SIMULATION OF SEMICONDUCTOR PROCESSES AND DEVICES Vol. 12 377
Edited by T. Grasser and S. Selberherr - September 2007

Charge Injection Model in Organic Light-Emitting Diodes
Based on a Master Equation

Ling Li, Gregor Meller, and Hans Kosina

Institute for Microelectronics, TU Wien, 1040 Vienna, Auat
{li|mellerkosing @iue.tuwien.ac.at

Abstract

A master equation model is developed for dark injection feometallic electrode into
a random hopping system, representing a conjugated polgnmemolecularly doped
polymer. A master equation allows for the inclusion of thegya force effect on the
charge injection process and for a separate analysis obthefd hopping and back-
flow components. This model yields the injection current Amation of electric field,
temperature, energy barrier between metal and organic, kaye energetic width of the
distribution of hopping sites. Good agreement with experital data is found.

1 Introduction

Over the past decade, the interest in organic semicondubt® increased dramati-
cally. Devices such as organic light emitting diodes (OLEDY organic field effect
transistors have been realized. In spite of these sucteggblications, the physical
processes underlying the charge injection in OLED are ndt walerstood. Com-
monly the injection-limited condition is described eittgrthe Fowler-Nordheim (FN)
model for tunneling or by the Richardson-Schottky (RS) niddethermionic emis-
sion [1]. However, these two models were developed for sendiactor materials with
perfect band structure, and cannot directly be appliedgordered organic materials,
where charge carriers are localized and transport invaligesete hopping within a dis-
tribution of energy states. Arkhipov presented an anayticodel based on hopping
theory [2]. However, this model neglected the backflow aurfieom the semiconductor
towards the electrode, which can play an important roleHeiinjection current. In this
work we develop an analytical master equation model to d@sthne injection process
in OLED including the backflow current.

2 Modé Theory

The system to be considered here is an energetically antiqgmasly random hopping
system in contact with a metallic electrode. At an arbitrdistancex away from the
metal-organic layer interface, locatedkat O, the electrostatic potential is given by the
sum of the image charge potential and the applied poterg&dribed by electric field
F as [3]
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wheree is the elementary chargA,is the difference between the workfunction of the
metal and the electron affinity of the organic semicondy@nodeg is the dielectric
permittivity. Since the rapid variation of potential (1kés place in front of the cathode,
and space-charge effects can be ignored altogether in tbelation of the cathode
characteristics [2, 4], the field may be regarded as being nearly constant.
Assuming no correlations between the occupation protigsilof different localized
sates, the net electron flow between two states is given as

lij=fi(1—fj)aj—f;(1—fi) aj; )

with f; denoting the occupation probability of sitandc; the electron transition rate
of the hopping process between the occupied stat¢he empty stat¢. The probabil-
ities (2) are then employed in a master equation for desgibharge transport. With
the electrochemical potentig| at the position of statethe occupation probability is
described by a Fermi-Dirac distribution as
1
fi= ———~- 3
1+ exp(%) ®

For the metal electrode we assume a fixed electron concentRatand a Fermi-level
of zero. All injected carriers are hopping from the metalrfielevel. Under the effect
of a constant electric fiel&# and the Coulomb field binding the carrier with its image
charge on the electrode the energy and the electrochenoiaital of a localized state
are given by

Ej =Ej+A—ep (R;,0),

e
¢ (Rj,0) = FR;cosf + T67eR; cos0
whereR; denotes the distance of stgtérom the interface@ the angle betweeR and
R;, A the barrier height, anBj the energy at statewithout electric field. According to
Mott's formalism [5], the transition ratey; from the metal Fermi-level to stafereads
as
ex —2yR-—i . Ef>0
Wi O P I keT ' I =
exp(—2yR)) : Ej<0

(4)

wherey is the localization parameter of the states. We assume as@audensity of
states.

TN Ef
g(EJ)_\/ZTGeXp _F (5)

N denotes the total concentration of localized statesaatiat width of the distribution.
The net current across the metal-organic contact can beewes

I =linj—lrec=evo(l1+12—13—14) (6)
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wherev, is the attempt-to-jump frequency and

202
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1
wherer = 1/cosf and f; = (1+ exp( 4ot )) . 1 andl, describe the charge in-

jection downwards and upwards from the electrode, respygtiz andl, describe the
backflow of charge to the electrode. The net current can loeledibd by evaluating,
I2, 13 andl4 numerically.

(Ej —<A—e¢<Rj,r>>>2>
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Figure 1. Field dependence of the net, injec- Figure 2. Relation between injection current
tion, and backflow currents. andF/2,

3 Resultsand Discussion

With the model presented we calculate the field dependentieeatiet, injection and
backflow current. The parameters dre- 0.3eV,N, = 1 x 10°?cm~3, T = 300K, £=3,

a =0.6nm,y=2x10%cm1, 0 = 0.08eV andvy = 1 x 10!s™1. Fig. 1 shows that
with electric field the injection current increases and theldfilow current decreases, as
intuitively expected. As a result, the net current increasith electric field quickly in
the low field regime.

Fig. 2 shows the semilogarithmic plots of the current vesl€ with the same pa-
rameters as used in Fig. 1. This presentation is approgdatesting RS behavior as



380 SIMULATION OF SEMICONDUCTOR PROCESSES AND DEVICES Vol. 12
Edited by T. Grasser and S. Selberherr - September 2007

j O exp(\/eF/4n£eo). Since the dependence of Ipgersus=1/2 is not linear, a devi-
ation from the RS characteristics is observed. Fig. 3 shawrgnt-field characteristics

at differentA andN, = 9 x 10?%cm~3, the other parameters are the same as in Fig. 1.
The injection current increases with decreasing barrigithé and with electric field.
The comparison between calculation and experimental daBASMB sandwiched
between ITO and Al electrodes [2] is given in Fig. 4. The pasters ared = 0.4eV
andT = 123K, the other parameters are the same as in Fig.1. Theragné®is quite
good at low electric fields. The discrepancy between cdicunand experimental data
comes from the resistance of the ITO contact at high elefigid [2].
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Figure 3: Barrier height dependence of the in- Figure 4: Comparison between calculation
jection current. and experimental data &t= 12X.
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