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Weoutline the objectives of microscopic simulations of charge and energy transport processes
in amorphous organic semiconductors, describe the current status of techniques used to
achieve them, and list the challenges such methods face when aiming at quantitative
predictions.
I. Introduction

Interest in the field of organic electronics

is largely provoked by the possibility of

fine-tuning properties of organic semi-

conductors by varying their chemical

structure.1–4 Often, compound design is
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solely guided by chemical intuition, even

though material development would

benefit from more rigorous structure–

properties relationships, which link the

chemical structure, material morphology

and macroscopic properties. To formu-

late such relationships, an understanding

of the physical processes occurring on

a microscopic level as well as the

development of methods capable of

scaling these up to macroscopic dimen-

sions are required. The aim of computer

simulations is to facilitate this by

zooming in on the behavior of electrons

and molecules and by bridging micro-
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and macroscopic worlds. Here, we

describe the current status of methods

which allow the linking of molecular

electronic structure and material

morphology to the mesoscopic/micro-

scopic dynamics of charge carriers and

excitons. Special attention is paid to the

challenges these methods face when

aiming at quantitative predictions.

Although the focus is on the design of

host–guest systems for phosphorescent

organic light emitting diodes, the tech-

niques can be readily extended to study

processes occurring in organic solar cells

or field effect transistors.
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Organic light emitting diodes (OLEDs)

have recently entered the market of flat

panel displays and lighting applica-

tions.5,6 In spite of successful commer-

cialization, the field still faces a number of

problems, such as insufficient stability,7

especially of diodes which are based on

deep blue emitters.8,9 Fig. 1a shows

a simplified multilayered structure of

a phosphorescent OLED, in which every

layer bears a certain task. Electrons and

holes are injected from electrodes into

transport layers, which ensure their

balanced delivery to an emission layer

(EML). Blocking layers confine charge

carriers to the EML where charges are

converted into photons. To allow for

triplet-harvesting, the EML consists of an

organic semiconductor (host) doped by

an organo-metallic emitter (guest). The

excitation of the emitter can be achieved

either by an energy transfer process, i.e.

by the formation of an exciton on a host

molecule and subsequent energy transfer

to the dopant, or by a direct charge

transfer process. Here, one of the charge

carriers is trapped on the emitter and

attracts a charge of the opposite sign

forming a neutral exciton on-site, which is

argued to lead to more efficient OLEDs

than the excitation by energy transfer.10–13

Fig. 1b shows the level alignment in an

OLED with an electron-conducting host

and a hole-conducting emitter. A large

barrier, Dh, between hole transport levels
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prevents hole transfer (1) from emitter to

host. Electron transfer (2) to the neutral

emitter is inhibited by the barrier De. In

order to ensure exciton formation on the

emitter, the Coulomb attraction between

the hole on the emitter and the electron on

the neighboring host should be capable of

overcoming De, thus attracting the elec-

tron to the emitter cation. The back-

transfer (3) of the exciton from the emitter

to the host is prevented by the barrier Dt

for triplet excitons. The light is emitted

after the electron-hole recombination on

the emitter (4).

Thus, the task of the in silico compound

design is to achieve a desirable charge/

energy transport dynamics within the

EML, considering the interplay between

molecular electronic structure, morpho-

logical order, and thermodynamic pro-

perties, such as the relative alignment of

transport/excited state energy levels of the

host and guest. This task turns out to be

rather cumbersome to accomplish and

requires elaborate computational

schemes, whose ingredients are pictorially

summarized in Fig. 2.

To begin with, every molecule has its

own unique environment created by its

neighbors, with local electric fields leading

to level shifts, broadening, and spatial

correlations of charge/exciton energies.

Accounting for such effects requires the

knowledge of the material morphology at

an atomic resolution (see sec. II).
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Furthermore, typical time scales of

dynamic processes, such as charge and

energy transfer, span several orders of

magnitude. Hence, treatment of the

charge/exciton kinetics cannot be

achieved with numerical methods using

a fixed time step. Instead, a description

based on hopping rates between localized

states shall be employed. To evaluate the

rates, one has to justify the use of

a particular charge (energy) transfer

theory (see sec. III), determine localized

states, and compute all the ingredients

which enter the rate expression, including

intra- and intermolecular reorganization

energies (see sec. IV), electronic coupling

elements (see sec. V), and electrostatic and

polarization contributions to site energies

(see sec. VI). Analyzing charge and

exciton dynamics (see secs VII and VIII)

thus provides understanding of the

microscopic processes and allows for the

formulation of chemical design rules.

