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Light Emitting Diodes

Photoluminescence (PL Mode) Electroluminescence (EL Mode)
e Activated by light energy * Activated by electronic energy
e Conversion color from other light sources * Direct emission of colored light

e Light with shorter wavelength (higher energy) | | * OLEDs, QLEDs, PeLEDs, etc.
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Generation of Light in Semiconductor LEDs

Recombination of electrons and holes

Conduction Conduction
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Intrinsic radiative transitions in semiconductors:
(a) Band-to-band transitions

(b) Free-exciton annihilation
(c) Recombination of localized excitons by potential fluctuations in the bands



Generation of Light in Semiconductor LEDs

Principle of semiconductor LED

Recombination of electrons and holes at the p/n junction according to the energy
and momentum conservation rule = Energy of the emitted photon corresponds to
the band gap
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Generation of Light in Semiconductor LEDs

Band gap of suitable semiconductor materials
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Lattice constant (A)

AIN 6.2 eV (200 nm) AlP 2.5 eV (500 nm)
GaN 35eV (370 nm) GaP 2.3eV (520 nm)

InN 0.9eV (1400 nm) InP 1.4 eV (900 nm)



Chip Structure of LEDs

Structure of a semiconductor LED chip

Ni/Au p-electrode
/ Transparent metal layer (Au/Ni)
/ P_GaN contact layel‘

0.5 pm | | “{/ InGaN/AlGaN DH, SQW or MQW structure

0.15 pm +
PP Ti/Al n-electrode
4 um n-GaN contact layer
_— Buffer layer
~100 pm Transparent sapphire substrate
(a) Asymmetrical design (b) Symmetrical design

Epoxy lens/case
Wire bond

Reflective cavity
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Spectra of LEDs

(AlLIn,Ga)N LEDs

Emission spectra of blue high power AllnGaN LEDs (Lumileds)
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5 0128 0085 | quantum well transition
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Evolution of LED Light Sources

Luminous efficiency of (Al,In,Ga)N, (Al,In,Ga)P and (Al,Ga)As LEDs

(Stand 2002, source: Lumileds)
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2014 Nobel Prize in Physics

Isamu Akasaki, Hiroshi Amano and Shuji Nakamura
7 v V £

“..are rewarded for inventing
a new energy - efficient and

' environment-friendly light

. source — the blue light-

| emitting diode (LED). “

Blue LEDlamp. The light-emitting diode
inthislamp consists of several different
layers of gallium nitride (GaN) By mixing
in indium lIn) and aluminium lAl), the
Laureates succeeded in increasing the

lamp’s efficiency wire bond
anode cathode

(p-electrode) (n-electrodel post ,J
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Evolution of LED Light Sources

——

~1990 2000 2009
"High Brightness” White LED Lamp Production White
Red, Orange, demonstrates LED Lamp
19705 Yellow, & Green LEDs Im\'{) Exceeds 100 Im/W
2005

1995 White LED Lamp
"High Brightness” demonstrates |
Blue, Green LEDs
Eﬁcacv (7 m/W)

Monodt rome
Galculstors and

Indicators
Full Calor Signs
Solid State Lighting

* Current lighting technology is over 120 years old

* LEDs began as just indicators, but are now poised to become
the most efficient light source ever created




Concepts of White LEDs

Red + Green + Blue Blue LED + yellow Blue LED + RG UV LED + RGB
LEDs phosphor phosphor blend phosphor blend

Blue LED
Spectrum

Combmed
Spectrum




Optically Pumped WLEDs
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Solid State Lighting
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Phosphor-LEDs

A Absorption
1,05 41,0

Phosphor

Intensity [a.u.]

nd Ag-mirror

InGaN semiconductor Slicone e
Blue LED chip: 420 — 480 nm emitting (In,Ga)N LED
Phosphor layer: (1) Yellow T, > 4000 K ,,cool white*
(2) Yellow + red T, <4000 K ,,warm white*
(3) Green + red 2000K<T_.<8000 K

(4) Red magenta colors



Luminescent Materials (Phosphors)

