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Abstract

In amorphous organic semiconductor devices, electrons and holes are transported through layers
of small organic molecules or polymers. The overall performance of the device depends both on the
materials and the device configuration. Measuring a single device configuration requires a large effort
of synthesizing the molecules and fabricating the device, rendering the search for promising mate-
rials in the vast molecular space both non-trivial and time-consuming. This effort could be greatly
reduced by computing the device characteristics from first principles. Here we compute transport
characteristics of unipolar single-layer devices of prototypical hole and electron transport materials
respectively N,N’-Di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (a-NPD) and 2,2/,2"--
(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) using a first principles multiscale ap-
proach that requires only the molecular constituents and the device geometry. This approach of gen-
erating a digital twin of the entire device can be extended to multi-layer stacks and enables computer
design of materials and devices to facilitate systematic improvement of organic light-emitting diode

(OLED) devices.

1 Introduction

Modern organic light-emitting diodes (OLEDs)
are composed of multiple thin layers of small or-
ganic molecules, each of which must be carefully
optimized to play its integral role in the device
performance. Holes and electrons are injected into
hole- and electron-transporting layers (HTL and
ETL) directly from the electrode or indirectly via
a doped injection layer and traverse the system in
opposite directions to recombine in one or more
emissive layers. For efficient device operation, it
is crucial that charges are injected and transported
efficiently in both the HTL and ETL, providing
both types of charge carriers to the emissive layer

(EML) at a high and balanced rate.

The injection into the HTL and ETL is governed
by the ionization potential (IP) and electron affin-
ity (EA), respectively, of the molecules in the thin
films with respect to the electrode work function,
as well as the disorder of polaron energy levels
(o). The transport properties are governed by the
charge-carrier mobility, which mainly depends on
o, the electronic couplings and the presence of
deep traps>2. In the case of efficient charge injec-
tion, i. e. with ohmic contacts, the current through
a device will be space-charge limited, the magni-
tude of which depends on the temperature-, field-
and density-dependency of the mobility®*. While
the IP of the ETL and the EA of the HTL are not
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relevant for charge transport to the EML, they are
important for confinement of charges and excitons
inside the EML.

Traditionally, experimental techniques are used
to develop materials with appropriate IP and EA
for optimizing injection and energy-level match-
ing with the EML. While gas-phase IP and EA
of the molecules can be calculated straightfor-
wardly and provide a first hint at their suitabil-
ity, they deviate from the bulk values because of
polarization effects which ultimately require ex-
perimental measurements to obtain reliable val-
ues. Among current methods for measuring IP
and EA of a material are ultraviolet phospho-
rescent spectroscopy (UPS) and low-energy in-
verse photoemission spectroscopy (LEIPS). These
methods account for the influence of the polariz-
able medium, but are limited to typical accuracies
of about 200 meV> and 100 meV® for EA and IP,
respectively. Deviations of this magnitude remain
significant, since the injected current depends ex-
ponentially on the injection barrier”.

Experimentally, the charge-carrier mobility of
an organic film can be extracted from the space-
charge-limited current (SCLC) through a thin
layer with ohmic contacts® or the time-of-flight
(TOF) of induced charge carriers in a micrometer-
thick sample”. In SCLC measurements injecting
contacts have to be carefully optimized to elimi-
nate injection barriers, while TOF measurements
require trap-free and non-dispersive charge trans-
port for a reliable evaluation of the transient mo-
bility.

Each step in the device fabrication — from syn-
thesizing the molecules, depositing pristine layers,
fabricating devices to measuring relevant param-
eters — is both challenging and time-consuming.
Even with all the parameters measured, the exact
behaviour of the OLED is difficult to predict, re-
quiring fabrication of multiple samples with differ-
ent configurations to develop an efficient OLED.
Ab initio multiscale workflows can help screen
molecules and device configurations for the de-
sired properties=> 1L

In prior work, we employed such a multiscale
workflow to investigate charge transport in guest—
host systems'?, performance of model OLED
stacks 134, doped injection layers and photolu-
minescent quenching®. In this work we demon-

strate de novo simulations of two unipolar single-
layer devices featuring ohmic charge injecting
electrodes. To this end, we characterize material
properties of a-NPD and TPBi, two molecules
commonly used as hole- and electron-transport
material in OLEDs, respectively. Based on these
properties, we simulate charge transport in devices
and calculate experimentally validated /-V char-
acteristics. The charge transport model fully ac-
counts for the amorphous structure of the materials
and the many-body interaction of charge carriers
— in contrast to previous works"Z — which can
lead to significant errors in the regime of ohmic in-
jection312. With only the molecular structure and
electrode work functions as input, the final current
density—voltage characteristics show a very good
agreement with experiment. Development of such
a multiscale workflow paves the way for the in-
depth study and computational design of multi-
layer organic semiconductor (OSC) devices like
OLEDs and organic solar cells (OPVs).

