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White OLED Overview

History of White OLED

White OLED Lighting Technology
Research Activities in White OLED

Technical Issues of White OLED
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CIE chromaticity (0.33, 0.33)

Color Temperature (CCT) ; 2,000K ~ 10,000K
General lighting : 3,000 K ~ 6,000K
Display : 6,000K ~ 10,000K
(* LCD BLU : Monitor 6500K, TV 10,000K)

Color Rendering Index (CRI) ; >80

Three primary colors
' for display
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Vertical Single white Horizontal Blue &
stack EML RGB phosphor stack
RGB Complementary
| |
¥4 Tunability Simple Fab. Simple Fab. Tunability Easy Fab.
Homogeneous High efficiency Pattern No diff. aging
color addressing
AA Lower efficiency No tunability No tunability xpensive Depends on blue
Advanced Difficult for Conversion eff.
process manufacturing
ubDC SK Display E-Magin, MED UDC, Osram-OS | GE, KODITECH
IMES Stanley Elec. KDT
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Stack WOLED Single WOLED
Fluorescence | Phosphorescence Hybrid
WOLED WOLED WOLED
Energy transfer
Fluore-
EML |, . | ] devad
structure ' iy
/phoroesscense
Materials RS
Pros Stabilit Efficiency Efficiency
y Stability
Cons Efficienc SIS NSl Conc. deviation
y Stability '
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In/out-door lighting LCD backlight Full color OLED

| " WOLED _  |! “~WOLED __ | .~ WOLED __ |
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History of White OLED
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3 FOSSM (Fused Organic Solid Solution Method) System . o
: - 2 0 2 4 6 8 1 12 14
: Voltage(V)
: * ITO/PEDOT/NPB/Doped NPB/BCP/AIq3/LiF/Al

* EML — NPB:DPVBi:rubrene:DCJTB:C545T

(100:5.81:0.342:0.304:0.394)
* 2.5Im/ W, CIE(0.29,0.33)
» Dopant concentration control using FOSSM under high pressure and temperature

eececccccccccccce

Yan Shao and Yang Yang, UCLA, USA, 2005
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NPDN:F,E;CM? \ Hole-blocking layer
| Glass |

Interlayer sequential energy transfer (ISET):
NPD Alg, DCM2

0.35Im/W, (0.33,0.33) ,and 100cd/ m 2at 11.5V
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1. The confinement of charge carriers in light-emitt ing quantum wells can enhance the forming
probability of excitons and the light-emitting effic iencies of the devices.

2. Compared with multi-layer white OLEDSs, the influ  ence of band gap matching can be negligible, and
the positions of different color light-emitting qua ntum wells can be exchangeable.

3. Easy turning of Commission International de I'Ec lairange (CIE) chromaticity

0.41 Im/W, CIE (0.32, 0.38) at 9V
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Material

ITO

CuPc

Algg
Alg;PtOEP
aNPD
CuPc

ITO

CuPc

Algg

Alg,0Ph
«NPD

CuPc
ITO
CuPc
Algg
aNPD
ITO
Glass

Thickness Function

5704
554
1504
3504
4004
554
5704
554
1504
350 4
4004
554
5704
554
5004
4004
15004
~Imm

Princeton/UDC, USA, 2001

Transparent contact

Buffer ETL

Red emitting ETL
HTL

Hole injection layer

Transparent contact

Buffer ETL

Red emitling ETL
HTL

Hole injection layer

Transparent contact

Green emitting ETL
HTL

Transparent anode
Substrate

SOLED (Stacked OLED)
RGB individual layer

D D] HO D«

Emissive unit

CGL

<— CGL

Emissive unit

CGL

} Emissive unit

EL intensity { au)

MPE (Multi-Photon Emission)
Insertion of CGL (Charge Generation Layer)
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IMES, Japan, 2003
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General Electronics, 2004 Hoseo & KDT, 2007

Metal Cathode |

BLUE LEP
Metal Cathode
Blue OLED o <
Glass Blue
Bl LED
OLED

Penylene orange
. ITO
Downconversion

bz < PLF
Conversion
20 Single Layer

1
21

£
=

EffencyLPW, cd/A)

[o] 10 20 30
Current Density(maA/cm?)
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* Polymer Blue Light Source
« Easy to Make Large Size Device
 Blue Polymer OLED + Perylene dye