Type of converter materials

1. Inorganic phosphors
Microscale powders
SrYSiyN;:Ce
(Ba, Sr)ZS|O4 Eu
Cc‘i gd‘._,o ol ,flf.// Eu
Sr YSi N, ‘Eu

(Ca,Sr),Si0,:Eu
(Ca,Sr)S:Eu

(Ca,Sr,Ba),SisNg:Eu

_.
[=]
. 1

(Ca,Sr)AISiN;:Eu 2
Nanoscale powders -
(Y,Gd,Tb,LuU)AG:Ce =
Quantum dots 25
(Zn,Cd)(S,Se), (In,Ga)(P,As), § |
2. Organic dyes Tax
Polycyclic aromatic compounds .
Perylenes 3 02
Coumarines | /1
Metal complexes i ) /)

Ln3*-complexes Ln =Tm, Th, Eu *
Ru-and Ir-complexes

500 €00
Wavelength [nm]
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Requirements for Phosphors

General

* Strong absorption at the emission wavelength of the semiconductor-LED
— spin-and parity-allowed transition, e.g. 4f* — 4f-15d!1

*  Quantum yield > 90%

 Stability with respect to O,, CO, and H,0O

« Stability at high excitation density (100 - 200 W/cm?)

» Compatibility with the LED production process

Blue + yellow (1% approach)
* Broad emission band between 560 - S80 nm
— (splitting of the ground state *F,, + *F,,)

Blue + green/yellow + red (2! and 3'¢ approach)
« Green/yellow phosphor > Eu?* or Ce’* 530 - 560 nm
* Red phosphor —» Eu?* 590 - 620 nm



Ce3* Phosphors

Simplified energy level scheme of Ce3* ([Xe]4f1) Ce: Xe 4f1 5d1 6s2
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Ce3* Phosphors

Energy levels and excitation spectrum of Ce** in Y;ALO,,

8.6 eV
4 8.0 eV
[Xe]5d" 7.0 eV
6.5 eV ———1Bgoey @DV
S \ @ Al
q, ‘ 5.1 eV
Rd e O
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(o AE R
| el l.l")v
q:, 24eV _Q(g]ﬂ< l ;im
w = YAG formula unit
0eV - VB
10 7.0eV
%QG - YO,dodecahedron  AlO, octahedron  AlO, tetrahedron
g | 27eV
i Yttrium aluminium garnet (YAG,
| FR— Y;Al:0,,) is a synthetic crystalline

ong; o w W material of the garnet group.
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Ce3* Phosphors

Host lattice A, [NM] Aepy [NM] €. [em1] g, [em™]
SrAl,0,4 224, 235, 244, 252, 261 290, 315 6300 10000
LaPO, 203, 225, 238, 250, 323 320, 335 11900 8700
LaMgAl,,0,, 220, 232, 243, 255, 270 3435 8400 10000
YPO, 203, 225, 238, 250, 323 335, 355 18000 9600
YAIO, 219, 237, 275, 291, 303 370 12700 12900
LuAlO;, 216, 230, 275, 292, 308 370 12650 13800
LaMgB.O,, 202, 225, 239, 257,272 383, 410 9000 12700
YBO, 219, 245, 338, 357 390, 415 17600 13300
Lu,SiO. 205, 215, 267, 296, 356 405, 420 20700 12300
Lu;AlLO,, 203, 225, 265, 350, 445 5235, 540



Optically Pumped White LEDs

Blue (In,Ga)N chip + (Y,Gd);AL.O,,:Ce
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The first commercially available LEDs followed this approach (1)

* Color rendering CRI =70 -85

* Cool white light

* Luminous efficiency up to 303 Im/W

* Problem: Low color rendering for red color and low color temperature



Optically Pumped White LEDs

White pcLEDs with high color rendering

(1) Blue LED + (Y,Gd);Al.0,, = CRI > 75 only for T, > 4000 K

(2) Blue LED + (Y,Gd),ALO,, + red = CRI > 85 for T, <4000 K

(3) Blue LED + green + red = CRI > 85 for 2700 < T, < 8000 K
10 1,0
0,8 |- 0,8
—
L -8 i
206 | o = 2> o)
2 2 8 = b 2
ol I Q. = C I Q.
Eoal _§ ;’ £ 04 8
B < 3 T s
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0,2 % > 02 g
00 0,0/ = :

Wavelength [nm] Wavelength [nm]