2 Experiment
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Figure 1: Single carrier devices investigated here
are composed of o-NPD (left) and TPBi (right).
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Hole-only devices were fabricated by sand-
wiching a thermally evaporated layer of N,N'-Di-
(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-
diamine (o-NPD) (100nm) between a hole-
extracting bottom electrode consisting of poly-
(2,3-dihydro-thieno-1,4-dioxin):poly(styrenesul-
fonate) (PEDOT:PSS)-covered indium-tin oxide
and an ohmic hole-injecting top electrode consist-
ing of a 5nm 4,4’ 4" -tris(N-carbazolyl)-triphenyl-
amine (TCTA) interlayer, a 10nm MoOj layer,
and a 100nm Al layer consecutively evaporated
on top of the a-NPD layer. The TCTA tunnel-
ing interlayer prevents the formation of a hole-
injection barrier, providing ohmic hole injection



from the top electrode. Electron-only devices con-
sist of a thermally evaporated layer of 2,2,2"--
(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimida-
zole) (TPBi) (115nm) sandwiched between an
electron extracting Al (30 nm) bottom electrode
and an electron-injecting Ba(5 nm)/Al(100 nm)
top electrode. The current density—voltage charac-
teristics were measured under N, atmosphere with
a computer-controlled Keithley 2400 source meter
at various temperatures.

3 Multiscale approach
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Figure 2: Multiscale workflow used to bridge
length- and timescales required for the device sim-
ulations. Classical force-fields are parametrized
with the molecular structure using DFTY. DE-
POSIT?Y uses these force-fields to deposit an
amorphous morphology. DFT calculations with
the QuantumPatch“! method provide parameters
for the Marcus Rate. A stochastic expansion
method!#22 generates an amorphous device struc-
ture from the deposited morphology and data from
the QM Analysis. Charge transport in the device is
simulated with a kMC device model’2.

To calculate the current density—voltage char-
acteristics for the different devices, we use the

multiscale workflow depicted in fig. 2| The molec-
ular structure is first optimized with density-
functional theory (DFT) 23l and used to parametrize
a molecule-specific force-field??, which is sub-
sequently used in a Monte-Carlo deposition
scheme?Y mimicking physical vapor deposition
to generate a morphology. IP, EA, reorganization
energy and electronic couplings of the molecules
in their unique environment within the morphol-
ogy are analyzed using DFT in a self-consistent
electrostatic embedding scheme®!. A stochastic
expansion method!1#4% creates device-scale amor-
phous structures from the deposited morpholo-
gies and parameters from the DFT calculations.
Finally, polaron dynamics in the amorphous struc-
ture are modelled with a kinetic Monte-Carlo
(kMC) method!?. All DFT calculations are per-
formed using the DFT package Turbomole“* with
the B3LYP2 functional and def2-SVP2% basis set
unless noted otherwise.

3.1 Material morphology

To obtain representative atomistic models of the
amorphous thin-film for each material, 1000
molecules are deposited using the Monte Carlo
(MC) based DEPOSIT2Y protocol mimicking the
physical vapour deposition process. The molecules
are sequentially added to a simulation box of
80 A x 80 A x 300 A with periodic boundary con-
ditions in x- and y-direction and positions, ori-
entations and dihedral angles are sampled using
a simulated annealing (SA) algorithm. Molecule-
specific intramolecular force-fields are derived by
computing DFT energies of single molecules in
vacuum with step-wise rotated dihedral angles.
Bond distances and angles are kept fixed during
deposition. Intermolecular interactions are mod-
eled using Coulomb potentials based on the com-
puted ESP charges and Lennard-Jones potentials
derived using the DEPOSIT force-field. In each
SA cycle, the molecule samples the morphology
surface starting from an artificially high temper-
ature (4000K) to room temperature (300K) in
150000 MC steps, providing sufficient sampling
for the organic molecules studied here?”. To im-
prove sampling, 32 SA cycles are run in paral-
lel with the final candidate selected based on the

Metropolis-criterion®.