Last, but not least, these also have to

account for a material’s processability, as

well as its chemical and morphological

stability.
II. Material morphology

All layers of small-molecule based

OLEDs are vacuum-deposited on

a substrate with transparent electrodes. In

case of the EML, deposition normally

results in an amorphous morphology of
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Fig. 1 Multilayered structure of a phosphorescent OLED with an electron-conducting host and

a hole-conducting emitter. Relative alignment of hole (HT) and electron (ET) transport levels of

emitter and host and their broadening (indicated for the emitter only) due to polarization and

electrostatic effects are shown together with energy levels of singlets (S) and triplets (T) of the emitter

emission spectrum and the host excitation spectrum.
a host with a small amount of guest

molecules (5–20% w/w, to avoid triplet–

triplet quenching due to aggregation,

double excitations, or transfers to higher

energy vibrational modes7,14). In simula-

tions, the preparation of an amorphous

morphology of the EML can, to some

extent, be mimicked by first annealing the

host–guest mixture above the glass tran-

sition and subsequently quenching it to

room temperature. This procedure,

however, completely randomizes the

positions and orientations of guest mole-

cules in the host.

To account for possible aggregation of

guest molecules during the deposition,
Fig. 2 Essential ingredients of microscopic simul

organic semiconductors: atomistic force field, mo

electronic coupling elements between localized s

polarization, directed graph and charge transfer rat
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one can simulate the gradual adsorption

of molecules on a substrate, either by

using Monte Carlo moves and treating

molecules as rigid rotors15 or by employ-

ing molecular dynamics and sublimating

molecules at high temperatures.16 The

drawback of the first method is that the

molecular conformations are always

fixed, while the second method is limited

to microsecond simulation times, which

might be too short to fully relax positions

and orientations of adsorbed molecules.17

All of these techniques use force fields,

with atoms represented by point masses

interacting via empirical potentials. In

most cases potential energy surfaces of
ations of charge/energy transport processes in

rphology at an atomistic level of resolution,

tates, site energies due to electrostatics and

es, microscopic currents.
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the existing force fields must be refined for

new compounds, which can be done by

matching certain cross-sections of the

force-field and ab initio based potential

energy surfaces.18 Note that the force field

validation is as important as its refine-

ment. Here, simulation results can be

compared to experimental data, e.g.,

density and glass-transition temperature.

On a microscopic level, X-ray scattering

and solid-state NMR can additionally

provide information about averaged

molecular arrangements.19–22

Due to material processing (vacuum

deposition of small molecules or solution

processing of polymers), the EML

morphology can have several charac-

teristic length scales and can be kinetically

arrested in a thermodynamically non-

equilibrium state. In such cases more

coarse representations might be helpful to

overcome the limitations of atomistic

models.23,24 It is, however, not clear

whether coarse-grained models can deal

with non-equilibriummorphologies, since

they tend to reduce energy dissipation.25
III. Charge transfer rates

In an amorphous morphology of OLED

layers, electronic couplings between

neighboring molecules are weak and

hence charges are localized on entire

molecules. Intermolecular charge transfer

(M�
A + MB / MA + M�

B) then occurs

between these localized (diabatic) states

of the charge transfer complex. In

Gaussian Disorder Models (GDM),26–29

a distance-dependent Arrhenius-type rate

expression is adopted and thermo-

dynamic parameters are Gaussian

distributed. Although GDM are compu-

tationally very efficient, help to get insight

into various scaling laws,29 and are

capable of simulating multilayered

devices,30,31 they are missing a direct link

to the chemical structure and the

morphology. More rigorously, electron

transfer theories can be used to evaluate

rates from quantum-chemical calcula-

tions.32–36 This quantum-chemical

approach is by now routinely used to

study charge transport in amorphous and

partially disordered organic

semiconductors.15,19,20,34,37–46

The ingredients entering the corre-

sponding charge transfer rate expression

are reorganization energy, electronic

coupling elements (transfer integrals) and
ater. Chem., 2012, 22, 10971–10976 | 10973



site-energy differences (driving forces).

All these ingredients can be evaluated

using electronic structure techniques,

classical simulation methods, or their

combination18 as described in the

following.
IV. Reorganization energy

The reorganization energy takes into

account the change in nuclear (and

dielectric) degrees of freedom as the

chargemoves between two diabatic states.

