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Electrical fatigue in organic light-

emitting diodes
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Outline

• OLED device structure and operational principle 

• Phenomenon of electrical fatigue

• Factors that influence electrical fatigue: 

 Defects from chemical synthesis

 Structural properties: Side chain symmetry

 Impact of self absorption on lifetime

 Impact of triplet excitons on lifetime

 Phenomenon of “Sudden Death”

• Charge transport modeling

• Summary
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Degradation of

• Electrodes

• Organic semiconductor

Physical processes

• Charge carrier injection

• Charge carrier transport

• Exciton formation and diffusion

• Recombination
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Impact on

PLEDs and their operation
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“Normal” fatigue 
Homogeneous loss of light intensity

fresh

Dark spot formation 
Inhomogeneous loss of light  intensity 

and active volume

Sudden death
Unexpected catastrophic failure of device







Fatigue modes

D4

j = const.

Phenomenology of electrical fatigue
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Defects from chemical synthesis:

Revisiting Gilch synthesis

regular 

head-to-tail

regular 

tail-to-tail

Quinodimethane

derivative

- HX

- HX

- 2HX

Radical chain growth mechanism

(for THF and KOtBu)

No

dehydrohalogenation
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vation

~ 0.8%
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~ 0.4% 
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A5

x
x

Schwalm et al., Macromol. Rapid

Commun. 30, 1295-1322 (2009).

Dichlorethyl-

benzene-derivate

Quinodimethane

derivative

X=Cl, Br
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cis-vinyl-halide defect

x

trans-vinyl-halide defect

First

dehalogenation

reaction

(fast reactions)

Slow reaction

A5

Second

dehalogenation

reaction
Fast reaction

Defects from chemical synthesis:

Revisiting Gilch synthesis

Schwalm et al., Macromol. Rapid

Commun. 30, 1295-1322 (2009).
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Improved device performance

Control of  halide 

defect concentration 

by reaction time 
1 10 100

0,01

0,1

 

b
ro

m
in

e
 c

o
n
te

n
t 
[%

]

reaction time [h]

Al/OC8C8-PPV/ITO

Reaction time [h]

B
ro

m
in

e
 c

o
n

te
n

t 
[%

]

D4

5

10

15

20

25

0 100 200 300 400 500 600
0,00

0,25

0,50

0,75

1,00

96h50h6h

 

 

v
o

lt
a

g
e

 [
V

] 3h

 

 

lu
m

in
e

s
c
e

n
c
e

 [
a

.u
.]

time [h]

Enhanced lifetime

290 h
4min 8min 125 h t50

j = 50mA/cm2

Defects from chemical synthesis:

Dehydrohalogenation and OLED lifetime

Fleissner et al., Chem. Mater. 21, 4288-98 (2009).

Improved device performance



Under short circuit (before fatigue)
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Model:
• Bromide released as anions from PPV-chain

• Transported in electric field to cathode

• Formation of blocking layer (e.g. CaBr)
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D4

Defects from chemical synthesis:

Model for bromide defect and lifetime

Al
ITO
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OLED profile from SIMS

• Hole injection impeded due to formation 

of blocking layer at anode during fatigue

Under forward bias (during fatigue)

+

- - -

++++

Br -

Br -

Anode

Cathode

PPV

+

x

E
n

e
rg

y

+
V

0

Model:
• Bromide released as anions from PPV-chain

• Transported in electric field to anode

• Formation of blocking layer (e.g. InBr)

D4

*picture adapted from

Nat. Rev. Micr. 5, 689 

(2007)

Secondary Ion Mass Spectroscopy 

(SIMS)*

Defects from chemical synthesis:

Model for bromide defect and lifetime

ITO

Al
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Structural properties: Influence of side 

chain symmetry on lifetime
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• Increasing disorder from side chain 

symmetry leads to decreasing hole 

mobility without fatigue

• Fatigue induces transition to dispersive 

transport and decreases hole mobility

OC3C8    OC1C10    OC8C8    D4

fatigue

Hole mobility evolution

3 h

100 h
18 h

j = 10mA/cm2

j = 10mA/cm2

U = 100V

Structural properties: Influence of side 

chain symmetry on lifetime

Stegmaier et al., Appl. Phys. 110, 034507 (2011).



16. Oktober 2014 | Heinz von Seggern | SFB 595 |  Fatigue in organic semiconductors  |  12

Impact of self-absorption on lifetime

• Is the formation of triplets essential 

for fatigue?

• Self-absorption of emitted light can 

deliver additional free electrons for 

fatigue
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j = const.
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Do holes alone fatigue a device?
D4

 Free electrons are essential for
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exposure show no fatigue

• Experiment:

Stegmaier et al., Appl. Phys. 110, 034507 (2011).

(singlets)

(formation of triplets)
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Impact of triplet excitons on OLED lifetime
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Pekkola et al., Phys. Status Solidi A, 1-5 (2014), 

DOI 10.1002/pssa.201330411.
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D4

• Multiple processes are possible for 

sensitized devices to explain fatigue

• Loss of initial intensity L0

• Steepened initial decay 

• Shortened plateau region

• Extra singlets generated by TTA unlikely

Impact of triplet excitons on OLED lifetime
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ITOCa / Al

active area

Phenomenon of Sudden Death

P5 P7

P3

P9

• Device temperature under operation for 

variable currents

• Diode exhibits hot spots that evolve during 

electrical fatigue

• Image taken shortly before sudden death.

