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Abstract—In this work, we present a comprehensive and exper- By further assuming a position-independent exciton geioera
imentally validated model suitable for the quantitative description profile G, it can be demonstrated [8] that the number of

of all relevant physical processes determining the efficiency of decaying excitions per unit time and unit aréas obtained

organic light emitting diodes (OLEDs). The modelling approach . .
includes a numerical electromagnetic model developed to quan- as § = Gd, whered denotes the thickness of the EML.

tify the outcoupling efficiency of planar OLED structures. The The exciton generation terr& would ideally be the result

optical model, coupled with an approximate formulation for the of an electrical simulation, but the currently available EI.

excitonic and electrical processes taking place in OLED devices electrical models does not allow to quantitatively estergich

under electrical operation, provides a quantitative description br 5 4antity. Therefore, we consider the concentraiars afirst

the key optoelectronic figures-of-merit of OLEDs. The e_lppllcatlon fitting parameter to be extracted from the experiment

of the proposed model to state-of-the-art OLED devices allows , . C

for a clear identification of all efficiency loss channels in the ~ The second modelling step consists of the calculation of

devices under study. the number of radiative excitonic decay events. The intins

radiative efficiency of the emitting material being,q,o, it can

be demonstrated that the radiative emitter efficiencgy in a
During the last decades, organic light emitting diodesicrocavity is [9]

(OLEDSs) have experienced a tremendous increase in efficienc

and stability [1]. To overcome the efficiency limitations of Thad(A) = rad 0 (N)/ (Trad 0 F'(A) +1 = Thad0) . (1)

state-of-the-art OLED devices, a physically thorough undewhere F'()) is the wavelength-dependent total power radiated

standing of the most relevant processes at the basis of OLBthe emitter. The intrinsic radiative efficiency of the &eni

operation is mandatory. Trad,0 IS the secondfitting parameter to be extracted from the
Due to the number and complexity of the different physicaixperiment.

mechanisms involved with OLED operation and to the lack (g The Ontical Model

a unified theoretical description for such processes, aicert ™ e Optical Mode

degree of approximation has to be introduced in any CurrentRadiative excitonic decay is treated ClaSSica”y and nledel

OLED modelling strategy. Although OLED optical modellingds forced damped dipole oscillators radiating electroratign

can be considered as a field with a substantial maturity [Bower [10]. This treatment allows for the calculation of

[3], [4], [5], [6], the current understanding of electric@nd the wavelength-dependent total radiated pow&n) at the

partially excitonic) processes in OLEDs is still far fromifug location of the emitting dipoles, once the value of the eieat

satisfactory and therefore none of the existing models §@mponent of the total EM field is known. A transfer matrix

applicable to real-world devices. approach is exploited for the evaluation of the optical field
The aim of this work is to fill the gap between the availablglanar OLED structures according to the description in ).

modelling techniques and experiment. To this purpose, @@plication of the EM model, the outcoupled fractibi{\)

propose a simplified description for charge and exciton dynaOf the total powerF'(\) is also calculated (see [2], [9] for

ics in OLEDs, for which no accurate models and modellingetails). Finally, the spectrally resolved outcouplinficééncy

parameters are available at present. Such an approximgteébtained asjou:(A) = U(A)/F(A).

description is coupled with a rigorous description for OLER:  \odelling of OLED Efficiencies

optics.

I. INTRODUCTION

The external quantum efficiency of the OLEf) is mod-
1. THE OLED MODEL elled as the product of the efficiencies of the processes

A. Modelling of Electrical and Excitonic Processes described in the previous subsections. To properly account
for the polychromatic nature of the emitting materials used

Electrical and excitonic processes contribute the deterr%i OLED devices, a normalized spectral distributieg, (\)

nation of the number of radiative events per unit time a the emitted photons is included in the model. The EQE is
unit area occurring in an OLED device for a given amour];fnaIIy given by

of electrical charges injected into the device. The exciton st

concentrations in tr_\e OLED active layer is given by the =7 8ph (A)ead (N Tout (A) dA. 2)
solution of the exciton rate equation [7] at all positions A

within the EML. We assume exciton annihilation processes toEquation (2) is the central theoretical result of this watk.
be negligible if the OLED is operated at low current densitieallows for a quantitative numerical description of the EQE o



a given OLED structure by making use oflimited number

of fitting parameters Expressions similar to Eq. (2) can be
derived for any of the optically measurable charactesstit

an OLED, e.g. the luminous efficacy or the luminance in a
given direction.

Ill. RESULTS ANDDISCUSSION

The model described in Sec. Il has been used to design a
set of 16 small-molecule bottom emitting OLEDs based on
the p-i-n architecture [11], [12] and featuring the phospho-
rescent emitter Ir(MDQ)acac). The devices are fabricated
in one single experimental run by thermal evaporation onto
an ITO-covered glass substrate in an UHV chamber (Kurt J.
Lesker Company). By employing the OLED optical model,
the thickness of the organic layers is optimized to achieve
the best performance in terms of external quantum efficien
The thickness of the electron transport layer (ETL) is \hrie’
continuously between 45 and 260 nm.

The measured EQE values on the fabricated devices are
shown in Fig. 1. Remarkable are the efficiency values, amon
the highest ones reported for this class of devices. A four-
parameter fitting algorithm is used to extract the releva
modelling parameters from the measured data, namely
OLED electrical efficiencyy, the intrinsic radiative efficiency
of the red phosphorescent emittgtq o and two additional
parameters accounting for eventual processing errors. The
extracted parameters are = 0.95, 7aa0 = 0.85, and an [
error on the thickness of the ETL layer equal to 5.5 nm.

Calculation results obtained according to Eq. (2) are comgz]
pared to experimental results in Fig. 1. The agreement legtwe
calculations and measurements is fully satisfactory,cimtitig
that all relevant physical processes are correctly in@uite
the proposed OLED model. The modelling approach allows
not only for an effective design and optimization of the OLED[4]
structures, but also for a meaningful quantification of the e
ficiency of all optical, excitonic, and electrical proces$#3].

As an example, we estimate for the most efficient device ir[15]
Fig. 1 degTr, = 250 nm) that electrical and excitonic losses are
19 % of the number of injected electrical charges. Substrate

(3]

and waveguiding losses are 15 % and 34 %, respectively. Cou-
pling of radiation to surface plasmon polaritons and irgérn
absorption are 5 % and 6 %, respectively. Finally, outcaliple
photons account for the 21 % of the injected charge carrierg.]

(8]
E]

We have a presented a nhovel modelling approach suitable [ffg]
the quantitative simulation of the optoelectronic efficigrof
planar OLED devices. The model, applied to a series of smdRi]
molecule bottom emitting OLEDSs, yields a fully satisfagtor
agreement with the measured data and can provide usefy]
information about the channels of efficiency loss in the cevi
under study. We consider the presented modelling approach
a powerful tool for the design, optimization and, more i3]
general, the development of the OLED technology.

IV. CONCLUSION

\g. 1.
arison of simulations and measured data at 1.5 mA £orward current.
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