.0) are shown in Table 2. The
assumption on the m value leads to results that are on the conservative side.

As it is observed in Table 2, for a four-core cable with a cross section of 3 x 240 + 120 mm2, the
power losses reach 2.5 times the value corresponding to an undistorted current of the same
rms value of the first harmonic of the LED current. Even for cables with relatively small cross
sections, such as 3 � 35 + 16 mm2, this ratio reaches about 2.1. Furthermore, if the skin and
proximity effects are neglected in the cable losses given by Eq. (18) (the conductor radius is
small as compared to the characteristic skin penetration length and the distances of the nearby
conductors are large as compared to the conductor radius) and thus ξ is not dependent on the
cable cross section, the loss ratio still reaches 2.0 for m = � 1.0. The increase in the losses is
mainly due to the harmonic content of the distorted current.

As shown Table 2, large LED-like loads generate huge harmonic losses resulting in additional
conductor heating. This heating will result in a higher-temperature rise of the cable which can
exceed its rated temperature, thus requiring the derating of the cable ampacity.
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Arrangement of four single-core cables 3 � 35 + 16 2.1

3 � 70 + 35 2.1

3 � 120 + 70 2.0
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3. Reduction of the harmonic losses in low-voltage networks

In order to reduce the third-order harmonic currents by properly combining lamps that have
an important phase difference in their corresponding harmonic currents (rather than combin-
ing lamps in a random way), the phase angle (φ3) of the third-order harmonic currents was
first measured (with respect to the fundamental harmonic voltage angle of the phase 1) for the
CFL and LED lamps. The results are given in Table 3.

Data in Table 3 correspond to time-averaged values over an interval of 5 minutes with a
sampling rate of 1 S/s. The data were taken applying nominal voltage to the lamps once they
acquired their stable working temperature. A power quality analyzer (Fluke 435-II) was used
in the measurements. The experimental uncertainty (mainly due to statistical fluctuations) was
within �5�. In order to match the measuring range of the instrument used to the relatively
small currents of the lamp combinations, the currents were measured by using low-inductance
(around 0.1 mH) coils. It was verified during the measurements that the inductance introduced
in the circuit by the coils does not appreciably affect the results. The uncertainty (� 2%) in the
current measurement due to the position sensitivity of the used flexible current probe was
accounted for. The information provided by the instrument was processed through the
PowerLog 4.3.1 software.

During the measurements, the phase angles of the third-order harmonic currents were remark-
ably stable as shown in Figure 8. The corresponding experimental uncertainty (mainly due to
statistical fluctuations) was within �5�.

In order to achieve a considerable attenuation effect of the third-order harmonic currents for a
given combination of lamps, they should not only fulfil with the condition that its third-order
harmonic be strongly out of phase (as is the case of LED Alic 3 W and LED Philips 8 W), but
also the amplitudes of each harmonic current should be similar, i.e. the ratio between the
amplitudes of the third-order harmonic current of each lamp should be approximately united.
Table 4 shows the results of the ratio between the amplitudes of the third-order harmonic

Lamp type φ3 (degrees) Lamp type φ3 (degrees)

LED Alic 3 W 95 LED Philips 14 W �33

LED Sylvania 5.5 W �112 LED TBC in 14 W �126

LED Osram 8 W �126 LED Sica 15 W �130

LED Philips 8 W �77 LED Philips 18 W �125

LED Lumenac 8 W �9 CFL Sica 11 W �114

LED Sica 9 W �153 CFL Osram 13 W �111

LED Philips 9 W �9 CFL Philips 15 W �111

LED GE 10 W �49 CFL Sylvania 20 W �119

LED Philips 13 W 2 CFL Philips 23 W �108

LED Sica 13 W �129

Table 3. Angle of the third-order harmonic current of the lamps used [35].
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currents for several selected combination types LED-LED and LED-CFL of the lamps used in
this work. The corresponding experimental uncertainty (mainly due to statistical fluctuations)
was within �7%.

To find the level of attenuation of the third-order harmonic currents as a consequence of the
combinations of lamps, it is useful to define the diversity factor for the harmonic current, as the
ratio between the vector sum (as measured) and the arithmetical sum (as calculated) of the
third-order harmonic currents:

DF3 � vector sum of current harmonicj j
arithmetic sum of current harmonic

: (20)

Note that a value of DF3 ≈ 1 indicates an inadequate combination of lamps, which generates a
minimum attenuation of the third-order harmonic currents, whereas DF3 < < 1 implies an
optimum combination, with a maximum attenuation of this harmonic current. Figure 9 shows
the dependence of measuredDF3 for selected lamp combinations on the difference between the
corresponding phase angles of the third-order harmonic currents. The solid curves represent
the diversity factor calculated for limit values of the ratio between the amplitudes of the third-
order harmonic current of each lamp of the combination (values calculated for a ratio = 1 are
indicated with a blue line while for a ratio = 7 with a red line). Note that these values are close
to the minimum and maximum ratios obtained in the different combinations proposed, as it
was indicated in Table 4.

It is seen in Figure 9 that a number of combinations of LED and CFL lamps lead to a
considerably decrease in the content of the third-order harmonic current. As expected, the
maximum attenuation of the third harmonic amplitude is achieved with harmonic ratios close
to 1 and for harmonic phase angle differences close to 180�. These results are different from
those reported by other studies [33, 34] where lower-order harmonics did not exhibit a very
large reduction in amplitude. However, it should be noted that in [33, 34] random combina-
tions of lamps were used.

Note that the results presented in Figure 9 were obtained combining two lamps; however, the
same results could be obtained between two arbitrary sets of lamps, provided that each set is
formed by the same number of elements. Currently, CFLs are being replaced by LEDs gradu-
ally, and in several lighting installations, the two technologies coexist. From the point of view
of the reduction of the third harmonic, the combinations of lamps of different technologies are

Figure 8. Stability of the phase angle of the third-order harmonic current for several lamps used [35].
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3. Reduction of the harmonic losses in low-voltage networks
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acquired their stable working temperature. A power quality analyzer (Fluke 435-II) was used
in the measurements. The experimental uncertainty (mainly due to statistical fluctuations) was
within �5�. In order to match the measuring range of the instrument used to the relatively
small currents of the lamp combinations, the currents were measured by using low-inductance
(around 0.1 mH) coils. It was verified during the measurements that the inductance introduced
in the circuit by the coils does not appreciably affect the results. The uncertainty (� 2%) in the
current measurement due to the position sensitivity of the used flexible current probe was
accounted for. The information provided by the instrument was processed through the
PowerLog 4.3.1 software.

During the measurements, the phase angles of the third-order harmonic currents were remark-
ably stable as shown in Figure 8. The corresponding experimental uncertainty (mainly due to
statistical fluctuations) was within �5�.

In order to achieve a considerable attenuation effect of the third-order harmonic currents for a
given combination of lamps, they should not only fulfil with the condition that its third-order
harmonic be strongly out of phase (as is the case of LED Alic 3 W and LED Philips 8 W), but
also the amplitudes of each harmonic current should be similar, i.e. the ratio between the
amplitudes of the third-order harmonic current of each lamp should be approximately united.
Table 4 shows the results of the ratio between the amplitudes of the third-order harmonic

Lamp type φ3 (degrees) Lamp type φ3 (degrees)

LED Alic 3 W 95 LED Philips 14 W �33

LED Sylvania 5.5 W �112 LED TBC in 14 W �126

LED Osram 8 W �126 LED Sica 15 W �130

LED Philips 8 W �77 LED Philips 18 W �125

LED Lumenac 8 W �9 CFL Sica 11 W �114

LED Sica 9 W �153 CFL Osram 13 W �111

LED Philips 9 W �9 CFL Philips 15 W �111

LED GE 10 W �49 CFL Sylvania 20 W �119

LED Philips 13 W 2 CFL Philips 23 W �108

LED Sica 13 W �129

Table 3. Angle of the third-order harmonic current of the lamps used [35].
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currents for several selected combination types LED-LED and LED-CFL of the lamps used in
this work. The corresponding experimental uncertainty (mainly due to statistical fluctuations)
was within �7%.

To find the level of attenuation of the third-order harmonic currents as a consequence of the
combinations of lamps, it is useful to define the diversity factor for the harmonic current, as the
ratio between the vector sum (as measured) and the arithmetical sum (as calculated) of the
third-order harmonic currents:

DF3 � vector sum of current harmonicj j
arithmetic sum of current harmonic

: (20)

Note that a value of DF3 ≈ 1 indicates an inadequate combination of lamps, which generates a
minimum attenuation of the third-order harmonic currents, whereas DF3 < < 1 implies an
optimum combination, with a maximum attenuation of this harmonic current. Figure 9 shows
the dependence of measuredDF3 for selected lamp combinations on the difference between the
corresponding phase angles of the third-order harmonic currents. The solid curves represent
the diversity factor calculated for limit values of the ratio between the amplitudes of the third-
order harmonic current of each lamp of the combination (values calculated for a ratio = 1 are
indicated with a blue line while for a ratio = 7 with a red line). Note that these values are close
to the minimum and maximum ratios obtained in the different combinations proposed, as it
was indicated in Table 4.

It is seen in Figure 9 that a number of combinations of LED and CFL lamps lead to a
considerably decrease in the content of the third-order harmonic current. As expected, the
maximum attenuation of the third harmonic amplitude is achieved with harmonic ratios close
to 1 and for harmonic phase angle differences close to 180�. These results are different from
those reported by other studies [33, 34] where lower-order harmonics did not exhibit a very
large reduction in amplitude. However, it should be noted that in [33, 34] random combina-
tions of lamps were used.

Note that the results presented in Figure 9 were obtained combining two lamps; however, the
same results could be obtained between two arbitrary sets of lamps, provided that each set is
formed by the same number of elements. Currently, CFLs are being replaced by LEDs gradu-
ally, and in several lighting installations, the two technologies coexist. From the point of view
of the reduction of the third harmonic, the combinations of lamps of different technologies are

Figure 8. Stability of the phase angle of the third-order harmonic current for several lamps used [35].
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usually convenient. For the lamps evaluated, the change of technology (CFL to LED) not only
improves the level of illumination and reduces the content of third harmonic but also decreases
the active power demanded by the installation, reducing also the environmental impact.

In order to better show the contribution of the proposed solution, the measured spectrum of
the harmonic currents (expressed in per unit of the fundamental harmonic current), both in

Lamp combination Ratio between the amplitudes (rms) of the third-order
harmonic current of each lamp of the combination

CFL Philips 23 W-LED Philips 18 W 1.1

CFL Philips 15 W-LED Philips 13 W 1.8

LED Lumenac 8 W-LED Sica 9 W 1.9

LED Philips 13 W-LED Sica 13 W 1.9

LED Osram 8 W-LED Lumenac 8 W 2.3

CFL Sica 11 W-LED Philips 9 W 2.6

LED Sica 9 W-LED Philips 9 W 2.8

CFL Sica 11 W-LED Osram 8 W 4.6

CFL Philips 15 W-LED Philips 14 W 4.7

LED Philips 14 W-LED TBC in 14 W 114 W 4.7

CFL Sica 11 W-LED GE 10 W 6.7

CFL Sylvania 20 W-LED Philips 14 W 6.8

Table 4. Tested combinations of lamps [35].

Figure 9. Attenuation of the third harmonic by combination of lamps [35].
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one phase and in the neutral conductor of a four-core cable, feeding balanced single-phase
loads formed by selected LED-LED combination is shown in Figures 10(a) and (b), respec-
tively. The corresponding spectrums for the individual lamps are also shown. Harmonic
currents up to the order h = 19 were measured. In addition, the rms value of the total current
in both conductors is presented in Figures 10(a) and (b).

It is seen in Figure 10 that the selected LED combination leads to a significant decrease in the
third-order harmonic content of the line current. Notice also that the RMS value of the total
current of the combination is considerable lower than the corresponding value of the individ-
ual lamp having the higher harmonic content of the combination (LED Sica 9 W), being similar
to that of the LED Lumenac 8 W.

As it can be seen in Figure 10, the RMS value of the total current of the combination is strongly
reduced with respect to that of the LED Sica 9 W, mostly due to a decrease in the content of the
third-order harmonic current, although some reduction is also observed for the high-order
harmonics. It is important to note that the current of the LED Sica 9 W has a strong component
of the third-order harmonic (exceeding the emission limit imposed by IEC as quoted in Section 1)
and also of high-order harmonics (h = 9 and 15). As the overall harmonic power losses in the
neutral conductor depend on the RMS value of the total current, a marked reduction in the
harmonic losses with respect to that of the LED Sica 9 W (and even with respect to the LED
Lumenac 8 W) is expected for the tested lamp combination.

Notice also the negligible small value of the first-order harmonic current in the neutral con-
ductor due to the balanced loading of the cable. The small residuals observed are due in part to
small asymmetries attributable to the constructive differences between the lamps tested.

The cable harmonic power losses can be approximately calculated by Eq. (18). To quantify the
reduction in the harmonic power losses due to the lamp combination, it is useful to compare

Figure 10. Harmonic current content in one phase (a) and in the neutral conductor (b) of a four-core cable for a selected
LED-LED combination.
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the above calculated cable losses with the losses produced in an identical cable but carrying an
undistorted electric current of the same RMS value as the first harmonic current of the
distorted current. To do this, the cable loss ratio defined as

ξ � Ploss

3 IRMS
2 1ð ÞRac 1ð Þ þ IRMSN

2 1ð ÞRacN 1ð Þ , (21)

(the first-order harmonic current in the neutral conductor is due to small asymmetries in the
single-phase loads) was calculated on the basis of the measured data by neglecting the influence
of the harmonic frequency on the resistance of the conductors (i.e. the conductor radius is small
compared to the characteristic skin penetration length, and the distances of the nearby conduc-
tors are large compared to the conductor radius [29]). For a neutral conductor having a cross
section equal to half of the phase conductor section [38], it results in a value of 9.6, 3.3 and 2.8 for
the individual lamps LED Sica 9Wand LED Lumenac 8Wand for the combination, respectively,
thus showing that the tested lamp combination leads to a significant decrease in the power
harmonic losses. A similar result can be obtained for other lamp combination provided that the
diversity factor for the third-order harmonic current of the arrangement is small enough.

Note that in lighting loads of substantial power demand such as those considered in this work,
it would be convenient from the point of view of the reduction of the power losses to connect
the LED lamps between lines (rather than between a line and the neutral conductor). In such
case, the third-order harmonic currents (and their multiples) cannot flow through the network
since the return path through the neutral conductor does not exist. This suggests the conve-
nience of having LED lamps including ac/dc converters designed to operate as two-phase
loads. As quoted before, a large number of the existing low-voltage installations present a
neutral conductor with a reduced section (about half of the phase conductor) [38]. These
installations when feeding LED loads could present more than twice the losses corresponding
to a current without distortion of the same rms as the value of the first harmonic current of the
lamps [13]; thus, a marked reduction (over ~ 50%) in the overall harmonic power losses can be
expected if the LED lamps (having ac/dc converters designed to operate as two-phase loads)
are connected between lines instead as single-phase loads.

4. Conclusions

Calculation of harmonic disturbances in low-voltage network installations having the neutral
cross section approximately equal to half of the phase conductors when used for feeding large
LED lighting loads was reported. The cables were modeled by using electromagnetic finite
element analysis software. Four-core cables and four single-core cable arrangements (three
phases and neutral conductor) of small, medium and large conductor cross sections were
examined. This study has shown that:

1. The cross section of the neutral conductor plays an important role in the harmonic losses
and thus in the derating of the cable ampacity, due to the presence of a high level of triplen
harmonics in the distorted current.
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2. An incoming widespread use of LED lamps in lighting could create significant additional
harmonic losses in the supplying low-voltage lines, and thus more severely harmonic
emission limits should be defined for LED lamps.

In order to reduce the third-order harmonic currents in the neutral conductor, an experi-
mental investigation of diversity factors for LED in combination with CFL and LED lamps
was also performed. An experimental investigation of diversity factors for LED (light
emitting diode) in combination with CFL (compact fluorescent lamps) and LED lamps with
nominal powers <25 W was presented. In contrast to other works, attention was paid to the
reduction of low-order harmonics, especially the third one, which is mainly responsible for
the strong increase in power losses in the neutral conductor of the low-voltage installations.
The results showed that a number of selected combinations of LED and CFL lamps lead to a
considerable decrease in the content of the third-order harmonic current. These results are
different from those reported by other studies where lower-order harmonics did not exhibit
a very large reduction in amplitude. However, it should be noted that in those studies
random combinations of lamps were used. The convenience of having LED lamps designed
to operate as two-phase loads is suggested for certain applications of significant power
demand.
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Abstract

As one of the most important phosphorescent emitters, tetradentate cyclometalated 
platinum(II) complexes have attracted much attention in recent years, because of the high 
luminescent efficiency, emission spectra, and color tuned easily, especially for the devel-
opment of high-efficient deep-blue and “pure” blue emitters and single-doped white 
organic light-emitting diodes (OLEDs). Also, some platinum(II)-based OLEDs exhibited 
superior operational stability, indicating their potentials in full-color display and solid-
state lighting applications. In this chapter, we will introduce the recent advances of the 
tetradentate cyclometalated platinum(II) complexes, including pyrazole, N-heterocyclic 
carbene, imidazole and pyridine-based complexes, molecular design, photophysical 
properties, and some of their device performances.

Keywords: platinum complex, tetradentate, OLED, blue emitter, phosphorescence, 
operational lifetime

1. Introduction

In the 1960s, the first organic electroluminescent spectrum was reported from the crystal 
of anthracene [1]. In 1987, Tang and VanSlyke from Eastman Kodak Company successfully 
demonstrated an efficient and practical organic light-emitting diode (OLED) employing tris 
(8-hydroxyquinolinato)aluminum (Alq3) as a fluorescent emitter [2]. After that, OLEDs began 
to attract more and more attention in both academic and industrial researches for their poten-
tial applications for full-color displays and solid-state lighting industry.

From the spin statistics, it is well known that the singlet and triplet in the electrogenerated 
excitons are 25 and 75%, respectively [3]. As a result, OLEDs using fluorescent emitters, which 
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emit from the singlet excited state, can achieve a peak internal quantum efficiency (IQE) only 
25%. However, if heavy metal ion is incorporated into the organic ligand, phosphorescent emit-
ters can break the spin-forbidden reactions, and fast intersystem crossing (IC) from singlet to 
triplet state can occur owing to the strong electron spin-orbit coupling (SOC); thus, heavy metal 
complexes have the potential to harvest both the electrogenerated singlet and triplet excitons 
and achieve 100% IQE. In 1998, Forrest and Thompson et al. and Che et al. first reported the 
electrogenerated phosphorescent platinum(II) [4] and osmium(II) [5] complexes, respectively. 
Afterward, more heavy metal complexes were found to be used as efficient phosphorescent 
materials, like iridium(III), ruthenium(II), palladium (II), rhodium (III), gold(III), and so on, and 
some reviews about these complexes have been published [6–18]. Among them, iridium(III) 
complexes have been most widely studied. Green and red phosphorescent iridium(III) emitters 
developed by Universal Display Corporation (UDC) have been successfully commercialized 
due to their superior efficiency and long operational lifetime. OLED display doped these emit-
ters that have been adopted for several types of high-end personal electronics, such as Samsung 
Galaxy, LG OLED television, Apple smart watch, and iPhone X. Compared with the liquid crys-
tal display (LCD), OLED display have many outstanding merits, such as low-cost fabrication 
methods, high color quality, and high-luminance efficiency and also many advantages of low 
power consumption, wide-viewing angle, wide temperature range, fast response, etc [19, 20].  
Thus, OLED has been widely considered as the next generation of full-color display and solid-
state lighting technologies.

The development of high efficient and stable phosphorescent emitters is of the most importance 
for the development of OLEDs and their application. Although thousands of phosphorescent 
heavy metal complexes have been reported, the emitters can meet the requirement of commer-
cialized displays, which are extremely rare. Now, considerable challenges still remain, for exam-
ple, the development of efficient green and red emitters with high color quality, especially for the 
efficient and stable blue and deep-blue phosphorescent emitters. Much of the previous research 
work and the commercialized phosphorescent emitters mainly focused on the iridium(III) com-
plexes. However, in the past few years, many reports demonstrated that the photophysical prop-
erties and device performances of the platinum(II)-based emitters could compare with or even 
superior to the iridium(III) ones in many aspects [16]. Also, some unique properties were found 
for some of the platinum(II) complexes, like narrowband emissive spectra, efficient deep-blue 
emitting, and excimer formation for single-doped white OLEDs [16]. These properties enable the 
platinum(II) complexes to have potential to be utilized in commercialized displays.

Taking into account the rapid development and unique properties of the platinum(II) com-
plexes, in this chapter, we will mainly highlight their recent progress regarding their molecu-
lar design, photophysical properties, and device performances, especially for the tetradentate 
ones with cyclometalating ligands based on pyrazole, N-heterocyclic carbene, imidazole, and 
pyridine derivatives.

2. Why employ tetradentate ligands?

Because of the relatively long luminescent lifetime and poor quantum efficiency (ϕ), 
platinum(II) complexes were historically not considered as ideal emitters. However, through 
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judicious molecular design, bidentate platinum(II) complex can also emit strongly with 
lifetime in microsecond region, such as (ppy)Pt(acac) (Table 1) (1) [21]. Due to dsp2 hybrid 
orbitals that are adopted for the Pt(II) ion, the molecular configuration of the platinum(II) 
complexes is square planar. Consequently, bidentate platinum(II) complexes are usually very 
flexible, and the excited state energy can be consumed by many nonradiative decay pathways, 
like molecular distortion and bond vibration. This can be proven by the emission spectrum 
of (ppy)Pt(acac) (Figure 1), which exhibits a strong vibrational transition v0,1 at 518 nm, and, 
also, the nonradiative decay rate is 4.5 times faster than that of the radiative decay rate in 
CH2Cl2 solution at room temperature (RT).

The rigidity of the molecule would be enhanced if the tridentate ligand was employed, which 
could suppress the nonradiative decay pathway and favor to increase the ϕ. Therefore, 
Pt(dpyd)Cl (2) has a weaker vibrational transition v0,1 at 523 nm than that of (ppy)Pt(acac), 
and the ϕ is increased to 60% [22]. However, the other monodentate ligand was needed to 
ensure the neutrality of the molecule. Furthermore, the chloride ion is a weak coordina-
tion ligand. All these would disfavor the molecular thermal and electrochemical stabilities. 
Therefore, more rigid and stable ligands are needed for further development of efficient and 
stable platinum(II)-based phosphorescent emitters.

Judicious tetradentate ligand design could provide rational coordination sites to the 
platinum(II) ions and maintain the square planar configuration, which are also of benefit to the 
material synthesis with high metallization yields. Most importantly, tetradentate platinum(II) 
complexes would have more rigid molecular configuration and improved photophysical and 
chemical properties. For example, the ϕ of the phenoxyl-pyridine (popy)-based complex 
PtOO3 [16, 23] could be up to over 80% in CH2Cl2 solution and be achieved to nearly unity in 
rigid PMMA matrix. If more rigid carbazolyl-pyridine was incorporated and served as ancil-
lary ligand, the ϕ could be further improved to 100% yield even in CH2Cl2 solution for com-
plex PtON3. Furthermore, tetradentate platinum(II) complexes could be easily modified to 
improve their photophysical and chemical properties through changing ligand’s conjugation 
degree, utilizing different coordination atoms, adopting various linking groups, or forming 
five- or six-membered chelates. Thanks to the continuous efforts of the scientific community, 
many efficient and stable platinum(II) complexes had been developed, making them serve as 
ideal phosphorescent emitters for OLED applications.

Comp. In CH2Cl2 at RT In PMMA at RT

λmax/nm ϕ/%a τ/μs kr/105 s−1 knr/105 s−1 ϕ/% τ/μs

1 [21] 484 15 2.6 0.6 3.3 53 6.0

2 [22] 490 60 3.8 1.6 1.1 73 5.7

3 [16, 23] 512 83 2.0 3.2 1.8 97 4.5

4 520 100b 4.2b 2.4 0.0 — —

aAbsolute quantum efficiency.
bϕ and τ were measured in a solution of 2-MeTHF.

Table 1. Photophysical properties of the bidentate, tridentate, and tetradentate platinum(II) complexes.

Tetradentate Cyclometalated Platinum(II) Complexes for Efficient and Stable Organic Light-Emitting Diodes
http://dx.doi.org/10.5772/intechopen.76346

79



emit from the singlet excited state, can achieve a peak internal quantum efficiency (IQE) only 
25%. However, if heavy metal ion is incorporated into the organic ligand, phosphorescent emit-
ters can break the spin-forbidden reactions, and fast intersystem crossing (IC) from singlet to 
triplet state can occur owing to the strong electron spin-orbit coupling (SOC); thus, heavy metal 
complexes have the potential to harvest both the electrogenerated singlet and triplet excitons 
and achieve 100% IQE. In 1998, Forrest and Thompson et al. and Che et al. first reported the 
electrogenerated phosphorescent platinum(II) [4] and osmium(II) [5] complexes, respectively. 
Afterward, more heavy metal complexes were found to be used as efficient phosphorescent 
materials, like iridium(III), ruthenium(II), palladium (II), rhodium (III), gold(III), and so on, and 
some reviews about these complexes have been published [6–18]. Among them, iridium(III) 
complexes have been most widely studied. Green and red phosphorescent iridium(III) emitters 
developed by Universal Display Corporation (UDC) have been successfully commercialized 
due to their superior efficiency and long operational lifetime. OLED display doped these emit-
ters that have been adopted for several types of high-end personal electronics, such as Samsung 
Galaxy, LG OLED television, Apple smart watch, and iPhone X. Compared with the liquid crys-
tal display (LCD), OLED display have many outstanding merits, such as low-cost fabrication 
methods, high color quality, and high-luminance efficiency and also many advantages of low 
power consumption, wide-viewing angle, wide temperature range, fast response, etc [19, 20].  
Thus, OLED has been widely considered as the next generation of full-color display and solid-
state lighting technologies.

The development of high efficient and stable phosphorescent emitters is of the most importance 
for the development of OLEDs and their application. Although thousands of phosphorescent 
heavy metal complexes have been reported, the emitters can meet the requirement of commer-
cialized displays, which are extremely rare. Now, considerable challenges still remain, for exam-
ple, the development of efficient green and red emitters with high color quality, especially for the 
efficient and stable blue and deep-blue phosphorescent emitters. Much of the previous research 
work and the commercialized phosphorescent emitters mainly focused on the iridium(III) com-
plexes. However, in the past few years, many reports demonstrated that the photophysical prop-
erties and device performances of the platinum(II)-based emitters could compare with or even 
superior to the iridium(III) ones in many aspects [16]. Also, some unique properties were found 
for some of the platinum(II) complexes, like narrowband emissive spectra, efficient deep-blue 
emitting, and excimer formation for single-doped white OLEDs [16]. These properties enable the 
platinum(II) complexes to have potential to be utilized in commercialized displays.

Taking into account the rapid development and unique properties of the platinum(II) com-
plexes, in this chapter, we will mainly highlight their recent progress regarding their molecu-
lar design, photophysical properties, and device performances, especially for the tetradentate 
ones with cyclometalating ligands based on pyrazole, N-heterocyclic carbene, imidazole, and 
pyridine derivatives.

2. Why employ tetradentate ligands?

Because of the relatively long luminescent lifetime and poor quantum efficiency (ϕ), 
platinum(II) complexes were historically not considered as ideal emitters. However, through 

Light-Emitting Diode - An Outlook On the Empirical Features and Its Recent Technological Advancements78

judicious molecular design, bidentate platinum(II) complex can also emit strongly with 
lifetime in microsecond region, such as (ppy)Pt(acac) (Table 1) (1) [21]. Due to dsp2 hybrid 
orbitals that are adopted for the Pt(II) ion, the molecular configuration of the platinum(II) 
complexes is square planar. Consequently, bidentate platinum(II) complexes are usually very 
flexible, and the excited state energy can be consumed by many nonradiative decay pathways, 
like molecular distortion and bond vibration. This can be proven by the emission spectrum 
of (ppy)Pt(acac) (Figure 1), which exhibits a strong vibrational transition v0,1 at 518 nm, and, 
also, the nonradiative decay rate is 4.5 times faster than that of the radiative decay rate in 
CH2Cl2 solution at room temperature (RT).

The rigidity of the molecule would be enhanced if the tridentate ligand was employed, which 
could suppress the nonradiative decay pathway and favor to increase the ϕ. Therefore, 
Pt(dpyd)Cl (2) has a weaker vibrational transition v0,1 at 523 nm than that of (ppy)Pt(acac), 
and the ϕ is increased to 60% [22]. However, the other monodentate ligand was needed to 
ensure the neutrality of the molecule. Furthermore, the chloride ion is a weak coordina-
tion ligand. All these would disfavor the molecular thermal and electrochemical stabilities. 
Therefore, more rigid and stable ligands are needed for further development of efficient and 
stable platinum(II)-based phosphorescent emitters.

Judicious tetradentate ligand design could provide rational coordination sites to the 
platinum(II) ions and maintain the square planar configuration, which are also of benefit to the 
material synthesis with high metallization yields. Most importantly, tetradentate platinum(II) 
complexes would have more rigid molecular configuration and improved photophysical and 
chemical properties. For example, the ϕ of the phenoxyl-pyridine (popy)-based complex 
PtOO3 [16, 23] could be up to over 80% in CH2Cl2 solution and be achieved to nearly unity in 
rigid PMMA matrix. If more rigid carbazolyl-pyridine was incorporated and served as ancil-
lary ligand, the ϕ could be further improved to 100% yield even in CH2Cl2 solution for com-
plex PtON3. Furthermore, tetradentate platinum(II) complexes could be easily modified to 
improve their photophysical and chemical properties through changing ligand’s conjugation 
degree, utilizing different coordination atoms, adopting various linking groups, or forming 
five- or six-membered chelates. Thanks to the continuous efforts of the scientific community, 
many efficient and stable platinum(II) complexes had been developed, making them serve as 
ideal phosphorescent emitters for OLED applications.

