White Organic Light Emitting Diodes
for Super-thin Flat Panel Lighting

Taiju Tsuboi
Kyoto Sangyo University, Kyoto, Japan

Outline

1.Why white OLED is necessary for lighting ?
2. What is OLED ?

3. How to make white OLEDs ?

FNMAOQO9 L’ Aquila-Sulmona, September 28, 2009



electricity consumption in Japanese houses
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Why OLED lighting and OLED displays are needed ?
Because of Shortage of Oil Resource

Figure 2. Annual Production Scenarios with 2 Percent Growth Rates
and Different Resource Levels (Decline R/P=10)
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No more oil after 40 years ?

Low-energy consuming lighting and display are needed.



Power efficiency of lighting
power efficiency: n = rnL(cd)/J(A)V(V)

Incandescent lamp(100W) : 16~18 Im/W
Xe lamp : 25~35 Im/W

Fluorescent lamp: 40~110 Im/W

White LED (Cree, USA) : 131 Im/W
White LED (Nichia, Japan) : 150 Im/W

White OLED (Universal Display Corp., USA) : 102 Im/W (2008.6.) at1000cd/m?
White OLED (Novaled AG, Germany) : 90 Im/W at 1000cd/m2 ,
with attachment 124 Im/W (2009.5.)

Problems:

LED: shortage of rare metals like In and Ga
Fluorescent lamp : containing Hg



Organic Electronics

Everything by organic materials

D iS p | ayS Flexible Internet Display Screen
Electronic paper————

Transistor, Condenser |
Solar cell
Lasers : Easily tunable ana any emmung color
New Lighting using white OLED

General Electric Global
Research Co.

Fraunhofer Institut fiir Photonische
Mikrosysteme (IPMS) in Dresden OSRAM



Progress of TV displays

Plasma Display Panels

« Promising for large format displays

« Basically fluorescent tubes

« High-voltage discharge excites gas mixture (He, Xe)
« Upon relaxation UV light is emitted

« UV light excites phosphors

« Large viewing angle

Large pixels (~1mm compared to 0.2mm for CRT)
lon bombardment depletes phosphors

Liquid Crystal Display |

| (3??‘
Plasma Display Panel
Contrast: 3,000 : 1 Contrast: 8,000 : 1

SONY OLED 11’ TV [XEL-1]
Dec., 2007

Thickness: 3 mm

Organic Light emitting diode (OLED) display Consumption power: 45 V
Contrast: 1,000,000:1




Principle of LC Display

polarizer pbolarizer
Electric field plane of light >

No light

l_igl-.t

= ‘ Transmitted

Lighe  pright

Imcident
Light

Nematice liquid crystal

Polarizer Twisted MNMematic Cell Polarizer

Blockea JArk

Light

Incident b

Light l

V Ela:r.:-l:ricE(=V/d)

Orientation of LC is changed by applied voltage



Advantage of OLED devices

Universal Display C

U.S. Patent
No. 5,844,363

orp.

1.Self-emission, No back-light

2.High response, wide viewing angle

3.High contrast image

4.Super-thin flat, lightweight

5.Flexible, paper-like display

6.Low voltage operation 5V: Low cost operation
7.0rganic materials: Easy manufacturing

8. Low cost for production

Fraunhofer Institut fiir Photonische
Mikrosysteme (IPMS) in Dresden OSRAM



Organic Light Emitting Diode (OLED) with organic semiconductors
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Actual OLED with multi-layers
for carrier balance and confinement
to make high density excitons
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ITO
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. carrier hopping in HOMO and LUMO
hopping levels in amorphous semiconductor film
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How to increase the quantum efficiency in OLED ?

1. High numbers of injected electrons and
holes in emitting layer
good injection layer
high carrier mobility materials
confinement of electrons and holes

2. Same number of electrons and holes

Scheme of EL Process
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Phosphorescent emitter is the best.
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emission intensity (arb. units)

Electroluminescence spectra
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Currently available OLED displays
Cellar IQhone with OLEDs

ujitsu

Kodak Digital Camera

L.S433 LCD LS633 OLED
SAMSUNG AMOLED TL320 Digital camera
12.2 Mega Pixels
F2001 F506i

Feb., 2004 May, 2004

Main LCD 262,144 colors 2.4«TFT
Front OLED \4,096 tolors 1.1«
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Kodak One-Seg OLED TV




Currently used OLED display

Carrozzeria

Pioneer Co., Display panel for automobiles

Victor Co. Audio compo

Matsushita Co.,

Olympus



What lighting is good for us ?