* Small Molecular Blue Light Source

* Fluorescent Emitter

« Single Color Conversion Layer

* 16 Im/W, 19cd/A, CIE (0.36, 0.36) @1,500 cd/m2 « 15cd/A CIE(0.28,0.31)@1000cd/m2 for lighting
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Polymer

Monomer FL I:‘

PH

PH, FL

Table 1

OLED Material Performance

CIE-X | CIE-Y cd/A Lifetime {hrs) @ RT
[ Red 0.68 | 0.32 | 3.8 2.2 1.8 1813 @ 3000 cd/m
5 feGmen...l.048..0..0.58. 304 L Tl e Z0nnn rnn {e 2 2B67. @ 2000,6U0 5 e bl eea fennrnnnrnnsnasenansenneeas ]
o Blue 0.16 | 020 | 58 55 3.0 510 @ 1425 cd/m” 1.0
| 028 | 028 |57 4.0 21 474 @ 1440 cd/im? 12
064 | 036 | 57 >6 >20,000 @1000 cd/m <1.0
066 | D34 | 57 >7 25,000 @1000 cd/m? | <1.0
0.30 | 0.85 | 57 >14 >25,000 @1000 cdim? | <1.0
g I = A = I R RO AR [ 3 T [ ey 18 o= 17y ol e N« Y
0.14 | 021 | 57 >6 >5,000 @1000 cd/m? =1.0
R P R TP - 0 O RN IS ' T W07 U T o~ o= T/ I o YA NN Y
032 | 034 | 57 =13 >50,000 @1000 cd/m” | <1.0
065 | 025 14.5 =30,000 @500 cd/m? 2 13.7%
0.65 | 0.35 15.2 >30,000 @500 cd/m? ? 14.4%
o 067 | 023 10.8 >100,000 @500 cd/m? 2 12.3%
g 0.67 | 0.33 12.0 >100,000 @500 cd/m? ? 14.5%
Green 0.32 | 0.63 36.0 >20,000 @500 cd/m? = 9.8%
Green 0.33 | 0.862 24.0 >30,000 @1000 cd/m” ? 17.0%
Green 0.34 | o.81 65.0 >40,000 @1000 cd/m? 2 18.0%
Red PH 6.4 6.7 2 11.0%
Bottom 089 | 0.31 | 29 | & 1000 cd/m® | @ 1000 cdarm? | | 0000 @500 ed/m U @ 1000 cd/m?
Red PH 15.5 11.0 2 9.3%
e T2 00 L 022 LS @00 et L@ 1000, e, [, 100 000 @200 s L L@ a00g i)
Green PH 83.0 77.0 2 19.0%
= Bottom LB 082 | 2.8 | 5 1000 cd/m? | @ 1000 cdm? | 50000 @500 ed/m & @ 1000 cd/m?
T | Green PH 950 90.0 2 21.0%
g f....Ton.... L3085 L 25 L@ a0a sainrt L@ 000, cdiert. |, 20000 @800 cdimT L L @ana0.edin...... .
Blue FL 88 5.2 2 6.5%
Bottom bk el e @ 1000 cd/m? | @ 1000 cd/m® 6.000 @500 cd/m & @ 1000 cd/m?
Blue FL 2.0 84 2 5.5%
Top 014 | 0.23 | 3.4 | & 1000 cd/m? | @ 1000 carm? 5,000 @500 cdim ? @ 1000 od/m?
) 250 2
White 2 2 @ 1000 eam? | 20.000 @500 ca/m 2 ?

Finally, in the only specification that can actual be compared, we show the NTSC 601 standard with the closest

difference for each of the material suppliers that provided examples of their performance.

Table 2

0.67
a.21
0.14

0.33
071
0.08

-0.01
-0.22
-0.02

0.01
0.16
-0.12

0.01
-0.06
0.00

Comparison of NTSC Standards vs. Material Provider Color Gamuts

NTSC 601 | cor |  Kodak [  wbc |  Novaled |
Red
Green
Blue |

0.02 -0.02
-0.11 0.08

-0.01
0.068
=0.06

-0.01
-0.10
0.00

0.01
0.05
=0.04
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1)

2)

3)

4)

5)

Convert all electrical charges to photons
~ 100 % Internal quantum efficiency --- Phosphorescence