Comp. In CH2Cl2 at RT In PMMA at RT

λmax/nm ϕ/%a τ/μs kr/105 s−1 knr/105 s−1 ϕ/% τ/μs

1 [21] 484 15 2.6 0.6 3.3 53 6.0

2 [22] 490 60 3.8 1.6 1.1 73 5.7

3 [16, 23] 512 83 2.0 3.2 1.8 97 4.5

4 520 100b 4.2b 2.4 0.0 — —

aAbsolute quantum efficiency.
bϕ and τ were measured in a solution of 2-MeTHF.

Table 1. Photophysical properties of the bidentate, tridentate, and tetradentate platinum(II) complexes.

Tetradentate Cyclometalated Platinum(II) Complexes for Efficient and Stable Organic Light-Emitting Diodes
http://dx.doi.org/10.5772/intechopen.76346

79



3. Pyrazole-based tetradentate platinum(II) complexes

Because of electron-donating character and relatively weak π-conjugation ability of the nitro-
gen atom at the 2-position of the pyrazole ring, 1-phenyl-pyrazole (ppy) and its derivatives 
are widely incorporated into the tetradentate platinum(II) complexes (Figure 2). These com-
plexes usually have a high LUMO energy level, making them suitable for developing green to 

Figure 2. Molecular structures of pyrazole-based tetradentate platinum(II) complexes and operational lifetime of related OLEDs.

Figure 1. Molecular structures of (ppy)Pt(acac), Pt(dpyd)Cl, PtOO3, PtON3, and their PL spectra in CH2Cl2 solution 
(adapted with permission) [23].
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blue emitting materials. The photophysical properties and some of the device performances 
of the pyrazole-based complexes are summarized in Tables 2 and 3.

In 2010, Huo et al. reported a series of symmetric tetradentate platinum(II) complexes (5–7) con-
taining 1-phenyl-pyrazole moieties [24]. All these complexes emit strongly with ϕ in the range 
of 37–63%; however, due to the π-conjugation character of the arylamino linking group, their 
emission energies are relatively low with maximum emission wavelength (λmax) at 474–486 nm 
in sky-blue and green region. Moreover, excimer emissions were observed for complexes 5 and 7  
in solid state peaking at 512 and 516 nm, respectively, because of the strong intermolecular 
interaction. In 2013, Huo et al. synthesized a 1-(2-pyridinyl)-pyrazole-coordinated complex 8, 
which exhibit an even lower emission energy with λmax at 555 nm due to the localization of the 
first lowest triplet state (T1) mainly on the biphenyl moiety and the platinum(II) ion [25].

Comp. In solution at RT In PMMA at RT

Solvent λmax/nm FWHM/nm ϕ/% τ/μs λmax/nm ϕ/% τ/μs

5 [24] 2-MeTHF 484;512 — 56 4.9 — — —

6 [24] 2-MeTHF 474 — 37 3.4 — — —

7 [24] 2-MeTHF 486;516 — 63 5.7 — — —

8 [25] CH2Cl2 555 — 17 4.4 — — —

9 [23] CH2Cl2 430;456 — 39 3.0 — 83 7.5

10 [26] CH2Cl2 454;478 85 71 3.3 449 85 4.5

11 [27] CH2Cl2 442 15 80 13.5 440 88 11.3

12 [27] CH2Cl2 444 20 89 10.0 445 84 7.6

13 [27] CH2Cl2 444 20 95 8.9 445 88 8.8

14 [27] CH2Cl2 496 84 53 1.8 480 64 2.0

15 [27] CH2Cl2 450;476 79 82 3.5 445 84 4.3

16 [27] CH2Cl2 450;478 121 45 3.1 449 78 4.8

17 [27] CH2Cl2 546 95 19 0.8 503 88 2.2

18 [27] CH2Cl2 568 104 1.1 0.6 544 29 0.9

19 [27, 28] CH2Cl2 448 19 — — 447 81 7.4

20 [29] CH2Cl2 491 18 81 12.9 — 90 —

21 [29] CH2Cl2 573 26 40 3.4 — — —

22 [30] CH2Cl2 536 111 — — 476 18.0

23 [30] CH2Cl2 486 46 — — 476 68 —

24 [31] CH2Cl2 443;471 — 70 — — — —

25 [31] CH2Cl2 449;477 — 24 — — — —

26 [31] CH2Cl2 444;474 — 34 — — — —

Table 2. Photophysical properties of pyrazole-based tetradentate platinum(II) complexes.
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3. Pyrazole-based tetradentate platinum(II) complexes

Because of electron-donating character and relatively weak π-conjugation ability of the nitro-
gen atom at the 2-position of the pyrazole ring, 1-phenyl-pyrazole (ppy) and its derivatives 
are widely incorporated into the tetradentate platinum(II) complexes (Figure 2). These com-
plexes usually have a high LUMO energy level, making them suitable for developing green to 

Figure 2. Molecular structures of pyrazole-based tetradentate platinum(II) complexes and operational lifetime of related OLEDs.

Figure 1. Molecular structures of (ppy)Pt(acac), Pt(dpyd)Cl, PtOO3, PtON3, and their PL spectra in CH2Cl2 solution 
(adapted with permission) [23].
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blue emitting materials. The photophysical properties and some of the device performances 
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which exhibit an even lower emission energy with λmax at 555 nm due to the localization of the 
first lowest triplet state (T1) mainly on the biphenyl moiety and the platinum(II) ion [25].
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Dopant λmax/nm FWHM/nm CIE ηEQE

Peak (%) 100 cd/m2 (%)

6% PtON1(10)a [26] 454 46 (0.15, 0.13) 25.2 23.3

2% PtOO1-tBu (13)b [28] 448 24 (0.151, 0.098) 5.3 2.7

2% PtON6-tBu (19)b [28] 452 30 (0.147, 0.093) 10.9 6.6

7% PtN1N (20)c [29] 498 20 (0.15, 0.56) 26.1 25.8

2% PtN8ppy (21)b [29] 576 28 (0.53, 0.47) 19.3 16.0

6% PtN’1 N-tBu (23)d [30] 490 34 (0.157, 0.491) 17.8 17.3

30% 24e [31] 540 — (0.33, 0.57) 16.4 —

20% 25e [31] 456 — (0.18, 0.30) 7.7 —

20% 26e [31] 541 — (0.35, 0.55) 15.7 —

aDevice structure: ITO/HATCN/NPD/TAPC/dopant: 26mCPy/DPPS/LiF/Al.
bDevice structure: ITO/HATCN/NPD/TAPC/dopant: 26mCPy/DPPS/BmPyPB/LiF/Al.
cDevice structure: PEDOT:PSS/NPD/TAPC/dopant: 26mCPy/DPPS/BmPyPB/LiF/Al.
dDevice structure: ITO/HATCN/NPD/TrisPCz/dopant:mCBP)/mCBT/BPyTP/Liq/Al.
eDevice structure: ITO/HATCN/TAPC/TCTA/dopant: 26mCPy(or CBP)/TmPyPB/Liq/Al.

Table 3. Summary of OLED performances of the pyrazole-based tetradentate platinum(II) complexes.

To develop blue or deep-blue emitters, the arylamino liker should be replaced with less-con-
jugated ones, like oxygen or functionalized carbon groups. Based on this design, PtOO1 (9) 
was synthesized by employing 1-phenyl-3,5-dimethylpyrazole and phenoxyl-pyridine (popy) 
like oxygen in Li′s group in 2013 [23]. The dominant emission peaks of PtOO1 are at 420 nm at 
77 K and 430 nm at room temperature (RT). The ϕ is relatively low in solution but can be up 
to 83% with τ of 7.5 μs in PMMA film. However, excimer emission could not be observed; this 
could be attributed to the boat-like conformation of the two six-membered rings containing 
the oxygen liker [23] to prevent intermolecular Pt-Pt bond formation.

In 2013, Li′s group developed a new type of tetradentate platinum(II) complex PtON1 (10) using 
3,5-dimethyl-1-phenylpyrazole and thermally and electrochemically stable pyridinyl-carbazole 
(PyCz) as ligands linked by an oxygen atom [26]. PtON1 exhibits a peak emission at 440 nm 
with a full width at half maximum (FWHM) of 6 nm at 77 K. However, at RT, the emission 
spectrum is dramatically broadened, and the FWHM is up to 85 nm with two emission peaks at 
454 and 478 nm, respectively, which attributed to dual emission from both the phenyl-pyrazole 
and PyCz moieties. The ϕ of PtON1 is much higher than that of PtOO1 in CH2Cl2 solution, due 
to more rigid PyCz moiety. Importantly, PtON1-based blue OLED can achieve a peak external 
quantum efficiency (EQE) of 25.2% and Commission Internationale de L’Eclairage (CIE) coor-
dinates of (0.15, 0.13) but still short of the “pure” blue CIE coordinates of (0.14, 0.08) designated 
by the National Television System Committee (NTSC) of the USA in 1931.

To afford deep or “pure” blue emitters, the CIEy ≤ 0.1 is needed. To achieve this goal, narrowband 
emission is required to eliminate the color contamination from the green region. Through a sys-
temic research work, it was found that the emission from the PyCz ligand could be suppressed 
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by introducing electron-donating group, like -Me, -tBu, and -NMe2, to the 4-position of the pyri-
dine ring to increase the energy level of the metal-to-ligand charge-transfer (MLCT) states of the 
PyCz moiety. Therefore, a series of deep-blue emitters, PtON1-NMe2, PtON1-Me, and PtON1-
tBu (11–13), were developed peaking at 442–444 nm with FWHM of 15–20 nm and ϕ not less than 
80% in CH2Cl2 solution at RT (Figure 3) [27]. Moreover, it was also found that the emission color 
could be easily tuned through changing the substitutions or their positions on the pyridine ring, 
and all the PtON1 series showed intensive emitting except PtON1-CF3, especially in PMMA films 
with ϕ of 29–88% (Figure 3) [27]. Furthermore, PtON6-tBu, employing the 4-phenylpyrazole in 
place of 3,5-dimethylpyrazole in PtON1, was also developed as a deep emitter, which exhibit 
narrowband emission spectrum peaking at 448 nm in CH2Cl2 and FWHM of 20 nm [28]. The 
emission energy does not decrease significantly owing that the 4-phenyl group and the pyrazole 
are not coplanar in PtON6-tBu. What is more is that deep-blue OLEDs doped 2% PtON1-tBu 
or PtON6-tBu could reach peak EQEs of 5.3 or 10.9% with CIEy < 0.1 [28]. The unsatisfied EQEs 
are attributed to the high T1 energy of the deep-blue emitters, making them incompatible with 
known state-of-the-art host materials. Thus, stable host materials with a high T1 level are still 
important for the development of deep-blue OLEDs.

In addition to modifying the cyclometalating ligand, the 1-phenyl-pyrazole ligand can be 
replaced with low-energy ligand, like pyrazolyl-carbazole, and green emitter PtN1N (20) was 
designed and synthesized in Li′s group [29]. PtN1N also gives a very narrow emission spec-
trum peaking at 491 nm in CH2Cl2 solution at RT; the FWHM of 18 nm and Huang-Rhys factor 
(SM) of 0.3 for the vibrational transition v0,1 peak at 525 nm can be achieved. Moreover, one 
7% PtN1N-doped device demonstrated a peak EQE of 26.1% and only decreased slightly to 
25.8% at a luminance of 100 cd/m2. Importantly, employing the nitrogen of the carbazole as 
linking atom can significantly enhance the chemical and device stability. Therefore, using a 
known stable device structure, 10% PtN1N-doped green OLED could achieved an operational 
lifetime at 70% initial luminance, LT70, of 1436 h at 1000 cd/m2 with peak EQE of 14.3%, which 
was estimated nearly 72,000 h at a practical luminance of 100 cd/m2. Furthermore, improved 

Figure 3. PL spectra comparison of the PtON1 series at RT in CH2Cl2 with molecular structures of each emitter inset 
(adapted with permission) [27].
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Dopant λmax/nm FWHM/nm CIE ηEQE

Peak (%) 100 cd/m2 (%)
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2% PtON6-tBu (19)b [28] 452 30 (0.147, 0.093) 10.9 6.6
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6% PtN’1 N-tBu (23)d [30] 490 34 (0.157, 0.491) 17.8 17.3
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Table 3. Summary of OLED performances of the pyrazole-based tetradentate platinum(II) complexes.

To develop blue or deep-blue emitters, the arylamino liker should be replaced with less-con-
jugated ones, like oxygen or functionalized carbon groups. Based on this design, PtOO1 (9) 
was synthesized by employing 1-phenyl-3,5-dimethylpyrazole and phenoxyl-pyridine (popy) 
like oxygen in Li′s group in 2013 [23]. The dominant emission peaks of PtOO1 are at 420 nm at 
77 K and 430 nm at room temperature (RT). The ϕ is relatively low in solution but can be up 
to 83% with τ of 7.5 μs in PMMA film. However, excimer emission could not be observed; this 
could be attributed to the boat-like conformation of the two six-membered rings containing 
the oxygen liker [23] to prevent intermolecular Pt-Pt bond formation.

In 2013, Li′s group developed a new type of tetradentate platinum(II) complex PtON1 (10) using 
3,5-dimethyl-1-phenylpyrazole and thermally and electrochemically stable pyridinyl-carbazole 
(PyCz) as ligands linked by an oxygen atom [26]. PtON1 exhibits a peak emission at 440 nm 
with a full width at half maximum (FWHM) of 6 nm at 77 K. However, at RT, the emission 
spectrum is dramatically broadened, and the FWHM is up to 85 nm with two emission peaks at 
454 and 478 nm, respectively, which attributed to dual emission from both the phenyl-pyrazole 
and PyCz moieties. The ϕ of PtON1 is much higher than that of PtOO1 in CH2Cl2 solution, due 
to more rigid PyCz moiety. Importantly, PtON1-based blue OLED can achieve a peak external 
quantum efficiency (EQE) of 25.2% and Commission Internationale de L’Eclairage (CIE) coor-
dinates of (0.15, 0.13) but still short of the “pure” blue CIE coordinates of (0.14, 0.08) designated 
by the National Television System Committee (NTSC) of the USA in 1931.

To afford deep or “pure” blue emitters, the CIEy ≤ 0.1 is needed. To achieve this goal, narrowband 
emission is required to eliminate the color contamination from the green region. Through a sys-
temic research work, it was found that the emission from the PyCz ligand could be suppressed 
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dine ring to increase the energy level of the metal-to-ligand charge-transfer (MLCT) states of the 
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tBu (11–13), were developed peaking at 442–444 nm with FWHM of 15–20 nm and ϕ not less than 
80% in CH2Cl2 solution at RT (Figure 3) [27]. Moreover, it was also found that the emission color 
could be easily tuned through changing the substitutions or their positions on the pyridine ring, 
and all the PtON1 series showed intensive emitting except PtON1-CF3, especially in PMMA films 
with ϕ of 29–88% (Figure 3) [27]. Furthermore, PtON6-tBu, employing the 4-phenylpyrazole in 
place of 3,5-dimethylpyrazole in PtON1, was also developed as a deep emitter, which exhibit 
narrowband emission spectrum peaking at 448 nm in CH2Cl2 and FWHM of 20 nm [28]. The 
emission energy does not decrease significantly owing that the 4-phenyl group and the pyrazole 
are not coplanar in PtON6-tBu. What is more is that deep-blue OLEDs doped 2% PtON1-tBu 
or PtON6-tBu could reach peak EQEs of 5.3 or 10.9% with CIEy < 0.1 [28]. The unsatisfied EQEs 
are attributed to the high T1 energy of the deep-blue emitters, making them incompatible with 
known state-of-the-art host materials. Thus, stable host materials with a high T1 level are still 
important for the development of deep-blue OLEDs.

In addition to modifying the cyclometalating ligand, the 1-phenyl-pyrazole ligand can be 
replaced with low-energy ligand, like pyrazolyl-carbazole, and green emitter PtN1N (20) was 
designed and synthesized in Li′s group [29]. PtN1N also gives a very narrow emission spec-
trum peaking at 491 nm in CH2Cl2 solution at RT; the FWHM of 18 nm and Huang-Rhys factor 
(SM) of 0.3 for the vibrational transition v0,1 peak at 525 nm can be achieved. Moreover, one 
7% PtN1N-doped device demonstrated a peak EQE of 26.1% and only decreased slightly to 
25.8% at a luminance of 100 cd/m2. Importantly, employing the nitrogen of the carbazole as 
linking atom can significantly enhance the chemical and device stability. Therefore, using a 
known stable device structure, 10% PtN1N-doped green OLED could achieved an operational 
lifetime at 70% initial luminance, LT70, of 1436 h at 1000 cd/m2 with peak EQE of 14.3%, which 
was estimated nearly 72,000 h at a practical luminance of 100 cd/m2. Furthermore, improved 
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device by adding an electron-blocking layer (EBL) could achieved peak EQE of 22.1% and still 
remained 20.3% at 1000 cd/m2 with operational lifetime LT70 of nearly 1200 and 60,000 h at 1000 
and 100 cd/m2, respectively [29]. This device performance is among the highest-efficient green 
OLEDs reported in literatures. PtN1N also could be employed as an efficient green emitter for 
the development of white OLED [32]. However, replacing the PyCz for PtN1N with phenyl-
pyridine (ppy) gives an orange emitter PtN8ppy (21) because of the localization of the T1 mainly 
on the ppy moiety. The peak EQE of a PtN8ppy-based device could also reach close to 20% [29].

The development of efficient and stable blue emitters still maintains a challenge. In order to 
achieve this goal, chemically and thermally stable ligands must be adopted. Based on the above 
work, the carbazole in PtN1N was replaced with 9,10-dihydroacridine to break conjugation 
and increase the T1 state energy without changing the linking nitrogen atom; therefore, two 
new tetradentate platinum(II) complexes PtN’1 N (22) and PtN’1 N-tBu (23) were designed and 
reported by Li′s group recently [30]. Both PtN’1 N and PtN’1 N-tBu show dominant peaks at 
476 nm, which blueshifts by 8 nm compared to that of PtN1N in 2-MeTHF at 77 K. Optimized 
device by employing 10% PtN’1 N-tBu as dopant without EBL could achieve peak EQE of 15.9% 
and an estimated operational lifetime LT70 of 635 h at an initial luminance of 1000 cd/m2 [30]. 
This device performance is comparable or superior to the best platinum(II)-[33] and iridium(III) 
[34]-based blue OLEDs reported in literatures [30]. It was believed that the device performance 
could be further improved if using state-of-the-art host, electron, and hole-blocking materials.

Recently, Fan and Liao et al. designed and synthesized a series of platinum(II) complexes (24–
26) based on pyrazole[1,5-f]phenanthridine-containing ligands [31]. All of them showed high 
thermal stabilities and strong emission from blue to yellow-green spectral region with ϕ of 
24–70%. The dominate emission peaks of all the three complexes are not much difference, but 
the emission spectra are more and more broad. Interestingly, the emission from PyCz moiety 
can be observed clearly for complex 26, which is much like the PtON1 discussed above [27]. 
Complex 26 demonstrated the best device performance to achieve peak EQE of 16.4%, but 
unfortunately the operational lifetime of the device was not reported.

4. N-heterocyclic carbene-based tetradentate platinum(II) complexes

Because of the strong δ-donating ability and relatively weak π-accepting property, the 
N-heterocyclic carbene (NHC) unit could shorten the metal-carbene bond length of the 
NHC-based platinum(II) complexes, shallow the LUMO energy level to widen the HOMO 
and LUMO gap, and raise the d-d level of the excited state to suppress the thermally acti-
vated nonradiative decay. These will be beneficial for the stability of the complexes and the 
enhancement of quantum efficiency [12, 17]. Therefore, the NHC-based platinum(II) com-
plexes are appropriate to serve as blue and deep-blue phosphorescent OLEDs. However, due 
to synthetic challenges and shortage of stable host materials with high T1 state, the reported 
NHC-based tetradentate platinum(II) complexes are very rare. Especially, their operational 
lifetime remains unclear. The NHC-based platinum(II) complexes discussed in this chapter 
are illustrated in Figure 4, their photophysical properties are summarized in Table 4, and 
some of their device performances are illustrated in Table 5.
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Early in 2011, Che’s group had developed a series of symmetric bis-NHC-based platinum(II) 
complexes by employing O^C*C^O ligands (27–30, Figure 4) [35]. All the four complexes 
exhibit intense blue phosphorescence ether in solutions (ϕ, 3–18%) or in PMMA films 
(ϕ, 24–29%). Incorporating electron-donating groups into the phenyl rings, like -Me and -tBu, 
can destabilize the HOMO, resulting in 3–4 nm redshift for the emission spectra of 28 and 29 
compared with that of 27. On the other hand, electron-withdrawing group -F can stabilize 
the HOMO and make a significant blueshift (Table 4). Moreover, blue device doped with 28 
exhibited emission peak at about 460 nm with CIE coordinates of (0.16, 0.16), but the EQE was 
low and was not reported. In 2013, Che’s group optimized the blue device doped with 4% 
complex 29, which could achieve a high EQE of about 15% with CIE coordinates of (0.19, 0.21) 

Figure 4. Molecular structures of NHC-based tetradentate platinum(II) complexes.

Comp. In solution at RT In PMMA at RT

Solvent λmax/nm FWHM/nm ϕ/% τ/μs λmax/nm ϕ/% τ/μs

27 [35] THF-DMF 457 — 3 0.5 443 29 —

28 [35] THF-DMF 460 — 7 1.8 448 24 —

29 [35] THF-DMF 461 — 8 1.8 449 26 —

30 [35] THF-DMF 443 — 18 3.5 434;451 26 —

31 [36] THF-DMF 531;562 — 15 47.3 — — —

32 [36] CH2Cl2 — — — — 480a — 0.1a

Pt7O7 (33) [37] CH2Cl2 471 20 71 3.2 — — —

PtOO7 (34) [26] CH2Cl2 442 66 — — 442 58 2.5

PtON7 (35) [26] CH2Cl2 452 64 78 4.2 452 89 4.1

PtON7-tBu (36) [29] CH2Cl2 446 20 83 6.6 — — —

PtON7-dtb (37) [28] CH2Cl2 446 20 85 5.4 447 91 4.7

aData were collected in solid state.

Table 4. Photophysical properties of NHC-based tetradentate platinum(II) complexes.
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device by adding an electron-blocking layer (EBL) could achieved peak EQE of 22.1% and still 
remained 20.3% at 1000 cd/m2 with operational lifetime LT70 of nearly 1200 and 60,000 h at 1000 
and 100 cd/m2, respectively [29]. This device performance is among the highest-efficient green 
OLEDs reported in literatures. PtN1N also could be employed as an efficient green emitter for 
the development of white OLED [32]. However, replacing the PyCz for PtN1N with phenyl-
pyridine (ppy) gives an orange emitter PtN8ppy (21) because of the localization of the T1 mainly 
on the ppy moiety. The peak EQE of a PtN8ppy-based device could also reach close to 20% [29].

The development of efficient and stable blue emitters still maintains a challenge. In order to 
achieve this goal, chemically and thermally stable ligands must be adopted. Based on the above 
work, the carbazole in PtN1N was replaced with 9,10-dihydroacridine to break conjugation 
and increase the T1 state energy without changing the linking nitrogen atom; therefore, two 
new tetradentate platinum(II) complexes PtN’1 N (22) and PtN’1 N-tBu (23) were designed and 
reported by Li′s group recently [30]. Both PtN’1 N and PtN’1 N-tBu show dominant peaks at 
476 nm, which blueshifts by 8 nm compared to that of PtN1N in 2-MeTHF at 77 K. Optimized 
device by employing 10% PtN’1 N-tBu as dopant without EBL could achieve peak EQE of 15.9% 
and an estimated operational lifetime LT70 of 635 h at an initial luminance of 1000 cd/m2 [30]. 
This device performance is comparable or superior to the best platinum(II)-[33] and iridium(III) 
[34]-based blue OLEDs reported in literatures [30]. It was believed that the device performance 
could be further improved if using state-of-the-art host, electron, and hole-blocking materials.

Recently, Fan and Liao et al. designed and synthesized a series of platinum(II) complexes (24–
26) based on pyrazole[1,5-f]phenanthridine-containing ligands [31]. All of them showed high 
thermal stabilities and strong emission from blue to yellow-green spectral region with ϕ of 
24–70%. The dominate emission peaks of all the three complexes are not much difference, but 
the emission spectra are more and more broad. Interestingly, the emission from PyCz moiety 
can be observed clearly for complex 26, which is much like the PtON1 discussed above [27]. 
Complex 26 demonstrated the best device performance to achieve peak EQE of 16.4%, but 
unfortunately the operational lifetime of the device was not reported.

4. N-heterocyclic carbene-based tetradentate platinum(II) complexes

Because of the strong δ-donating ability and relatively weak π-accepting property, the 
N-heterocyclic carbene (NHC) unit could shorten the metal-carbene bond length of the 
NHC-based platinum(II) complexes, shallow the LUMO energy level to widen the HOMO 
and LUMO gap, and raise the d-d level of the excited state to suppress the thermally acti-
vated nonradiative decay. These will be beneficial for the stability of the complexes and the 
enhancement of quantum efficiency [12, 17]. Therefore, the NHC-based platinum(II) com-
plexes are appropriate to serve as blue and deep-blue phosphorescent OLEDs. However, due 
to synthetic challenges and shortage of stable host materials with high T1 state, the reported 
NHC-based tetradentate platinum(II) complexes are very rare. Especially, their operational 
lifetime remains unclear. The NHC-based platinum(II) complexes discussed in this chapter 
are illustrated in Figure 4, their photophysical properties are summarized in Table 4, and 
some of their device performances are illustrated in Table 5.

Light-Emitting Diode - An Outlook On the Empirical Features and Its Recent Technological Advancements84

Early in 2011, Che’s group had developed a series of symmetric bis-NHC-based platinum(II) 
complexes by employing O^C*C^O ligands (27–30, Figure 4) [35]. All the four complexes 
exhibit intense blue phosphorescence ether in solutions (ϕ, 3–18%) or in PMMA films 
(ϕ, 24–29%). Incorporating electron-donating groups into the phenyl rings, like -Me and -tBu, 
can destabilize the HOMO, resulting in 3–4 nm redshift for the emission spectra of 28 and 29 
compared with that of 27. On the other hand, electron-withdrawing group -F can stabilize 
the HOMO and make a significant blueshift (Table 4). Moreover, blue device doped with 28 
exhibited emission peak at about 460 nm with CIE coordinates of (0.16, 0.16), but the EQE was 
low and was not reported. In 2013, Che’s group optimized the blue device doped with 4% 
complex 29, which could achieve a high EQE of about 15% with CIE coordinates of (0.19, 0.21) 

Figure 4. Molecular structures of NHC-based tetradentate platinum(II) complexes.

Comp. In solution at RT In PMMA at RT

Solvent λmax/nm FWHM/nm ϕ/% τ/μs λmax/nm ϕ/% τ/μs

27 [35] THF-DMF 457 — 3 0.5 443 29 —

28 [35] THF-DMF 460 — 7 1.8 448 24 —

29 [35] THF-DMF 461 — 8 1.8 449 26 —

30 [35] THF-DMF 443 — 18 3.5 434;451 26 —

31 [36] THF-DMF 531;562 — 15 47.3 — — —

32 [36] CH2Cl2 — — — — 480a — 0.1a

Pt7O7 (33) [37] CH2Cl2 471 20 71 3.2 — — —

PtOO7 (34) [26] CH2Cl2 442 66 — — 442 58 2.5

PtON7 (35) [26] CH2Cl2 452 64 78 4.2 452 89 4.1

PtON7-tBu (36) [29] CH2Cl2 446 20 83 6.6 — — —

PtON7-dtb (37) [28] CH2Cl2 446 20 85 5.4 447 91 4.7

aData were collected in solid state.

Table 4. Photophysical properties of NHC-based tetradentate platinum(II) complexes.
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Dopant λmax/nm FWHM/nm CIE ηEQE

Peak (%) 100 cd/m2 (%)

3% 28a [35] ~460b ~70b (0.16, 0.16) — —

4% 29c [36] 460 ~70b (0.19, 0.21) ~15

2% Pt7O7(33)d [37] 472 20 (0.12, 0.24) 26.3 20.5

14% Pt7O7(33)d [37] — — (0.37, 0.42) 25.7 21.5

2% PtOO7 (34)e [26] 446 50 (0.15, 0.10) 7.0 4.1

6% PtON7 (35)f [26] 458 54 (0.15, 0.14) 23.7 20.4

6% PtON7-tBu (36)g [29] 450 28 (0.14, 0.09) 17.6 10.7

2% PtON7-dtb (37)g [28] 451 23 (0.146, 0.088) 17.2 12.4

6% PtON7-dtb (37)g [28] 452 25 (0.146, 0.091) 19.8 14.7

10% PtON7-dtb (37)g [28] 452 39 (0.155, 0.130) 19.6 14.9

14% PtON7-dtb (37)g [28] 454 47 (0.161, 0.169) 19.0 15.5

6% PtON7-dtb (37)h [28] 451 29 (0.148, 0.079) 24.8 22.7

aDevice structure: ITO/2-TNATA/NPB/dopant: DP4/TPBi/LiF/Al.
bEstimated from the EL spectrum in the reported literature.
cDevice structure: ITO/TAPC/TCTA/CzSi/dopant: CzSi/TmPyPB/LiF/Al.
dDevice structure: ITO/HATCN/NPD/TAPC/dopant: mCBP/DPPS/BmPyPB/LiF/Al.
eDevice structure: PEDOT:PSS/NPD/TAPC/dopant: 26mCPy/PO15/LiF/Al.
fDevice structure: ITO/HATCN/NPD/TAPC/dopant: 26mCPy/DPPS/LiF/Al.
gDevice structure: ITO/HATCN/NPD/TAPC/dopant: 26mCPy/DPPS/BmPyPB/LiF/Al.
hDevice structure: ITO/HATCN/NPD/TAPC/dopant: TAPC:PO15/PO15/BmPyPB/LiF/Al.

