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Introduction

Organic semiconductors

AN
TS
B Carbon-based materials conducting “Q’Q}

electrical current Ceo pentacene

B Used in smartphone and TV displays,
photovoltaics, and lighting applications

B OLED: whole area emits light, flexible

Problem

B Luminance inhomogeneities emerge
when operating at high currents

B Strong self-heating effects

B Counter-intuitive nonlinear phenomena

= PDE model needed! ml . R e —

femperature @ 1A 3 E
R T TR

Measurements by A. Fischer

Temperature 'C]
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Positive feedback loop in organic semiconductors

Organic semiconductors: Temperature-activated hopping transport of charge carriers

Current law

I=1Iy-F(T) aneray
Arrhenius factor Joule heating —.—/_l_ _—
F(T) ~ exp [—£25t] P=I-V, Eo—--_-;--_._“\-]-:
energy levels

Temperature rise

AT = Oy, - P
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Positive feedback loop in organic semiconductors

Organic semiconductors: Temperature-activated hopping transport of charge carriers

Current law

Fischer et al., Org. Elec., 2012

I=1I,-F(T)
Arrhenius factor Joule heating
F(T) ~ exp [—£25t] P=1V

Temperature rise

AT = Oy, - P
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Positive feedback loop in organic semiconductors 'Zﬁ@"*é

Organic semiconductors: Temperature-activated hopping transport of charge carriers

cumenciony Fischer et al., Org. Elec., 2012
I=1I F(T)
Arrhenius factor

Joule heating
F(T) ~ exp [— 225t P=1I-V,

kgT
Temperature rise
AT = Oy, - P
Zero-dimensional model with Arrhenius law, non-Ohmic s messuement
10 pulsed measurement
current-voltage relation, and global heat balance U

E.=8kT,

g 107F 6 = 1145 KW
V g R=112Q
IV, T) = LaF(T)|5-| (@=1)
‘/ref
E 1 1 L s 20 25 30
F(T) = exp |:_ I:Ct (T_j_j)} Voltage [V]
1 B a Thermistor behavior with regions
—(T — Ta) = ](V7 T) vV of negative differential resistance
On Fischer et al. PRL, 2013

1
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Inhomogeneities in large-area OLEDs

Light

Hole transport layer

I Electron blocking layer I

Hole blocking layer

Electron transport layer

Heat flow

Metal cathode

B OLEDs consist of various layers and have huge aspect ratios
B Optical transparent top electrode has large sheet resistance

B Sheet resistance leads to significant lateral potential drop

Spatially resolved models needed.

p(x)-Laplace thermistor models - ECMI - Santiago de Compostela - June 14, 2016 - Page 3 (15)



PDE thermistor model [L.—Koprucki-Fischer-Scholz-Glitzky, 2015]

We consider elliptic system consisting of
current-flow equation for electrostatic potential
and heat equation for temperature 7'

=V (o(z,T,V)Vy) =0
—V - (AN@)VT) = n(z)a(z,T,Ve)|[Ve|?
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PDE thermistor model [L.—Koprucki-Fischer-Scholz-Glitzky, 2015] 'Zﬁ@’“é

We consider elliptic system consisting of
current-flow equation for electrostatic potential
and heat equation for temperature 7'

with electrical conductivity o :  x R x R% — [0, o) given by

o(z,T,Vy) = oo(x)F(x,T){ |:/szr|ejp(m
o) = [-522 (7 - 1)
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PDE thermistor model [L.—Koprucki-Fischer-Scholz-Glitzky, 2015]

We consider elliptic system consisting of
current-flow equation for electrostatic potential
and heat equation for temperature 7'

=V (o(z,T,V)Vy) =0
—V - (AN@)VT) = n(z)a(z,T,Ve)|[Ve|?

with electrical conductivity o :  x R x R% — [0, o) given by

o(x,7,Vy) = oo(x)F(x,T){ |:/szr|ejp(m

PDE model can be motivated from equivalent circuit model
s.t. finite-volume discretization of PDE system correspond
to Kirchhoff’s circuit rules

(see Fischer et al. 2014, ~~ talk by A. Fischer, Wed)
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PDE thermistor model non-dimensionalized form 'Zﬁ@“*é

-V (ao(x)F(m,T)\Vgo|p(x)_2V@) =0
—V - (M2)VT) = n(x)oo() F(z, 1)V '@

Mixed boundary conditions

p=¢° onTp o(x,T,Vo)Vo-v=0 onTy
“MNx)VT -v=k(z)(T —T,) onI :=00
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PDE thermistor model non-dimensionalized form

-V (Uo(x)F(a?,T)\VQV’(’”)_QVL,Q) =0
—V - (M2)VT) = n(x)oo() F(z, 1)V '@

Mixed boundary conditions

p=¢° onTp o(x,T,Vo)Vo-v=0 onTy
“MNx)VT -v=k(z)(T —T,) onI :=00
Properties
B Current-flow equation is of p(z)-Laplacian type
B Abrupt change of p(z) between materials:

