
Organic lightOrganic light--emitting diodes emitting diodes 

Fang-Chung Chen
Department of Photonics and Display Institute

National Chiao Tung University

Basic Device Physics and MaterialsBasic Device Physics and Materials



+

Mg Ag

Alq3

Diamine

ITO

Glass

Devices were fabricated by thermal evaporation

Drive voltage ~5V
QE: ~1%; 3 cd/A (green)
Fast response time (<1 µsec)

Device structure of Device structure of OLEDsOLEDs



Mechanism involves:

1: Charge injection

2: Charge transport

3: Charge recombination
(Exciton formation)
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ETL, electron-transport layer     
EML, emissive layer
HTL, hole-transport layer 

Typical multilayerTypical multilayer--device structuresdevice structures
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Devices were fabricated by spin-coating
Single emissive layer was used

Operating mechanism of Operating mechanism of PLEDsPLEDs



What is PEDOT:PSS?
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PEDOT:PSS is a hole-transporting conductive polymer
Deposited from an aqueous suspension

ρ ~ 1000 to 100000  Ω-cm

Work function ~ 5.0±0.2 eV

ITO work function depends on the surface treatment
ITO surface is often full of spikes

PEDOT:PSS (~ 100 nm) both planarizes the surface
and stablizes the work function of the anode of the PLEDs
It is one of the keys to reproducible devices



Very common for PLEDs
The material should be “bi-polar”
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Single layer organic EL deviceSingle layer organic EL device
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Hole-injection layer

Emitting polymer

smOLEDs:
Evaporation of a multilayer 
stack of small organic molecules
(Mw ~ several 100)

PLEDs:
Spincoating/inkjet printing of polymers 
(Mw ~ 50,000 – 500,000)

Small molecule and Polymer Small molecule and Polymer OLEDsOLEDs
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Diodes!!!

II--V characteristicsV characteristics



• Easy and low-cost fabrication

• Solution processability

• Light weight and flexible

• Easy color tuning

Spin-coating for mono-color display

Ink Jet printing for multi-colors display 

http://www.nobel.se/chemistry/laureates/2000/illpres/7.html 
http://www.toshiba.co.jp/about/press/2001_05/pr_j3001.htm

Why Why PLEDsPLEDs??



ηext = ηint ηp = γ ηr φf ηp

ηext : external quantum efficiency
ηint : internal quantum efficiency
ηp : light out-coupling efficiency
γ: charge carrier balance factor (e/h)
ηr : efficiency of exciton production
φf : internal quantum efficiency of luminescence

Maximum external quantum efficiency is ~5%

~100%  ~25%  ~100% ~20%

Efficiency of Organic EL DevicesEfficiency of Organic EL Devices



ηp : light out-coupling efficiency

Mirror

Front view

Organic layer
n ~ 1.5

n = 1.0

due to total internal reflection loss 
ηp = 1 / (2n2) 

n : reflection index of the emissive medium

If n ~ 1.5     ηp = 22%



γ: charge carrier balance factor (e/h)

ITO anode Metal cathod

Jh

Je

J’h

J’e
J

J : circuit current
Jr : current used for charge recombination

γ= Jr / J

J = Jh + J’e = Je + J’h
Jr = Jh - J’h = Je - J’e
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ηr : efficiency of exciton production



φf : internal quantum efficiency of luminescence
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L. S. Hung and C. H. Chen, Mater. Sci. & Eng. R 39, 143 (2002)

75 nm NPD/75 nm Alq3

Typical ITypical I--LL--V curves of an Alq3V curves of an Alq3--based OLEDbased OLED



substrate

Cathode
material

Organics

Metal mask

Thermal evaporation

Manufacture of Manufacture of OLEDsOLEDs



Spin-coating or ink-jet printing

Manufacture of Manufacture of PLEDsPLEDs



InkInk--jet printing to pattern polymersjet printing to pattern polymers



ηext = ηint ηp = γ ηr φf ηp

ηext : external quantum efficiency
ηint : internal quantum efficiency
ηp : light out-coupling efficiency
γ: charge carrier balance factor (e/h)
ηr : efficiency of exciton production
φf : internal quantum efficiency luminescence

Quantum efficiency:

Power efficiency:

ηpow = ηext EpU-1

electrical power input
optical power output

Ep : the average energy of the emitted photons

U : the known values of the applied voltage

Efficiency of organic EL DevicesEfficiency of organic EL Devices

(lm/W), important for engineer and system design



Luminous efficiency: ηlum = ηpow S

S : the eye sensitivity curves

Efficiency of organic EL DevicesEfficiency of organic EL Devices

Current efficiency (Cd/A), important for material evaluation



Efficiency of organic EL Devices Efficiency of organic EL Devices –– an Examplean Example