Table 5. Summary of blue OLED performances of the NHC-based tetradentate platinum(II) complexes.

(Table 5) [36]. What’s more is that extended π-conjugation (31) or prolonged linking group 
(32) would result in redshift for the emission spectra [36].

In 2014, Li′s group reported a symmetric bis-NHC-based platinum(II) complex Pt7O7 (33) by 
employing C^C*C^C ligands (Figure 4) [37]. Pt7O7 exhibits a very narrow emission spectrum 
peaking at 471 nm with FWHM of only 20 nm in diluted CH2Cl2 solution at RT. Two percent 
of Pt7O7-doped blue device demonstrated a peak EQE of 26.3% and still remained 20.5% at 
100 cd/m2 with broadening the electroluminescent (EL) spectrum (Table 4), paving a new way 
for the development of efficient blue phosphorescent emitters. Importantly, due to the square 
planar configuration, excimer would form in elevated concentration, and Pt7O7 could serve 
as single-doped white OLEDs. The device with the best emitting color could be achieved 
using a concentration of 14% Pt7O7 with a CRI of 70 and CIE coordinates of (0.37, 0.42), which 
also exhibited a peak EQE of 25.7%. This was the first reported emitter with both efficient 
monomer and excimer emissions.

In 2013–2015, Li′s group successively developed a series of blue and deep-blue OLEDs by 
employing rigid NHC-based platinum(II) complexes, like PtOO7 (34), [26] PtON7 (35) [26], 
PtON7-tBu (36) [27, 29], and PtON7-dtb (37) [27, 28], which adopted asymmetric tetradentate 
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ligands containing phenoxyl-pyridine or pyridinyl-carbazole moieties. All of them exhibit 
distorted molecular geometry that suppresses the excimer and aggregation formation. PtOO7 
shows a broad emission peak at 442 nm in CH2Cl2 solution and has a ϕ of 58% and a short τ of 
2.5 μs in PMMA film at RT. As expected, PtOO7-based device exhibited a deep-blue emission 
with a CIE coordinates of (0.15, 0.10); however, the peak EQE was only 7%, due to its high T1 
state level (2.87 eV) and incompatibility with the host material or improper energy-level align-
ment inside the emissive layer [16].

On the other hand, all the PtON7 series of complexes (35–37) have high ϕ of 78–91% and τ 
of 4.1–6.6 μs in solution and PMMA film at RT. Additionally, they have a relatively low T1 
state level (2.81–2.82 eV), allowing them to be compatible with the known and efficient host 
materials. Encouragingly, PtON7-based device demonstrated a blue color with a CIE coordi-
nates of (0.15, 0.14) and peak EQE of 23.7% still remained 20.4% at 100 cd/m2 [26]. However, 
due to the broad device emission spectrum (FWHM = 54 nm) and significant green emission 
contamination, the CIE coordinates of (0.15, 0.14) still fail to reach the standard of the “pure” 
blue coordinates of (0.14, 0.08) [38].

Further modifications are needed for the development of deep-blue OLEDs. Fortunately, 
incorporating-tBu group into the 4-position of the pyridine ring can elevate the T1 energy of the 
pyridinyl-carbazole moiety and suppress its emission, just like the discussion of PtON1 and 
PtON1-tBu above [27]. Thus, very narrow emission spectra can be obtained for the PtON7-tBu 
and PtON7-dtb, which have FWHM of only 20 nm, making them suitable for deep-blue emit-
ters (Figure 5) [29]. Importantly, the introduction of the other-tBu group to the phenyl ring 
can significantly enhance the thermal stability of PtON7-dtb and benefit to the high-quality 
device fabrication. As expected, PtON7-tBu-based device exhibited a deep-blue color and CIE 
coordinates of (0.14, 0.09) owing to its narrow emission spectrum and also had a peak EQE 
of 17.6% [29]. What’s more is that PtON7-dtb-based devices demonstrated excellent perfor-
mances. Increasing the concentration of the PtON7-dtb would broaden the emission spectra; 
however, no signs of excimer or aggregation formation were observed. Through optimizing 
the device structure by employing a co-host of hole- and electron-transporting materials, the 
peak EQE could be further increased to 24.8% and remained 22.7% at practical luminance of 
100 cd/m2 with a highly desirable CIE coordinates of (0.148, 0.079), very close to the “pure” 
blue coordinates of (0.14, 0.08) [28]. This device performance is the best for the deep-blue 

Figure 5. PL spectra of (a) PtON7, (b) PtON7-tBu, and PtON7-dtb at RT in CH2Cl2 (solid lines) and 77 K in 2-MeTHF (dash-
dotted lines) with molecular structures and CIE coordinates (RT) of each emitter inset (adapted with permission) [27].
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Dopant λmax/nm FWHM/nm CIE ηEQE

Peak (%) 100 cd/m2 (%)

3% 28a [35] ~460b ~70b (0.16, 0.16) — —

4% 29c [36] 460 ~70b (0.19, 0.21) ~15

2% Pt7O7(33)d [37] 472 20 (0.12, 0.24) 26.3 20.5

14% Pt7O7(33)d [37] — — (0.37, 0.42) 25.7 21.5

2% PtOO7 (34)e [26] 446 50 (0.15, 0.10) 7.0 4.1

6% PtON7 (35)f [26] 458 54 (0.15, 0.14) 23.7 20.4

6% PtON7-tBu (36)g [29] 450 28 (0.14, 0.09) 17.6 10.7

2% PtON7-dtb (37)g [28] 451 23 (0.146, 0.088) 17.2 12.4

6% PtON7-dtb (37)g [28] 452 25 (0.146, 0.091) 19.8 14.7

10% PtON7-dtb (37)g [28] 452 39 (0.155, 0.130) 19.6 14.9

14% PtON7-dtb (37)g [28] 454 47 (0.161, 0.169) 19.0 15.5

6% PtON7-dtb (37)h [28] 451 29 (0.148, 0.079) 24.8 22.7

aDevice structure: ITO/2-TNATA/NPB/dopant: DP4/TPBi/LiF/Al.
bEstimated from the EL spectrum in the reported literature.
cDevice structure: ITO/TAPC/TCTA/CzSi/dopant: CzSi/TmPyPB/LiF/Al.
dDevice structure: ITO/HATCN/NPD/TAPC/dopant: mCBP/DPPS/BmPyPB/LiF/Al.
eDevice structure: PEDOT:PSS/NPD/TAPC/dopant: 26mCPy/PO15/LiF/Al.
fDevice structure: ITO/HATCN/NPD/TAPC/dopant: 26mCPy/DPPS/LiF/Al.
gDevice structure: ITO/HATCN/NPD/TAPC/dopant: 26mCPy/DPPS/BmPyPB/LiF/Al.
hDevice structure: ITO/HATCN/NPD/TAPC/dopant: TAPC:PO15/PO15/BmPyPB/LiF/Al.

Table 5. Summary of blue OLED performances of the NHC-based tetradentate platinum(II) complexes.

(Table 5) [36]. What’s more is that extended π-conjugation (31) or prolonged linking group 
(32) would result in redshift for the emission spectra [36].

In 2014, Li′s group reported a symmetric bis-NHC-based platinum(II) complex Pt7O7 (33) by 
employing C^C*C^C ligands (Figure 4) [37]. Pt7O7 exhibits a very narrow emission spectrum 
peaking at 471 nm with FWHM of only 20 nm in diluted CH2Cl2 solution at RT. Two percent 
of Pt7O7-doped blue device demonstrated a peak EQE of 26.3% and still remained 20.5% at 
100 cd/m2 with broadening the electroluminescent (EL) spectrum (Table 4), paving a new way 
for the development of efficient blue phosphorescent emitters. Importantly, due to the square 
planar configuration, excimer would form in elevated concentration, and Pt7O7 could serve 
as single-doped white OLEDs. The device with the best emitting color could be achieved 
using a concentration of 14% Pt7O7 with a CRI of 70 and CIE coordinates of (0.37, 0.42), which 
also exhibited a peak EQE of 25.7%. This was the first reported emitter with both efficient 
monomer and excimer emissions.

In 2013–2015, Li′s group successively developed a series of blue and deep-blue OLEDs by 
employing rigid NHC-based platinum(II) complexes, like PtOO7 (34), [26] PtON7 (35) [26], 
PtON7-tBu (36) [27, 29], and PtON7-dtb (37) [27, 28], which adopted asymmetric tetradentate 
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ligands containing phenoxyl-pyridine or pyridinyl-carbazole moieties. All of them exhibit 
distorted molecular geometry that suppresses the excimer and aggregation formation. PtOO7 
shows a broad emission peak at 442 nm in CH2Cl2 solution and has a ϕ of 58% and a short τ of 
2.5 μs in PMMA film at RT. As expected, PtOO7-based device exhibited a deep-blue emission 
with a CIE coordinates of (0.15, 0.10); however, the peak EQE was only 7%, due to its high T1 
state level (2.87 eV) and incompatibility with the host material or improper energy-level align-
ment inside the emissive layer [16].

On the other hand, all the PtON7 series of complexes (35–37) have high ϕ of 78–91% and τ 
of 4.1–6.6 μs in solution and PMMA film at RT. Additionally, they have a relatively low T1 
state level (2.81–2.82 eV), allowing them to be compatible with the known and efficient host 
materials. Encouragingly, PtON7-based device demonstrated a blue color with a CIE coordi-
nates of (0.15, 0.14) and peak EQE of 23.7% still remained 20.4% at 100 cd/m2 [26]. However, 
due to the broad device emission spectrum (FWHM = 54 nm) and significant green emission 
contamination, the CIE coordinates of (0.15, 0.14) still fail to reach the standard of the “pure” 
blue coordinates of (0.14, 0.08) [38].

Further modifications are needed for the development of deep-blue OLEDs. Fortunately, 
incorporating-tBu group into the 4-position of the pyridine ring can elevate the T1 energy of the 
pyridinyl-carbazole moiety and suppress its emission, just like the discussion of PtON1 and 
PtON1-tBu above [27]. Thus, very narrow emission spectra can be obtained for the PtON7-tBu 
and PtON7-dtb, which have FWHM of only 20 nm, making them suitable for deep-blue emit-
ters (Figure 5) [29]. Importantly, the introduction of the other-tBu group to the phenyl ring 
can significantly enhance the thermal stability of PtON7-dtb and benefit to the high-quality 
device fabrication. As expected, PtON7-tBu-based device exhibited a deep-blue color and CIE 
coordinates of (0.14, 0.09) owing to its narrow emission spectrum and also had a peak EQE 
of 17.6% [29]. What’s more is that PtON7-dtb-based devices demonstrated excellent perfor-
mances. Increasing the concentration of the PtON7-dtb would broaden the emission spectra; 
however, no signs of excimer or aggregation formation were observed. Through optimizing 
the device structure by employing a co-host of hole- and electron-transporting materials, the 
peak EQE could be further increased to 24.8% and remained 22.7% at practical luminance of 
100 cd/m2 with a highly desirable CIE coordinates of (0.148, 0.079), very close to the “pure” 
blue coordinates of (0.14, 0.08) [28]. This device performance is the best for the deep-blue 

Figure 5. PL spectra of (a) PtON7, (b) PtON7-tBu, and PtON7-dtb at RT in CH2Cl2 (solid lines) and 77 K in 2-MeTHF (dash-
dotted lines) with molecular structures and CIE coordinates (RT) of each emitter inset (adapted with permission) [27].
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phosphorescent OLEDs reported to date [17], and this molecular design by employing asym-
metric tetradentate NHC ligands is one of the most successful strategies for the development 
of deep-blue OLEDs with high color purity. There has also been much progress on the further 
understanding of the relationship between the molecular modifications and the narrowing of 
emission band, and research work had been carried out based on the study of the time-depen-
dent density functional theory (TD-DFT), UV, IR, and transient Raman spectra [27, 39, 40].

5. Imidazole-based tetradentate platinum(II) complexes

Compared with the 1-phenyl-pyrazole and phenyl-NHC moieties discussed above, 2-phenyl-
imidazole has a greater degree of π-conjugation and a relatively low T1 state level. Thus, imidaz-
ole-based phosphorescent metal complexes often exhibit redshift and serve as sky-blue emitters. 
Importantly, they are easily compatible with the known stable host and charger-transporting 
materials, making them suitable for the development of stable blue OLEDs. Imidazole-based 
iridium(III) blue emitters have been widely studied and demonstrated high quantum efficiency 
and impressive operational lifetime, although they are still far from meeting the strict require-
ments of commercialization [17, 34, 41–44]. However, the reported tetradentate imidazole-based 
platinum(II) complexes are still rare, which are illustrated in Figure 6, their photophysical prop-
erties are summarized in Table 6, and the device performances are illustrated in Table 7.

Interestingly, although adopting different ancillary ligands, PtOO2 (38) and PtON2 (39) 
nearly have the same T1 state level, corresponding to their dominant peaks at 462 and 460 nm 

Figure 6. Molecular structures of imidazole-based tetradentate platinum(II) complexes.

Comp. In CH2Cl2 at RT In PMMA at RT

λmax/nm ϕ/% τ/μs λmax/nm ϕ/% τ/μs

PtOO2 (38) [45] 468 64 9.0 — — —

PtON2 (39 [45] 466 61 6.5 — — —

Pt2O2 (40) [46] 490 — — — 84 —

Pt1O2 (41) [46] 474 — — — — —

Pt1O2me2 (42) [46] 470 — — — — —

Table 6. Photophysical properties of imidazole-based tetradentate platinum(II) complexes.
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in 2-MeTHF at 77 K, respectively [45]. Both of them emit strongly in diluted CH2Cl2 solution 
at RT and exhibit λmax at 468 and 466 nm, respectively (Table 6). PtOO2- and PtON2-based 
devices emitted in the blue-green region and demonstrated high peaking EQEs of 23.1 and 
22.9% and still could remain 15.7 and 17.5% at 1000 cd/m2 in the device structure I (Table 7). 
Due to the P=O, double bond can be irreversibly reduced by electrons in the device to result in 
the poor electrochemical stability of the hole-blocking material PO15, and the device lifetime 
was not run in the literature.

Compared with the nonplanar molecular PtOO2 and PtON2, all planar complexes Pt2O2 (40), 
Pt1O2 (41), and Pt1O2me2 (42) show redshift, especially for the symmetric Pt2O2, which peaks 
at 490 nm in diluted CH2Cl2 at RT. Importantly, all the three planar complexes have more rigid 
configuration, which results in strong intermolecular Pt-Pt interaction to form efficient excimers, 
enabling them suitably for serving as single-doped white OLEDs for lighting application [46]. 
All the devices doped with either low or high concentrations exhibited very high peak EQEs 
from 22.6 to 26.5% using the device structure II and could achieve 16.9–21.0% even at 1000 cd/
m2 (Table 7); this device performance indicated that both the monomer and the excimer were 
highly efficient in the device settings, which were superior to that of the literature reporting 
bidentate and tridentate platinum(II) complexes, like FPt, Pt-4, and Pt-16 [46]. What’s more is 
that the triplet-triplet annihilation (TTA) processes at high dopant concentrations, which were 
often observed in the iridium(III)-based devices, were also not significant for these complexes.

The operational lifetime of the devices is one of important parameters for their potential com-
mercialization. Using the stable device structure III, white OLED doped with 16% Pt2O2 dem-
onstrated an operational lifetime LT80 of over 200 h at an initial luminance of 1000 cd/m2 with 

Dopant CIE CRI ηEQE Device LT80

1000 cd/m2 (h)Peak (%) 1000 cd/m2 (%)

8% PtOO2 (38)a [45] (0.16, 0.34) — 23.1 15.7 —

8% PtON2 (39)a [45] (0.16, 0.32) — 22.9 17.5 —

2% Pt2O2 (40)b [46] (0.23, 0.57) — 25.4 18.2 —

16% Pt2O2 (40)b [46] (0.48, 0.48) 72 24.6 21.0 —

16% Pt2O2 (40)c [46] (0.46, 0.47) 80 12.5 — 207

2% Pt1O2 (41)b [46] (0.22, 0.44) — 24.1 16.9 —

16% Pt1O2 (41)b [46] (0.49, 0.48) 57 22.6 19.3 —

2% Pt1O2me2 (42)b [46] (0.23, 0.44) — 26.5 17.6 —

16% Pt1O2me2 (42)b [46] (0.42, 0.53) 42 24.2 20.6 —

12% Pt1O2me2 (42)c [46] (0.43, 0.50) — 12.3 — >400

aDevice structure I: ITO/PEDOT: PSS/NPD/TAPC/dopant:26mCPy/PO15/BmPyPB/LiF/Al.
bDevice structure II: ITO/HATCN/NPD/TAPC/dopant: 26mCPy/DPPS/BmPyPB/LiF/Al.
cDevice structure III: ITO/HATCN/NPD/dopant: CBP/BAlq/Alq/LiF/Al.

Table 7. Device performances of pyrazole-based tetradentate platinum(II) complexes.
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phosphorescent OLEDs reported to date [17], and this molecular design by employing asym-
metric tetradentate NHC ligands is one of the most successful strategies for the development 
of deep-blue OLEDs with high color purity. There has also been much progress on the further 
understanding of the relationship between the molecular modifications and the narrowing of 
emission band, and research work had been carried out based on the study of the time-depen-
dent density functional theory (TD-DFT), UV, IR, and transient Raman spectra [27, 39, 40].

5. Imidazole-based tetradentate platinum(II) complexes

Compared with the 1-phenyl-pyrazole and phenyl-NHC moieties discussed above, 2-phenyl-
imidazole has a greater degree of π-conjugation and a relatively low T1 state level. Thus, imidaz-
ole-based phosphorescent metal complexes often exhibit redshift and serve as sky-blue emitters. 
Importantly, they are easily compatible with the known stable host and charger-transporting 
materials, making them suitable for the development of stable blue OLEDs. Imidazole-based 
iridium(III) blue emitters have been widely studied and demonstrated high quantum efficiency 
and impressive operational lifetime, although they are still far from meeting the strict require-
ments of commercialization [17, 34, 41–44]. However, the reported tetradentate imidazole-based 
platinum(II) complexes are still rare, which are illustrated in Figure 6, their photophysical prop-
erties are summarized in Table 6, and the device performances are illustrated in Table 7.

Interestingly, although adopting different ancillary ligands, PtOO2 (38) and PtON2 (39) 
nearly have the same T1 state level, corresponding to their dominant peaks at 462 and 460 nm 

Figure 6. Molecular structures of imidazole-based tetradentate platinum(II) complexes.

Comp. In CH2Cl2 at RT In PMMA at RT

λmax/nm ϕ/% τ/μs λmax/nm ϕ/% τ/μs

PtOO2 (38) [45] 468 64 9.0 — — —

PtON2 (39 [45] 466 61 6.5 — — —

Pt2O2 (40) [46] 490 — — — 84 —

Pt1O2 (41) [46] 474 — — — — —
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Table 6. Photophysical properties of imidazole-based tetradentate platinum(II) complexes.
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in 2-MeTHF at 77 K, respectively [45]. Both of them emit strongly in diluted CH2Cl2 solution 
at RT and exhibit λmax at 468 and 466 nm, respectively (Table 6). PtOO2- and PtON2-based 
devices emitted in the blue-green region and demonstrated high peaking EQEs of 23.1 and 
22.9% and still could remain 15.7 and 17.5% at 1000 cd/m2 in the device structure I (Table 7). 
Due to the P=O, double bond can be irreversibly reduced by electrons in the device to result in 
the poor electrochemical stability of the hole-blocking material PO15, and the device lifetime 
was not run in the literature.

Compared with the nonplanar molecular PtOO2 and PtON2, all planar complexes Pt2O2 (40), 
Pt1O2 (41), and Pt1O2me2 (42) show redshift, especially for the symmetric Pt2O2, which peaks 
at 490 nm in diluted CH2Cl2 at RT. Importantly, all the three planar complexes have more rigid 
configuration, which results in strong intermolecular Pt-Pt interaction to form efficient excimers, 
enabling them suitably for serving as single-doped white OLEDs for lighting application [46]. 
All the devices doped with either low or high concentrations exhibited very high peak EQEs 
from 22.6 to 26.5% using the device structure II and could achieve 16.9–21.0% even at 1000 cd/
m2 (Table 7); this device performance indicated that both the monomer and the excimer were 
highly efficient in the device settings, which were superior to that of the literature reporting 
bidentate and tridentate platinum(II) complexes, like FPt, Pt-4, and Pt-16 [46]. What’s more is 
that the triplet-triplet annihilation (TTA) processes at high dopant concentrations, which were 
often observed in the iridium(III)-based devices, were also not significant for these complexes.

The operational lifetime of the devices is one of important parameters for their potential com-
mercialization. Using the stable device structure III, white OLED doped with 16% Pt2O2 dem-
onstrated an operational lifetime LT80 of over 200 h at an initial luminance of 1000 cd/m2 with 

Dopant CIE CRI ηEQE Device LT80

1000 cd/m2 (h)Peak (%) 1000 cd/m2 (%)

8% PtOO2 (38)a [45] (0.16, 0.34) — 23.1 15.7 —

8% PtON2 (39)a [45] (0.16, 0.32) — 22.9 17.5 —

2% Pt2O2 (40)b [46] (0.23, 0.57) — 25.4 18.2 —

16% Pt2O2 (40)b [46] (0.48, 0.48) 72 24.6 21.0 —

16% Pt2O2 (40)c [46] (0.46, 0.47) 80 12.5 — 207

2% Pt1O2 (41)b [46] (0.22, 0.44) — 24.1 16.9 —

16% Pt1O2 (41)b [46] (0.49, 0.48) 57 22.6 19.3 —

2% Pt1O2me2 (42)b [46] (0.23, 0.44) — 26.5 17.6 —

16% Pt1O2me2 (42)b [46] (0.42, 0.53) 42 24.2 20.6 —

12% Pt1O2me2 (42)c [46] (0.43, 0.50) — 12.3 — >400

aDevice structure I: ITO/PEDOT: PSS/NPD/TAPC/dopant:26mCPy/PO15/BmPyPB/LiF/Al.
bDevice structure II: ITO/HATCN/NPD/TAPC/dopant: 26mCPy/DPPS/BmPyPB/LiF/Al.
cDevice structure III: ITO/HATCN/NPD/dopant: CBP/BAlq/Alq/LiF/Al.

Table 7. Device performances of pyrazole-based tetradentate platinum(II) complexes.
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a color rendering index (CRI) of up to 80 and peak EQE of 12.5% [46]. Due to the strong emis-
sion of the excimer, 12% Pt1O2me2-doped device exhibited a yellow emission; however, the 
operational lifetime LT80 could achieve over 400 h at an initial luminance of 1000 cd/m2, which 
was twice as long as that of Pt2O2 in the same device setting, and this could be attributed to 
the lack of high-energy blue emitters in the Pt1O2me2-based device.

6. Pyridine-based tetradentate platinum(II) complexes

2-Phenylpyridine has been widely used as ligand for the iridium(III)- and platinum(II)-
based phosphorescent complexes, like Ir(ppy)3, due to its high stability and easy prepara-
tion. However, owing to the low T1 state level, the emitting colors are usually from green to 
red. So far, various types of pyridine-based tetradentate platinum(II) complexes have been 
reported; importantly, most of them are highly efficient, and some complexes are so stable 
that they can achieve the early stage of commercial applications. The pyridine-based tetra-
dentate platinum(II) complexes are illustrated in Figure 7, their photophysical properties are 
summarized in Table 8, and some of the device performances based on these complexes are 
showed in Table 9.

In 2010, Huo’s group reported three pyridine-based platinum complexes (43–45) using phe-
nylamine as linking group [24]. Complex 43 exhibits a dominant emission peak at 512 nm 
in diluted 2-MeTHF solution, and the excimer emission at about 740 nm was observed at 
elevated concentration, due to the planar molecular configuration. The HOMO level can be 
stabilized by introducing fluorine atoms into the phenyl rings; thus, complex 44 has a blue-
shift of 24 nm with a peaking emission at 488 nm. Because of the electron-donating character 
of the phenylamine, complex 45 has a shallower HOMO level of −4.56 eV compared to that of 
complex 43 of −5.27 eV; therefore, significant redshift of 100 nm was observed for complex 45. 
All the three complexes show strongly luminescence with ϕ of 14–75% in solution, and device 
doped with 43 achieved a peak EQE of 14.7% with coordinates of (0.32, 0.62). Unfortunately, 
the device stability was not studied in the literature.

In 2012, Fukagawa et al. developed two modified complexes TLEC-025 (46) and TLEC-
027 (47) by incorporating δ-donating groups on the phenylamine to further destabilize the 
HOMO levels, resulting in redshift to about 620 nm, which were ideal emitters for red OLEDs 
[47]. TLEC-025-based device demonstrated an operational lifetime LT80 of 1290 h with a peak 
EQE of 18.5% and power efficiency (PE) of 20.7 lm/W at 100 cd/m2 and still remained 14.4% 
and 25.2 lm/W at 1000 cd/m2. Encouragingly, device doped with TLEC-027 achieved further 
long operational lifetime LT80 of 3330 h with similar EQEs and even higher PEs of 25.5 and 
30.3 lm/W at 100 and 1000 cd/m2, respectively. Unfortunately, the molecular structures of the 
hole-injecting material ND-1501 and electron-transporting material ETM-143 were unknown. 
Anyway, this was the first time to demonstrate that the platinum(II)-based devices could be 
as efficient and stable as the iridium(II)-based ones, opening a door for the development of 
efficient and stable OLEDs by employing platinum(II) complexes.

Pyridine-based tetradentate platinum(II) complex PtOO3 (48) with luminescent quantum effi-
ciency of up to 97% in thin film was developed by Li′s group in 2013. PtOO3-based device 
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performance was compared with that of fac-Ir(ppy)3 in the same device structure, and peak 
EQE of 22.3% could be achieved [23].

A great progress has been made for the development of stable and efficient platinum(II)-
based red OLEDs in the past several years. In 2014, Li′s group demonstrated a stable red 
OLEDs with an estimated operational lifetime LT97 of 62 h at 1000 cd/m2 with CIE coordinates 
of (0.60, 0.36) by employing PtON11Me (49) as emitter [48]. One year later, tenfold increase 
in the operational lifetime was achieved using more stable carbazole-linked emitter, PtN3N-
ptb (50), and an estimated operational lifetime LT97 of 638 h at 1000 cd/m2 with peak EQE 
of 10.8%, which used CBP, TrisPCz, and BPyTP as host, electron-blocking, and transporting 
materials, respectively. Also, the turn on voltage was as low as about 2.0 eV. Moreover, the 
peak EQE could be increased to 21.5% if using Bebq2 as host material [49]. What’s more is that 
adopting a bilayer emitting material layer (EML) with different dopant concentrations in the 
same device structure, PtN3N (51)-based orange OLED, could achieve a superior operational 
lifetime LT97 of 2057 h at 1000 cd/m2 and peak EQE of 16.9%. This could be attributed to shift 
the excision formation zone deep into the EML to suppress the potential fast degradation of 

Figure 7. Molecular structures of pyridine-based tetradentate platinum(II) complexes.
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a color rendering index (CRI) of up to 80 and peak EQE of 12.5% [46]. Due to the strong emis-
sion of the excimer, 12% Pt1O2me2-doped device exhibited a yellow emission; however, the 
operational lifetime LT80 could achieve over 400 h at an initial luminance of 1000 cd/m2, which 
was twice as long as that of Pt2O2 in the same device setting, and this could be attributed to 
the lack of high-energy blue emitters in the Pt1O2me2-based device.
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tion. However, owing to the low T1 state level, the emitting colors are usually from green to 
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reported; importantly, most of them are highly efficient, and some complexes are so stable 
that they can achieve the early stage of commercial applications. The pyridine-based tetra-
dentate platinum(II) complexes are illustrated in Figure 7, their photophysical properties are 
summarized in Table 8, and some of the device performances based on these complexes are 
showed in Table 9.

In 2010, Huo’s group reported three pyridine-based platinum complexes (43–45) using phe-
nylamine as linking group [24]. Complex 43 exhibits a dominant emission peak at 512 nm 
in diluted 2-MeTHF solution, and the excimer emission at about 740 nm was observed at 
elevated concentration, due to the planar molecular configuration. The HOMO level can be 
stabilized by introducing fluorine atoms into the phenyl rings; thus, complex 44 has a blue-
shift of 24 nm with a peaking emission at 488 nm. Because of the electron-donating character 
of the phenylamine, complex 45 has a shallower HOMO level of −4.56 eV compared to that of 
complex 43 of −5.27 eV; therefore, significant redshift of 100 nm was observed for complex 45. 
All the three complexes show strongly luminescence with ϕ of 14–75% in solution, and device 
doped with 43 achieved a peak EQE of 14.7% with coordinates of (0.32, 0.62). Unfortunately, 
the device stability was not studied in the literature.