D4
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Charge-carrier transport: Mean-field model 

AE

AE

 

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HOMO

bE

 


0E 
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Evacuum

Anode (ITO) Organic SC Cathode (Metal)

holes

• Boltzmann statistics of carriers and narrow DOS:   HOMO( )g E P E E 

• Drift-diffusion & Gauss‘ law

• At the interfaces: ( 2) exp ( 2)iTF
i i

el j
p L P F L

kT kT



 

 

 

   
      

  
Neumann et al., JAP 100, 084511 (2006); PRB 75, 205322 (2007). 

Mean-field (MF) model for unipolar diode C5

D4

• Continous electrical potential, displacement and electrochemical potential at the interface
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 Injection of holes and electrons

 Direct recombination between HOMO and 

LUMO (R-efficiency); no impurity levels

 Narrow DOS for both HOMO and LUMO

AE

AE

 


 


n


p


n


HOMO

LUMO

bE

gE

holes

electrons

0E 

Evacuum

p


anode (ITO) organic cathode

Yampolskii et al. JAP 104, 073719 (2008).

ITO/OC1C10-PPV(100nm)/Ca diode

Bipolar injection and transport

Charge-carrier transport: Mean-field model 

C5

D4
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xm

rs

xm

rs

When xm < 0.2rs, mean-field boundary conditions are modified:

Individual image force =  

mean-force from other particles

0.2m sx r

SP/MF criterion

Genenko et al., PRB 81, 

125310 (2010). 

SP Schottky barrier

 
( 2)

( 2) exp 1 ( 2)
0.2

i m schTF
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s

x eeF L l
p L P F L

kT kT r kT
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Many-particle vs. single-particle (SP) mechanism

Charge-carrier transport

C5
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Charge-carrier transport

High density of charge carriers C5
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Charge-carrier transport

Low density of charge carriers C5
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Genenko et al., PRB 81, 125310 (2010). 

ITO/OC1C10-PPV(100nm)/Au diode

AE

HOMO

 
 

Evacuum

Anode (ITO) Organic SC

holes
AE


bE

0E 

 


Cathode

Unipolar diode: modified mean-field (MMF) model

Charge-carrier transport

C5

D4
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Yampolskii et al. JAP 109, 073722 (2011).

ITO/P3HT(125nm)/Al diode
(from Nikitenko et al. JAP 94, 2480 (2003))

 = 6.7*10-4 cm2/(V s); Et = 0.5 eV

Pc = 1021 cm-3;   Pt = 5*1015 cm-3

c = 0.035 eV;    t = 0.02 eV

0

transport level

E

tE

cE
HOMO

vacuum

 


 




anode (ITO) OSC cathode

AE 
AE 

holes

Unipolar diode: 

MMF for a realistic shape of DOS 

Charge-carrier transport

C5

D4

Both HOMO and trap levels exhibit a 

Gaussian DOS
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C5
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HOMO0

vacuum

anode (ITO) OSC cathode

AE 
AE 

holes

ITO/OC1C10-PPV(130nm)/Au diode

Effective carrier mobility is field- and 

concentration-dependent

         0 1 2p x T g p x g F x 

from Pasweer et al. PRL 94, 206601 (2005) [R. Coehoorn, Uni Eindhoven]

submitted to SFB review

D4

Unipolar diode: Gaussian DOS with E- and n-dependent mobility

Charge-carrier transport

n = 8

n = 1
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holes

electrons

p
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anode (ITO) organic cathode

vacuum

tE

 Direct recombination between HOMO and LUMO

 Electron trap levels

 Gaussian DOS for HOMO and LUMO

 Field- and concentration-dependent mobilities 

Charge-carrier transport

ITO/PEDOT:PSS/OC3C8-PPV(130nm)/Ca/Al

C5

D4

submitted to SFB review

Fatigue in bipolar diode: Gaussian DOS, 

e
_
-traps and E- and n-dependent mobility
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Summary

D4

A5 Polymer synthesis:

 Avoid halide residuals in the organic semiconductors

Device preparation and characterization:

 Symmetric side chain derivatives show higher hole mobility

 Fatigue induces decreasing hole mobility and transition to dispersive transport

 A large Stokes shifts avoids fatigue due to light absorption from the OLED 

emission

 Large triplet exciton density speeds up fatigue

C5 Modeling of charge carrier injection and transport:

 Self consisting modeling of uni- and bipolar transport in OLEDs

 Modified mean-field improves diode model for low carrier densities

 Attempt to derive fatigue parameters is still in its infancy
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Nicole Villbrandt et al.

• Talk 11:30: Poly(p-phenylene vinylene)s Highlights of 12 years of research within the SFB 595

• Poster P 15:: Poly(p-phenylene vinylene)s Highlights within the SFB 595

Oili Pekkola et al.

• Poster P 27: The harmful influence of triplet excitons on the lifetime of polymer light-emitting 

diodes 

Sergey V. Yampolskii et al.

• Talk 11:45: Self-consistent description of charge carrier injection at a conductor/organic 

semiconductor interface: extension to the case of a degenerate semiconductor

• Poster P 23: Phenonenological modelling of field, charge and polarization distributions in 

ferroelectric and organic semiconductors

Christian Melzer et al.

• Poster P 04: The harmful influence of triplet excitons on the lifetime of polymer light-emitting 

diodes 

Additional contriburions on OLEDs

Katja Stegmaier et al.

• Invited Talk  11:00: Status, Technology and Challenges in OLED Development
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