Reduce drive voltage close to photon energy
. Good injecting contacts

. High mobility transport layers

. Doped transport layers

. Device engineering e.g. graded interfaces
Ensure that as many photons as possible are
radiated

(Out-coupling efficiency)

White light emitting systems

. Minimize spectrum changes with luminances

. Control of white spectrums according to application

Low cost solution processing system
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Energy Consumption of Lighting

Healthy surroundings/
Super-economize Semiconductor Light

OLED

Worldwide (2005

otal electric power consumption ~19%
13,700 TWh

CO, emission LED
=~ 1,900MTon

2020year Lighting
g Semiconductor Light
o m 50% Substitute

Lighting
~ 2,890TWh



OLED Display vs Lighting

| $40 Billion Market | $60 Billion Market ‘
(2016) (2016)

General
nghting
Backlights )
pecialty
Lighting

Lighting

Area Color

Flat Panel Display



Tech. Advantages of OLED Lighting

, Light, Transparent, Flexible
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WOLED vs Other Light Source

F_‘

Section OLED LED Fluorescent Incandescent
I Lamp Lamp
o Surface Point Line Circle
Characteristic I I
Of
Brightness Normal High Normal Low
House Signal Lamp,

Usefulness I (Developing) I Blinker, BLU House House
Life Time 20,000 I 100,000 10,000 1,000
Unit Cost 20 100 10 1
Strength Diversification I Luntlilrg];;nce Low Cost Low Cost

Light parts
Weakness l R&D invest Pollutional Heavy Metal Low Efficiency
Material Pollution

ams s



WOLED In Tech. Leaders

DOE project ; °Y 7 ¢
- “Next Generation Lighting”
- 1999year ~ 2020year
- $74.8H.M/3yrs ('06 ~'08)
- Object(2015)100Im/W,10%$/kIm

EU project ; «AACAET alivE ®AAEAEI
- OLED100.eu, CombOLED,

BMBF, Fast2Light etc.

8 Project achieve
- Participation Company :

Osram, Philips, Siemens ect

NEDO project ; 'EEA%Y{ AE "YITDTAATY4S-a?
- NEDO/Industrial Technology

Chromaticity Association
- 2004-2011, | 43H.M

Object : BLU / Light Develop
- OLED Light Company

(Lumiotec) Institution



WOLED R&D in Korea
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WOLED’s Tech. Roadmap

USDC 2007

Expected WOLED’s market introduction
as light source but not yet



WOLED Current Patent Analysis
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Conventional vs PLF WOLED

Conventional WOLED PLF WOLED



Blue OLED Light Source

Various Blue OLED Light Source Spectrum

Blue OLED Light Source Modification
Deep Blue Fluorescence

- Higher Efficiency Blue Performance (2mmx2mm)
-> 9cd/A, 6.31Im/W @ 1000cd/m?2

- Low Operating Voltage 4.5V

-Device Structure Modification & Microcavity
-> Highly Stable Property Against Progressive Defec
-> Narrow FWHM (<50nm)

- Lifetime > 5000hr@500cd/m2



Conventional
WLED BLU

2.08" Prototype PLF WOLED BLU

OLED Device & LCD Performance

~ 9cd/A Blue Device Efficiency & Under 5V
Operation Voltage in Prototype BLU
(Fluorescent EML)

>17cd/A White OLED device

> 5000hr @ 500cd/m2 of lifetime w/o Other
Treatment

Applying the Out-Coupling Effect

Improving the Blue Color Purity from
Reflecting the Micro-cavity Effect

Special OLED Structure for Securing the
Stability against Progressive Defect

>70% Color Gamut with 3 6 Color Conversion

Blue OLED +
PLF BLU



PLF WOLED Planar Lighting

Device design : Special Electrode Formation by Unif  ormity Focused
Evaluation Result to Achieve Higher Uniformity
Over 90%

PLF Development : Constituent Ratio to achieve Pro  per Emission Property
for Color Temperature.