Optically Pumped White LEDs

White pcLEDs with high color rendering

Light sources for general lighting require

high color rendering even at low color

temperatures

2" Approach

* (Y,Gd);Al;O,, + red phosphor
« CRI=85-95

« T.=2800to 4000 K

« 1WLEDs

¢« 20-25Im at 350 mA

Reduced luminous flux (30 — 40%)

-------

———————————————————————————————————————————

_________________

___________________________

_________________________

____________________________________________

_______________

- black body 3600 K

—fluorescent, CCT=3600 K |




Problems of Ce3* Phosphors

General properties

* Relatively narrow absorption bands
* Relatively broad emission band

« Ce’"-phosphors with red emission and high thermal quenching temperature are not
known

Alternative activators for red-emitting phosphors

Activator Spectral range Lumen equivalent Decay Efficiency Absorption
[nm] [Im/W,,] time t at 450 nm
Euz* 360 - 700 50 — 550 ~1pus high strong
Eu3* 590 -710 200 - 360 ~1ms high weak
Sm#* 670 -770 <100 ~1 pus high moderate
Sm3+* 560 - 710 240 - 260 0.5ms moderate weak
Pr3+* 590 - 680 100 — 220 0.1 ms moderate - high weak
MnZ* 500 - 650 100 - 550 5-15ms high weak
Mn#* 620 - 680 80 - 230 1-10 ms  high moderate
Cr3* 680 - 750 <100 1-10 ms  high moderate
Fe3+ > 700 <50 5-15ms medium weak




The Future of WLEDs

400 450 500 550 600 650 700
mid-70% NTSC

nm 750

01 ¥ .3 04 05 06 07
= == NTSC Gamut
White LED Gamut

Blue LED + Yellow Phosphor:

* Poor color rendering

e Circadian rhythms disruption
e Suppression of melatonin

6.65 -

Watts/nm (104-4)
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An ideal phosphor:

Near-unity PLQE

Good spectral overlapping

Excellent thermal and photo-stability
Great color rendering



Solid State Lighting
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" . Incandescent Florescent White "
Sunshine Fire faiiiG lamp LED SunlLike
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4 million 0.5 million 3 B.C. 1936 1996
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Courtesy of Seoul Semiconductor



Electrically Driven Thin Film LEDs

Anode (+)

Substrate
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Organic Light Emitting Diodes




What is OLEDs?

Viable Candidates for:

New generation flat full color displays

Superior to current LCD displays:
Compact size

*Broader viewing angle

*Bright saturated colors

*Faster response

*More power efficiency

*Can be flexible and transparent

lllumination sources (white OLEDs)

*High power efficiency (2 to 3 times > incandescent lamp)
*Generate pleasing white light with high CRI

*Enable "designer color" on demand

*Provide new design opportunities for architects.



What is OLEDs?

The structure

About 1000A organic layers sandwiched between 2 electrodes
At least 1 electrode is transparent

()

Operation principle
*Charge carriers injection *) A
-Migration = 1090
“Recombination transparent collNEIRRINNN
‘Electroluminescence

LUMO Levels

-_____,--"‘

e WS Typical HTL: Typical ETL:

HTL Cathode _ (
i \ < Al ©
_ NS
[ETL _N@@b S/,
) ‘“__9(';‘\

a-NPD Alg;

HOMO Levels



Why OLEDs?

LCD vs. Glass OLED vs. Plastic OLED

Glass OLED Plastic OLED

eHigh power efficiency

b0
DN E SIS B8 «Generate pleasing white light with high CR
CF Glass -§° eEnable "designer color" on demand
| *Provide new design opportunities
— o~ —
= = = | R O E P s
AL 1Al 1al 1 Encap. Glass | Encap,

r TFT Glass mEm Ao AmmmA e
- TFT
e olarzer (Down) | i
eFaster response (1,000 times faster than LCD)

eCompact size (as thin as 0.05 mm)
EJ Backlight *Broader viewing angle (even 90° from normal)
*More power efficiency (40%-50% less power consumption)
eCan be flexible and transparent (On plastic substrates)
(0.5 mm

*Bright saturated colors




The First Efficient OLED

Organic electroluminescent diodes

C.W. Tangand S. A. VanSlyke

Research Laboratories, Corporate Research Group, Eastman Kodak Company, Rochester, New York 14650

(Received 12 May 1987; accepted for publication 20 July 1987)

A novel electroluminescent device is constructed using organic materials as the emitting
elements. The diode has a double-layer structure of organic thin films, prepared by vapor
deposition. Efficient injection of holes and electrons is provided from an indium-tin-oxide
anode and an alloyed Mg:Ag cathode. Electron-hole recombination and green
electroluminescent emission are confined near the organic interface region. High external
quantum efficiency (1% photon/electron), luminous efficiency (1.5 Im/W), and brightness
( > 1000 cd/m?) are achievable at a driving voltage below 10 V.