Materials should be seen under lighting just as seen under sun.
White light as sunshine
CRI color rendering index under sunshine CRI=100 (standard)
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generation of white light mﬁéé“

OLED Structure A. RBG para”el
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current density (mAlcm?)

2-color B+4G WOLED
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Device A is much better than Device B.

Y.S. Wu et al, Thin Solid Films 488(2005)265.



3 -layer emission due to Bepp2, Alg3, Rubrene
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FIG. 1. Molecular structures of matenals used and configuration for orgame
multiheterostructure white LEDs.
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3-Layer emission
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Fig. 2. EL spectra of the WOLED device with a 3 nm thick
thin-NPE layer, which was applied at B8V. Inset,
luminance-efficiency—voltage characteristics.
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(1), Alg3 (A), and DCJTB (=), which were obtained with



High external efficiency from POLED with three small

molecules
a WOLEDT Fir6: bis(40,60-difluorophenylpyridinato) tetrakis(1-pyrazolyl)borate
.a 23 24 WOLED1 ;16.6 %  PAQIr: ir(lll) bis(2-phenylquinolyl-N,C20) acetylacetonate
TTIT . oy .
—1%e [——-° .  Reducing hole mobility for charge balance, Uniform
i e | 2 5 a1 distribution of holes and electron.
TG e - 4] = . . . .
a| TR " . Ambipolar host for uniform exciton formation across
& 5.4 § g E:: the entire EML
EQ (Wewmn m £
o = 3.0 [
S sg T
6.1
wEmEEE NPy 64 25
[ Eins [
b WOLED2 T 2.0
24 24 23 -
N 15
28 TILL
I 26 37 = Al E
- E 31 % |« i E 10 o
A7 = E | e + Irfprzﬂ
—_— L =
2 |5+ | g 0.5
55 NN EG % F]rE
5T
e 0.0
| aa cmu 5DD 600 ?DD 800
72 Wavelength (nm)

WOLED2; 6.0% Y. Sun, S.R. Forrest, Org. Electron.9 (2008) 994.



OLEDs with Exciplex emission
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White OLED with exciplex and monomer
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White OLED using only exciplex
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Four exciplexes in a device
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Multi-coloration by single molecule

Excimer

Mixed ligand molecule



EL Intensity (a.u.)

Single dopant WOLED
with Excimer emission
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polymer or small molecule ?

Polymer.

spin-coating, wet-process: cheap, easy, simple
structure (2-layer), and ink-jet possible (for mass-

production)
Small molecule:
thermal evaporation in |
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Polymer White OLEDs

A. Dispersion type (doping, blend, guest-host)

dopant host emitter
FL small molecule | FL polymer Dopant FL: Fluorescent
PL: Phosphorescent
PL small molecule | FL polymer Dopant
FL polymer FL polymer Dopant
PL polymer FL polymer Dopant+host
PL polymer PL polymer Dopnat+host
B. Single polymer
emitter
Non-copolymer Monomer+Excimer FL polymer
Non-copolymer Monomer+Electromer FL polymer
Blended in backbone, | Monomer PL polymer
copolymer
Blended in side-chain, | Monomer PL polymer
copolymer




Guest polymer + host polymer

0.05wt% PPDB (polyperiren-ethylbenzen)dopant
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=
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ITO/ 0.05%PPDB:m-LPPP /Al
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Wavelength (nm) S. Tasch et al, APL 71(1997)2883.