In 2012, Fukagawa et al. developed two modified complexes TLEC-025 (46) and TLEC-
027 (47) by incorporating δ-donating groups on the phenylamine to further destabilize the 
HOMO levels, resulting in redshift to about 620 nm, which were ideal emitters for red OLEDs 
[47]. TLEC-025-based device demonstrated an operational lifetime LT80 of 1290 h with a peak 
EQE of 18.5% and power efficiency (PE) of 20.7 lm/W at 100 cd/m2 and still remained 14.4% 
and 25.2 lm/W at 1000 cd/m2. Encouragingly, device doped with TLEC-027 achieved further 
long operational lifetime LT80 of 3330 h with similar EQEs and even higher PEs of 25.5 and 
30.3 lm/W at 100 and 1000 cd/m2, respectively. Unfortunately, the molecular structures of the 
hole-injecting material ND-1501 and electron-transporting material ETM-143 were unknown. 
Anyway, this was the first time to demonstrate that the platinum(II)-based devices could be 
as efficient and stable as the iridium(II)-based ones, opening a door for the development of 
efficient and stable OLEDs by employing platinum(II) complexes.

Pyridine-based tetradentate platinum(II) complex PtOO3 (48) with luminescent quantum effi-
ciency of up to 97% in thin film was developed by Li′s group in 2013. PtOO3-based device 
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performance was compared with that of fac-Ir(ppy)3 in the same device structure, and peak 
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A great progress has been made for the development of stable and efficient platinum(II)-
based red OLEDs in the past several years. In 2014, Li′s group demonstrated a stable red 
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of (0.60, 0.36) by employing PtON11Me (49) as emitter [48]. One year later, tenfold increase 
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ptb (50), and an estimated operational lifetime LT97 of 638 h at 1000 cd/m2 with peak EQE 
of 10.8%, which used CBP, TrisPCz, and BPyTP as host, electron-blocking, and transporting 
materials, respectively. Also, the turn on voltage was as low as about 2.0 eV. Moreover, the 
peak EQE could be increased to 21.5% if using Bebq2 as host material [49]. What’s more is that 
adopting a bilayer emitting material layer (EML) with different dopant concentrations in the 
same device structure, PtN3N (51)-based orange OLED, could achieve a superior operational 
lifetime LT97 of 2057 h at 1000 cd/m2 and peak EQE of 16.9%. This could be attributed to shift 
the excision formation zone deep into the EML to suppress the potential fast degradation of 
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the device [50]. These device performances indicate that the platinum(II)-based complexes are 
more appealing as phosphorescent emitters in the display applications.

For the development of iridium(III)-based blue emitters containing phenylpyridine moiety, 
generally, electron-withdrawing groups, like fluorine, are needed to be introduced into the 
phenyl group to stabilize the HOMO level [21]. However, this would result in electrochemi-
cal stability problems to accelerate the device degradation, which was unfavorable to the 
development of the stable blue OLEDs. In 2016, Li′s group developed a new rout for stable 
and efficient blue OLEDs through breaking the conjugation of the phenylpyridine with a six-
membered chelating rings (52, PtNON) [33]. Therefore, an operational lifetime LT70 of 624 h at 
1000 cd/m2 with peak EQE of 10.7% and CIE coordinates of (0.17, 0.32) was achieved for the 
PtNON-based blue OLED. This device performance was comparable to the best iridium(III)-
based blue OLEDs reported in literatures [34].

Comp. In solution at RT In PMMA at RT

Solvent λmax/nm ϕ/% τ/μs λmax/nm ϕ/% τ/μs

43 [24] 2-MeTHF 512, 548 74 7.6 514, 551, 595a — —

44 [24] 2-MeTHF 488, 523 75 11.4 541, 583a — —

45 [24] 2-MeTHF 613 14 7.6 741, 782a — —

46 [47] — — — — 621b 58 —

47 [47] — — — — 620b,c — —

48 [23] CH2Cl2 512 63 2.0 — 97 4.5

49 [48] CH2Cl2 614 — 3.6 — 40 —

50 [49] CH2Cl2 502 34 — — — —

51 [50] CH2Cl2 582 63 7.3 — — —

52 [33] CH2Cl2 508 31 2.6 474 83 3.8

53 [51] CH2Cl2 595 12 1.9 — — —

54 [52] CH2Cl2 479, 510, 624 60 5.8 — — —

55 [52] CH2Cl2 480, 510, 616 66 5.4 — — —

56 [52] CH2Cl2 482, 512, 624 75 17.7 — — —

57 [52] CH2Cl2 503 76 4.1 — — —

58 [53] CH2Cl2 551 90 4.3 — 74 —

59 [53] CH2Cl2 517 80 5.1 — 91 —

60 [54] CH2Cl2 553, 587 86 6.6 — — —

61 [54] CH2Cl2 526 47 5.9 — — —

62 [54] CH2Cl2 527 49 8.8 — — —

aSolid state.
bDoped in Bebq2.
cEstimated from the emission spectrum.

Table 8. Photophysical properties of pyridine-based tetradentate platinum(II) complexes.
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In fact, a synthetic challenge still remains for the gram-scale preparation of the PtNON and 
the PtON1 series complexes. Recently, our group developed an efficient approach for the 
CuCl-catalyzed C-N band cross coupling of carbazoles and 2-bromopyridine derivatives to 
synthesize 2-bromo-N-(hetero)arylcarbazoles. It was found that base t-BuOLi could accelerate 
the reaction significantly and just a few hours needed to complete the reaction [55]. However, 
3–6 days were needed if using K2CO3 as base according to the previous reported method [28, 
29]. Moreover, a directly hydroxylation of the 2-bromo-N-(hetero)arylcarbazoles catalyzed 
by CuCl was also developed [56]. Both of the approaches are suitable for large-scale synthe-
sis and have been successfully applied in the gram-scale synthesis of PtNON and PdNON, 
demonstrating its practicability in organic synthesis methodology and materials science [56].

Early in 2013, Che’s group had developed a series of symmetric (53) [51] and asymmetric (54–62) 
[52–54, 57] phenoxyl-pyridine containing tetradentate platinum(II) complexes. All asymmetric 

Dopant λmax/nm CIE CRI ηEQE Device LT

1000 cd/m2 (h)Peak (%) 1000 cd/m2 (%)

4% 43a [24] 512 (0.32, 0.62) — 14.7 — —

6% 46b [47] — (0.662, 0.337) — 18.5 14.4 LT80: 1920

6% 47b [47] — (0.657, 0342) — 18.2 14.5 LT80: 3330

8% 48c [23] 500 — — 22.3 17.6 —

6% 49d [48] — (0.60, 0.36) — 4.7 4.6 LT97: 62

10% 50e [49] — (0.63, 0.37) — 10.8 7.8 LT97: 638

2% 50f [49] — (0.58, 0.42) — 21.5 13.5 LT97: 25

10–6% 51g [50] — (0.55, 0.45) — 16.9 15.3 LT97: 2057

6% 52h [33] — (0.17, 0.32) — 10.7 9.1 LT70: 624

10% 54i [52] — (0.41, 0.44) 75 11.6 5.5 —

16% 55i [52] — (0.41, 0.45) 74 17.0 12.4 —

20% 56i [52] — (0.41, 0.45) 76 9.6 8.4 —

4% 57i [52] — (0.29, 0.63) — 9.7 9.5 —

10% 58j [53] 555 (0.44, 0.55) — 26.0 23.1 —

10% 59j [53] — (0.31, 0.64) — 27.6 25.6 —

aDevice structure: ITO/CFx/NBP/TCTA/dopant: TPBI:TCTA/TPBI/Alq/LiF/Mg:Ag.
bDevice structure: ITO/ND-1501/α-NPD/dopant:Bebq2/ETM-143/LiF/Al.
cDevice structure: ITO/PEDOT:PSS/TAPC/dopant: 26mCPy/PO15/BmPyPB/LiF/Al.
dDevice structure: ITO/HATCN/NPD/dopant:mCBP:BAlq/BAlq/Alq/LiF/Al.
eDevice structure: ITO/HATCN/NPD/TrisPCz/dopant: CBP/BAlq/BPyTP/LiF/Al.
fDevice structure: ITO/HATCN/NPD/TrisPCz/dopant:Bebq2/BAlq/BPyTP/LiF/Al.
gDevice structure: ITO/HATCN/NPD/TrisPCz/20 wt%51: CBP/6 wt%51:CBP/BAlq/BPyTP/LiF/Al.
hDevice structure: ITO/HATCN/NPD/dopant:mCBP/mCBT/BPyTP/LiF/Al.
iDevice structure: ITO/PEDOT:PSS/dopant:PVK:OXD-7/TmPyPb/TPBi/LiF/Al.
jDevice structure: ITO/MoO3/TAPC/dopant:TCTA/TmPyPB/LiF/Al.

Table 9. Device performances of pyridine-based tetradentate platinum(II) complexes.
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the device [50]. These device performances indicate that the platinum(II)-based complexes are 
more appealing as phosphorescent emitters in the display applications.
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generally, electron-withdrawing groups, like fluorine, are needed to be introduced into the 
phenyl group to stabilize the HOMO level [21]. However, this would result in electrochemi-
cal stability problems to accelerate the device degradation, which was unfavorable to the 
development of the stable blue OLEDs. In 2016, Li′s group developed a new rout for stable 
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membered chelating rings (52, PtNON) [33]. Therefore, an operational lifetime LT70 of 624 h at 
1000 cd/m2 with peak EQE of 10.7% and CIE coordinates of (0.17, 0.32) was achieved for the 
PtNON-based blue OLED. This device performance was comparable to the best iridium(III)-
based blue OLEDs reported in literatures [34].
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synthesize 2-bromo-N-(hetero)arylcarbazoles. It was found that base t-BuOLi could accelerate 
the reaction significantly and just a few hours needed to complete the reaction [55]. However, 
3–6 days were needed if using K2CO3 as base according to the previous reported method [28, 
29]. Moreover, a directly hydroxylation of the 2-bromo-N-(hetero)arylcarbazoles catalyzed 
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complexes have high ϕ of 49–90% and τ of 4.1–17.7 μs in CH2Cl2 solutions, and the OLEDs doped 
these complexes that showed very high brightness, even up to 66,000 cd/m2 at 10.5 eV. Moreover, 
the planar rigid molecular configuration enabled the fluorine-containing complexes 54–56 to 
have strong excimer emission at 616–624 nm, making them serve as ideal emitters for single-
doped white OLEDs with CRI of up to 76 [52]. However, after introducing sterically bulky 
3,5-di-tert-butylphenyl group to the pyridine ring, excimer formation was suppressed for the 
complexes 57–62. Devices doped with complex 58 bridging phenylamine or complex 59 with 
a spiro linkage demonstrated peak EQEs over 25% and maximal PEs up to 109.4 lm/W using 
TmPyPB as ETL. The maximal PE of complex 59 could further be improved to 126.0 lm/W if 
Tm3PyBPZ as ETL, which were the highest among the reported platinum(II)-based OLEDs [53]. 
In the same year, Che’s group developed another series of tetradentate platinum(II) complexes 
containing carbazole (60), phenoxazine (61), and phenothiazine (62) moieties, which served as 
yellow phosphorescent emitters combined with blue emitter to make white OLEDs [54].

7. Other types of tetradentate platinum(II) complexes

Besides the four series of tetradentate platinum(II) complexes discussed above, there were 
also some other new types. In 2015, a series of sky-blue emitters based on 3-(trifluoromethyl)-
5-(2-pyridyl)pyrazole or 3-(trifluoromethyl)-5-(2-pyridyl)-1,2,4-triazole containing spiro-
arranged tetradentate ligands were developed. The peak EQE of one blue OLED could reach 
15.3% and CIE values of (0.190, 0.342) [58]. In 2017, Liao, Fan, and co-workers developed 
three 1-isopropyl-2-phenyl-benzo[d]imidazole-based emitters with decomposition tempera-
ture above 400°C, and one device exhibited a peak EQE of 22.3% [59].

Very recently, Fukagawa and co-workers reported great progress in ultrapure green OLEDs 
based on a NHC emitter PtN7N [60], which was developed by Li′s group before 2014 [61]. The 
optimized OLED showed CIE coordinates of (0.18, 0.74) using a top-emitting OLED with a 
microcavity structure and also using a boron-based host material [60]. Fukagawa’s work dem-
onstrated that the narrowband emitter PtN7N was superior to the iridium(II)-based emitter 
Ir(mppy)3 for the development of ultrapure green emitter to satisfy the BT.2020 for ultrahigh-
definition displays [60], owing to the very small vibrational structures of PtN7N that could 
be well suppressed by microcavity technology. Similar phenomenon was also observed in the 
previous report of narrowband green emitter PtN1N vs. PtOO3 [62]. Moreover, Fukagawa’s 
work also demonstrated that the operational stability of PtN7N-based OLEDs could be com-
parable to that of the Ir(mppy)3-based ones, indicating the promise for the practical applica-
tion of PtN7N by employing suitable host and charge-transporting materials [60, 63].

8. Conclusion

In summary, after over 10 years of development, the emission spectra of the tetradentate 
platinum(II)-based OLEDs can cover the whole visible spectrum, they also exhibit high effi-
ciency, and some show high color purity and long operational lifetime, demonstrating their 
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potential applications for the next-generation full-color display and solid-state lighting. Owing 
to the square planar and rigid molecular configurations, platinum(II) complexes have many 
unique and exciting photophysical properties. On the one hand, easy molecular modification 
enables tunable emission spectra, and the FWHM of the pyrazole- or NHC-carbene-based com-
plexes can achieve no more than 20 nm and can be as narrow as 15 nm. This facilitates them to 
serve as efficient deep-blue emitters, and device-doped NHC-carbene-based complex success-
fully realized “pure” blue emitting with CIE coordinates of (0.148, 0.079) and peak EQE of 24.8%. 
On the other hand, some planar d8 platinum(II) complexes can form intermolecular Pt-Pt bond 
to achieve 18e structure in their excited state, making them serve as single-doped white OLEDs 
with high CRI values. Besides, tetradentate platinum(II)-based green, especially for the red 
OLEDs, demonstrated superlong operational lifetime and satisfied the requirements of the ini-
tial commercialization. What’s more is that sky-blue OLEDs also achieved encouraging perfor-
mances, indicating their bright future for the development of the efficient and stable blue OLEDs.

Despite great progress that has been made for the tetradentate platinum(II) complexes, a chal-
lenge remains for the development of the stable deep-blue OLEDs, and more work still be 
needed. To overcome this challenge, it is important to develop stable host materials with a 
high enough T1 state level and highly balanced charge carrier ability. However, through con-
tinued efforts of the academia and industry, we believe that these critical issues can be solved 
and the platinum(II)-based OLEDs will be one candidate for display and lighting applications.
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Abstract

The search for efficient materials for organic light emitting diodes is one of the most 
imperative research area. The focus is to obtain a bright large area emitter, limited by 
the low internal quantum efficiency of conventional organic emitters. Recently, a new 
generation of the organic materials (TADF) with a theoretical internal quantum efficiency 
up to 100%, opened new frameworks. However, significant challenges persist to achieve 
full understanding of the TADF mechanism and to improve the OLEDs stability. Starting 
from the photo-physical analysis, we show the relationship with the molecular electrical 
carrier dynamics and internal quantum efficiencies. The OLED structure, fabrication, and 
characterization are also discussed. Several examples for the full color emitters are given. 
Special emphasis on experimental results is made, showing the major milestones already 
achieved in this field.

Keywords: organic light emitting diodes, thermally activated delayed fluorescence, 
photoluminescence, electroluminescence, triplet harvesting

1. Introduction

Since the first invention of the organic light emitting diodes (LEDs) in 1987 by Tang and Van 
Slyke [1] that represented an advancement in display and lightening technologies, Organic 
light-emitting diodes (OLEDs) have emerged as an extensive active field in the both scientific 
as well technological aspects. Organic light-emitting diodes (OLEDs) are cheap, flexible, and 
cheap like a movie projector screen. They have attracted considerable attention due to their 
promising applications in cheap, energy-saving, eco-friendly and solid-state lighting [2–4].
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The current research in OLEDs is emerging technology which is also a growing market and 
expected to cross 20 billion by 2030 [5]. OLEDs are used in several flat and roll displays, 
also in white EDs for the lightning. OLEDs give freedom of taking advantage of emission 
in different colors, color modulation (color coordinates, temperature and color rendering—
white lighting), diffused light—(light from flat panels (large area) and high viewing angle), 
Freedom design (thin, lightweight, flexible transparent—easy incorporation into 3D surfaces), 
etc. Along with these characteristics, there is some difficulty in getting a large homogeneous 
emitter area, where the organic materials rapidly degrade in the presence of oxygen and/or 
humidity. Although solved with rigid OLEDs, flexible ones have low lifetime (no efficient 
encapsulation system has been developed). The main principle behind OLED technology is 
electroluminescence and such devices offer brighter, thinner, high contrast, and flexibility.

In the conventional OLEDs, the materials used are π-electron-rich molecules, which helps in 
the fast charge transfer at the interface. But in these OLEDs, the internal quantum efficiency 
(IQE) is lower which results to the lower external quantum efficiency (EQE) of 5% and limits 
the OLEDs development because of the nonradiative triplet exciton non-harnessing. Usually, 
materials used for OLEDs are phosphorescent emitters such as iridium [6–8] or platinum com-
plexes [9, 10] that are used to achieve the electroluminescence efficiency. In such systems, both 
25% singlet excitons and 75% triplet excitons can be used for harnessing the electrolumines-
cence. In phosphorescent OLEDs, the internal quantum efficiency was reported close to 100% 
[11–16], but the disadvantage in such phosphorescent material is their high cost and poor sta-
bility. Along with phosphorescent material harnessing phosphorescence [7, 17], triplet-triplet 
annihilation [18] were also used. Therefore, to achieve 100% low-cost IQE, the development 
of an alternative to harvest the 75% triplet exciton is important for the future of OLEDs. In 
this context, response to this need, the development of the thermally activated delayed fluo-
rescence (TADF) materials with the most promising exciton harvesting mechanism used in 
OLED devices, which was firstly reported by Adachi et al. in [19] received tremendous atten-
tion, and in recent years, considerable efforts have been devoted towards the fabrication of 
OLEDs based on TADF materials where the IQE can be easily achieved up to 100% [20, 21].

In this chapter, we summarize the fundamentals of thermally activated delayed fluorescence 
process, their optoelectronic behavior linking with the device performance and recent experi-
mental studies of the introduction of TADF emitters used as the doping/guest material for OLED 
fabrication. Along with, a summary of the best TADF emitters used for fabrication of orange-
red, blue and green-yellow OLEDs is provided. In addition, a correlation is provided between 
the structure and doping percentage of TADF emitters and their optoelectronic properties.

2. Theory and concepts of thermally activated delayed fluorescence

The starting point to understand the TADF principle in organic luminescent materials is 
to consider the fundamental sp. orbitals hybridization. The carbon–carbon (C-C) conjuga-
tion, employing two 2 s-orbital electrons and two 2p-orbitals electrons, leads to the s and 
p orbitals mix, giving place to three sp. orbitals and one non-hybridized p orbital. The C-C 
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 covalent bond is made using two sp. orbitals, from each carbon atom, giving rise to a usually 
called π bond; the third makes a covalent bond around the inter-nuclear axis and is usually 
called as σ bond. This simplified framework can explain the major electro-optical behavior of 
organic compounds. Effectively, whereas the π bonds located above and below (respectively, 
π* - anti-bonding and π bond), originating an overlapping of the sp. orbitals in each side, the 
σ bond is a pure bond between two adjacent atoms. Besides the orbitals geometry, the elec-
trical carriers are allowed to hopping among the ππ* cloud, in contrary to σ carriers that are 
confined. The ππ* cloud is the basic formation of the occupied and unoccupied energy levels 
and the further definition of HOMO (highest occupied molecular orbital) and LUMO (lowest 
unoccupied molecular orbital) levels. The σ energy region is typically a forbidden gap. From 
this simple configuration, organic molecule energy levels are typically singlet (S) and triplet 
(T) with the ground state a singlet S0 [22]. The excited levels comprise, therefore, several Sn 
and Tn energy states, although in a simple model we may consider the first S1 and T1 excited 
levels. Under excitation (electrical and/or optical), the electrons are promoted to these excited 
levels, one in S1 and three in T1. This is the main drawback of pure organic compounds: the 
de-excitation towards the S0 ground state can be evaluated by the transition probability that 
is given by   〈 ψ  

1
   | r |  ψ  

0
  〉   where Ψ1, Ψ0 an r are the wave-functions of the excited level and of the 

fundamental one, and r the electrical dipole quantum operator. By spin multiplicity rules, 
the T1 → S0 transition is strictly forbidden and 75% of excited electrons can only relax by the 
nonradiative process, remaining only 25% of excited carriers available for the radiative (lumi-
nescent) transition S1 → S0 (spin allowed). This means that the maximum internal efficiency 
of a pure organic luminescent material is only 25%. Overcoming this constraint is an absolute 
priority for achieving highly efficient organic electroluminescent devices. Besides the well-
known transition metals organic–inorganic complexes [22] that promote a strong spin-orbit 
coupling (SOC) with further enhanced phosphorescence, several other paths have been con-
sidered. The most promising, and subject of this chapter, is the TADF materials.

The analysis of this process can be based on the exciton formation (electron-hole pair) in a 
conjugated organic material. An electronic charge can be transferred between both entities 
in a two molecules system (or also in different parts of the same molecule). This process is 
called of charge-transfer (donor-acceptor complex) leading origin to the CT energy levels. The 
primary effect of these levels is to provide an electrostatic attraction, stabilizing the molecule. 
But, interestingly, this CT state is spin selective and is supposed to be able to change the trip-
let / singlet balance, allowing a conversion of triplet excitons to singlet ones. Although being 
still an unclear mechanism, was the fundamental starting point to the TADF materials. The 
Figure 1 shows, in a simple scheme, the fundamental process involved in the excitation / de-
excitation of an organic molecule.

An efficient TADF emission needs to enhance the transition probability krISC (T1 → S1) rela-
tively to the KnrP transition T1 → S0. Moreover, the TADF efficiency is directly related with the 
rISC transition probability, that, in turns, depends on the energy difference between the S1 
and T1 states, ΔEST according to the following simple equation [23]:

   k  rISC   = Aexp (−   
Δ  E  ST  

 ____  k  B   T  )   (1)
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annihilation [18] were also used. Therefore, to achieve 100% low-cost IQE, the development 
of an alternative to harvest the 75% triplet exciton is important for the future of OLEDs. In 
this context, response to this need, the development of the thermally activated delayed fluo-
rescence (TADF) materials with the most promising exciton harvesting mechanism used in 
OLED devices, which was firstly reported by Adachi et al. in [19] received tremendous atten-
tion, and in recent years, considerable efforts have been devoted towards the fabrication of 
OLEDs based on TADF materials where the IQE can be easily achieved up to 100% [20, 21].

In this chapter, we summarize the fundamentals of thermally activated delayed fluorescence 
process, their optoelectronic behavior linking with the device performance and recent experi-
mental studies of the introduction of TADF emitters used as the doping/guest material for OLED 
fabrication. Along with, a summary of the best TADF emitters used for fabrication of orange-
red, blue and green-yellow OLEDs is provided. In addition, a correlation is provided between 
the structure and doping percentage of TADF emitters and their optoelectronic properties.

2. Theory and concepts of thermally activated delayed fluorescence

The starting point to understand the TADF principle in organic luminescent materials is 
to consider the fundamental sp. orbitals hybridization. The carbon–carbon (C-C) conjuga-
tion, employing two 2 s-orbital electrons and two 2p-orbitals electrons, leads to the s and 
p orbitals mix, giving place to three sp. orbitals and one non-hybridized p orbital. The C-C 
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called as σ bond. This simplified framework can explain the major electro-optical behavior of 
organic compounds. Effectively, whereas the π bonds located above and below (respectively, 
π* - anti-bonding and π bond), originating an overlapping of the sp. orbitals in each side, the 
σ bond is a pure bond between two adjacent atoms. Besides the orbitals geometry, the elec-
trical carriers are allowed to hopping among the ππ* cloud, in contrary to σ carriers that are 
confined. The ππ* cloud is the basic formation of the occupied and unoccupied energy levels 
and the further definition of HOMO (highest occupied molecular orbital) and LUMO (lowest 
unoccupied molecular orbital) levels. The σ energy region is typically a forbidden gap. From 
this simple configuration, organic molecule energy levels are typically singlet (S) and triplet 
(T) with the ground state a singlet S0 [22]. The excited levels comprise, therefore, several Sn 
and Tn energy states, although in a simple model we may consider the first S1 and T1 excited 
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levels, one in S1 and three in T1. This is the main drawback of pure organic compounds: the 
de-excitation towards the S0 ground state can be evaluated by the transition probability that 
is given by   〈 ψ  

1
   | r |  ψ  

0
  〉   where Ψ1, Ψ0 an r are the wave-functions of the excited level and of the 

fundamental one, and r the electrical dipole quantum operator. By spin multiplicity rules, 
the T1 → S0 transition is strictly forbidden and 75% of excited electrons can only relax by the 
nonradiative process, remaining only 25% of excited carriers available for the radiative (lumi-
nescent) transition S1 → S0 (spin allowed). This means that the maximum internal efficiency 
of a pure organic luminescent material is only 25%. Overcoming this constraint is an absolute 
priority for achieving highly efficient organic electroluminescent devices. Besides the well-
known transition metals organic–inorganic complexes [22] that promote a strong spin-orbit 
coupling (SOC) with further enhanced phosphorescence, several other paths have been con-
sidered. The most promising, and subject of this chapter, is the TADF materials.

The analysis of this process can be based on the exciton formation (electron-hole pair) in a 
conjugated organic material. An electronic charge can be transferred between both entities 
in a two molecules system (or also in different parts of the same molecule). This process is 
called of charge-transfer (donor-acceptor complex) leading origin to the CT energy levels. The 
primary effect of these levels is to provide an electrostatic attraction, stabilizing the molecule. 
But, interestingly, this CT state is spin selective and is supposed to be able to change the trip-
let / singlet balance, allowing a conversion of triplet excitons to singlet ones. Although being 
still an unclear mechanism, was the fundamental starting point to the TADF materials. The 
Figure 1 shows, in a simple scheme, the fundamental process involved in the excitation / de-
excitation of an organic molecule.

An efficient TADF emission needs to enhance the transition probability krISC (T1 → S1) rela-
tively to the KnrP transition T1 → S0. Moreover, the TADF efficiency is directly related with the 
rISC transition probability, that, in turns, depends on the energy difference between the S1 
and T1 states, ΔEST according to the following simple equation [23]:
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where kB is the Boltzmann constant, T the temperature and A the pre-exponential factor. The 
value of ΔEST, naturally depends on the typical energy arising from the electrostatic inter-
actions among the molecular orbitals. Particularly important, we need to consider the one-
electron orbital energy in excited state (E) (supposing a fixed nuclear model), the typical 
electron repulsion energy (K) and the exchange energy (J) resulting from electron–electron 
repulsion based on the Pauli exclusion principle, affecting two excited unpaired electrons 
(one in LUMO and another one in HOMO levels) [24]. As the singlet and triplet excited states 
have a different spin ordering, the J value is usually higher in S1 state and lower (in the same 
amount) in T1 state [20]. With such consideration, the energy associated with the S1 and T1 
states (respectively ES1 and ET1) and therefore the ΔEST, can be easily established, by the fol-
lowing relationships:

    

 E   S  1  
   = E + K − J

    E   T  1  
   = E + K − J   

Δ  E  ST   =  E   S  1  
   −  E   T  1  

   ⟹ Δ  E  ST   = 2J
   (2)

The immediate conclusion is that the minimization of ΔEST implies a lowest possible exchange 
energy. Remembering that the two unpaired electrons should be considered as distributed in 
the frontier orbitals of the LUMO and HOMO levels (T1 or S1, excited states) resulting in pure 
LUMO-HOMO transitions, J can be given by [20]:

  J = ∬  ψ  L   ( r  1  )   ψ  H   ( r  2  )  (  
 q   2 
 ____  r  1   −  r  2    )   ψ  L   ( r  2  )   ψ  H   ( r  1  ) d  r  1   d  r  2    (3)

Figure 1. A simple scheme of the electroluminescence process involving an organic light emitter material. The transition 
probabilities (the inverse gives the transition lifetime) are krF, krP, knrF, knrP, kISC and krISC (radiative fluorescence, radiative 
phosphorescence, nonradiative, inter-system crossing and reverse inter-system crossing). TADF emission is related to 
krTADF and strictly depends on krISC.
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where ψH, ψL, r1, r2, and q are the HOMO and LUMO wave functions, the coordinate posi-
tions and electronic charge, respectively. From this equation, is very easy to verify that a 
minimization of J requires a negligible wave functions overlapping and therefore, a very low 
(or absence) of spatial overlapping between HOMO and LUMO levels (a spatial separation 
between HOMO and LUMO frontier orbitals). In a single molecule, this basic rule can be 
obtained if the molecule has independent structural moieties, one containing electron-donor 
(D) and another with electron-acceptor (A) which promotes the D-A charge transfer in the 
excited state. Therefore, the basic rule for an efficient rISC process in a single molecule is to 
guarantee if such molecule has at least, two unities (D and A, with non-overlapped orbitals) 
spatially separated. This can be achieved by increasing the spatial distance between such 
unities using a π-conjugated link or forcing a large dihedral angle between the planes of the 
donor and the acceptor, i.e. roughly speaking, forces a twist between D and A unities around 
the common axis [25]. In any case, we expect a strong CT character in the excited states.

