NUSOD 2017

1

Modeling of organic light emitting diodes: from
molecular to device properties
Denis Andrienko

Abstract—We review the progress in modeling of charge transport in disordered organic semiconductors on various lengthscales, from atomistic to macroscopic. This includes evaluation
of charge transfer rates from first principles, parametrization
of coarse-grained lattice and off-lattice models, and solving the
master and drift-diffusion equations. Special attention is paid
to linking the length-scales and improving the efficiency of the
methods. All techniques are illustrated on an amorphous organic
semiconductor, DPBIC, a hole conductor and electron blocker
used in state of the art organic light emitting diodes (OLEDs).
The outlined multiscale scheme can be used to predict OLED
properties without fitting parameters, starting from chemical
structures of compounds.
Index Terms—organic light emitting diodes, computer simulations

I. I NTRODUCTION

D

esigning new organic materials is crucial for tuning
OLED properties, performance, and stability. Rigorous
links between device characteristics and the chemical composition of the layers, or structure–property relationships can
be provided with the help of cheminformatics tools, i.e., by
correlating available experimental data to underlying chemical
structures [1]. However, the number of experimental samples
is normally limited, since synthesis, device optimization, and
characterization are costly and time consuming. A substantial
extension of the available data set is therefore not feasible
to achieve experimentally, motivating the development of
computer simulations techniques capable of predicting the
current–voltage–luminescence characteristics of the multilayered OLED structure.
A comprehensive OLED model should incorporate a number of elementary processes: charge injection from electrodes,
charge trapping and transport to the emission layer, longrange electron–hole interactions, formation of a charge transfer
and excited states, exciton–exciton and exciton–polaron interactions, and radiative decay of excitons. Since the typical
thickness of an organic layer of an OLED stack ranges from
10 to 100 nm, it is computationally prohibitive to use only first
principles methods for OLED modeling. As a result, state of
the art OLED simulations employ either continuous models,
such as drift–diffusion equations, or solve the master equation
for charge/exciton occupation probabilities. Both approaches
use models of different complexity. For example, if the target
is to optimize the composition of the stack made of wellcharacterized organic layers, drift–diffusion equations and
lattice models with phenomenologically-fitted parameters are
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used. If one also needs to retain the link to the underlying
chemical composition of layers, off-lattice models based on
first principles parametrizations are required. In all cases we
are dealing with a typical multiscale problem, which requires
the development of scale-bridging techniques.
A frequently used ansatz incorporates simulations of atomistic morphologies using classical force-fields, evaluation of
charge/exciton transfer rates with first principles methods,
and a subsequent analysis of the solution of the master
equation [2]–[9]. This modeling is, however, computationally
demanding: a layer of a few hundrer nanometers thickness
requires simulation boxes of ∼ 107 atoms, even if periodic
boundary conditions are used in the directions perpendicular
to the applied field.
To remedy the situation, extensions to this scheme have
been proposed, as depicted in fig. 1. The most straightforward
solution is to parametrize a lattice model by matching certain
macroscopic properties of the atomistic and lattice models.
For example, if charge carrier mobility is the property of
interest, one can use the parametric dependencies provided
by the family of Gaussian disorder models. This strategy,
however, has drawbacks. First, it relies on approximations
of the underlying models. Second, the model parametrization
is usually performed in stationary conditions. It is therefore
not immediately obvious that the same model can be used to
describe non-equilibrium (transient) properties of the system.
An alternative approach is to construct an off-lattice model
by matching mesoscopic system properties, such as distributions of molecular positions and orientations, electronic
couplings, and site energies [10]–[13]. Once parametrized, this
model will not require explicit simulations of atomistic morphologies and quantum-chemical evaluations of rates and can
therefore be used to simulate large systems. As a result, material properties such as density, radial distribution functions,
ionization potentials and electron affinities, energetic disorder,
charge mobility and eventually current–voltage characteristics
can be extracted from simulations.
In order to achieve a parameter-free modeling of realistic
devices, advancements in several directions are still required,
among others: first-principles evaluations of charge injection
rates, explicit treatment of the induction interaction when
solving the master equation, quantitative treatment of excited
states embedded in a heterogeneous polarizable molecular environment, descriptions of charge–exciton and exciton–exciton
interactions, and descriptions of TTA and TPQ as longerrange Förster and Dexter-type interactions. Progress in these
directions will be also reviewed.
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Fig. 1. Possible workflows of parameter-free OLED simulations: polarizable force-fields and electronic properties of isolated molecules obtained from first
principles are used to generate amorphous morphologies and evaluate charge transfer rates in small systems. Coarse-grained models are parametrized either
by matching macroscopic observables, e.g., charge mobility, of the microscopic and coarse-grained models. The resulting expressions for mobility are then
used to solve drift-diffusion equations, after incorporating long-range electrostatic effects and electrodes. Alternatively, off-lattice models can be developed by
matching distributions and correlations of site energies, electronic couplings, and molecular positions. The master equation for this model can be solved using
the kinetic Monte Carlo algorithm, yielding macroscopic characteristics of a device. Reprinted with permission from Adv. Funct. Mater., 25, 1955 (2015).
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