Energy Up by PLF Out-coupling : 30% (by Controlling the Main Resin)

Luminance UP by PLF : 80%

Efficiency : 15cd/A @ Luminance 2000cd/m2 (0.25,0.2 8)

Method : PLF Color Conversion White with High Refra  ctive Index Media

Spec. 4.8” Rectangular One pixel Lighting

CRI: >80

Application : Indirect Illumination or Stand



Characteristics of Lighting

Lighting Color Thickness Power Lumen Compan spectrum
Device Temp.(K) (mm) (W) (Im) pany P
Compact
Day Light Eluorescent 6500 20~30 20 1135 Philips
Lamp
Compact
Cool White Fluorescent 5000 20~30 20 1274 Osram
Lamp
Compact
Warm White Fluorescent 3000 20~30 15 924 Osram
Lamp
Bulb Light Lamp Bulb 2600 50~80 60 696 Philips
6500K
OLED >000K H &
0Seo
Lighting OLED+PLF 4500K ~10mm ~15 105 KDT
3000K

Etc...




Summary of PLF OLED

. Photoluminescence Film (PLF) was applied for WOLED via

color conversion from Blue OLED

. WOLED with PLF achieved 15cd/A of efficiency with
CIE(0.28,0.31) @1000cd/m2 of brightness

. PLF-WOLED would be promising technology for flexibl e

and thinner BLU with improvement of its reliability
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Eng Trans between Host and Dopant(1)
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Eng Trans between Host and Dopant

(2)
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Device Structure of FL White OLEDs

Al (1000 A)

Lig (20 A)

Bphen (300 A)

Al (1000 A)

Lig (20 A)

NPB (500 A)

Glass / ITO (1000 A)

Device A

Research of Engineering
Vol 26, 105-114, 2007

Bphen (300 A)

NPB (500 A)

Glass / ITO (1000 A)

Device B

Journal of NanoScience & NanoTechnology
Vol 8, 4579-4583, 2008

Al (1000 A)

Liq (20 A)
Bphen (300 A)

MADN : DCM2-1.5% (60 A)
Alg3 (65 A)
DPVBi (55 A

NPB (500 A)

Glass / ITO (1000 A)

Device C

IMID2007
1429-1432, 2007
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0.350

0.325

0.300

Characteristics of FL WOLEDs

Device C at 6V Device A at 6V
(0.32,0.35) (0.33,0.34)
Device C at 9V Device B at 6V
(0.31,0.34) (0.33,0.32)
Device A at 9V
. Y (0.34,0.33)
[ ] n ‘ Device B at 9V
] . . (0.33,0.32)
o
% ' e l
Device A at 12V
Dewce C at 12V (0.34,0.33)
(0.31,0.33) Device B at 12V
(0.33,0.32)
0.300 0.325 0.350 0.375

Intensity(a.u.)
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ITO
4.7

Device A

2.1

NPB
500 A

5.0

Energy Diagram of FL WOLEDs

Device B

YUX

1V

Device C

2.1

3.2
3.5
NPB
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Structure of WOLED Using Spacer

i =1 a@oooF) i /1 awooor)
Liq (20 F) Lig (20 F)
i |_ Al (1000 F) BPhen (300 F) BPhen (300 F)
Lig (20 F) DABPV-ph : MADN (7%,190 F) DABPV-ph : MADN (7%,190 F)
BPhen (300 F) MADN (50 F) CBP (50 F)
DABPV-ph : MADN (7%,190 F) (acppy) ,lr(acac) : CBP (8%, 30 F) (acppy) ,Ir(acac) : CBP (8%, 30 F)
(acppy) ,lr(acac) : CBP (8%, 30 F) MADN (50 F) CBP (50 F)
DABPV-ph : MADN (7%,180 F) DABPV-ph : MADN (7%,180 F) DABPV-ph : MADN (7%,180 F)
NPB (200 F) NPB (200 F) NPB (200 F)
2-TNATA (600 F) 2-TNATA (600 F) 2-TNATA (600 F)
ITO ITO ITO
Glass substrate Glass substrate Glass substrate

48 8 1 4 88 8 5 8 8

Device A Device B Device C

Q08 ™ o YO — 26 u (B <& B (B GEESS o+ }-29) — SICHE QAW



Intensity [a.u]
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WOLED Structure with Spacer



Emission Mechanisms of WOLEDs
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Device B : Electrons and holes flow smoothly.

Device C : Holes flow smoothly but SCs prevent electron flowing.
T, energy is transferred well from blue host to red emitter.
Emitted light is reddish white.




I-J-L & CIE,, of Spacer WOLED



Layout of Display Fab at Hoseo






WOLED’s BLU Commercialization
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WOLED for Planar Lighting
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