Device current density : 50 mA/cm2 at 10V
Brightness : 3500 cd/m2

Current Efficiency :
3500 cd/m2

50 mA/cm2
x 1

10
= 7 cd/A

Power Efficiency :
7 cd/A
10 V

x π = 2.2 lm/W



Definitions of Efficiencies of Definitions of Efficiencies of OLEDsOLEDs

S. R. Forrest et al. Adv. Mat. 15, 1043 (2003)



1. High glass transition temperature (Tg)

2. Electrochemically stable

3. Thermally and optically stable

4. High electron or/and hole mobility

5. High photoluminescent

6. Formation of uniform thin films

7. Easy synthesis and purification

Materials for Materials for OLEDsOLEDs
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Tg : the Temp. at which the glass transforms from a rigid solid to a
supercooled, albeit very viscous, liquid

crystallization

Specific volume: Volume per unit mass

supercooled
liquid

Glass transition temperature (Glass transition temperature (TgTg))

rubbery state
(Molecules experience
rotational and translational 
motions above Tg)



α-NPD, Tg = 98oC

TBD, Tg = 60oC

aromatic diamine : good hole injection and transporting capability
electron blocking capability

Mg/AgHTL
ETLITO

IP EA

Vac

m-MTDATA, Tg = 75oC PPD, Tg = 146oC

High Tg can insure stable and pinhole free film

Hole transporting materialsHole transporting materials



Y. Shirota et al. APL, 65, 807, (1994)

double hole transport layers
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Device performance of double hole Device performance of double hole HTLsHTLs



Mg/AgHTL
ETLITO

IP EA

Vac

good electron injection and transporting capability
hole blocking capability

thermally and morphologically stable

Tg = 226oC

Tg = 170oC

Electron transporting materialsElectron transporting materials



Oxadiazole : ETL and hole blocking layer (large band gap)

PBD

TAZ: R1 = t-Bu; R2 = H 

starburst oxadiazole

Disadvantage:
high electron injection barrier

Electron transporting materialsElectron transporting materials



PPV, first material for PLEDs
green light ( λ = 520 & 550 nm)
insoluble 
Partially crystalline in the film

180 - 300oC
vacuum

PPV precursor

Materials for Materials for PLEDsPLEDs
They are also called 
light-emitting polymers (LEPs)



Materials for Materials for PLEDsPLEDs

MEH-PPV

The side chain enhance the solubility 
in organic solvents

D. Braun and A. J. Heeger, APL, 58, 1982, (1991)



Tuning of properties (band gap and solubility) 
can be achieved via substitution

Materials for Materials for PLEDsPLEDs



Blue materials

insoluble ITO/PVK/10/Ca
~ external 4%

usually served as hole-
transporting/injection 

material

9,9-dialkyfluorenes

Materials for Materials for PLEDsPLEDs



ITO/PVK/DO-PPV/Ca
Bilayer device

ITO/PPV/Ca
Single layer device

ITO/MEH-PPV/Ca
Single layer device

LED Configuration

~4% external QE

~2% external QE
~2 lm/W

Yellow-green color

~2% external QE; 
2-3 lm/W;

Orange-red color

Device Characteristics

Not available

1,000 h with > 100 cd/m2 initial 
brightness, encapulated device 

tested in air

2,500 h with > 400cd/m2

initial brightness. tested in 
inert gas environment

Device Lifetime

Performance of PPVPerformance of PPV--based based PLEDsPLEDs with variouswith various
Emissive colorsEmissive colors



Hole injection materials
(conducting polymer)

Transparent to visible light

An aqueous gel dispersion
Smooth the ITO surface 

(reduce the electrical shorts)
Promote the hole injection

Y. Yang et al. JAP, 77, 694, (1995)

Materials for Materials for PLEDsPLEDs



Electron transporting materials

CN-PPV, 590 nm (2.1eV)
ITO/PPV/CN-PPV/cathode

polyfluorene

ITO/PPV/PPyV/cathode

Materials for Materials for PLEDsPLEDs



Optimum amount of the 
hole conducting units

Charge BalanceCharge Balance



Polymer forPolymer for RRGGBB

Blue

Green

Red



http://www.dow.com/pled/products/index.htm

Performance of PFPerformance of PF--based based PLEDsPLEDs with variouswith various
Emissive colorsEmissive colors



http://www.dow.com/pled/products/index.htm

Performance of PFPerformance of PF--based based PLEDsPLEDs with variouswith various
Emissive colorsEmissive colors



Examples of Examples of FluoreneFluorene--based Red and Green based Red and Green LEPsLEPs



Examples of Examples of FluoreneFluorene--based Blue based Blue LEPsLEPs



Photo-oxidation of polymer

Loss of double bond (conjugation)

Polymer degradationPolymer degradation



Anode contacts
Excited state reactions
Crystallization
Thermal stability
Self-heating in operation
Impurities
High local field
Reaction of cathodes with moisture

Reliable issues for Reliable issues for OLEDsOLEDs



Small Molecular LEDs

Polymer LEDs

2004 SID seminar notes  -- Prof. Kido

Blue       QE= ~5%       5~8 lm/W     over 10,000 hrs (@1000cd/m2)

Green     QE= ~5%       10~15 lm/W     over 10,000 hrs
Red        QE= ~2-3%    1~3 lm/W     over 10,000 hrs 

Blue       QE= ~5%       2.5 lm/W      5,000 hrs (@1000cd/m2)

Green     QE= ~5%       15 lm/W       over 10,000 hrs
Red        QE= ~2-3%    1~3 lm/W     over 10,000 hrs 

SummarySummary