Diamine :
; I @ SN
— Gioss ™ 4@&}?% /_"{«—(\chu,
’t )
\ W\
\/\ N

FIG. 1. Configuration of EL cell and molecular structures.

EL intensity (arb. units)

400

Wavelength (nm)

Cited
16591 times

FIG. 3. Electroluminescence spectrum of ITO/diamine/Alq,/Mg:Ag.



How OLEDs work?

Lowest Unoccupied Molecular Orbital
LUMO Levels

HOMO Levels
Highest Occupied Molecular Orbital

 LUMO of ETL transport electrons;
* HOMO of HTL transport holes.

T E=0
Vacuum level
e-
— P -~ \ / -~ \ P -~
v (T 4 1 v

tL 1l
EHOVO T T ‘H‘

_H_

radical
anion

[ E=0 neutral
Vacuum level molecule
TE LUMO
h+
P -~ \ / -~ -~

I S | \Vl/
1 tL 1]
£ HOMO 1_ T T

radical neutral
cation molecule

| 4_/ v |



How OLEDs work?

Lowest Unoccupied Molecular Orbital
LUMO Levels

HOMO Levels
Highest Occupied Molecular Orbital

The emission color is proportional to the
AEhomo-Lumo Of emissive materials (exciton).

- T
+

Y

- + —k exciton A*
-
$
v

tr

h

A* — A+ hv

AEpomo-Lumo ~ hv




Early Development of OLEDs

SEC
"OLED Small Molecule OLED | 21" AMOLED
1982 SDI a-Si TFT
C. W. Tane Dr. Ching W. Tang p, 7 emissive LGE-LPL
2 ,'“L Eastman Kodak IOLED 20.1° AMOLED
USP Full-col ko ety
4,356,429 : I TPS.TET
Idemitsu Kosan TDK SDI
1980s Kodak s P o D 17" AMOLED|
organic Bilayer s Kodak Princeton U. Non-laser
Thin films [TO/Diamine/Alqy/ Pioneer ¥ e Phosphorescent LTPS-TF
1960s Mo Ao Ouninacridone \';"“aga(a U. LiF/Al cal\hodo OLED IDTech Sonv
: Kodak  doping White OELD \ _ . .. §0" AMOLED y vop gD
0\':ganlc I"Ill("'('\.('(‘“‘ Pi()n(\(ll' PI‘I\II(‘(‘IQ UNIVERSAL DISPLAY'“ a-\l III 3.8« P -‘
Single dye doping AlLi cathode SOLE CORPORATION :
crystals ‘ ' ‘
LW b7 bsoboobarbort

1*' Polymer LED
Cambridge

I

Cambridge Seiko-Epson Seiko-Epson

IBM, Bayer | Seiko-Epson

1983 gy Chemical Tuning S e Ink-Jet 40" full color PLED
R. H. Partridge ITO/PPVIAI of Polymer PEDOT:PSS l“,k",m full color Ink-Jet
PVK UCSB I Linkoping U. printing SDI
PVK/ShCI3 doping Casting with Variable Colors from 3.6" LITI
MEH-PPV f14iav Polymer Blend AMOLED
- 'Um:n 3 ; UCSB, Cambridge, Utah 3
Flexible PLED Ladas B I'MD
PET/ PANI/ MEH-PPV/Ca Pol\'ll;el' \ll.icrocmiti\' 17" full color PLED
: . : Ink-Jet

Sir Richard Friend, FRS

University of Cambridge P 0 [Jﬂn erloc 0 L E D




The First Polymer LEDs

Synthetic route of PPV

CIHoC{ CH,CI
MeOH, 50 °C
Dla|y518

N, %@)

S cr

PPV ( 7

PPV precursor

I Al |
PPV

| ITO I

Glass Substrate

Nature 347, 539 (1990).