The physical model to explain the rISC process is so far little understood. The first successful 
application [26] precisely focuses on the twisted D-A unities. In the first explanations, the CT 
states are used as a key to promoting the rISC process (singlet and triplet character, 1CT and 
3CT). Following the known rules, the ISC (and therefore the rISC) process will be efficient under 
an occurrence of symmetry change of the excited states. This means in triplet/singlet systems, 
if a high value for kISC and krISC exist, T1 and S1 can be found in LE (local excited) and CT states 
respectively. However, we know that efficient TADF can occur even if such rule is not observed. 
Moreover, the excited states involved in TADF organic material, are typically a mixture of CT-LE 
states and not pure CT or LE states. Furthermore, extensive studies involving photolumines-
cence data reveal some discrepancies and new hypothesis involving also the LE states begin to be 
considered. In a general organic molecule (system), the excited states can be described in terms 
of their binding energy: the CT (low binding energies) and LE (strong binding energies). This LE 
has a very high radiative probability (with a strong emission) due to the high orbitals overlap-
ping (the dipole electrical operator in the wave functions gives a high resulting probability). The 
rISC process model with only CT states starts to pose some problems with the discovery of SOC 
between such intramolecular states are zero [27]. Several hypotheses have been discussed and it 
was found that it is possible to tune independently two excited states involved in the rISC pro-
cess [28] (for instance with different characters like 1CT and 3LE); or a more sophisticated model 
involving a mixture of 3LE and 3CT states [29] giving rise to an hypothesis where the rISC process 
depends on the SOC (3LE → 1CT) and also on a hyperfine coupling induced ISC process (3CT 
→ 1CT). However, and in spite of an allowed SOC between these states, the calculations of the 
rISC probabilities (relatively low) cannot explain the experimental data that gives much higher 
values. Recently [30] a more complex model involving two steps was proposed. In such model, 
the first equilibrium between 3LE and 3CT states is promoted by vibronic coupling between them 
(also called as rIC – reserve intersystem crossing, helping the thermally assisted internal conver-
sation); next, a coupling between the 3CT and 1CT states via 3LE state (very efficient) promotes the 
rISC finalization process. In this model, both SOC and vibronic coupling are involved. All these 
models are, in general, well supported by several experimental data but at this moment, and 
depending on the specific organic emitter studied, different pathways need to be considered, 
leading to several open questions. In any case, this topic remains heavily investigated.
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where kB is the Boltzmann constant, T the temperature and A the pre-exponential factor. The 
value of ΔEST, naturally depends on the typical energy arising from the electrostatic inter-
actions among the molecular orbitals. Particularly important, we need to consider the one-
electron orbital energy in excited state (E) (supposing a fixed nuclear model), the typical 
electron repulsion energy (K) and the exchange energy (J) resulting from electron–electron 
repulsion based on the Pauli exclusion principle, affecting two excited unpaired electrons 
(one in LUMO and another one in HOMO levels) [24]. As the singlet and triplet excited states 
have a different spin ordering, the J value is usually higher in S1 state and lower (in the same 
amount) in T1 state [20]. With such consideration, the energy associated with the S1 and T1 
states (respectively ES1 and ET1) and therefore the ΔEST, can be easily established, by the fol-
lowing relationships:
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The immediate conclusion is that the minimization of ΔEST implies a lowest possible exchange 
energy. Remembering that the two unpaired electrons should be considered as distributed in 
the frontier orbitals of the LUMO and HOMO levels (T1 or S1, excited states) resulting in pure 
LUMO-HOMO transitions, J can be given by [20]:
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Figure 1. A simple scheme of the electroluminescence process involving an organic light emitter material. The transition 
probabilities (the inverse gives the transition lifetime) are krF, krP, knrF, knrP, kISC and krISC (radiative fluorescence, radiative 
phosphorescence, nonradiative, inter-system crossing and reverse inter-system crossing). TADF emission is related to 
krTADF and strictly depends on krISC.
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where ψH, ψL, r1, r2, and q are the HOMO and LUMO wave functions, the coordinate posi-
tions and electronic charge, respectively. From this equation, is very easy to verify that a 
minimization of J requires a negligible wave functions overlapping and therefore, a very low 
(or absence) of spatial overlapping between HOMO and LUMO levels (a spatial separation 
between HOMO and LUMO frontier orbitals). In a single molecule, this basic rule can be 
obtained if the molecule has independent structural moieties, one containing electron-donor 
(D) and another with electron-acceptor (A) which promotes the D-A charge transfer in the 
excited state. Therefore, the basic rule for an efficient rISC process in a single molecule is to 
guarantee if such molecule has at least, two unities (D and A, with non-overlapped orbitals) 
spatially separated. This can be achieved by increasing the spatial distance between such 
unities using a π-conjugated link or forcing a large dihedral angle between the planes of the 
donor and the acceptor, i.e. roughly speaking, forces a twist between D and A unities around 
the common axis [25]. In any case, we expect a strong CT character in the excited states.

The physical model to explain the rISC process is so far little understood. The first successful 
application [26] precisely focuses on the twisted D-A unities. In the first explanations, the CT 
states are used as a key to promoting the rISC process (singlet and triplet character, 1CT and 
3CT). Following the known rules, the ISC (and therefore the rISC) process will be efficient under 
an occurrence of symmetry change of the excited states. This means in triplet/singlet systems, 
if a high value for kISC and krISC exist, T1 and S1 can be found in LE (local excited) and CT states 
respectively. However, we know that efficient TADF can occur even if such rule is not observed. 
Moreover, the excited states involved in TADF organic material, are typically a mixture of CT-LE 
states and not pure CT or LE states. Furthermore, extensive studies involving photolumines-
cence data reveal some discrepancies and new hypothesis involving also the LE states begin to be 
considered. In a general organic molecule (system), the excited states can be described in terms 
of their binding energy: the CT (low binding energies) and LE (strong binding energies). This LE 
has a very high radiative probability (with a strong emission) due to the high orbitals overlap-
ping (the dipole electrical operator in the wave functions gives a high resulting probability). The 
rISC process model with only CT states starts to pose some problems with the discovery of SOC 
between such intramolecular states are zero [27]. Several hypotheses have been discussed and it 
was found that it is possible to tune independently two excited states involved in the rISC pro-
cess [28] (for instance with different characters like 1CT and 3LE); or a more sophisticated model 
involving a mixture of 3LE and 3CT states [29] giving rise to an hypothesis where the rISC process 
depends on the SOC (3LE → 1CT) and also on a hyperfine coupling induced ISC process (3CT 
→ 1CT). However, and in spite of an allowed SOC between these states, the calculations of the 
rISC probabilities (relatively low) cannot explain the experimental data that gives much higher 
values. Recently [30] a more complex model involving two steps was proposed. In such model, 
the first equilibrium between 3LE and 3CT states is promoted by vibronic coupling between them 
(also called as rIC – reserve intersystem crossing, helping the thermally assisted internal conver-
sation); next, a coupling between the 3CT and 1CT states via 3LE state (very efficient) promotes the 
rISC finalization process. In this model, both SOC and vibronic coupling are involved. All these 
models are, in general, well supported by several experimental data but at this moment, and 
depending on the specific organic emitter studied, different pathways need to be considered, 
leading to several open questions. In any case, this topic remains heavily investigated.
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Besides the usual D-A molecule separated structure, some new molecules based on D-A-D 
(so-called “butterfly-shaped” structure) also exhibits TADF emission. Surprisingly, in sev-
eral of such molecules, the energy gap between the lowest 1CT state and the lowest 3LE state 
(with π → π* transition) are much higher than those found between 1CT and 3CT energy 
states in the conventional D-A molecules. The explanation was the two-step model above 
referred. This model appears to be the most interesting and well supported by experimen-
tal results.

Particularly important in this model, is the ability to modulate the energy of the excited 1CT 
state via the environment polarity [31]. In solution, the photophysics analysis can help in 
revealing the main process involved, in turn, dependent on the solvent polarity. On film 
(solid state), this possibility opens a wide range of choice for the organic host material in 
order to significantly improve the efficiency of an OLED based on a TADF material. In a 
simple scheme, we can, therefore, represent the excited state of the TADF molecule as shown 
in Figure 2.

It must be noted that, according to this model, and following several experimental data (see 
[30] and references therein) the energy transfer SOC-ISC is more efficient in a D-A perpen-
dicular geometry, in a transition nπ*-like. This is a consequence of the maximum change in 
the orbital angular momentum as the SOC depends on the spin magnetic quantum number 
of the electrons and simultaneously on its spatial angular momentum quantum number (the 
SOC operator is proportional to    s ̂   ∙   l ̂  ⁄ ℏ   2   ). Following this two steps model, the probabilities of krIC 
and krISC can be written in terms of both physical process involved [31]:

    
 k  rIC   =   2π ___ ℏZ      |  〈 ψ  3CT   |   H ̂    SOC   |  ψ  3LE  〉  |     

2

  × Δ ( E  3LE   −  E  3CT  ) 
      

 k  rISC   =   2π ___ ℏZ      |   
 〈 ψ  1CT   |   H ̂    SOC   |  ψ  3LE  〉  〈 ψ  3LE   |   H ̂    VIB   |  ψ  3CT  〉 

   __________________________  Δ ( E  3LE   −  E  3CT  )    |     

2

  × Δ ( E  3CT   −  E  1CT  ) 
   (4)

Figure 2. A simple representation of a TADF emitter in excited state, following the model proposed in [30]. In (a) the 
SOC-ISC transition is enhanced by vibronic coupling between the 3CT and 3LE states whereas in (b) the 1CT state can be 
modulated by the environment polarity.
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with Z being the canonical partition function for vibrational motion in the initial electronic 
state. These terms are therefore the starting point for a more detailed description of the TADF 
process. Knowing these probabilities, that we can estimate, several possibilities to further tun-
ing the TADF process is possible. Despite several well-founded hypothesis, the fully under-
stand of TADF process in organic emitters, still remains under major studies.

3. Fundamental photophysics of an organic TADF emitter

The starting point for developing an efficient OLED using TADF emitter is based on the lumi-
nescence properties of the emitter itself. As an earlier point, the physical process involved 
are not really straightforward, but leaving aside the pure photophysics process studies, the 
important figures of merit regarding efficiency can be easily obtained.

From Figure 1, we can formally consider two different kinds of radiative emissions arising 
in S1 state: from its own electrons population (25% of excited ones) and from the population 
via rISC process (the remaining 75% of excited electrons). In the first case, with a very high 
transition probability kF, we have a prompt fluorescence (PF) whereas in the second situation, 
depending on a lower krISC probability, we have a delayed fluorescence (DF). A strong TADF 
emission is usually observed in molecules where the yield of triplet levels formation (by inter-
system crossing), as well the singlet level formation (by reverse intersystem crossing) are high 
(particularly the last one as expected). In this condition, we must assume that the rISC yield that 
is given by   ϕ  

rICS
   =   

 k  
rISC

  
 __________ 

 k  
rISC

   +  k  
nRP

   +  k  
rP

  
    is approximately equal to 1. This appears when (and usually found 

in TADF materials)   k  
rISC

   ≫  k  
nRP

   +  k  
rP

   , meaning that all relaxation process from triplet excited state 
are much less probable that the rISC (as expected). The emission from a TADF material is natu-
rally the sum of the observed from the PF and DF and therefore its quantum yield is given by:

   ϕ  TADF   =  ϕ  PF   +  ϕ  DF   =  ϕ  PF     
1 _________ 1 −  ϕ  rISC    ϕ  ISC      (5)

According [32], if the ratio    ϕ  
DF

  ⁄ ϕ  
PF

     is near (or above) four, the yield of the rISC process will be near 
100%. In practice, most TADF materials where the value of ΔEST is less than near 150 mV, such 
yield is obtained. In this situation, the triplet yield is relatively easy to obtain with precision, 
and is given by:

   ϕ  ISC   =   
 ϕ  DF   _______  ϕ  DF   +  ϕ  PF  

    (6)

This relationship can be useful to determine the ratio of    ϕ  
DF

  ⁄ ϕ  
PF

     that is a fundamental key for the mate-
rial characterization. In simple but practical ways, two different approaches can be used for such 
determination. Both are related to the fact that almost know TADF materials exhibit very poor or 
none DF in the presence of oxygen. Thus, measuring the luminescence emission parameters under 
a normal or degassed environment, we can achieve either PF or PF + DF. Under steady state photo 
physics, the direct measurement of the luminescence spectra in both environment conditions  
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Besides the usual D-A molecule separated structure, some new molecules based on D-A-D 
(so-called “butterfly-shaped” structure) also exhibits TADF emission. Surprisingly, in sev-
eral of such molecules, the energy gap between the lowest 1CT state and the lowest 3LE state 
(with π → π* transition) are much higher than those found between 1CT and 3CT energy 
states in the conventional D-A molecules. The explanation was the two-step model above 
referred. This model appears to be the most interesting and well supported by experimen-
tal results.

Particularly important in this model, is the ability to modulate the energy of the excited 1CT 
state via the environment polarity [31]. In solution, the photophysics analysis can help in 
revealing the main process involved, in turn, dependent on the solvent polarity. On film 
(solid state), this possibility opens a wide range of choice for the organic host material in 
order to significantly improve the efficiency of an OLED based on a TADF material. In a 
simple scheme, we can, therefore, represent the excited state of the TADF molecule as shown 
in Figure 2.

It must be noted that, according to this model, and following several experimental data (see 
[30] and references therein) the energy transfer SOC-ISC is more efficient in a D-A perpen-
dicular geometry, in a transition nπ*-like. This is a consequence of the maximum change in 
the orbital angular momentum as the SOC depends on the spin magnetic quantum number 
of the electrons and simultaneously on its spatial angular momentum quantum number (the 
SOC operator is proportional to    s ̂   ∙   l ̂  ⁄ ℏ   2   ). Following this two steps model, the probabilities of krIC 
and krISC can be written in terms of both physical process involved [31]:

    
 k  rIC   =   2π ___ ℏZ      |  〈 ψ  3CT   |   H ̂    SOC   |  ψ  3LE  〉  |     

2

  × Δ ( E  3LE   −  E  3CT  ) 
      

 k  rISC   =   2π ___ ℏZ      |   
 〈 ψ  1CT   |   H ̂    SOC   |  ψ  3LE  〉  〈 ψ  3LE   |   H ̂    VIB   |  ψ  3CT  〉 

   __________________________  Δ ( E  3LE   −  E  3CT  )    |     

2

  × Δ ( E  3CT   −  E  1CT  ) 
   (4)

Figure 2. A simple representation of a TADF emitter in excited state, following the model proposed in [30]. In (a) the 
SOC-ISC transition is enhanced by vibronic coupling between the 3CT and 3LE states whereas in (b) the 1CT state can be 
modulated by the environment polarity.
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with Z being the canonical partition function for vibrational motion in the initial electronic 
state. These terms are therefore the starting point for a more detailed description of the TADF 
process. Knowing these probabilities, that we can estimate, several possibilities to further tun-
ing the TADF process is possible. Despite several well-founded hypothesis, the fully under-
stand of TADF process in organic emitters, still remains under major studies.

3. Fundamental photophysics of an organic TADF emitter

The starting point for developing an efficient OLED using TADF emitter is based on the lumi-
nescence properties of the emitter itself. As an earlier point, the physical process involved 
are not really straightforward, but leaving aside the pure photophysics process studies, the 
important figures of merit regarding efficiency can be easily obtained.

From Figure 1, we can formally consider two different kinds of radiative emissions arising 
in S1 state: from its own electrons population (25% of excited ones) and from the population 
via rISC process (the remaining 75% of excited electrons). In the first case, with a very high 
transition probability kF, we have a prompt fluorescence (PF) whereas in the second situation, 
depending on a lower krISC probability, we have a delayed fluorescence (DF). A strong TADF 
emission is usually observed in molecules where the yield of triplet levels formation (by inter-
system crossing), as well the singlet level formation (by reverse intersystem crossing) are high 
(particularly the last one as expected). In this condition, we must assume that the rISC yield that 
is given by   ϕ  

rICS
   =   

 k  
rISC

  
 __________ 

 k  
rISC

   +  k  
nRP

   +  k  
rP

  
    is approximately equal to 1. This appears when (and usually found 

in TADF materials)   k  
rISC

   ≫  k  
nRP

   +  k  
rP

   , meaning that all relaxation process from triplet excited state 
are much less probable that the rISC (as expected). The emission from a TADF material is natu-
rally the sum of the observed from the PF and DF and therefore its quantum yield is given by:

   ϕ  TADF   =  ϕ  PF   +  ϕ  DF   =  ϕ  PF     
1 _________ 1 −  ϕ  rISC    ϕ  ISC      (5)

According [32], if the ratio    ϕ  
DF

  ⁄ ϕ  
PF

     is near (or above) four, the yield of the rISC process will be near 
100%. In practice, most TADF materials where the value of ΔEST is less than near 150 mV, such 
yield is obtained. In this situation, the triplet yield is relatively easy to obtain with precision, 
and is given by:

   ϕ  ISC   =   
 ϕ  DF   _______  ϕ  DF   +  ϕ  PF  

    (6)

This relationship can be useful to determine the ratio of    ϕ  
DF

  ⁄ ϕ  
PF

     that is a fundamental key for the mate-
rial characterization. In simple but practical ways, two different approaches can be used for such 
determination. Both are related to the fact that almost know TADF materials exhibit very poor or 
none DF in the presence of oxygen. Thus, measuring the luminescence emission parameters under 
a normal or degassed environment, we can achieve either PF or PF + DF. Under steady state photo 
physics, the direct measurement of the luminescence spectra in both environment conditions  
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will give only (with great certainty) the PF (normal environment) and PF + DF (degassed environ-
ment). The direct ratio of the integrated spectra (intensity) further gives a very precise value for 
   ϕ  DF  ⁄ ϕ  PF    . Naturally this simple calculation is possible (quantum yield ratio from integrated intensity) 
because the intensity is proportional to the quantum yield and, in the case of TADF materials, the 
values of the proportionality constants for both emissions (DF and PF) are the same due to the fact 
that both arise from the same excited energy level [33]. The exact calculation is the performed con-
sidering the simple relationship is given by     I  DF+PF   ____  I  PF     =    ϕ  DF   +  ϕ  PF   _______  ϕ  PF     = 1 +    ϕ  DF   ___  ϕ  PF     . Figure 3 shows a simple example 
of this behavior.

By another hand, the higher transition probability associated with PF compared to the DF 
probability (that in a crude way depends on the rISC process probability) allows an experi-
mental emission separation under the time-resolved photoluminescence (TRP). In a typical 
TADF material, the PF lifetime is in the order of dozens of ns whereas the DF lifetime falls into 
μs. Therefore, measuring both lifetimes, an estimative of the    ϕ  

DF
  ⁄ ϕ  

PF
     can be done because the tran-

sition probabilities are related to the inverse of the lifetime. If we consider (and is a very good 
approach) that the emission follows a single exponential decay for both PF and DF, therefore 
the measured photoluminescence intensity under time can be simply given by the sum of the 
two single exponential decay expressions as follow:

  I (t)  =  I  0  PF  exp  (−   t ___  τ  PF    )  +  I  0  DF  exp  (−   t ___  τ  DF    )   (7)

Figure 3. Steady state photoluminescence spectra of 2PX-TAZ under normal (air) and degassed (vacuum) environments. 
The ratio of integrated spectrum in both situations allows a simple calculation of the DF/PF quantum yield. In this case, 
the ratio ϕDF/ϕPF is near 9.
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being τPF,   I  
0
  PF  , τDF and   I  

0
  DF   the lifetime and pre-exponential intensity factor for the PF and 

DF. Once again, calculating the intensity (integral) for both time-resolved emissions, the     ϕ  
DF

  ⁄ ϕ  
PF

    

can be obtained and is given simply by:

    
 ϕ  DF   ___  ϕ  PF     =   

 I  0  DF  ×  τ  DF   ______  I  0  PF  ×  τ  PF  
    (8)

Finally, and by TRP is possible to estimate the transition probability of the rISC process. 
Knowing the values for quantum yields and lifetime, an estimation for krISC can be given by 
(and considering ϕrISC ≈ 1)

   k  rISC   =   1 ___  τ  DF     (  
 ϕ  PF   +  ϕ  DF   _______  ϕ  PF    )   (9)

Due to several different kinds of triplet harvesting in an organic molecule, sometimes is not 
simple to attribute an enhanced luminescence to a TADF process. For instance, triplet-trip-
let annihilation (TTA) is also a wide investigated process for emission efficiency improve-
ment. Distinguish both process is important. Due to the competition between the triplet 
quenching and decay of triplet states, usually the DF from TTA is non-linear on excita-
tion energy; on the contrary, and because TADF process is purely intramolecular, its DF 
must follow a linear relationship with excitation energy. Figure 4 shows an example of the 
2PX-TAZ emitter.

Figure 4. Emission intensity of 2PX-TAZ emitter as a function of excitation energy. The perfect linear fit is the expected 
result for a TADF material.
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values of the proportionality constants for both emissions (DF and PF) are the same due to the fact 
that both arise from the same excited energy level [33]. The exact calculation is the performed con-
sidering the simple relationship is given by     I  DF+PF   ____  I  PF     =    ϕ  DF   +  ϕ  PF   _______  ϕ  PF     = 1 +    ϕ  DF   ___  ϕ  PF     . Figure 3 shows a simple example 
of this behavior.

By another hand, the higher transition probability associated with PF compared to the DF 
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mental emission separation under the time-resolved photoluminescence (TRP). In a typical 
TADF material, the PF lifetime is in the order of dozens of ns whereas the DF lifetime falls into 
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sition probabilities are related to the inverse of the lifetime. If we consider (and is a very good 
approach) that the emission follows a single exponential decay for both PF and DF, therefore 
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two single exponential decay expressions as follow:
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Figure 3. Steady state photoluminescence spectra of 2PX-TAZ under normal (air) and degassed (vacuum) environments. 
The ratio of integrated spectrum in both situations allows a simple calculation of the DF/PF quantum yield. In this case, 
the ratio ϕDF/ϕPF is near 9.
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DF. Once again, calculating the intensity (integral) for both time-resolved emissions, the     ϕ  
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can be obtained and is given simply by:
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 I  0  DF  ×  τ  DF   ______  I  0  PF  ×  τ  PF  
    (8)

Finally, and by TRP is possible to estimate the transition probability of the rISC process. 
Knowing the values for quantum yields and lifetime, an estimation for krISC can be given by 
(and considering ϕrISC ≈ 1)

   k  rISC   =   1 ___  τ  DF     (  
 ϕ  PF   +  ϕ  DF   _______  ϕ  PF    )   (9)

Due to several different kinds of triplet harvesting in an organic molecule, sometimes is not 
simple to attribute an enhanced luminescence to a TADF process. For instance, triplet-trip-
let annihilation (TTA) is also a wide investigated process for emission efficiency improve-
ment. Distinguish both process is important. Due to the competition between the triplet 
quenching and decay of triplet states, usually the DF from TTA is non-linear on excita-
tion energy; on the contrary, and because TADF process is purely intramolecular, its DF 
must follow a linear relationship with excitation energy. Figure 4 shows an example of the 
2PX-TAZ emitter.

Figure 4. Emission intensity of 2PX-TAZ emitter as a function of excitation energy. The perfect linear fit is the expected 
result for a TADF material.
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Figure 5. Chemical structures of red-orange TADF emitters.

Besides the excitation energy dependence, the TADF emission is also strongly dependent on 
temperature. As the DF is thermally activated, we expect that its intensity decreases strongly 
with temperature and eventually vanishes at very low temperature. On the contrary, PF must 
be unaffected by thermal variations. This means that under TRP we must observe a decrease of 
the high lifetime emission as temperature decreases until remaining only the fast component.

The full understanding of the photo physics properties of the TADF emitter is naturally of 
extreme importance for further OLED development.

4. OLEDs based on TADF emitters

In the contest of finding best organic emitters for the lightening industry, in 2011 Adachi et al. 
[34] reported the very first purely organic TADF emitter PIC-TRZ (Figure 5) which showed 
promising calculated PLQY in a host matrix of mCP and was 39% and the device showed 5.3% 
EQE. Since then, in the past 5 years, over 200 new compounds have been reported. Among 
various emitters, many of them showed EQE of more than 20% composed in a device and this 
can be reached up to 30% using stipulated device structure with an optimized concentration of 
TADF emitters and fabrication process [35]. There have been several reviews published focus-
ing on photo physics, device characteristics of TADF and chemistry of TADF emitters [20, 23, 
35]. Apart from the use of TADF molecules for OLEDs, there are some challenges must be taken 
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for the development of TADF emitters such as these emitters are very limited and only few can 
be used for highly EQE and stable OLEDs, another is the lower maximum brightness and 
roll-offs at high brightness related triplet annihilation [20, 36]. These can be solved by under-
standing the structure-property relationship in emitters. In this chapter, we focused more on 
the photo physical relation of TADF emitter with device performance. In this section, we will 
describe different TADF emitters and their photo physics-device performance characteristics.

The application of TADF emitters is generally focused on OLEDs applications. As we have 
discussed in photo physics behavior of TADFs, it requires a solid host to disperse TADF emit-
ters and this host material has a strong influence on the photo physical properties of these 
emitters [37]. To encounter this, the design and optimization of TADF emitter is a key factor 
for the fabrication of OLEDs, and this requires the photo physical characterization of TADF 
in the host molecule which used in the device. Some of the most used hosts are DPEPO, CBP, 
mCP, mCBP, TPBi, TCTA and TAPC. The OLEDs are usually fabricated by thermally vacuum 
deposition, but several reports have been focused on fabrication via spin coating solution 
processed methods which is more suitable for large area OLEDs.

Many groups reported various green TADF based on different donor and acceptor molecules, 
due to less space it is difficult to discuss all of them. Herein, we will discuss some of the TADF 
red, green and blue emitters based on their donor and acceptor groups, photo-physical char-
acteristics, and device performance.

4.1. Red-orange TADFs

Herein, we present red-orange TADF emitters which exhibit an electroluminescence peak at 
wavelength (ELmax) > 580 nm. The first reported red TADF emitter, 4CzTPN-Ph (Figure 5) with 
green emission by Adachi et al. [38] Figure which exhibits calculated PLQY of 26% in toluene 
and, τd 1.1 μs. The device showed remarkable EQE of 11.2%, the fabricated device structure 
was ITO/NPD/5 wt% 4CzTPN-Ph:CBP/TPBi/LiF/Al. In another report [39], they demon-
strated the effect of a higher transition dipole moment which is induced by increasing the dis-
tance between D-A units. They compared orange-red anthraquinone based TADFs based on 
D-A-D (a1-a4) and D-Ph-A-Ph-D (b1-b4) molecular scaffold showing higher PLQY. The fab-
ricated device was ITO/HAT-CN/Tris-PCz/10wt%TADF emitter:CBP/T2T/Bpy-TP2/LiF/Al) 
(Tris-PCz = 9,9′-diphenyl-6-(9-phenyl-9H-carbazol-3-yl)-9H,9′H-3,39′H-bicarbazole; T2T =2, 
4,6-tris(biphenyl-3-yl)-1,3,5-triazine; Bpy- TP2 = 2,7-di(2,2′-bipyridin-5-yl)triphenylene) using 
b1 emitter. The compound showed 80% PLQY and τd 416 μs in a host CBP matrix. The calcu-
lated ΔEST from experimental value was 0.24 eV. The device exhibit 12.5% EQE and the CIE 
coordinates were (0.61, 0.39).

In 2013, Li et al. [40] synthesized orange-red emitter, HAP-3TPA (Figure 5), based on hepta-
azaphenalene acceptor with a small ΔEST of 0.17 e ΔEST of 0.17 eV. The molecules show absor-
bance at 610 nm. The calculated PLQY of 6 wt% TADF in a host matrix 26mCPy was 91%, and 
the τd of 100 μs. The molecule showed very weak TADF behavior, and the ϕDF/ϕPF was 0.07 
compared to ϕDF/ϕPF of 1.58 in the fabricated device i.e. ITO/NPD/6 wt% HAP-3TPA:26mCPy/
Bphen/Mg:Ag/Ag with a high EQE value of 17.5% and the CIE was (0.60, 0.40).
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Figure 5. Chemical structures of red-orange TADF emitters.

Besides the excitation energy dependence, the TADF emission is also strongly dependent on 
temperature. As the DF is thermally activated, we expect that its intensity decreases strongly 
with temperature and eventually vanishes at very low temperature. On the contrary, PF must 
be unaffected by thermal variations. This means that under TRP we must observe a decrease of 
the high lifetime emission as temperature decreases until remaining only the fast component.

The full understanding of the photo physics properties of the TADF emitter is naturally of 
extreme importance for further OLED development.

4. OLEDs based on TADF emitters

In the contest of finding best organic emitters for the lightening industry, in 2011 Adachi et al. 
[34] reported the very first purely organic TADF emitter PIC-TRZ (Figure 5) which showed 
promising calculated PLQY in a host matrix of mCP and was 39% and the device showed 5.3% 
EQE. Since then, in the past 5 years, over 200 new compounds have been reported. Among 
various emitters, many of them showed EQE of more than 20% composed in a device and this 
can be reached up to 30% using stipulated device structure with an optimized concentration of 
TADF emitters and fabrication process [35]. There have been several reviews published focus-
ing on photo physics, device characteristics of TADF and chemistry of TADF emitters [20, 23, 
35]. Apart from the use of TADF molecules for OLEDs, there are some challenges must be taken 
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for the development of TADF emitters such as these emitters are very limited and only few can 
be used for highly EQE and stable OLEDs, another is the lower maximum brightness and 
roll-offs at high brightness related triplet annihilation [20, 36]. These can be solved by under-
standing the structure-property relationship in emitters. In this chapter, we focused more on 
the photo physical relation of TADF emitter with device performance. In this section, we will 
describe different TADF emitters and their photo physics-device performance characteristics.