It has two contributions: intramolecular

which is due to the change in nuclear

coordinates of the charge transfer

complex, and intermolecular (outer-

sphere), which is due to the relaxation of

the environment.47 The intramolecular

contribution can be computed from the

potential energy surfaces of the involved

diabatic states or from a normal mode

analysis both using ab initio gas phase

calculations.48

The non-local outer-sphere contribu-

tion is especially important to determine

rates between sites with large site energy

differences, e.g. escape rates from deep

traps.18 Due to its non-locality, a micro-

scopic evaluation is computationally

demanding and could be based on the

dielectric response18,47 polarizable force

fields,49 or hybrid quantum mechanics/

molecular mechanics approaches.50
V. Transfer integrals

The transfer integral entering the charge

transfer rate is a measure of strength of

the electronic coupling of the charge in

initial and final states within the charge

transfer complex. It is usually evaluated

using an effective single particle Hamil-

tonian and by representing the charge by

the respective frontier orbitals of mono-

mers, i.e., the highest occupied molecular

orbital in case of hole transport, and the

lowest unoccupied molecular orbital in

the case of electron transfer. The distance

and mutual orientation of the two mole-

cules forming the charge transfer complex

sensitively affects the transfer integral,

which is therefore significantly influenced

by static and/or dynamic disorder, or,

e.g., preferential packing motifs in

molecular crystals.40,42,43,51–53

Within a realistic morphology of an

organic semiconductor, it is essential to

calculate electronic coupling explicitly for
10974 | J. Mater. Chem., 2012, 22, 10971–10976
each hopping pair. Since even moderately

sized simulations contain several 10,000s

of dimers, it is important to develop effi-

cient and at the same time quantitatively

reliable computational schemes. Here,

semiempirical methods are often used,

since they are substantially faster than

first-principles approaches by avoiding

the self-consistent calculations on each

individual monomer and dimer.36 While

providing an efficient on-the-fly technique

to determine electronic couplings, they

are not generally applicable to more

complex compounds, for instance con-

taining transition- or semi-metals, and

approaches based on first-principles, e.g.,

density-functional theory need to be

used.35,54,55 Hence, explicit quantum-

chemical calculations are required for

every molecule and hopping pair in the

morphology and the evaluation of trans-

fer integrals becomes computationally

demanding and often limits treatable

system sizes.
VI. Site energies

The site energy is the free energy of the

system with a charge carrier localized on

a specificmolecule.47 It is comprised of the

internal energy of the molecule and

interactions of its charge distribution with

the environment. The GDM, for instance,

predicts27 that the mobility of a single

carrier is very sensitive to the distribution

of site energies (density of states, DOS),

especially its tails,28 and an accurate

evaluation of site energies is necessary for

quantitative predictions.

The internal energy (ionization poten-

tial or electron affinity) can be obtained

by using first-principles calculations on

a single molecule in vacuum. It provides

a first reference for the barriers Dh(e)

between hole (HT) or electron (ET)

transport levels in the EML, as shown in

Fig. 1. Note that different molecular

conformations due to structural effects in

the bulk can already lead to broadening

and shifts of these levels.18

Electrostatic contributions due to

interactions with the environment can be

modeled on a macroscopic scale by using

continuum solvation models,56,57 where

the interaction of the molecule with

a surrounding homogeneous dielectric

leads to stabilization of the respective

transport levels which can affect the
This journ
barriers but does not lead to broadening

of the DOS.

The level broadening and spatial

correlations of site energies58 can be

introduced at a mesoscopic level using

lattice models.59 Here molecules are

reduced to point-like particles with

multipoles and isotropic polarizabilities.60

Similar to the GDM, these models do not

provide a direct link to the morphology

and chemical structure.

To remedy the situation, electrostatic

interactions can be treated on a micro-

scopic level using realistic morphologies

and atomic partial charges which repro-

duce the electrostatic potential of charged

and neutral single molecules. Unscreened

Coulomb interactions of partial charges

already lead to significant broadening of

the transport levels. To a first approxi-

mation, the polarization response of the

environment can be included by screening

Coulomb interactions by the bulk dielec-

tric constant. However, in this case the

short-range interactions are under-

estimated, which can be partially

compensated for by using distance

dependent screening.18,39,56 A more

rigorous approach is to evaluate the

polarization contribution self-consis-

tently, e.g., by using the Thole model.61

Often, atomic polarizabilities need to be

adjusted to reproduce the polarizability

tensors of charged and neutral single

molecules obtained from ab initio calcu-

lations. Even though this approach is

computationally demanding, it directly

links the chemical structure, molecular

electronic properties, and morphology to

the energetic landscape. Depending on

the morphology, charge distributions,

and molecular polarizabilities, including

the polarization interaction can lead to

barrier changes and to both narrowing or

broadening of the DOS, contrary to only

narrowing predicted by dielectric

screening models.
VII. Charge dynamics

When the positions of molecules and

electron transfer rates between them are

known, the carrier dynamics can be

studied by solving the corresponding

master equation, which describes the

time-evolution of the system. Here,

kinetic Monte Carlo (KMC) is a robust

method which allows one to study non-

steady-state systems, to take into account
al is ª The Royal Society of Chemistry 2012