Electroluminescence (arb. unit)

1.0+

0.8

0.6

0.4

00"

120 K

2
G‘ Lor

]

Energy (eV)
J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay, R. H. Friend, P. L. Burns, and A. B. Holmes,

Cited 13681 times
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Doped emissive layer (EL).

HTL l

i f 2
LQ Al
+ 4+ - T
TR G

Algs* + Alg3* —— Algqz + Algs™

Problem:

excitons emit from a dense,
pure matrix: significant self-
quenching is typical

Efficiency is ~ 1%



Doped emissive layer (EL).

HTL

<t:nu;%(»
lﬁtm
T T
TR G

Algs* + Alg3* —— Algqz + Algs™

Problem:

excitons emit from a dense,
pure matrix: significant self-
quenching is typical

Efficiency is ~ 1%

HTL l—
[

<
(+) I_C)l)zlnt
h+

Doping (0.5-1%) fluorescent dyes in the
emissive layer

Efficiency is ~ 2-3 %

HOST
DOPANT

0




Doped emissive layer (EL).

Forster energy transfer
(+ e
Dexter energy transfer
™ = 1
+ I T+

Advantage:

Self-quenching of excitons is prevented.

Tune the color of OLEDs by controlling
emission energies of dopants.

HTL l—
[

<
(+) I_oloant
h+

Doping (0.5-1%) fluorescent dyes in the
emissive layer

Efficiency is ~ 2-3 %

HOST
DOPANT

0




Electrophosphorescence

hole  electron % S,
& ) xcito | S
S4
-

L ISC
| § 417 ] \ T4
Or I
47 1| T} + fluorescence
% % phosphorescence
( S “%. Y Y
NN N = -
( v% o )3 So
N/ o -6-
S
Lﬁ: Harvested only by Harvested both by
PtOEP fac-Ir(ppy)s phosphorescent fluorescent and
Heavy metal Ir and Pt lumophores phosphorescent dyes

complexes facilitate
intersystem crossing Experimentally determined singlet fraction for Algs based

OLEDs = 22+3% Baldo et.al., Phys. Rev. B ,11999
Max theoretical quantum efficiency Fluorescent Phosphorescent
Internal 25% 100%
External 5% 20%




The First Phosphorescent OLED

EL (arb. units)
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Wavelength (nm)
Efficient red EL emission from triplet excitons: 1 ~ 2.2% @ 100 cd/m?

M. A. Baldo, et al, Nature 395, 151 (1998)
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Platinum Complexes

et al.. Inorg. Chem., 2002. 41, 3055-3066




Iridium Complexes

-
iy, It awl )

S 7 N\. /Ol\ /
I ) L
OII
2
OLED Color Max. QE, % Max. Lm/W Emitter Reference
' ‘ i ' ' CIE coords. based on
phosphorescence
1.0- C-N
ppyir
bilr

W N -3

Yellow BEIrGacaE) | phen et

Phosphorescent Luminous Efficiency | Operating Lifetime | Operating Lifetime in
Emitter Material (Cd/A) in hours (LT 95%) hours (LT 50%)
Deep Red 17 14,000 250,000

Red 30 50,000 900,000

Yellow 81 85,000 1,45,000

Green 85 18,000 400,000

Light Blue 50 700 20,000



Color Tuning Mechanism

Metal-Ligand Charge Transfer

Ligand Centered LUMO

'MLCT N e
SMLCT g

Mixed ’LC-MLCT
«— State mixing

HOMO

\L Luminescence
\ 4 S,

ground state

» Strong spin-orbit-coupling mixes singlet and triplet MLCT states, for M = Ir, Pt, Au, efc

*  Mixing of IMLCT and 3MLCT states with the 3LC state creates a hybrid 3(LC-MLCT) state with a
largely allowed transition and a short triplet lifetime.

* p*1s the LUMO (largely pyridyl), while the HOMO is phenyl/Pt based.

*  Color tuning of the emission can be achieved either by changing LC or MLCT.