The application of TADF emitters is generally focused on OLEDs applications. As we have 
discussed in photo physics behavior of TADFs, it requires a solid host to disperse TADF emit-
ters and this host material has a strong influence on the photo physical properties of these 
emitters [37]. To encounter this, the design and optimization of TADF emitter is a key factor 
for the fabrication of OLEDs, and this requires the photo physical characterization of TADF 
in the host molecule which used in the device. Some of the most used hosts are DPEPO, CBP, 
mCP, mCBP, TPBi, TCTA and TAPC. The OLEDs are usually fabricated by thermally vacuum 
deposition, but several reports have been focused on fabrication via spin coating solution 
processed methods which is more suitable for large area OLEDs.

Many groups reported various green TADF based on different donor and acceptor molecules, 
due to less space it is difficult to discuss all of them. Herein, we will discuss some of the TADF 
red, green and blue emitters based on their donor and acceptor groups, photo-physical char-
acteristics, and device performance.

4.1. Red-orange TADFs

Herein, we present red-orange TADF emitters which exhibit an electroluminescence peak at 
wavelength (ELmax) > 580 nm. The first reported red TADF emitter, 4CzTPN-Ph (Figure 5) with 
green emission by Adachi et al. [38] Figure which exhibits calculated PLQY of 26% in toluene 
and, τd 1.1 μs. The device showed remarkable EQE of 11.2%, the fabricated device structure 
was ITO/NPD/5 wt% 4CzTPN-Ph:CBP/TPBi/LiF/Al. In another report [39], they demon-
strated the effect of a higher transition dipole moment which is induced by increasing the dis-
tance between D-A units. They compared orange-red anthraquinone based TADFs based on 
D-A-D (a1-a4) and D-Ph-A-Ph-D (b1-b4) molecular scaffold showing higher PLQY. The fab-
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b1 emitter. The compound showed 80% PLQY and τd 416 μs in a host CBP matrix. The calcu-
lated ΔEST from experimental value was 0.24 eV. The device exhibit 12.5% EQE and the CIE 
coordinates were (0.61, 0.39).

In 2013, Li et al. [40] synthesized orange-red emitter, HAP-3TPA (Figure 5), based on hepta-
azaphenalene acceptor with a small ΔEST of 0.17 e ΔEST of 0.17 eV. The molecules show absor-
bance at 610 nm. The calculated PLQY of 6 wt% TADF in a host matrix 26mCPy was 91%, and 
the τd of 100 μs. The molecule showed very weak TADF behavior, and the ϕDF/ϕPF was 0.07 
compared to ϕDF/ϕPF of 1.58 in the fabricated device i.e. ITO/NPD/6 wt% HAP-3TPA:26mCPy/
Bphen/Mg:Ag/Ag with a high EQE value of 17.5% and the CIE was (0.60, 0.40).
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In another study, Wang et al. [41] demonstrated the effect of the twist angle during the design-
ing strategy of TADF emitters. This twist angle can be reduced by increasing the D-A distance 
which gives an orbital overlap to increase kt. They synthesized the first near-infrared (NIR) 
TADF emitter TPA-DCPP (Figure 5) based on dicyanodiazatriphenylene acceptor moiety. The 
experimental calculated ΔEST was 0.13 eV. The calculated PLQY of 10 wt% TPA-DCPP in TPBi 
host matrix was 50%, and the τd of 86.2 μs. The fabricated device ITO/NPB/TCTA/20 wt% 
TPA-DCPP:TPBi/TPBi/LiF/Al exhibit EQE value of 9.8% with the CIE at (0.68, 0.32). Similarly, 
Chen et al. [42] also reported a novel solution processed red TADF using red-1b molecule 
which can undergo both TADF and TTA process, depends on current density. The calculated 
ΔEST was 0.40 eV. The photo-physical characteristics of the molecule are λmax of 622 nm and the 
solid state calculated PLQY of 28%, while the EQE was very low 1.75% in fabricated device. 
Very recently in another report, Data et al. [43] reported dibenzeno-phenanzine acceptors 
based TADF emitters which showed a formation of exciplex when doped in m-MTDATA 
host and a strong NIR emission at 741 nm was observed with EQE of 5%, but no concluded 
evidence was provided in the work to support the TADF mechanism of this exciplex system.

4.2. Blue TADF emitters

In 2012, Adachi et al. reported the very first class of blue TADF emitter based on diphenylsul-
fone (DPS) as an acceptor [27] (see Figure 6).

To synthesize efficient blue TADF emitter and their use in the device, it is important to take 
account of the π-conjugation length and the redox potential of the donor and acceptor moi-
eties and in DPS derivatives the advantage is that the oxygens of the sulfonyl group have 
significant electronegativity, which gives the sulfonyl group electron-withdrawing proper-
ties and sulfonyl group exhibit tetrahedral geometry which limit the conjugation [35]. The 
device fabricated with 10 wt% emitter showed good results, the device ITO/α-NPD/TCTA/
CzSi/10 wt% TADF emitter:DPEPO/ DPEPO/TPBI/LiF/Al and the EQE was 9.9%, the emit-
ter incorporated in the device was DTS-DPS [44]. The photo-physical characteristics of the 
molecules are λmax of 423 nm. The calculated PLQY in DPEPO host was 80% and τd was to be 
540 μs. The ΔEST was 0.32 eV. They suggested that for small ΔEST, the energy gap between 3LE 
and 3CT must be small, and the rIC occurs from 3LE to 3CT which was followed by rISC to 1CT 
and similar results were seen in other derivatives. In a similar approach, Dias et al. proposed 
a mechanism to understand the mechanism of rISC in such type of molecules [45]. The results 
suggested that rISC mechanism is still possible if the ΔEST is greater than 0.3 eV. They studied 
a molecule DTC-DBT (Figure 6), where the ΔEST is 0.35 eV, but in the molecule, it is possible 
to harvest 100% triplet excitons. According to the authors, the presence of heteroatom loan 
pairs form “hidden” 3n-π* state sandwiched between higher 3CT and lower 3LE states and 
the up-conversion follow the pattern: 3LE → -3n-π* → 3CT → 1CT. In similar study, Chen et al. 
[46] demonstrated the importance of” non-adiabatic effects in butterfly donor-acceptor-donor 
molecules” DTC-DBT, and suggested that upon the rotation of D-A groups, a conical inter-
section (C1) between long-lying excited states and at C1 “the non-adiabatic coupling matrix 
element between two excited stated becomes infinite, which is proportional to the RISC rate.” 
This was further supported by Etherigton et al. [47].

Light-Emitting Diode - An Outlook On the Empirical Features and Its Recent Technological Advancements114

Adachi et al. [48] reported deep blue emitters DMOC-DPS (Figure 6) with the ΔEST of 
0.21 eV. The calculated PLQY in DPEPO host at 10 wt% was 80% along with measured τd of 
114 μs and the device ITO/a-NPD (30 nm)/TCTA (20 nm)/CzSi (10 nm)/ DMOC-DPS:DPEPO 
(20 nm)/ DPEPO (10 nm)/TPBI (30 nm)/LiF (0.5 nm)/Al showed an EQE of 14.5%. They further 
reported another blue TADF DMAC-DPS with the absorbance of 464 nm. The PLQY in mCP 
host was 80%, and τd was 3.1 μs. For this DMAC-DPS, the experimentally calculated ΔES was 
very low and was 0.08 eV. The fabricated device performed at an excellent EQE of 19.5% [44], 
where the reduced ΔEST is a result of higher 3LE state than 3CT state, caused by inducement of 
dimethylacridan donor. Another molecule DMAC-BP which ΔEST is 0.07 eV with calculated 
PLQY of 85%, and τd of 2.7 μs showed EQE of 18.9%.
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In another study, Wang et al. [41] demonstrated the effect of the twist angle during the design-
ing strategy of TADF emitters. This twist angle can be reduced by increasing the D-A distance 
which gives an orbital overlap to increase kt. They synthesized the first near-infrared (NIR) 
TADF emitter TPA-DCPP (Figure 5) based on dicyanodiazatriphenylene acceptor moiety. The 
experimental calculated ΔEST was 0.13 eV. The calculated PLQY of 10 wt% TPA-DCPP in TPBi 
host matrix was 50%, and the τd of 86.2 μs. The fabricated device ITO/NPB/TCTA/20 wt% 
TPA-DCPP:TPBi/TPBi/LiF/Al exhibit EQE value of 9.8% with the CIE at (0.68, 0.32). Similarly, 
Chen et al. [42] also reported a novel solution processed red TADF using red-1b molecule 
which can undergo both TADF and TTA process, depends on current density. The calculated 
ΔEST was 0.40 eV. The photo-physical characteristics of the molecule are λmax of 622 nm and the 
solid state calculated PLQY of 28%, while the EQE was very low 1.75% in fabricated device. 
Very recently in another report, Data et al. [43] reported dibenzeno-phenanzine acceptors 
based TADF emitters which showed a formation of exciplex when doped in m-MTDATA 
host and a strong NIR emission at 741 nm was observed with EQE of 5%, but no concluded 
evidence was provided in the work to support the TADF mechanism of this exciplex system.

4.2. Blue TADF emitters

In 2012, Adachi et al. reported the very first class of blue TADF emitter based on diphenylsul-
fone (DPS) as an acceptor [27] (see Figure 6).

To synthesize efficient blue TADF emitter and their use in the device, it is important to take 
account of the π-conjugation length and the redox potential of the donor and acceptor moi-
eties and in DPS derivatives the advantage is that the oxygens of the sulfonyl group have 
significant electronegativity, which gives the sulfonyl group electron-withdrawing proper-
ties and sulfonyl group exhibit tetrahedral geometry which limit the conjugation [35]. The 
device fabricated with 10 wt% emitter showed good results, the device ITO/α-NPD/TCTA/
CzSi/10 wt% TADF emitter:DPEPO/ DPEPO/TPBI/LiF/Al and the EQE was 9.9%, the emit-
ter incorporated in the device was DTS-DPS [44]. The photo-physical characteristics of the 
molecules are λmax of 423 nm. The calculated PLQY in DPEPO host was 80% and τd was to be 
540 μs. The ΔEST was 0.32 eV. They suggested that for small ΔEST, the energy gap between 3LE 
and 3CT must be small, and the rIC occurs from 3LE to 3CT which was followed by rISC to 1CT 
and similar results were seen in other derivatives. In a similar approach, Dias et al. proposed 
a mechanism to understand the mechanism of rISC in such type of molecules [45]. The results 
suggested that rISC mechanism is still possible if the ΔEST is greater than 0.3 eV. They studied 
a molecule DTC-DBT (Figure 6), where the ΔEST is 0.35 eV, but in the molecule, it is possible 
to harvest 100% triplet excitons. According to the authors, the presence of heteroatom loan 
pairs form “hidden” 3n-π* state sandwiched between higher 3CT and lower 3LE states and 
the up-conversion follow the pattern: 3LE → -3n-π* → 3CT → 1CT. In similar study, Chen et al. 
[46] demonstrated the importance of” non-adiabatic effects in butterfly donor-acceptor-donor 
molecules” DTC-DBT, and suggested that upon the rotation of D-A groups, a conical inter-
section (C1) between long-lying excited states and at C1 “the non-adiabatic coupling matrix 
element between two excited stated becomes infinite, which is proportional to the RISC rate.” 
This was further supported by Etherigton et al. [47].
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reported another blue TADF DMAC-DPS with the absorbance of 464 nm. The PLQY in mCP 
host was 80%, and τd was 3.1 μs. For this DMAC-DPS, the experimentally calculated ΔES was 
very low and was 0.08 eV. The fabricated device performed at an excellent EQE of 19.5% [44], 
where the reduced ΔEST is a result of higher 3LE state than 3CT state, caused by inducement of 
dimethylacridan donor. Another molecule DMAC-BP which ΔEST is 0.07 eV with calculated 
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It is very important to design the geometry of TADF molecule to induce TADF process, to 
counter this, Rajmalli et al. [49] reported novel blue TADF emitters based on benzoylpyridine 
acceptor DCBPy and DTCBPy, in DTCBPy (Figure 6) a tert-butyl group is present. Upon 
photo-physical characterization, the second molecule DTCBPy showed a small redshift in 
emission by 4 nm. The ΔEST was smaller in both emitters, and was 0.07 and 0.08 eV in DCBPy 
and DTCBPy, respectively. The calculated PLQY in host matrix was 88 for DCBPy and 91% 
for DTCBPy. The PLQY in the solid state was 91% compared to lower 14–36% in solution. The 
device exhibit sky-blue and green emission. The EQEs was 24.0% CIE (0.17, 0.36) and 27.2% 
CIE (0.30, 0.64) for DCBPy and DTCBPy, respectively. The efficiency roll-off was low at prac-
tical brightness level.

In 2015, Kim et al. [50] synthesized two new blue TADF emitters DCzTrz and DDCzTrz 
(Figure 6), where “two additional carbazole moieties attached to phenyl ring in a meta fash-
ion” in DDCzTrz and as “meta linkage” both emitters have similar emission as well as ΔEST. 
The photo-physical characteristics of both molecules are absorbance maximum of 420 and 
430 nm. The calculated PLQY for both emitters was 43 and 66%, respectively. The smaller 
ΔEST 0.25 eV for DCzTrz and 0.27 eV for DDCzTrz. The OLED using DDCzTrz showed an 
excellent EQE of 18.9% but in the device, the LT80 (time required to drop 80% luminescence) 
was 52 h, three-time longer than conventional blue phosphorescent Iridium complex. It is due 
to first stabilization through carbazole moiety, secondly, stable positive carbazole and nega-
tive triazine excited state pair, and thirdly excellent glass transition temperature for both 160 
for DCzTrz and 218°C for DDCzTrz give the stability to the device. But the device composed 
of DCzTrz was stable only for 5 h and this caused due to the high emission of the molecule. 
Upon modification of DCTrz through the addition of more carbazole donors, they synthe-
sized another three molecules TCzTrz, TmCzTrz, and DCzmCzTrz (Figure 6). Where calcu-
lated PLQY was 100% in DPEPO host, and the ΔEST was 0.16, 0.07, and 0.20 eV, respectively 
[51]. It was found that in TCzTrz the ΔEST is lower by 0.09 eV compare to DCzTrz. The device 
composed of TCzTrz showed an excellent EQE of 25.5%, while TmCzTrz and DCzmCzTrz 
showed EQE of 25.3 and 21.3%, respectively.

In another study, Lin et al. demonstrated [52] a novel triazine-based blue TADF emit-
ter named spiroAC-TRZ (Figure 6) which showed photo-physical characteristics of calcu-
lated PLQY of 100% in 12 wt% mCPCN host, τd of 2.1 μs. The experimentally calculated 
ΔEST was very small and to be 0.07 eV. The device ITO/ MoO3/TAPC/mCP/12 wt% spiroAC-
TRZ:mCPCN/3TPYMB/ LiF/Al an EQE of 37%, which is highest among the reported blue 
TADF. In a similar approach, Komatsu et al. [53] reported three novel deep blue TADF (Figure 6).  
Ac-RPMs, on the modification of triazine acceptor to pyrimidine. All the compounds exhib-
ited similar photo-physical properties i.e. PLQY of 80%, τd of 26.2 μs in a host matrix at 10 wt% 
in DPEPO and the calculated ΔEST was 0.19 eV for Ac-MPM, and the OLEDs showed an EQE 
of 24.5% and CIE coordinates of (0.19, 0.37), interestingly the turn-on voltage vas very low and 
was 2.80 V, such device can be used for highly efficient light devices.

Among various D-A and D-A-D structured TADF molecules, the main chemical moiety plays 
an important role for the exhibition of the TADF behavior, and as we have discussed various 
acceptors have been used for the synthesis of TADF materials, among them Cyano-based 
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acceptors are used as most usual building blocks for the synthesis of deep-blue TADFs. The 
first Cyano based blue TADF 2CzPN (Figure 6) was firstly reported by Adachi et al. [36] 
PLQY of 47% in solution state and the EQE was 13.6% in device. Sun et al. [54] reported 
a blue TADF emitter showing an excellent EQE of 21.8% in composed OLED structure of 
ITO/4 wt% ReO3:mCP/5 wt% TADF emitter:mCP:PO15/4 wt% Rb2CO3:PO-15/Al) (PO-
15 = poly[N,N′-bis(4-butylphenyl)-N,N′-bisphenylbenzidine]) by using a mixed co-host sys-
tem (mCP:PO15 = 1:1).

Solution-processed TADF materials was reported by Cho et al. [55], they synthesized two blue 
TADF emitters named 3CzFCN and 4CzFCN (Figure 6), showing photo-physical character-
istics of calculated PLQY in 10 wt% diphenyldi(4-(9-carbazolyl)phenyl)silane (SiCz) host at 
10 wt%, and was 74% for 3CzFCN and 100% for 4CzFCN, while the experimentally calculated 
small ΔEST of 0.06 eV for both emitters. The λmax was 440 and 460 nm, respectively. The fabri-
cated device with 4CzFCN emitter showed an excellent EQE of 20% with CIE coordinates of 
(0.16, 0.26), the device structure was ITO/PEDOT:PSS/PVK/15 wt%4CzFCN:SiCz/TPBI/LiF/Al.

In another study, very recently, Hatakeyama et al. [56] demonstrated synthesis of boron-
based acceptor TADFs. They synthesized TADF emitters DABNA-1 and DABNA-2 (Figure 6)  
showing ΔEST of 0.18 and 0.14 eV, respectively. The λmax was 460 and 469 nm, while calculated 
PLQY in mCBP host at 1 wt% was 88 and 90%. The device fabricated with DABNA-2 emit-
ter showed an excellent EQE of 20.2%. In such boron based TADFs, the ΔEST is very low, this 
is due to the presence of strong LUMO localization called as “multiple resonance effect”, 
induced by boron atom. The PLQY in solid state is 87–100%, which makes boron based TADF 
emitter a potential candidate for blue TADFs.

4.3. Green-yellow TADFs

Among various TADF emitters, plenty of them are the green-yellow emitter and most those 
green to yellow emitters are based on cyano-based acceptors. The molecular design of these 
cyano-based emitters is based “on the presence of a twisted conformation of donor carba-
zoles with respect to phthalonitrile plane” to confer the HOMO-LUMO separation and result 
to lower ΔEST. These cyano-based green TADF emitters are classified in three categories: (a) 
monomeric series with orthosteric hindrance, (b) homoconjugation series, and (3) dimeric 
emitters. In monomeric emitters, ΔEST is very small and high PLQY yield. In homoconjugation 
series, the HOMO and LUMO separation is easily achievable but lower PLQY yield and in 
dimeric series the ΔEST is very higher i.e. 0.11–0.21 eV. The first green emitter was reported by 
Adachi et al. [38] in 2012, 4CzIPN (Figure 7), exhibiting ΔEST of 0.08 eV. The calculated PLQY 
in CBP host was 82% and τd of 3370 μs and the device showed excellent 19.3% EQE.

In the similar contest, Taneda and co-workers [57] synthesized a highly efficient green TADF 
emitter 3DPA3CN (Figure 7) and it showed PLQY of 100% in solid state and 100% triplet 
harvesting via rISC mechanism. The molecule showed photo-physical characteristics of 
absorbance of 533 nm. The calculated PLQY of 6 wt% thin film in DPEPO host matrix was 
100% while the τd was 550. The ΔEST was to be small 0.10 eV and is due to the strongly local-
ized molecular geometry the HOMO and LUMO, which gives the small separation between 
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It is very important to design the geometry of TADF molecule to induce TADF process, to 
counter this, Rajmalli et al. [49] reported novel blue TADF emitters based on benzoylpyridine 
acceptor DCBPy and DTCBPy, in DTCBPy (Figure 6) a tert-butyl group is present. Upon 
photo-physical characterization, the second molecule DTCBPy showed a small redshift in 
emission by 4 nm. The ΔEST was smaller in both emitters, and was 0.07 and 0.08 eV in DCBPy 
and DTCBPy, respectively. The calculated PLQY in host matrix was 88 for DCBPy and 91% 
for DTCBPy. The PLQY in the solid state was 91% compared to lower 14–36% in solution. The 
device exhibit sky-blue and green emission. The EQEs was 24.0% CIE (0.17, 0.36) and 27.2% 
CIE (0.30, 0.64) for DCBPy and DTCBPy, respectively. The efficiency roll-off was low at prac-
tical brightness level.

In 2015, Kim et al. [50] synthesized two new blue TADF emitters DCzTrz and DDCzTrz 
(Figure 6), where “two additional carbazole moieties attached to phenyl ring in a meta fash-
ion” in DDCzTrz and as “meta linkage” both emitters have similar emission as well as ΔEST. 
The photo-physical characteristics of both molecules are absorbance maximum of 420 and 
430 nm. The calculated PLQY for both emitters was 43 and 66%, respectively. The smaller 
ΔEST 0.25 eV for DCzTrz and 0.27 eV for DDCzTrz. The OLED using DDCzTrz showed an 
excellent EQE of 18.9% but in the device, the LT80 (time required to drop 80% luminescence) 
was 52 h, three-time longer than conventional blue phosphorescent Iridium complex. It is due 
to first stabilization through carbazole moiety, secondly, stable positive carbazole and nega-
tive triazine excited state pair, and thirdly excellent glass transition temperature for both 160 
for DCzTrz and 218°C for DDCzTrz give the stability to the device. But the device composed 
of DCzTrz was stable only for 5 h and this caused due to the high emission of the molecule. 
Upon modification of DCTrz through the addition of more carbazole donors, they synthe-
sized another three molecules TCzTrz, TmCzTrz, and DCzmCzTrz (Figure 6). Where calcu-
lated PLQY was 100% in DPEPO host, and the ΔEST was 0.16, 0.07, and 0.20 eV, respectively 
[51]. It was found that in TCzTrz the ΔEST is lower by 0.09 eV compare to DCzTrz. The device 
composed of TCzTrz showed an excellent EQE of 25.5%, while TmCzTrz and DCzmCzTrz 
showed EQE of 25.3 and 21.3%, respectively.

In another study, Lin et al. demonstrated [52] a novel triazine-based blue TADF emit-
ter named spiroAC-TRZ (Figure 6) which showed photo-physical characteristics of calcu-
lated PLQY of 100% in 12 wt% mCPCN host, τd of 2.1 μs. The experimentally calculated 
ΔEST was very small and to be 0.07 eV. The device ITO/ MoO3/TAPC/mCP/12 wt% spiroAC-
TRZ:mCPCN/3TPYMB/ LiF/Al an EQE of 37%, which is highest among the reported blue 
TADF. In a similar approach, Komatsu et al. [53] reported three novel deep blue TADF (Figure 6).  
Ac-RPMs, on the modification of triazine acceptor to pyrimidine. All the compounds exhib-
ited similar photo-physical properties i.e. PLQY of 80%, τd of 26.2 μs in a host matrix at 10 wt% 
in DPEPO and the calculated ΔEST was 0.19 eV for Ac-MPM, and the OLEDs showed an EQE 
of 24.5% and CIE coordinates of (0.19, 0.37), interestingly the turn-on voltage vas very low and 
was 2.80 V, such device can be used for highly efficient light devices.

Among various D-A and D-A-D structured TADF molecules, the main chemical moiety plays 
an important role for the exhibition of the TADF behavior, and as we have discussed various 
acceptors have been used for the synthesis of TADF materials, among them Cyano-based 
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acceptors are used as most usual building blocks for the synthesis of deep-blue TADFs. The 
first Cyano based blue TADF 2CzPN (Figure 6) was firstly reported by Adachi et al. [36] 
PLQY of 47% in solution state and the EQE was 13.6% in device. Sun et al. [54] reported 
a blue TADF emitter showing an excellent EQE of 21.8% in composed OLED structure of 
ITO/4 wt% ReO3:mCP/5 wt% TADF emitter:mCP:PO15/4 wt% Rb2CO3:PO-15/Al) (PO-
15 = poly[N,N′-bis(4-butylphenyl)-N,N′-bisphenylbenzidine]) by using a mixed co-host sys-
tem (mCP:PO15 = 1:1).

Solution-processed TADF materials was reported by Cho et al. [55], they synthesized two blue 
TADF emitters named 3CzFCN and 4CzFCN (Figure 6), showing photo-physical character-
istics of calculated PLQY in 10 wt% diphenyldi(4-(9-carbazolyl)phenyl)silane (SiCz) host at 
10 wt%, and was 74% for 3CzFCN and 100% for 4CzFCN, while the experimentally calculated 
small ΔEST of 0.06 eV for both emitters. The λmax was 440 and 460 nm, respectively. The fabri-
cated device with 4CzFCN emitter showed an excellent EQE of 20% with CIE coordinates of 
(0.16, 0.26), the device structure was ITO/PEDOT:PSS/PVK/15 wt%4CzFCN:SiCz/TPBI/LiF/Al.

In another study, very recently, Hatakeyama et al. [56] demonstrated synthesis of boron-
based acceptor TADFs. They synthesized TADF emitters DABNA-1 and DABNA-2 (Figure 6)  
showing ΔEST of 0.18 and 0.14 eV, respectively. The λmax was 460 and 469 nm, while calculated 
PLQY in mCBP host at 1 wt% was 88 and 90%. The device fabricated with DABNA-2 emit-
ter showed an excellent EQE of 20.2%. In such boron based TADFs, the ΔEST is very low, this 
is due to the presence of strong LUMO localization called as “multiple resonance effect”, 
induced by boron atom. The PLQY in solid state is 87–100%, which makes boron based TADF 
emitter a potential candidate for blue TADFs.

4.3. Green-yellow TADFs

Among various TADF emitters, plenty of them are the green-yellow emitter and most those 
green to yellow emitters are based on cyano-based acceptors. The molecular design of these 
cyano-based emitters is based “on the presence of a twisted conformation of donor carba-
zoles with respect to phthalonitrile plane” to confer the HOMO-LUMO separation and result 
to lower ΔEST. These cyano-based green TADF emitters are classified in three categories: (a) 
monomeric series with orthosteric hindrance, (b) homoconjugation series, and (3) dimeric 
emitters. In monomeric emitters, ΔEST is very small and high PLQY yield. In homoconjugation 
series, the HOMO and LUMO separation is easily achievable but lower PLQY yield and in 
dimeric series the ΔEST is very higher i.e. 0.11–0.21 eV. The first green emitter was reported by 
Adachi et al. [38] in 2012, 4CzIPN (Figure 7), exhibiting ΔEST of 0.08 eV. The calculated PLQY 
in CBP host was 82% and τd of 3370 μs and the device showed excellent 19.3% EQE.

In the similar contest, Taneda and co-workers [57] synthesized a highly efficient green TADF 
emitter 3DPA3CN (Figure 7) and it showed PLQY of 100% in solid state and 100% triplet 
harvesting via rISC mechanism. The molecule showed photo-physical characteristics of 
absorbance of 533 nm. The calculated PLQY of 6 wt% thin film in DPEPO host matrix was 
100% while the τd was 550. The ΔEST was to be small 0.10 eV and is due to the strongly local-
ized molecular geometry the HOMO and LUMO, which gives the small separation between 

New Generation of High Efficient OLED Using Thermally Activated Delayed Fluorescent Materials
http://dx.doi.org/10.5772/intechopen.76048

117



Figure 7. Chemical structures of green-yellow TADF emitters.

HOMO and LUMO. The fabricated device ITO/α-NPD/mCBP/6 wt% TADF emitter:DPEPO/
TPBI/LiF/Al) shows an excellent EQE of 21.4% with ELmax at ≈540 nm. In another study, Xiang 
et al. [58] reported a triazine based acceptor along with phenoxazine as donor and synthe-
sized a yellow TADF emitter TPXZ-as-TAZ (Figure 7) with very low ΔEST of 0.03 eV. The 
molecule showed excellent EQE of 13%. The calculated PLQY in 1.5 wt% thin film in host CBP 
was 53% while the calculated τd was to be 1.10 μs. The λmax for emitter was 555 nm.

Tang et al. revealed the strategy to synthesized solution processed green TADF emitters [59]. 
They synthesized emitter 4CzCNPy (Figure 7) which has small ΔEST of 0.07 eV. The λmax for 
emitter was 560 nm. The calculated PLQY was quite low in toluene with a value of 55% and 
τd calculated of 8.4 μs. The fabricated device ITO/PEDOT:PSS/8 wt% TADF emitter:mCP/
TmPyPB/LiF/Al showed EQE of 11.3% and CIE coordinate was (0.34, 0.59). They suggested 
that without cyano group the TADF emission could not be observed in the molecule along 
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with enhancement to the PLQY. In this molecule, the emission is dominated by 1CT state to 
reduce the n-π* quenching of the 4CzPy group.

Apart from Cyano-based green TADF emitters, many researchers reported TADF emitters 
based on 1,2,5-triazine acceptor (TRZ). Tanaka and co-workers [60] reported in 2012 a TADF 
emitter PXZ-TRZ (Figure 7) with a small ΔEST exhibiting λmax: near 540 nm. The calculated 
PLQY of the thin film in 6 wt% CBP was 66%, while τd was 0.68 μs. The twisted structure of 
the phenoxazine can easily be achieved and induces the charge transfer, results to a small 
ΔEST of 0.07 eV. In such molecule, the dihedral angle between donor and acceptor is 74.9, 
which helps to localize the HOMO and LUMO for efficient TADF exhibition. The device was 
fabricated using the emitter ITO/α-NPD/6 wt% TADF emitter:CBP/TPBi/LiF/Al showed EQE 
of 12.5%. Adachi et al. [61] also reported anther green emitter based on TRZ acceptor, 3ACR-
TRZ (Figure 7), with a small ΔEST of 0.02 eV which can be solution processed. It exhibits the 
Photo-physical characteristics of λmax of 504 nm. The calculated PLQY in 16 wt% CBP was near 
a unit value of 98% and τd of 6.7 μs in Host matrix, while in device ITO/PEDOT:PSS/16 wt% 
TADF emitter:CBP/BmPyPhB/Liq/Al, the EQE was 18.6% along with ELmax at 520 nm.