Doped WPLED Polymer-doped polymer
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Carrier balanced green p0|ymer M. Suzuki (NHK) et al, APL 86(2005)103507
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(A)55:41:4, (B)36:62:4, (C)18:79:3 =ELLLMNEE  § [=oiems ]
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Guest-Host system or Non-doped system ?
ETL White OLEDs

ETL

HTL HTL

Non-dopant system is much better than guest-host system

Because
1. Best concentration is 1-2% dopant, difficult to control it
within £0.5% in mass produced OLEDs
2. For White OLED, blue-green-red stacking layered OLED

gives rise to energy transfer from blue to green to red layer. color
instability



Single polymer WOLEDs
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Figure 3. PL spectrum of PFTO m the solid state and the PL and

Single backbone copolymer
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backbone copolymer D.Ma

Different dopant:
red-emitter2,1,3-benzothiadiazole-
incorporated blue-polymer
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Figure 5. Electroluminescence spectra of single layer devices (ITO/ J LIU et a|, Adv FunC Mat 16(2006)957
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White light using color conversion method

.
o

-t i WOk

—4—4

Green (515 nm) phosphorescence emitter : Ir(ppy),
ITO/a-NPD/6.2mol% Ir(ppy),: TCTA/CF-X/Alq,/LiF/Al

TCTA host; Mgy= 19.2 % M. Ikai et al., APL 79 (2001)156.

Blue (465nm) phosphorescence emitter: Firpic

ITO/CuPc/a-NPD/6%FIrpic:host/BAlg/LiF/Al

CBP host; Nn.,=6.1%, 7.7 Im/W
mCP host; M.,= 7.5%, 8.9 Im/W RJ. Holmes et al., APL 82(2003)2422.



External quantum efficiency

Next (%) = Y Nex Nr Nout Scheme of EL Process
=  Mint NMout Cathode| Anode |
. carrier injection balance @ ¥ S
Y ) Electron .. O Hole

Nex - €xciton formation efficiency

Conduction Band Valence Band
ton (| ymo) (HOMO)

Nout ¢ outcoupling effi. for light from OLED

Nout ~ 1/2na2 (=20%) nex[ Electron-Hole

Capture; Exciton

M, : exciton recombination efficiency
0.25 for singlet exciton, 1.0 for triplet exc{

Phosphorescent emitters

Nint =100% » Mext (%) =20 %

[ Singlet Exciton ] [ Triplet Exciton ]
| N, |

Light Emissior} Heat Dissipatio]n

[ Light Output] [ Internal Decay]

MNout




Host materials for blue emitters

Currently very weak efficiency

ITO/CuPc/a-NPD/6%FIrpic:host/BAlg/LiF/Al

CBP:6.1%, 7.7 Im/W

mCP:7.5%, 8.9 Im/W
R.J. Holmes et al., APL 82(2003)2422.
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Highly stable (high glass transition temp.),
high carrier mobility,
high T, energy level hosts are necessary.

PL intensity (arb. units)
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The best host material for blue emitter in OLEDS

P — O bis(3,5-di(9H-carbazol-9-yl)
A . . .

y - @ % 9, / ~ ® phenyl)diphenylsilane (SimCP2)
\ Q SI N\ = /N 2000 o non-annealed
NN A e O Ny

N N ‘ \~N\ - | /N \\ Z 1500 ~ v 150°C
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New Of 17.7 % and power efficiency of 24.2 Im/W at 100 cd/m? for Firpic
ITO/PEDOT:PSS(35nm)/14 wt% Flrpic:SimCP2(35nm)/TPBi(28nm)/LiF/Al

c.f., 10.4 and 5.9 Im/W in the case of SImCP and mCP hosts, respectively
T. Tsuboi., M.-F. Wu, S.-W. Liu, C.-T. Chen, Org. Electron. (2009), in press.



Copolymer with Rare-earth-complex organic molecules
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JOURNAL OF MATERIALS SCIENCE 39 (2004) 1407 1409

Novel ternary copolymer containing both Th(lll) and Eu(lll) complexes
for white-light electroluminescence

M. J. YANG, L. C. ZENG, Q. H. ZHANG
Department of Polymer Science and Engineering, Zhejiang University, Ha B -————— , ; ,

People’s Republic of China
E-mail: yangmj@cmsce.zju.edu.cn
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White OLED with rare-earth small molecules
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Small molecule: Dual emission from a single molecule
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473nm: Ir(dfppy)

544nm: Ir(pq)
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