Exponent p(z) describes non-Ohmic behavior of materials, p(z) =
electrodes (Ohmic) and p(x) > 2 in organic materials (e.g. p(x)

B ForVp € Lp(”)(Q)d, Joule heat term in general only in L'

I
©
3

p(m)-LapIace thermistor models - ECMI - Santiago de Compostela - June 14, 2016 - Page 5 (15)



PDE thermistor model non-dimensionalized form

~V - (00(a) Pl )V 2V ) =0
V- (\@)VT) = n(x)oo(a)F(a, T)|V o
Mixed boundary conditions
o=¢P? onTp oz, T,Ve)Ve-vr=0 only
—MNz)VT -v=r(x)(T —Ty) onT := 090

(i) Effective elec. conductivity oo € L>(2) s.t. 0 < g¢ < 00 < 70 a.e.in
(ii) Thermal conductivity A € L () 5.0 < A <A < Ay < o0 ae.in
(iii) Activation energy Faq € L5°(92)

(iv) Heat transfer coefficient k € L (Q), [ s(x)dl >0

(v) Light-outcoupling factor n € L*°(§2), n € [0,1] a.e.in Q

(vi) Ambient temperature T, > 0 is constant
(vii) Dirichlet data pp € W°°(Q)
(viii) Power-law exponent x — p(x) is measurable and

1 < p_ :=essinf p(z) < esssupp(z) =: p4y < o0
zeR zeQ
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Analytic result 'Z‘f&“é

Theorem (Bulicek-Glitzky-L. 2016 a)

There exists a weak solution to the coupled system

(Currentflow) — —V - (o(z,T,|Ve|)Ve) =0
(Heat flow) -V (M=2)VT) =n(z)o(z,T,|Ve])|Ve|?
with
D

o=~ onTp oz, T,Vo)Vo-v=0 on Ty
—Na)VT -v=k(z)(T —T,) onT :=00

where o € WP (Q) and T € Wh4(Q) with1 < q < d/(d—1), and

essinf P < p(z) < esssup P, T>T, ae. inQ.

Note: More general constitutive equations for the electrical current can be considered.

W
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Sketch of proof . 4{4’;

1. For e > (), introduce regularization

oz, T, V)| Vel|?
1+eo(z, T,V)|Vp|?

fe(z, T, Vo) :=n(x) < %

2. Solve regularized problem via Galerkin approximation (use strict monotonicity of
current law)

3. For solutions (¢, T ) of regularized problem derive uniform estimates by

testing weak formulation with suitable functions, e.g. T = T=9(5 € (0,1))

d
IVelloy <O, ITellwaa < Cla), whereq € [1, =)

4. Pass to the limit e — 0 in the weak formulation and identify limits exploiting
monotonicity again
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Numerics for thermistor scheme 'Zﬁ@"*é

Our numerical scheme is based on a hybrid finite element/volume approach, see also
Bradji—Herbin 2008

/Kv-de:Z

/ J~nKLda
L|K VKL

~ Z lskr|JrxL

LIK

Finite volume scheme
Construct approximation Jg ;, of normal flux J - ng,
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Numerics for thermistor scheme 'Zﬁ@";

Our numerical scheme is based on a hybrid finite element/volume approach, see also
Bradji—Herbin 2008

/V-de:Z/ J ngrda
K I SKL

| K

~ Z lskr|JrxL

LIK

Finite volume scheme
Construct approximation Jg ;, of normal flux J - ng,

B Heat equation

T, —T,
/V VT d$~Z|8KL|>\KL|L—K

LIK

.’EK|
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Numerics for thermistor scheme

Problem: In current-flow equation the conductivity o depends not only on normal
component V¢ - n on Voronoi surface but also on tangential components.

Given nodal values {@x } construct
P1 finite element interpolant @7
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Numerics for thermistor scheme 'Zﬁ@"*é

Problem: In current-flow equation the conductivity o depends not only on normal

component V¢ - n on Voronoi surface but also on tangential components.
PN

Given nodal values {@x } construct
P1 finite element interpolant @7

Current-flux approximation (for same material region)
/ (o(x,T,|Ve|)Vy) dz = Z/ F(z,T)|Ve|P®~2Vy - nda
K

LIK

~ Y Ikl Fow, (Tir)|[Vior
LIK

Pspr—2 PL—PK
|z —2L]
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Numerics for thermistor scheme 'Zﬁf’g

Problem: In current-flow equation the conductivity o depends not only on normal

component V¢ - n on Voronoi surface but also on tangential components.
PN

Given nodal values {@x } construct
P1 finite element interpolant @7

Current-flux approximation (for same material region)
/ (o(z,T,|Ve|)Ve) dz = Z/ F(z,T)|Vp|P®~2Vy - nda
K

LIK

Z lskL|Fsp, (Txr)|Ver
LIK

Pspr—2 PL—PK
lzx—7L]

B Averaging of | V| is necessary for stable schemes on general grids
B At material interface no averaging is performed to avoid artificial lateral diffusion
B Needs boundary conforming Delaunay grids
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Numerics for thermistor scheme

Simulation study for p(z)-Laplace equation —V - (|Vu[P(*)=2V4) = 1 with

Dirichlet boundary conditions
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Numerics for thermistor scheme

Problem: In voltage-controlled simulations, solutions have to jump into high
conductance state, current-controlled simulations numerically unstable

T
" High conductance]
O Continuous Measurements 19 !