In 2014, Wang et al. reported [62] sulfone-based acceptor green TADF emitters. They synthesized 
two green TADF emitter named TXO-PhCz and TXO-TPA (Figure 7). The photo-physical char-
acteristic of these molecules is λmax of 520 nm, calculated PLQY of thin film was 90% in 5 wt% 
mCP, and a small ΔEST value of 0.07 eV for TXO-PhCz and λmax of 580 nm, the PLQY of thin film 
was 83% and even smaller ΔEST of 0.05 eV were demonstrated. The fabricated device structure 
was ITO/PEDOT (30 nm)/ TAPC (20 nm)/TADF emitter 5 wt%: mCP (35 nm)/TmPyPB (55 nm)/
LiF(0.9 nm)/Al and the device showed an EQEs of 21.5% for TXO-TPA emitter and 18.5% for TXP-
PhCz emitter, respectively with the turn-on voltage of 4.7–5.2 V which is low for such devices.

1,3,4-Oxadiazole was used to synthesized green TADF emitter and these emitters are most 
commonly used for the applications. Three new green TADF emitters were synthesized by Lee 
et al. [63]. The three emitters were PXZ-OXD, PXZ-TAZ, 2PXZ-OXD, and 2PXZ-TAZ (Figure 7).  
In emitters, the D-A moieties, where the donor was phenoxazine group while the acceptor 
was 1,3,4-oxadiazole and 1,2,4-triazole. In molecules, the PLQY was calculated in a host mate-
rial and the PLQY was high in donor-acceptor-donor 2PXZ-OXD and 2PXZ-TAZ with high 
rISC compare to donor-acceptor PXZ-OXD and PXZ-TAZ molecules. The best device showed 
an EQE of 14.9% with emitter as 2PXZ-OXD. The emitter exhibit photo-physical character-
istics of λmax of 517 nm, PLQY yield was 87%, τd of 520 μs in 6 wt% DPEPO and the ΔEST of 
0.15 eV and the fabricated device structure was ITO/NPD (30 nm)/mCP (10 nm)/6 wt% TADF 
emitter: DPEPO (15 nm)/DPEPO (10 nm)/TPBi (40 nm)/ LiF (0.8 nm)/Al (90 nm).

Many groups reported various green TADF based on different donor and acceptor molecules. 
The more significant are focused here.

5. Conclusions and outlook

Past few years have witnessed tremendous development in the field of organic electronics 
and especially in synthesis of organic light emitting materials which helped to boost the cost 
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Figure 7. Chemical structures of green-yellow TADF emitters.

HOMO and LUMO. The fabricated device ITO/α-NPD/mCBP/6 wt% TADF emitter:DPEPO/
TPBI/LiF/Al) shows an excellent EQE of 21.4% with ELmax at ≈540 nm. In another study, Xiang 
et al. [58] reported a triazine based acceptor along with phenoxazine as donor and synthe-
sized a yellow TADF emitter TPXZ-as-TAZ (Figure 7) with very low ΔEST of 0.03 eV. The 
molecule showed excellent EQE of 13%. The calculated PLQY in 1.5 wt% thin film in host CBP 
was 53% while the calculated τd was to be 1.10 μs. The λmax for emitter was 555 nm.

Tang et al. revealed the strategy to synthesized solution processed green TADF emitters [59]. 
They synthesized emitter 4CzCNPy (Figure 7) which has small ΔEST of 0.07 eV. The λmax for 
emitter was 560 nm. The calculated PLQY was quite low in toluene with a value of 55% and 
τd calculated of 8.4 μs. The fabricated device ITO/PEDOT:PSS/8 wt% TADF emitter:mCP/
TmPyPB/LiF/Al showed EQE of 11.3% and CIE coordinate was (0.34, 0.59). They suggested 
that without cyano group the TADF emission could not be observed in the molecule along 
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with enhancement to the PLQY. In this molecule, the emission is dominated by 1CT state to 
reduce the n-π* quenching of the 4CzPy group.

Apart from Cyano-based green TADF emitters, many researchers reported TADF emitters 
based on 1,2,5-triazine acceptor (TRZ). Tanaka and co-workers [60] reported in 2012 a TADF 
emitter PXZ-TRZ (Figure 7) with a small ΔEST exhibiting λmax: near 540 nm. The calculated 
PLQY of the thin film in 6 wt% CBP was 66%, while τd was 0.68 μs. The twisted structure of 
the phenoxazine can easily be achieved and induces the charge transfer, results to a small 
ΔEST of 0.07 eV. In such molecule, the dihedral angle between donor and acceptor is 74.9, 
which helps to localize the HOMO and LUMO for efficient TADF exhibition. The device was 
fabricated using the emitter ITO/α-NPD/6 wt% TADF emitter:CBP/TPBi/LiF/Al showed EQE 
of 12.5%. Adachi et al. [61] also reported anther green emitter based on TRZ acceptor, 3ACR-
TRZ (Figure 7), with a small ΔEST of 0.02 eV which can be solution processed. It exhibits the 
Photo-physical characteristics of λmax of 504 nm. The calculated PLQY in 16 wt% CBP was near 
a unit value of 98% and τd of 6.7 μs in Host matrix, while in device ITO/PEDOT:PSS/16 wt% 
TADF emitter:CBP/BmPyPhB/Liq/Al, the EQE was 18.6% along with ELmax at 520 nm.

In 2014, Wang et al. reported [62] sulfone-based acceptor green TADF emitters. They synthesized 
two green TADF emitter named TXO-PhCz and TXO-TPA (Figure 7). The photo-physical char-
acteristic of these molecules is λmax of 520 nm, calculated PLQY of thin film was 90% in 5 wt% 
mCP, and a small ΔEST value of 0.07 eV for TXO-PhCz and λmax of 580 nm, the PLQY of thin film 
was 83% and even smaller ΔEST of 0.05 eV were demonstrated. The fabricated device structure 
was ITO/PEDOT (30 nm)/ TAPC (20 nm)/TADF emitter 5 wt%: mCP (35 nm)/TmPyPB (55 nm)/
LiF(0.9 nm)/Al and the device showed an EQEs of 21.5% for TXO-TPA emitter and 18.5% for TXP-
PhCz emitter, respectively with the turn-on voltage of 4.7–5.2 V which is low for such devices.

1,3,4-Oxadiazole was used to synthesized green TADF emitter and these emitters are most 
commonly used for the applications. Three new green TADF emitters were synthesized by Lee 
et al. [63]. The three emitters were PXZ-OXD, PXZ-TAZ, 2PXZ-OXD, and 2PXZ-TAZ (Figure 7).  
In emitters, the D-A moieties, where the donor was phenoxazine group while the acceptor 
was 1,3,4-oxadiazole and 1,2,4-triazole. In molecules, the PLQY was calculated in a host mate-
rial and the PLQY was high in donor-acceptor-donor 2PXZ-OXD and 2PXZ-TAZ with high 
rISC compare to donor-acceptor PXZ-OXD and PXZ-TAZ molecules. The best device showed 
an EQE of 14.9% with emitter as 2PXZ-OXD. The emitter exhibit photo-physical character-
istics of λmax of 517 nm, PLQY yield was 87%, τd of 520 μs in 6 wt% DPEPO and the ΔEST of 
0.15 eV and the fabricated device structure was ITO/NPD (30 nm)/mCP (10 nm)/6 wt% TADF 
emitter: DPEPO (15 nm)/DPEPO (10 nm)/TPBi (40 nm)/ LiF (0.8 nm)/Al (90 nm).

Many groups reported various green TADF based on different donor and acceptor molecules. 
The more significant are focused here.

5. Conclusions and outlook

Past few years have witnessed tremendous development in the field of organic electronics 
and especially in synthesis of organic light emitting materials which helped to boost the cost 
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reduction of OLEDs and performance enhancement. The potential inexpensive synthesis 
methods, OLEDs fabrication process, flexibility and lightweight make them one of the prom-
ising materials for energy devices. A large number of phosphorescent and fluorescent organic 
materials have been already synthesized for their use in OLEDs. Recently, TADF materials 
have been introduced in OLEDs fabrication to achieve 100% IQE and high EQE, which can be 
achieved near 50%.

The actual development of organic TADF emitters achieves a status that surpasses a simple 
curiosity. The new OLED framework based on highly efficient TADF materials opens a 
new field of applications for display and lightening. These materials, based on separated 
donor-acceptor moieties in one molecule, leads to a unique luminescent process of a triplet 
harvesting in the excited state with a further huge increase of internal efficiency up to the 
100% limit. This simple way to tailored pure organic emitters is really one of the most recent 
advances in chemistry and OLEDs filed. Achieving very high external efficiencies without 
using an expensive and rare transition metals, puts the organic emitters towards new pos-
sibilities. Particularly important is the application in lighting from large area emitters, a 
field that is until now, a technological problem. The possibility to have a full range color 
emitters with high efficiency (as shown, and particularly in blue) is also an outstanding 
achievement towards a new device design and application, particularly in white emission. 
Nevertheless, improving the efficiency towards the theoretical efficiency limit, can only be 
achieved with a deep understand of the TADF process in these organic molecules. This is 
due to the fact that the interactions between energy levels of TADF emitter and the host 
can condition the emission due to the TADF process itself as referred before. Thus, the next 
steps must be focused on the physical models for this rISC pathway and the relationship 
with the molecular structure. In the OLEDs point of view, the design of reliable host mate-
rials that fulfills the requirements needs to allow an efficient luminesce emission form the 
TADFs. A new era is opened.

TADFs have been studied and used for OLEDs so far, and this field is relatively young but it 
has developed significantly during the past 5 years. By the incorporation of TADFs 40–50% 
EQE can be achieved. However, at the present stage despite of numerous characterization 
techniques to understand the TADF behavior, more rigorous efforts are required for their 
understanding and use for commercially production. The fabrication cost of the OLEDs based 
on TADF emitter should be less to make them major candidate in both display and lighten-
ing industry and the cost is critical. To reduce the cost, it is necessary to develop solution 
processed OLED fabrication methods and synthesis of polymeric or dendrimeric TADF emit-
ters. These TADFs have already been found a significant role in next-generation displays and 
lightning materials and their use can only be realized as their synthesis characterization and 
device fabrication progresses.
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advances in chemistry and OLEDs filed. Achieving very high external efficiencies without 
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understanding and use for commercially production. The fabrication cost of the OLEDs based 
on TADF emitter should be less to make them major candidate in both display and lighten-
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Abstract

AlGaN deep ultraviolet light-emitting diodes (DUV LEDs) have a wide variety of poten-
tial applications, including uses for sterilization, water purification, and UV curing and in
the medical and biochemistry fields. However, the wall-plug efficiency (WPE) of AlGaN
DUV LEDs remains below values. We have developed crystal growth techniques for
wide-bandgap AlN and AlGaN and, using these techniques, fabricated DUV LEDs in the
220–350 nm-band. Considerable increases in the internal quantum efficiency (IQE) of
AlGaN quantum wells (QW) were achieved by developing low-threading dislocation
density (TDD) AlN grown on sapphire substrates. The electron injection efficiency (EIE)
was substantially increased by introducing a multi-quantum barrier (MQB) as an electron-
blocking layer (EBL). The light-extraction efficiency (LEE) was also improved by using a
transparent p-AlGaN contact layer, a highly reflective (HR) p-type electrode, and an AlN
template fabricated on a patterned sapphire substrate (PSS). Further improvements were
made by implementing a reflective photonic crystal (PhC) p-contact layer. We demon-
strated a record external quantum efficiency (EQE) of 20.3% for an AlGaN UVC-LED.

Keywords: deep-UV LEDs, AlN, AlGaN, MOCVD, threading-dislocation density, internal
quantum efficiency, light-extraction efficiency

1. Introduction

Growth techniques for AlN/AlGaN semiconductors and recent advances in AlGaN-based
deep-ultraviolet (DUV) light-emitting diodes (LEDs) are demonstrated. DUV LEDs operating
in the 220–350-nm band were realized by developing new crystal growth techniques for the
wide-bandgap semiconductors, AlN and AlGaN. The efficiency of an AlGaN DUV LED was
significantly increased through past 10 years developments, by increasing in internal quantum
efficiency (IQE), which was achieved by developing low threading dislocation density (TDD)
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AlN crystals on sapphire substrates, as well as, by improving electron injection efficiency (EIE)
and light extraction efficiency (LEE).

In Section 2, the background to this research, including device applications, history and the
current status of DUV LEDs, is described. In Section 3, we describe the development of the
crystal growth techniques undertaken in order to obtain high-quality AlN and AlGaN crystals.
The realization of devices with high IQE and fabrication of the LEDs are dealt with in Sections
4 and 5, respectively. We discuss ways in which EIE and LEE can be improved, and the future
prospects for DUV LEDs, in Sections 6, 7 and 8, respectively.

2. Research background of UV LEDs

The development of semiconductor light sources operating in the DUV region, such as DUV
LEDs and laser diodes (LDs), is an important subject because these devices are required for a
wide variety of applications. Figure 1 gives an overview of these applications, divided into
three wavebands. Potential applications for UVC and UVB lights are in sterilization, water
purification, medicine and biochemistry, agriculture, and as light sources for high-density
optical memory. UVA together with UVB and UVC lights also have potential for curing,
adhesives, printing and coating [1, 2].

Figure 2 shows the wavelength range of UV light from UVA to UVC, and possible wavelength
range of DUV LEDs developed by AlGaN. As well known, UVA light causes sunburn and
UVB light is dangerous light, which causes skin cancer or cataracts. Indicated curve in Figure 2
with peak wavelength at 265 nm in UVC waveband is known as sterilization effects curve,
which well matches to the absorption spectrum of DNA (deoxyribonucleic acid). The wave-
length between 260 and 280 nm is effective for sterilization, water purification and surface

Figure 1. Potential applications of DUV LEDs and LDs.
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disinfection. As shown in Figure 2, the wavelength range covered by AlGaN LEDs is from
UVA to UVC.

The direct transition energy range of AlGaN covers the region from 6.2 eV (AlN) to 3.4 eV [2].
Figure 3 shows the bandgap of the wurtzite (WZ) AlInGaN material system, as well as, the
lasing wavelengths of several kinds of gas lasers. AlGaN is a direct transition semiconductor
having an emission wavelength range from 200 to 360 nm. Both p- and n-type conductivities are
obtained in DUV wavelength range. AlGaN is physically hard and suitable for long lifetime
devices. Also, the material is free from harmful elements, i.e., As, Hg and Pb. Therefore, AlGaN
is considered to be the most appropriate semiconductor to develop a DUV LED [2].

Several research groups have started the research on AlGaN-based UV LEDs with wavelength
below 360 nm, between 1996 and 1999 [3–5]. In the US, the effort, directed at DUV light
sources, was driven by DARPA’s Semiconductor Ultraviolet Optical Sources (SUVOS) pro-
gram. The sub-300 nm DUV LEDs were achieved by a group at the University of South
Carolina between 2002 and 2006 [6–8]. The shortest wavelength (210 nm) LED using an AlN
emitting layer was reported by a group at NTT in 2006 [9]. We started research into AlGaN-
based DUV LEDs in 1997, and reported the first efficient DUV (230 nm) photoluminescence
(PL) from AlGaN/AlN QWs [10], and a 330 nm-band AlGaN-QW UV LED on SiC in 1999 [4].
We have also developed highly efficient UV LEDs by incorporating In into AlGaN [1, 11, 12].
We demonstrated cw operation with powers of several mWs for 340–350 nm InAlGaN-QW
UV LEDs on both GaN single-crystal substrates [13] and sapphire substrates [14].

The development of 260–280 nm AlGaN DUV LEDs performed in 2005–2010 was an important
step in the progress toward sterilization applications. High IQEs in AlGaN and quaternary
InAlGaN QWs were achieved in 2007 [15–17], by developing a low-threading dislocation
density (TDD) AlN buffer layers on sapphire substrates utilizing a pulse-flow growth method.
EIE was significantly increased by introducing a multi-quantum barrier (MQB) [18]. Wide
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AlN crystals on sapphire substrates, as well as, by improving electron injection efficiency (EIE)
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Figure 1. Potential applications of DUV LEDs and LDs.
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range emissions from 222 to 351 nmwere demonstrated in AlGaN and InAlGaN LEDs [17–21].
We began to improve LEE of UVC LEDs by introducing a transparent p-AlGaN contact layer
and a reflective p-type electrode [22–24]. We also developed commercially available DUV LED
modules to be used for sterilization in 2014 [25, 26].

Sensor Electronic Technology (SET) developed the first commercially available LEDs with
wavelengths ranging between 240 and 360 nm [27–28]. They reported a maximum EQE of
11% for a 278 nm LED in 2012 [28]. They also did detailed investigations into the properties of
AlGaN epilayers and UVC LED devices [29–31].

Since 2010, many companies have started developing UVC LEDs aiming at sterilization appli-
cations. Nikkiso has developed highly efficient UVC LEDs [32–34] and reported EQEs of over
10% [32]. They improved the LED properties by introducing an encapsulating resin that does
not deteriorate under UVC radiation [34]. Crystal IS developed efficient 265 nm LEDs on bulk
AlN substrates fabricated by a sublimation method [35, 36], and Tokuyama developed UVC
LEDs on a thick transparent AlN layer grown, also on bulk AlN substrates, by hydride vapor
phase epitaxy (HVPE) [37–40]. Nichia has developed high wall-plug efficiency (WPE) UVC
LEDs [41, 42] using a lens bonding technique [42]. Also, M. Kneissl’s group in the Technical

Figure 3. Relationship between the direct transition bandgap energy and the lattice constant of the wurtzite (WZ)
InAlGaN material system and the lasing wavelengths of various gas lasers.
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University of Berlin recently carried out a series of studies on the properties of AlGaN
epilayers and AlGaN and InAlGaN UV LEDs [2, 43–45]. The reported EQEs for AlGaN and
InAlGaN UVA-UVC LEDs up to 2015 are summarized in Figure 1.1 of Ref. [2].

In spite of continuous efforts to develop an AlGaN DUV LED, its wall plug efficiency (WPE) is
still as low as 3%, which is much lower than that of InGaN blue LEDs. The limited efficiency of
DUV LED is mainly due to the following three factors:

1. The IQE of AlGaN is sensitive to TDD and still much lower than that of InGaN.

2. Hole concentration of p-AlGaN is low and the carrier injection efficiency (IE) is low.

3. By the light absorption by p-GaN contact layer, the LEE is quite low.

For InGaN QWs, high IQE more than 80%was already demonstrated. On the other hand, IQE at
around 50% is standard value after developing the low-TDD (5 � 108 cm�2) AlN templates on
sapphire. We need to develop further reduction of TDD of AlN, i.e. TDD of below 1�108 cm�2,
in order to achieve more than 80% IQE. AlN single crystal wafers have advantages for high
IQE, although they are expensive for commercially available DUV LEDs. The hole concentra-
tion of p-AlGaN used in UVC LEDs is as low as 1�1014 cm�3 owing to its deep acceptor levels,
i.e., 240 (GaN)–590 meV (AlN). Electron overflow to the p-side layers results in the reduction of
EIE for UVC LEDs. Since the hole density of p-type AlGaN is not very high, we use p-GaN for
the contact layer. This results in a significant reduction in LEE, typically to below 8%, owing to
the strong absorption of DUV light.

The usual value of EQE for 270 nm UVC LEDs obtained by our group is approximately 7%,
which is determined by the IQE, EIE, and LEE of approximately 60, 80, and 15%, respectively.
The technical issues to increase IQE, EIE and LEE are described in the following sections.

3. Growth of high-quality AlN on sapphire substrates

In order to obtain low-TDD, crack-free AlN buffer layer with atomically flat surface on sap-
phire, we introduced an ‘ammonia (NH3) pulsed-flow multilayer (ML) growth method [15].
Figure 4 shows a schematic view of the growth control method and a typical gas flow
sequence using pulsed and continuous gas flows.

The samples were grown on sapphire (0001) substrates at 76 Torr by metal-organic chemical
vapor deposition (MOCVD). First, an AlN nucleation layer and a ‘buried’ AlN layer were
deposited, both by NH3 pulsed-flow growth. The pulsed-flow mode is effective for initial
high-quality AlN growth on sapphire because of the increased migration of the precursor.
After the growth of the first layers, we introduced a continuous-flow mode AlN growth to
reduce the surface roughness. By repeating the pulsed- and continuous-flow modes, we can
obtain crack-free, thick AlN layers with atomically flat surfaces. By maintaining Al-rich
growth conditions, we can obtain stable Al (+c) polarity, which is necessary for suppressing
polarity inversion from Al to N. The detailed growth conditions are described in Ref. [15, 19].
The advantages in comparison with former approaches [46, 47] are that the method is in-situ
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i.e., 240 (GaN)–590 meV (AlN). Electron overflow to the p-side layers results in the reduction of
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which is determined by the IQE, EIE, and LEE of approximately 60, 80, and 15%, respectively.
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phire, we introduced an ‘ammonia (NH3) pulsed-flow multilayer (ML) growth method [15].
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The samples were grown on sapphire (0001) substrates at 76 Torr by metal-organic chemical
vapor deposition (MOCVD). First, an AlN nucleation layer and a ‘buried’ AlN layer were
deposited, both by NH3 pulsed-flow growth. The pulsed-flow mode is effective for initial
high-quality AlN growth on sapphire because of the increased migration of the precursor.
After the growth of the first layers, we introduced a continuous-flow mode AlN growth to
reduce the surface roughness. By repeating the pulsed- and continuous-flow modes, we can
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process, and low TDD AlN can be obtained without the need for AlGaN layers, yielding a
device structure with minimal DUV absorption.

Figure 5 shows the full-width at half maximum (FWHM) of X-ray diffraction (10–12) ω-scan
rocking curves (XRC) for various stages in the ML-AlN growth. This was reduced from 2160 to
550 arcsec by executing the pulsed-flow mode twice. Figure 6 shows atomic-force microscope

Figure 4. Gas flow sequence and schematic view of the growth control method used for the NH3 pulsed-flow multilayer
(ML)-AlN growth technique.

Figure 5. FWHM of the X-ray diffraction (10–12) ω-scan rocking curve (XRC) at various stages in the growth of the ML-
AlN layer.
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(AFM) images of the surface of ML-AlN on sapphire at various stages of growth. We can see
that the surface improves as more layers are grown, ending with an atomically flat surface. The
typical root-mean-square (RMS) of the surface roughness was 0.16 nm, as seen in Figure 6.

Figure 7 shows (a) a schematic illustration of the structure and (b) a cross-sectional transmis-
sion electron microscope (TEM) image of an AlGaN/AlN template including ML-AlN buffer
layer grown on a sapphire substrate. The typical FWHMs of the (10–12) and (0002) XRCs of the
ML-AlN were approximately 330 and 180 arcsec, respectively. This was grown in a 3 � 2 inch
MOCVD reactor [25]. The minimum corresponding FWHMs obtained using a 1 � 2 inch
MOCVD reactor were approximately 290 and 180 arcsec, respectively. The minimum edge-
and screw-type dislocation densities were below 5 � 108 and 4 � 107 cm�2, respectively, as
observed in the TEM image. To further reduction of TDD, we introduced an AlN epitaxial
lateral overgrowth (ELO) technique on a patterned sapphire substrate (PSS) and obtained
TDDs of the order of 107 cm�2.

4. Increasing the internal quantum efficiency (IQE)

Figure 8 shows a cross-sectional TEM image of an AlGaN multi-quantum well (MQW) of a
227 nm DUV LED fabricated on a ML-AlN buffer. In order to suppress the spontaneous

Figure 6. AFM images of the surface of the ML-AlN layer with an area of 5 � 5 μm2 at various stages in the growth.

Figure 7. (a) Schematic diagram and (b) cross-sectional TEM image of an AlGaN/AlN template including a 5-step ML-
AlN buffer layer grown on a sapphire substrate.
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polarization effects induced in the wells, very thin quantum well was used. It is important to
obtain atomically smooth hetero-interfaces to achieve high IQE from such thin QWs. As shown
in the cross-sectional TEM image in Figure 8, the three 1.3 nm-thick QWs have atomically-flat
hetero-interfaces.

Figure 8. Cross-sectional TEM image of the quantum well region of an AlGaN MQW DUV-LED.

Figure 9. Photoluminescence (PL) spectra of AlGaN QWs onML-AlN templates with various FWHMs of the XRC (10–12)
measured at room temperature.
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We observed a considerable increase in the DUV emission from AlGaN-QWs by fabricating
them on low TDD AlN templates [16, 17]. Figure 9 shows the photoluminescence (PL) spectra
of AlGaN QWs with emission peaks at around 255 nm fabricated on ML-AlN measured at
room temperature (RT). We used a 244 nm Ar-ion second-harmonics generation (SHG) laser
for the excitation of the sample. The excitation power density was approximately 200 W/cm2.
The PL intensity significantly increases with narrower FWHM. We can see from Figure 9 that
the efficiency depends strongly on the edge-type TDDs.

Figure 10 shows the intensity of the PL peak at 255-nm measured at RT as a function of the
FWHM of the XRC (10–12). Reducing the FWHM from 1400 to 500 arcsec increases the PL
intensity by a factor of about 80. Between 500 and 800 arcsec the PL intensity increases rapidly.
This rapid increase can be explained by a reduction in the non-radiative recombination rate as
the distance between the TDs becomes greater compared with the carrier diffusion length in
the QW. We obtained similar degrees of improvement for QWs operating at other wave-
lengths. The relationship between IQE and TDD in DUV AlGaN-QWs was also investigated
in Ref. [27, 48].

The quaternary alloy InAlGaN is also a strong candidate as a material for realizing DUV LEDs,
since the inclusion of In leads to efficient UV emission as well as higher hole concentration. Just
a few percent of In in AlGaN is needed to obtain high IQE, where the increases in efficiency are
due to the In segregation effect, an effect previously investigated for the ternary alloy, InGaN.
We have described the advantages of the use of InAlGaN in Ref. [1, 11, 12, 14, 17].

We took up the challenge of developing the crystal growth technology needed to obtain high
quality InAlGaN alloys operating at the ‘sterilization’ wavelength (280 nm) [17]. Growing
crystals of InAlGaN with a high Al content is relatively difficult, because incorporating In
becomes more challenging as the growth temperature is increased, which is necessary in order

Figure 10. PL intensity of AlGaN-QWs as a function of the FWHM of the XRC (10–12) of AlGaN buffers measured at
room temperature.
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to maintain the crystal quality. We obtained high-quality InAlGaN with a high amount of Al
(>45%) by using epitaxy at a relatively low growth rate, i.e., 0.03 μm/h. The intensity of the
light at 280 nm emitted by an InAlGaN QW at RT was increased by a factor of 5 by reducing
the growth rate from 0.05 to 0.03 μm/h.

5. AlGaN- and InAlGaN-based UVA-UVC LEDs

We fabricated AlGaN and InAlGaN MQW DUV LEDs on low-TDD AlN templates [15–26].
Figure 11 shows a schematic diagram of the structure of an AlGaN-based DUV LED fabricated
on a sapphire substrate. Table 1 shows typical design values for the fraction of Al (x) in the
AlxGa1�xN wells, in the buffer and barrier layers, and in the electron-blocking layers (EBLs)
used for 222–273 nm AlGaN-MQW LEDs. Large compositions of Al in AlGaN were used to
obtain DUV LEDs operating at short wavelengths, as shown in Table 1. The detail layer
structures and device geometries of the LEDs are described in Ref. [15, 17]. The output power
was measured using a Si photodetector located behind the LED sample. The photodetector
was calibrated by measuring the luminous flux from a flip-chip LED. The forward voltages

Figure 11. Schematic structure of a typical AlGaN-based DUV LED fabricated on a sapphire substrate.

Light-Emitting Diode - An Outlook On the Empirical Features and Its Recent Technological Advancements136

(Vf) of the bare wafer and the flip-chip samples were approximately 15 and 8 V, respectively,
with an injection current of 20 mA.

Figure 12 shows the electroluminescence (EL) spectra of the AlGaN and InAlGaNMQW LEDs
measured at RT. We obtained single-peak operations for LED samples with emission wave-
length from 222 to 351 nm. Figure 13 shows the EL spectra of a 227 nm AlGaN LED on a log
scale [19]. The deep-level emissions with wavelengths at around 255 and 330–450 nm are more

Table 1. Typical design values of the fraction of Al (x) in the AlxGa1�xN wells, the buffer and barrier layers, and the
electron-blocking layers (EBLs) used for 222–273 nm AlGaN-MQW LEDs.

Figure 12. Electroluminescence (EL) spectra of fabricated AlGaN and InAlGaN MQW LEDs with emission wavelengths
between 222 and 351 nm, all measured at room temperature (RT) with injection currents of around 50 mA.
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Figure 11. Schematic structure of a typical AlGaN-based DUV LED fabricated on a sapphire substrate.
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(Vf) of the bare wafer and the flip-chip samples were approximately 15 and 8 V, respectively,
with an injection current of 20 mA.

Figure 12 shows the electroluminescence (EL) spectra of the AlGaN and InAlGaNMQW LEDs
measured at RT. We obtained single-peak operations for LED samples with emission wave-
length from 222 to 351 nm. Figure 13 shows the EL spectra of a 227 nm AlGaN LED on a log
scale [19]. The deep-level emissions with wavelengths at around 255 and 330–450 nm are more

Table 1. Typical design values of the fraction of Al (x) in the AlxGa1�xN wells, the buffer and barrier layers, and the
electron-blocking layers (EBLs) used for 222–273 nm AlGaN-MQW LEDs.