correlations in carrier positions, and to

include electrostatic interactions

explicitly.18,62

By analyzing KMC trajectories, one

can gain insight into the topology of the

charge percolation network in terms of its

dimensionality or the existence of

preferred directions, e.g., in organic

crystals. In amorphous mixtures, such as

the host–guest system for the EML one

can quantify the onset of hole transport in

the minority system as a function of its

concentration in the mixture. For

concentrations which are too low, no

connected percolation network in the

EML is formed and holes are immobile.

On the other hand, formation of current

filaments can result in material degrada-

tion causing the formation of defects and

reducing the luminescence and lifetime of

the device.7

Special attention should be paid to the

averaging over (statistically) independent

snapshots, field directions, and injection

points, especially in materials with large

site energy disorder. In this case, the use

of periodic boundary conditions might

lead to additional artifacts. For small

simulation boxes, the equilibrium energy

of a single carrier is (on average) higher

than that of an infinitely large system and

the charge diffuses at an effectively higher

temperature than prescribed by the DOS.

This will result in (up to several orders of

magnitude) overestimation of mobility.

Extrapolation to macroscopic system

sizes is possible41 but requires the know-

ledge of the temperature dependence of

mobility, which is a challenging problem

on its own.

Finally, to study carrier concentration

effects, a fast evaluation of electrostatic

(in particular polarization) interactions is

required, since rates become site-occupa-

tion dependent and must be updated at

every KMC step. While the uniform

spacing in lattice-based models30 facili-

tates efficient explicit treatment of elec-

trostatics, no comparable techniques are

currently available for off-lattice KMC

algorithms.
VIII. Excited state dynamics

Apart from charge dynamics, processes

involving excited states must be included

in OLED simulations. An adaptation of

the state-based description for excitons is

intrinsically challenging due to their
This journal is ª The Royal Society of Chemistry
diverse character (strongly-bound

Frenkel excitations localized on single

molecules, charge-transfer excitons

involving a donor–acceptor complex,

long-range polaron pairs).

Analogues of diabatic states (energies,

wavefunctions) have to be determined for

all types of excitations using suitable first-

principles descriptions. Accurate

quantum-chemical methods, such as

coupled-cluster, configuration-interac-

tion are capable of this but come at high

computational cost. Time-dependent

density-functional theory is less

demanding but has problems describing

long-range asymptotics of the electron-

electron interaction potential,63 affecting

charge-transfer states in particular.

Range-separated exchange–correlation

kernels64,65 may be used to overcome this

deficiency but need compound-specific

adjustments.66,67 Here, the many-body

Green’s functions theory using the GW

approximation and the Bethe-Salpeter

equation68,69 is a feasible alternative as it

allows for the calculation of energies and

wavefunctions of excited states at

a required accuracy, while computational

demands remain manageable.

For singlet (triplet) exciton dynamics,

one can use F€orster (Dexter) energy

transfer rates or use a more general

expression based on the excitonic wave

functions.70,71 The inclusion of processes

such as the conversion between Frenkel

and charge-transfer excitons, their

recombination, or dissociation into free

charges is even more challenging. Finally,

the long-range nature of the exchange

interaction of singlet excitons will result in

a different topology of the directed graph

used in KMC simulations (as compared

to charge transport), requiring large

system sizes.
IX. Outlook

To summarize, the current set of simula-

tion methods provides a good under-

standing of microscopic charge transport

processes occurring in an OLED emission

layer, including prediction of the ener-

getic landscape, topological connectivity,

site occupations and currents. The re-

maining challenges which would allow

in silico design of an OLED, are (i)

modelling the aggregation of guest mole-

cules in a host during vacuum deposition,

(ii) parametrization of polarizable force
2012 J. M
fields for accurate evaluation of outer-

sphere reorganization energies and

polarization contributions to site energies

(beyond isotropic atomic polarizabilities

used in the Thole model), (iii) develop-

ment of off-lattice kinetic Monte Carlo

algorithms for multiple charge carriers

and explicit treatment of electrostatic

interactions, and (iv) inclusion of excited

states dynamics, which remains by far the

most challenging task.
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