10'L state ]
O Pulsed Measurements KT

Switching 1 I 13

Current [A]

ow conductance state

15 20 25
Voltage [V]
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Numerics for thermistor scheme

Problem: In voltage-controlled simulations, solutions have to jump into high
conductance state, current-controlled simulations numerically unstable

Current [A]

15 20 25 3.0
Voltage [V]

T T
O Continuous Measurements :‘S‘: conductance Simulations
' | 4 -1
O Pulsed Measurements ﬁ 10 Eact = 8 keTo
: T 3 p=375
5 =
Switchin,
L 9 l © ] §1x 102
L
O
E o E 1x10°3 // tmproved tharmat
ow conductance state / outcoupling
Y - 1x104

1 1.5 2 25
Voltage [V]

B Simulation of IV curves via numerical path following methods
B Solve extended system for (¢, T, V') with V applied voltage

B Predictor-corrector scheme with step-size control
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Numerics for thermistor scheme

Problem: In voltage-controlled simulations, solutions have to jump into high
conductance state, current-controlled simulations numerically unstable

) O Continuous Measurements ;;g‘i conductance ' Sjmulations
10 EO Pulsed Measurements 4 ] 0 Eact = 8 kaTo
T — Simulation < p=3J5
— | = Isothermal — "y
= 10%k 7 Ewwo
2 £ ,
= 3 /V
O ool -3 1
10 %10 L~ Improved thefmal
/ loutcoupling
10* L L L L L 1x10%

3.0

15 2.0 25 15 2 25
Voltage [V] Voltage [V]

B Simulation of IV curves via numerical path following methods
B Solve extended system for (¢, T, V') with V' applied voltage

B Predictor-corrector scheme with step-size control
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Explanation of inhomogeneities

Recall: Counter-intuitive phenomena in large-area OLEDs

Position [cm]

B High sheet resistance of optical
transparent electrode cannot explain
saturation of current

Luminance [cd/m?]

B degradation of material can also be
excluded due to lower temperature

700 M center of panel
60 i \ \

Temperature [°C]

“r S ———— B Effect is caused by interplay between
I ——
—vﬁo.om‘ = S-NDR and heat conduction

1

30

20

> 4 6 8 10 12 14 16 18
. Fischer (IAPP), Adv. Func. Mat. 24 (2014) 3367-3374
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Explanation of inhomogeneities 'Zﬁ@’g

Pattern formation in OLEDs induced by operation modes propagating through device

Operation modes are characterized by
local differential resistance

TG GE)

I, total current
I, local current through stack
V., local voltage drop

Modes for Lt T
Normal Vet It
S-NDR Ved LT
Switched-back V.| I,
N-NDR Vot Il
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Explanation of inhomogeneities 'Zﬁﬁé

Pattern formation in OLEDs induced by operation modes propagating through device

Operation modes are characterized by
local differential resistance

TG EE)

(a) (b)

It total current
I, local current through stack
V., local voltage drop

(c)

Modes for LT Normal

Normal Vet I.T

S-NDR Ved L1

Switched-back V.| I,

N-NDR Vm T Im ¢ Switched-back

For sufficiently high applied currents
center of panel is switched back.
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Conclusion

m Introduced p(x)-Laplace thermistor model for electrothermal
description of organic semiconductor devices

m Existence of solutions via regularization and Galerkin
approximation

m Numerical approximation via hybrid finite-volume/element scheme
and numerical path following techniques

m Implemented in software protoype

m Pattern formation in OLEDs can be explained by self-heating,
Arrhenius law and sheet resistance
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Equivalent circuit models

New operation mode in spatially
dependent setting appears

av; _ av; (dI,;)

dl;  dVie \dVex
>0 | f<o
AL~ 0 | I: normal mode II: S-NDR

AVexr

g <0 | ot present | IIL: switched back

v, A Vs

thermal
coupling
Vo

Current [A]

Voltage drop over thermistor [V]

\

— Thermistor 1
/ — Thermistor 2

‘\\\ |

— Thermistor 3 :
— Series resistor Ry

4 5 7 8
Externally applied voltage [V]

[=;

w

N

— Thermistor 1
— Thermistor 2
— Thermistor 3

W

4 7 8
Externally applied voltage [V]
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