Figure 12. Electroluminescence (EL) spectra of fabricated AlGaN and InAlGaN MQW LEDs with emission wavelengths
between 222 and 351 nm, all measured at room temperature (RT) with injection currents of around 50 mA.
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than two orders of magnitude smaller than the main peaks. The output power of the 227 nm
LED was 0.15 mW at an injection current of 30 mA, and the maximum EQE was 0.2% under
pulsed operation at RT. Figure 14 shows (a) the EL spectra for various injection currents and
(b) the current-output power (I-L) and current-EQE (ηext) (I-EQE) characteristics for a 222 nm
AlGaN-MQW LED measured under pulsed operation at RT [20]. Single-peak operation at

Figure 13. EL spectra on a log scale of a 227 nm AlGaN DUV LED for various injection currents.

Figure 14. (a) EL spectra for various injection currents and (b) the output power and EQE (ηext) vs current characteristics
for a 222 nm AlGaN-MQW LED measured under pulsed operation at RT.
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222 nm, which is the shortest wavelength ever reported for a QW LED, was achieved. The
output power was 0.14 μW at an injection current of 80 mA, and the maximum EQE was
0.003%.

It has been reported that ‘normal’ c-axis (vertical) emission is difficult to obtain from an AlN
(0001). This is because the optical transition between the conduction band and the top of
the valence band is mainly only allowed for light that has its electric field parallel to the c-axis
(E//c) [9]. The lateral propagation of the transvers-magnetic (TM) mode emission results in a
significant reduction of LEE. Therefore, short wavelength AlGaN UVC LED shows a very low
LEE. Several groups have reported on this [49, 50]. Banal et al. reported that the critical Al
composition for ‘polarization switching’ could be expanded to approximately 0.82 by using
very thin (<1.5 nm) AlGaN quantum wells on an AlN/sapphire template [49]. We investigated
the variation in the spectrum of a 222 nm AlGaN QW LED with the angle of emission, and
demonstrated that normal vertical emission can be obtained, even at short-wavelengths, for
LEDs with as much as 83% Al [20].

6. Increasing the electron injection efficiency (EIE) by introducing an MQB

EIE into the QW is reduced due to the electron leakage caused by the low hole concentrations
in the p-type AlGaN layers. The EIE reduction is particularly severe for LEDs with wavelength
shorter than 260 nm, because an electron barrier height of an EBL becomes smaller [17]. We
introduced a MQB [51, 52] to serve as an EBL, and consequently achieved a marked increase in
EIE [18].

Figure 15 shows schematic illustrations of the electron flow for an AlGaN DUV LED with (a) a
MQB EBL and (b) a conventional single barrier EBL. In usual case, we are using single barrier
EBL for 250–280 nm UVC LEDs. However, the electron barrier height of the single barrier EBL
is determined by the bandgap of the barrier material, and it is not sufficiently high for UVC
LED with wavelength shorter than 260 nm. On the other hand, we can increase the ‘effective’
barrier height of the EBL by introducing MQB. Even electrons having higher energy above the
MQB band-edge can be reflected by the multi-reflection effects of the MQB, and injected into
the QWs, resulting in higher EIE.

Figure 16 shows the electron transmittance through an AlGaNMQB and a conventional single
barrier EBL for a 250 nm AlGaN LED calculated by a transfer-matrix method. It was shown,
using barriers with thickness modulation, that the ‘effective’ barrier height of an AlGaN/
AlGaN MQB is up to twice that of a conventional single-barrier EBL.

Figure 17 shows a schematic diagram of the structure of a 250 nm AlGaN QW DUV LED with
an MQB EBL and a cross-sectional TEM image of a fabricated device. We carried out experi-
ments to find an appropriate MQB structure, and found that the insertion of an initial thick-
barrier is important for reflecting low energy electrons. We also found that thin barriers
contribute to the reflection of higher-energy electrons. The optimum MQB comprised five
layers of Al0.95Ga0.05N/Al0.77Ga0.23N with thicknesses of 7/4/5.5/4/4/2.5/4/2.5/4 nm, in which
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than two orders of magnitude smaller than the main peaks. The output power of the 227 nm
LED was 0.15 mW at an injection current of 30 mA, and the maximum EQE was 0.2% under
pulsed operation at RT. Figure 14 shows (a) the EL spectra for various injection currents and
(b) the current-output power (I-L) and current-EQE (ηext) (I-EQE) characteristics for a 222 nm
AlGaN-MQW LED measured under pulsed operation at RT [20]. Single-peak operation at

Figure 13. EL spectra on a log scale of a 227 nm AlGaN DUV LED for various injection currents.

Figure 14. (a) EL spectra for various injection currents and (b) the output power and EQE (ηext) vs current characteristics
for a 222 nm AlGaN-MQW LED measured under pulsed operation at RT.
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222 nm, which is the shortest wavelength ever reported for a QW LED, was achieved. The
output power was 0.14 μW at an injection current of 80 mA, and the maximum EQE was
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It has been reported that ‘normal’ c-axis (vertical) emission is difficult to obtain from an AlN
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the valence band is mainly only allowed for light that has its electric field parallel to the c-axis
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composition for ‘polarization switching’ could be expanded to approximately 0.82 by using
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EIE into the QW is reduced due to the electron leakage caused by the low hole concentrations
in the p-type AlGaN layers. The EIE reduction is particularly severe for LEDs with wavelength
shorter than 260 nm, because an electron barrier height of an EBL becomes smaller [17]. We
introduced a MQB [51, 52] to serve as an EBL, and consequently achieved a marked increase in
EIE [18].

Figure 15 shows schematic illustrations of the electron flow for an AlGaN DUV LED with (a) a
MQB EBL and (b) a conventional single barrier EBL. In usual case, we are using single barrier
EBL for 250–280 nm UVC LEDs. However, the electron barrier height of the single barrier EBL
is determined by the bandgap of the barrier material, and it is not sufficiently high for UVC
LED with wavelength shorter than 260 nm. On the other hand, we can increase the ‘effective’
barrier height of the EBL by introducing MQB. Even electrons having higher energy above the
MQB band-edge can be reflected by the multi-reflection effects of the MQB, and injected into
the QWs, resulting in higher EIE.

Figure 16 shows the electron transmittance through an AlGaNMQB and a conventional single
barrier EBL for a 250 nm AlGaN LED calculated by a transfer-matrix method. It was shown,
using barriers with thickness modulation, that the ‘effective’ barrier height of an AlGaN/
AlGaN MQB is up to twice that of a conventional single-barrier EBL.

Figure 17 shows a schematic diagram of the structure of a 250 nm AlGaN QW DUV LED with
an MQB EBL and a cross-sectional TEM image of a fabricated device. We carried out experi-
ments to find an appropriate MQB structure, and found that the insertion of an initial thick-
barrier is important for reflecting low energy electrons. We also found that thin barriers
contribute to the reflection of higher-energy electrons. The optimum MQB comprised five
layers of Al0.95Ga0.05N/Al0.77Ga0.23N with thicknesses of 7/4/5.5/4/4/2.5/4/2.5/4 nm, in which
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Figure 15. Schematic images of the electron flow in AlGaN DUV LEDs with (a) a MQB EBL and (b) a conventional single
barrier EBL.

Figure 16. Electron transmittance through AlGaN/AlGaN MQB (red-line) and conventional single barrier EBL (black-
line) calculated for a 250 nm-band AlGaN-QW LED.
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the barriers are in bold type and the valleys are normal type. The coherence length for
obtaining the multi-reflection effect of the MQB means the total thickness of the MQB should
be less than 40 nm.

Figure 18 shows (a) the I-L and (b) I-EQE characteristics for 250 nm AlGaN MQW LEDs with
an MQB and with a single-barrier EBL, both measured under cw operation at RT. These show
significant increases in output power and EQE when the single-EBL is replaced by the MQB.
The maximum output powers of LEDs with the MQB and with the single-barrier EBL are
15 mWand 2.2 mW, respectively, and the introduction of the MQB has increased the EQE by a

Figure 17. Schematic structure and cross-sectional TEM image of a 250 nm AlGaN QW DUV LED with an MQB.

Figure 18. (a) Current-output power (I-L) and (b) current-EQE (ηext) characteristics for 250 nm AlGaN-MQW LEDs with
an MQB and with a single-EBL.
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factor of approximately 4. From Figure 18, we estimate that the EIE would have been
improved from approximately 25% to more than 80% by introducing the MQB.

Figure 19 shows the I-L characteristics for a 237 nm AlGaN MQW LED with an MQB and a
234 nm LED with a single-barrier EBL, both measured under cw operation at RT. The increase
in EIE when using the MQW was found to be extremely high. The output power has been
increased by a factor of 12 by replacing the single-barrier EBL with a MQB.

Figure 20 shows the wavelength dependence of the EQE for AlGaN DUV LEDs with MQBs
and single-barrier EBLs. Introducing the MQB has increased the EQE by 10, 4 and 3 times for
235, 250 and 270 nm AlGaN LEDs, respectively. We obtained a cw output power of 33 mW
from a 270 nm AlGaN-MQW LEDwith an MQB on a bare chip, but expect to get higher output
power by using flip-chip geometry and heat dissipation. The value of EQE was 3.8% in the
absence of any means to increase LEE [21].

RIKEN and Panasonic have developed commercially available UVC LED modules for use in
sterilization in 2014 [25, 26]. To develop commercially available devices with constant high
EQEs and long device lifetimes, the reproducibility and uniformity of the AlN template and
the AlGaN LED layer structure need to be maintained. Reproducibility is particularly difficult
because the growth conditions are very sensitive to the vapor-reaction between NH3 and
TMAl induced by high growth temperatures (1250–1400�C). We achieved highly uniform
ML-AlN templates on sapphire in a 3 � 2 inch MOCVD reactor using pulsed NH3 flow. The

Figure 19. Current-output power (I-L) characteristics for a 237 nm AlGaN-MQW LED with an MQB and a 234 nm
AlGaN-MQW LED with a single-EBL.
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fluctuation in FWHM for these was within 4%. We consistently obtained FWHMs of the XRC
(10–12) of 340 arcsec for these templates. These highly uniform and low TDD templates are
suitable for producing commercial DUV LEDs. Figure 21 shows (a) a photograph of a 270 nm
10 mW DUV LED module containing 6 chips and (b) the operating properties of this module
for applications to sterilization. Lifetimes longer than 10,000 h have already been achieved for
devices with EQEs of 2–3% [25, 26].

Figure 20. Wavelength dependence of the EQE of AlGaN DUV-LEDs with MQBs and single-EBLs.

Figure 21. (a) Photograph of a commercially available 270 nm 10 mW DUV LED module developed by RIKEN and
Panasonic for applications to sterilization and (b) the operating properties of this module.
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7. Increasing the light-extraction efficiency (LEE)

Improving the LEE is particularly important for the development of AlGaN DUV LEDs,
because LEE is currently quite low in comparison with that of InGaN-based blue LEDs.
However, increasing LEE is not so easy because of the scarcity of suitable transparent,
conducting p-type contact layers and transparent p-type electrodes, and also the lack of highly
reflective p-type electrodes applicable to UVB-UVC range.

Figure 22 shows schematic diagrams of several structures designed to improve LEE, and the
approximate values of LEE calculated for them [24]. In a conventional DUV LED, the light
going upward from the QWs is completely absorbed by the p-GaN contact layer. The light
going downward is reflected at the sapphire/air interface by total internal reflection. As a
result, the LEE is less than 8%. Although we have used photonic nanostructures on the surface
of the sapphire substrate or an encapsulating technique, the improvement in LEE is not
sufficiently high (a maximum of approximately 15% is expected). To improve LEE, we must
introduce a transparent contact layer and a highly reflective p-type electrode. If we use a
transparent p-AlGaN contact layer and an electrode with a reflectivity of 80%, LEEs more than
20% can be obtained. Further improvements can be made from light scattering effects obtained
by having an AlN buffer layer grown on a patterned sapphire substrate (PSS). LEEs of
approximately 35% are expected by combining a transparent contact layer with a reflective
electrode and a PSS. Yet more improvements can be made by having a vertical LED with a
back-surface photonic structure, which can be realized by removing the sapphire substrate.
LEEs of >70% are expected for such LEDs, as analyzed in Ref. [53]. We also proposed using a
highly reflective (HR) PhC for the p-contact layer, as we discuss later, which has almost perfect
reflectivity for UV light. Using a structure with a transparent p-AlGaN contact layer, a HR-
PhC on p-AlGaN, and vertical geometry with a backside photonic patterned structure for light
extraction, EQEs of more than 40% are expected for UVC LEDs.

We demonstrated a DUV LED with a transparent p-AlGaN contact layer and a reflective p-
type electrode [24]. We replaced the conventional Ni (20 nm)/Au (100 nm) p-type electrode
with a highly reflective Ni (1 nm)/Al (200 nm) electrode [54]. Figure 23 shows the relative
reflectivities of Ni/Al (200 nm) electrodes for various thicknesses of Ni (0.5–4 nm), and also that

Figure 22. Schematic illustrations of structures designed to improve the LEE of a DUV LED and rough estimates of the
values of LEE for each structure.
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for Ni (20 nm)/Au (100 nm), normalized to the reflectivity of Al (92%). Although the reflectivity
of Al metal is high (92%) in the DUV range, ohmic contact to p-AlGaN cannot be obtained. The
insertion of a thin layer of Ni to improve this causes a significant reduction in reflectivity.
Therefore, we did a thorough examination of the reflectivities of Ni/Al electrodes with very
thin Ni layers. We confirmed normal operation of a UVC LED with a Ni (1 nm)/Al (200 nm) p-
type electrode. The reflectivities of Ni (1 nm)/Al (200 nm) and Ni (20 nm)/Au (100 nm) elec-
trodes are approximately 76 and 31%, respectively, as shown in Figure 23.

Figure 24 compares the effect of the different p-type electrodes on (a) the I-L and (b) the I-EQE
characteristics of 279 nm AlGaN DUV LEDs with transparent p-AlGaN contact layers [54]. Using
the highly reflective Ni(1 nm)/Al(200 nm) in place of the conventional Ni(20 nm)/Au(100 nm)
electrode increases the EQE from 5 to 9% owing to the increase in LEE [54].We also confirmed that
Ni(1 nm)/Mg and rhodium (Rh) p-electrodes are effective to increase the LEE of UVC LED [55].

Increases in LEE were demonstrated for a 275 nm UVC flip-chip (FC) LED by using a trans-
parent p-type AlGaN contact layer, an Rh mirror electrode, an AlN buffer layer grown on PSS,
and an encapsulating resin. The effects of each of these were systematically investigated [56].
Conventional and LEE enhanced type LED structures were fabricated to investigate the effects
of the aforementioned features on LEE. Schematics of these are shown in Figure 25(a) and (b),
respectively. The structures were grown by MOCVD for a conventional LED on a 4 μm thick
AlN/sapphire template, and for a LEE enhanced type on an AlN/PSS. The detail layer and
devise structures were described in Ref. [56].

Figure 26 shows a photograph of the FC LED sample. An Al-coated Si submount was used for
the FC LED. The chip was encapsulated in hemispherical lens-like by silicon resin. We

Figure 23. Wavelength dependence of the reflectivity for various types of p-type electrode for AlGaN DUV LEDs.
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evaluated the transmittance of p-Al0.65Ga0.35N prior to introducing it as a p-type contact layer.
We confirmed almost perfect transparency for the p-AlGaN contact layer, and even the Mg
doping concentration was as high as 8 � 1019 cm�3 as measured by secondary ion mass
spectrometry (SIMS).

Figure 24. (a) Current-output power (I-L) and (b) current-EQE (ηext) characteristics for 279 nm AlGaN-MQW DUV LEDs
measured under cw operation at RT. comparison is made between LEDs with different p-type electrodes (conventional
Ni/Au and highly reflective Ni/Al p-electrodes).
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Figure 27(a) and (b) show the I-L and I-EQE characteristics for the conventional and LEE
enhanced type UVC LEDs under RT cw operation. The inset in Figure 27(a) shows the EL
spectra at 20 mA. Each spectrum has the same peak at 275 nm. The output power for both

Figure 25. Schematics of (a) conventional and (b) LEE enhanced UV-LED structures. In the LEE enhanced UV-LED
structure, we introduced a transparent p-type AlGaN:Mg contact layer, a Rh mirror electrode, a PSS, and an encapsulat-
ing resin.

Figure 26. Photograph of the flip-chip (FC) LED mounted on a Si submount with an Al coating. The chip size is
0.5 � 0.5 mm2 and it is encapsulated in resin with a hemispherical shape. The Si submount is in contact with the Al
baseplate. The inset shows a side view of the encapsulating resin.
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Figure 27(a) and (b) show the I-L and I-EQE characteristics for the conventional and LEE
enhanced type UVC LEDs under RT cw operation. The inset in Figure 27(a) shows the EL
spectra at 20 mA. Each spectrum has the same peak at 275 nm. The output power for both

Figure 25. Schematics of (a) conventional and (b) LEE enhanced UV-LED structures. In the LEE enhanced UV-LED
structure, we introduced a transparent p-type AlGaN:Mg contact layer, a Rh mirror electrode, a PSS, and an encapsulat-
ing resin.

Figure 26. Photograph of the flip-chip (FC) LED mounted on a Si submount with an Al coating. The chip size is
0.5 � 0.5 mm2 and it is encapsulated in resin with a hemispherical shape. The Si submount is in contact with the Al
baseplate. The inset shows a side view of the encapsulating resin.
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samples has good linearity, and the EQEs are almost constant up to 50 mA. The output power
was increased from 3.9 to 18.3 mW at 20 mA and from 9.3 to 44.2 mW at 50 mA, both by a
factor of five, by introducing LEE enhanced structure. These values correspond to EQEs of 4.3
and 20.3%, respectively. Thus, the EQE was substantially improved by including a transparent
p-AlGaN contact layer, an Rh mirror electrode, a PSS, and the lens-like encapsulating.

To clarify the individual effects on the EQE, each structure for LEE enhancement was intro-
duced step-by-step. Table 2 summarizes the device structures and the LED characteristics.
From Table 2, we found that the enhancement factors for introducing a transparent p-AlGaN
contact layer and Rh electrode, PSS, and lens-like encapsulation were approximately 3, 1.5, and
1.5, respectively.

The driving voltage of the LEDwas increased from 9 to 16 Vat 20 mA by introducing p-AlGaN
contact layer. The main reason for the increase in driving voltage is the increase of contact
resistant by introducing p-AlGaN contact layer. The WPE of the LEE enhanced type LEE

Figure 27. (a) Current-output power (I-L) and (b) current-EQE (ηext) characteristics for the conventional and LEE
enhanced UVC-LED. The inset in (a) shows the EL spectra of the LEDs at a direct current of 20 mA.

Table 2. Summary of the device structures and their LED characteristics. Samples no. 1 and 4 correspond to the
conventional and novel UV-LED structures, respectively. Samples no. 2 and 3 demonstrate the effects of including the
AlGaN:Mg/Rh layers and the PSS, respectively.
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remained 5.7%. Improving the conductivity of the p-AlGaN contact layer is important issue in
future for obtaining high WPE.

In summary of this section, LEE of the 275 nm AlGaN UVC LED was increased by approxi-
mately five times by introducing a transparent p-AlGaN contact layer, an Rh reflective elec-
trode, a PSS, and a lens-like encapsulating. A maximum EQE of 20.3% at 275 nm was obtained
by combining all of the aforementioned light extraction features.

8. Highly reflective (HR) PhC for increasing LEE

To improve the LEE of UVB and UVC LEDs, the introduction of a transparent contact layer
and a highly reflective electrode is important as indicated in the previous section. A p-AlGaN
layer with high Al composition (50–70%) is used for the transparent p-contact layer for UVC
LEDs, however, the low hole concentration of this layer leads an increase in the contact
resistance, resulting in a higher operating voltage.

In order to realize both high LEE and low voltage operation in DUV LEDs, we proposed using
a highly-reflective photonic crystal (HR-PhC) [57–60]. It is possible to reflect UV light effi-
ciently by using a 2-dimensional (2D) PhC on the surface of the p-GaN top contact layer. We
can obtain low contact resistance because the top p-GaN layer has a high hole concentration.
Therefore, a HR-PhC fabricated on p-GaN contact layer makes it possible to achieve not only
high LEE but also high WPE in DUV LEDs.

It is possible to increase LEE by lens bonding or lens-shaped encapsulation [34, 56], or by fabrica-
tion of a PhC on the backside of the device for suppressing the total reflection [40]. However, LEE
still remains low if we are unable to eradicate the strong absorption in the p-GaN layer.

We fabricated DUV LEDs with a HR-PhC on the p-AlGaN contact layer. The fabrication of a
uniform PhC with low damage made it possible to obtain high EQE [57]. Figure 28 shows a
schematic structure of DUV LED with and without a HR-PhC region fabricated on the p-
AlGaN contact layer. We used two-types of p-type electrodes, i.e., low-reflective (30%) Ni
electrode and highly-reflective Ni(1 nm)/Mg (80%) [55] electrode.

We performed a finite-difference time-domain (FDTD) analysis for obtaining an appropriate
HR-PhC design using the following Bragg equation [57]:

mλ=neff ¼ 2a (1)

where m is an integer, λ is the wavelength of the light, neff is the effective refractive index of the
PhC, and a is the lattice period of the PhC. Electromagnetic field analysis by the FDTD method
is suitable for analyzing structures with sub-wavelength size geometry, and is usually used for
the analysis of optical PhC devices. An air hole-type 2D PhC with hexagonal configuration was
assumed. We observe that a larger photonic bandgap is obtained with larger R/a, i.e., with R/
a = 0.4, where R is the radius of the holes in the PhC. The values used in this work were
λ = 280 nm, neff = 2.3, m = 4 and a = 250 nm [57–60].
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remained 5.7%. Improving the conductivity of the p-AlGaN contact layer is important issue in
future for obtaining high WPE.

In summary of this section, LEE of the 275 nm AlGaN UVC LED was increased by approxi-
mately five times by introducing a transparent p-AlGaN contact layer, an Rh reflective elec-
trode, a PSS, and a lens-like encapsulating. A maximum EQE of 20.3% at 275 nm was obtained
by combining all of the aforementioned light extraction features.

8. Highly reflective (HR) PhC for increasing LEE

To improve the LEE of UVB and UVC LEDs, the introduction of a transparent contact layer
and a highly reflective electrode is important as indicated in the previous section. A p-AlGaN
layer with high Al composition (50–70%) is used for the transparent p-contact layer for UVC
LEDs, however, the low hole concentration of this layer leads an increase in the contact
resistance, resulting in a higher operating voltage.

In order to realize both high LEE and low voltage operation in DUV LEDs, we proposed using
a highly-reflective photonic crystal (HR-PhC) [57–60]. It is possible to reflect UV light effi-
ciently by using a 2-dimensional (2D) PhC on the surface of the p-GaN top contact layer. We
can obtain low contact resistance because the top p-GaN layer has a high hole concentration.
Therefore, a HR-PhC fabricated on p-GaN contact layer makes it possible to achieve not only
high LEE but also high WPE in DUV LEDs.

It is possible to increase LEE by lens bonding or lens-shaped encapsulation [34, 56], or by fabrica-
tion of a PhC on the backside of the device for suppressing the total reflection [40]. However, LEE
still remains low if we are unable to eradicate the strong absorption in the p-GaN layer.

We fabricated DUV LEDs with a HR-PhC on the p-AlGaN contact layer. The fabrication of a
uniform PhC with low damage made it possible to obtain high EQE [57]. Figure 28 shows a
schematic structure of DUV LED with and without a HR-PhC region fabricated on the p-
AlGaN contact layer. We used two-types of p-type electrodes, i.e., low-reflective (30%) Ni
electrode and highly-reflective Ni(1 nm)/Mg (80%) [55] electrode.

We performed a finite-difference time-domain (FDTD) analysis for obtaining an appropriate
HR-PhC design using the following Bragg equation [57]:

mλ=neff ¼ 2a (1)

where m is an integer, λ is the wavelength of the light, neff is the effective refractive index of the
PhC, and a is the lattice period of the PhC. Electromagnetic field analysis by the FDTD method
is suitable for analyzing structures with sub-wavelength size geometry, and is usually used for
the analysis of optical PhC devices. An air hole-type 2D PhC with hexagonal configuration was
assumed. We observe that a larger photonic bandgap is obtained with larger R/a, i.e., with R/
a = 0.4, where R is the radius of the holes in the PhC. The values used in this work were
λ = 280 nm, neff = 2.3, m = 4 and a = 250 nm [57–60].
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Figure 29 shows the schematic cross-sectional structures and electronic-field (E-field) map-
pings calculated by using FDTD method for 280 nm UVC LEDs (a) with and (b) without
reflective HR-PhC, which is fabricated in the p-AlGaN/p-GaN contact layer. To obtain high
reflectivity of UV radiation from the QW emitting region, we set the distance between the
bottom of PhC air-rod and the QW to be 60 nm [57]. As can be seen in Figure 29(b), the UV
light from the QWs propagates equally in all directions for a usual Led case. On the other
hand, if we introduce the HR-PhC, radiation from the QWs does not penetrate into the PhC, as
shown in Figure 29(a), resulting in realizing a highly-reflection of radiated light. From the
FDTD analysis, we found that the LEE is increased by factors of approximately 2.8 and 1.8 at
maximum by introducing the HR-PhC into the p-GaN and p-AlGaN contact layers, respec-
tively. We also found that the LEE enhancement factor significantly depends on the value of R/
a and that the appropriate R/a value is around 0.4 [57].

Based on these design, we fabricated DUV LEDs with HR-PhCs on the p-AlGaN contact layer.
We used nano-imprinting and inductively-coupled plasma (ICP) dry-etching to fabricate a
low-damage PhC. Figure 30 shows (a) a cross-sectional scanning electron microscopy (SEM)
image and (b) a high-resolution (HR) TEM image of the hexagonally configured PhC, as well
as (c) surface and (d) cross-sectional SEM images of the Ni-electrode.

The period, diameter and depth of the air-holes were 252, 100 and 64 nm, respectively,
confirmed by HR-TEM. Also, three-layer MQW and the 2-layer MQB-EBL located just below
the air-holes of the PhC were observed in the HR-TEM. Finally, Ni and Ni/Mg electrodes were
deposited via a tilted-evaporation method. We confirmed that the air-holes remained clear,
with partial evaporation of Ni at the edges.

Figure 31 shows (a) the I-L and (b) the I-EQE characteristics of 283 nm AlGaN DUV LEDs with
high-reflectivity Ni/Mg electrodes (reflectivity of >80%) with and without a PhC on the

Figure 28. Schematic diagram of the structure of DUV LEDs with and without a reflective PhC on the p-AlGaN contact
layer.
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transparent p-AlGaN contact layer. The LEDs were measured under continuous wave opera-
tion on the bare wafers at room temperature. The maximum EQEs of the LEDs with and
without the HR-PhC were 10 and 7.9%, respectively. The introduction of the PhC increased
the EQE by a factor of 1.23, which is almost the same as obtained by FDTD simulation [57]. We
also performed the same experiments using low-reflective Ni p-electrode, and obtained the
maximum EQEs with and without the HR-PhC of 6 and 4.8%, respectively. The relatively low
EQE of 4.8% is attributed to the low reflectivity of Ni. According to a simple estimate of the
relationships between the EQEs of 4.8% (Ni; 30%), and 7.9% (Ni/Mg; 80%) for the LEDs
without the PhC, the reflectance for the HR-PhC p-AlGaN with the Ni/Mg electrode is

Figure 29. Cross-sectional structures and electronic-field mappings calculated by using FDTD method for 280 nm DUV
LEDs (a) with and (b) without reflective PhC.
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Figure 29. Cross-sectional structures and electronic-field mappings calculated by using FDTD method for 280 nm DUV
LEDs (a) with and (b) without reflective PhC.
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estimated to exceed 90%. These results indicate that the surface damage caused to the PhC
during fabrication was negligible.

The value of R/a used in the experiments (R/a = 0.2) were not optimized value. If we had used a
larger value of R/a, i.e., R/a = 0.4, we would have expected to obtain a significantly higher LEE.
The LEE can be further increased by adopting FC technology and encapsulation. By introduc-
ing a PhC into the contact layer and reducing the operating voltage, it is expected that LEDs
with higher WPE can be obtained.

9. Summary

We have demonstrated on the technologies to develop high-efficiency AlGaN-based DUV
LEDs from the view point of increasing IQE, EIE and LEE. Significant increases in IQE of

Figure 30. (a) Cross-sectional SEM and (b) HR-TEM images of the PhC fabricated on the p-AlGaN contact layer, along
with (c) surface and (d) cross-sectional SEM images of a Ni electrode deposited on the PhC p-AlGaN layer by the tilted-
evaporation method.
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DUV emission have been achieved for AlGaN-QWs by developing a low-TDD AlN layer
grown on sapphire substrate. 222–351 nm DUV LEDs were made using this technology. The
EIE of the LEDs was increased significantly by controlling the electron flow using an MQB. We
also demonstrated improvements in LEE by using a transparent p-AlGaN contact layer, a
highly reflective p-electrode, an AlN buffer layer on a PSS, and an encapsulating resin. The
maximum EQE obtained was 20.3% for a 275 nm UVC LED, which is the highest EQE reported
so far. We also demonstrated that an HR-PhC fabricated on the p-contact layer significantly
increases the efficiency.

Figure 31. Comparison between the (a) I-L and (b) I-EQE characteristics of 283 nm AlGaN DUV LEDs with high-
reflectivity Ni/Mg electrodes (reflectance of >80%) with and without a PhC on the transparent p-AlGaN contact layer.
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