Fabrication of OLEDs

* Three Types:
1.Vacuum Deposition/Vacuum Thermal Evaporation(VTE)
2.0rganic Vapor Phase Deposition
3.Inkjet Printing

RGB method Color conversion method Color filter method
Cathode
ETL
BN Auode \
o urL 4N [ \ utL 4] [ \
o
Anode
Color conversion filter
Glass N

Glass Glass

Red Green Blue Red Green Blue Red Green Blue



Vacuum Thermal Evaporation

* |deally in vacuum chamber

* Very low pressure (10 or 10~ Torr)

* Molecules gently heated until evaporation

* Condensed as thin films on a cooled substrate

* Thickness of each layer can be precisely controlled

* Disadvantages
* Evaporant condensed on cold walls can flake off, contaminating the system and substrate
* Very difficult to control uniformity and doping concentration over large areas
* Very expensive and inefficient

Substrate
T N P P N e e e e e

Y » b A A 4 4 4 ¥

Fine Metal
Shadow Mask

Source



Organic Vapor Phase Deposition

* Process

* Under low-pressure and in a hot-walled reactor chamber
 Carrier gas transports evaporated organic molecules onto cooled substrates

e Condensed into thin films

* Improves control over doping
* Controlled by both temperature and carrier gas flow rate

» Better for large-area substrates

* Advantage

* Use of a carrier gas increases the efficiency

e Reduces cost

Heated Chamber Wall

|
;

o ik

TR

IS

— Cooled

Substrate

Porg
Carrier
Gas =
Sourc

Cell Teell

3 ) ) ¢ W Y ¢
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Inkjet Printing

Process
* Organic materials diluted into a liquid and sprayed onto substrates

* Similar to a standard inkjet printer

Organic Vapor Jet Printing
* Developed at Princeton
* Uses vaporized organics instead of the liquid based jets of other inkjet printers

Current Equipment Manufacturer
* MIT spinout Kateeva

Advantages
* Drastically reduces manufacturing costs
* Allows OLEDs to be printed onto very large films
* Examples - 80 inch TV screen or electronic billboard

L A2 4

A e
Patterned
pixel bank
Large-size OLED panel (~ 55 inch) OLED TV motherglass
Ink solvent vapor removal {(’ -!} ﬂ’ ﬁ '1} {!’ '131' a‘
& A K IR light

i /A ) y AL h i
A ) et R L) Y

Dry out solvent in vacuum chamber Bake panel to set the OLED film




AMOLED

iPhone X Diamond Sub-Pixels

Bottom Emission I ‘ \ I

TFT backplane

OLED pixel
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Electrically Driven Quantum Dot LEDs
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The integration of organic and inorganic materials at the nano-
metre scale into hybrid optoelectronic structures enables active
devices'™ that combine the diversity of organic materials with the
high-performance electronic and optical properties of inorganic
nanocrystals’. The optimization of such hybrid devices ulti-
mately depends upon the precise positioning of the functionally
distinct materials. Previous studies™ have already emphasized
that this is a challenge, owing to the lack of well-developed
nanometre-scal catipngtech ¢ we demonstrate a
hybrid light-em! ?ﬂﬂe&'h glz mbines the ease of
processability of organic materials with the narrow-band, effi-
cient luminescence of colloidal quantum dots? (QDs). To isolate
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Quantum Dot LEDs




Perovskite LEDs
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Metal Halide Perovskites

Attractive Features:
= Farth abundant elements

= Solution processable

" Low temperature processing

= Excellent optical properties

= Excellent electronic properties

A = Cs, CH;NH,

ABX; §=z:o,BSnietC- " High structure tunablity
= (|, b,



The First Report of Efficient Perovskite LEDs at R.T.
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The State of The Art
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1985 1990 1995 2000 2005 2010 2015 1985 1990 1995 2000 2005 2010 2015
Date (year) Date (year)
Phosphorescent Luminous Efficiency | Operating Lifetime | Operating Lifetime in
Emitter Material (Cd/A) in hours (LT 95%) hours (LT 50%)
Deep Red 17 14,000 250,000
Red 30 50,000 900,000
Yellow 81 85,000 1,45,000
Green 85 18,000 400,000

Light Blue 50 700 20,000



Outlooks and Challenges

* Efficiency (Approaching that of OLEDs)?
* Full color display and solid state lighting (Color tuning)?
e Stability (Material and device degradations)?

e Cost-effectiveness (Material and processing costs)?

 Environmental concerns (Lead free)?