3.2 Electronic properties

In these morphologies IP and EA, reorganization
energies (A;), distribution of HOMO and LUMO
energies as well as electronic couplings (J;) of a
subset of molecules in their unique environment
are calculated using the QuantumPatch®!' method.
The QuantumPatch method self-consistently equi-
librates the charge density of molecules in the
morphology. IP and EA are calculated as the to-
tal energy difference of single molecules in the
charged and uncharged state within the morphol-
ogy. The reorganization energies A; are calculated
based on Nelsen’s four point procedure?”. The
geometry of each molecule is optimized in the
charged and uncharged state with the constraints
imposed by the environment modeled with effec-
tive core potentials at the positions of surrounding
atoms. The conformational response of the envi-
ronment is neglected. The disorder o is calculated
from the distribution of AEgomo/Lumo of neigh-
bouring molecules. Electronic coupling elements
are calculated from the hopping-matrix elements
of dimers for charged—uncharged-pairs following
the Lowdin orthogonalization procedure=3!' us-
ing the BP86°%33 functional®*. For the pair se-
lection, we apply an atom-atom-distance cutoff
of 7A, a value much larger than the typical 71—
m-stacking distance where the electronic coupling
is already insignificantly small (see fig. [SI). Each
calculation is done in the converged electrostatic
environment of the molecules.

3.3 Structure expansion

The device simulations require amorphous struc-
tures much larger than the deposited morphol-
ogy®”. Structures in device scale are generated
from the deposited morphology using an extension
of the dominance competition model of Baumeier
et al.?? presented in prior work!?. The IP and
EA of each site in the resulting amorphous struc-
ture is drawn from the gaussian distribution with
width ¢ and center at the microscopic IPs and
EAs. Electronic coupling elements J;s for each
site i and connected sites f with a pair distance of
ri are drawn from the microscopic distribution of
electronic couplings J' within a small interval dr
around r;r. Connectivity of a given pair is deter-

mined by the probability of a center of mass dis-
tance r;y relating to an atom—atom-distance below
the cutoff in the electronic structure calculation.
Reorganisation energies are taken to be constant.

3.4 Charge transport

Charge transport through the device is simulated
using the kMC model implemented in the light-
forge (LF) package!?. Charge transport is mod-
elled as hopping process between a site i and one
of the connected sites f with the Marcus-rate~°

(A +AEy)’
4AkgT ’
ey
where J is the electronic coupling, A the reorga-
nization energy, T the temperature and AE;; the
energy difference between the charge carrier oc-
cupying site i and site f including energetic dis-
order, applied field and dynamic electrostatic po-
tential from all charges in the system. The elec-
tronic coupling J;; contains both the direct elec-
tronic coupling of sites i and f and the superex-
change coupling via any of the N neighbouring
sites j as bridge molecules using first-order per-
turbation theory
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where J;¢ o is the direct electronic coupling of sites
i and f, Eyjy is the energy of the system in its vir-
tual state with the charge on the bridge molecule j
and E7 the transition state energy 2.

The dynamic electrostatic potential is reeval-
uated after each charge movement by calculat-
ing the electrostatic Ewald Sum*’ including all
charges in the system and an infinite series of im-
age charges due to the metallic boundary condi-
tions at the electrodes.

To account for the ability of the electrodes to dis-
sipate continuous amounts of energies, charge in-
jection and extraction is modelled with the Miller—



Abrahams®® rate

7AEi.
|2 exp <TBT1> , forAE;; >0
otherwise
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with the injection barrier
AE;j = W; — E; — @screen — Qayn — qF -Fij (4

between the electrode j and a site i at distance 7;;
including the difference in work function W; and
site energy E;, electronic screening Qscreen due to
the electrode, dynamic electrostatic potential @gyy,
from other charges in the system and the applied
electric field F'. The barrier at the extracting con-
tact is defined analogously. To account for stochas-
tics in morphology expansion and site-energy dis-
tribution, 10 different configurations are sampled
per applied field. Convergence is reached when the
current density is constant over two thirds of the
simulation.

4 Results

We apply the presented multiscale workflow to
calculate material properties for -NPD and TPBi,
two materials commonly employed in hole or elec-
tron transport layers of modern OLEDs, respec-
tively. Subsequently, we simulate device charac-
teristics of unipolar single-layer devices composed
of these materials at different driving voltages
and temperatures. Both the material properties (ta-
ble[T)) and device characteristics (fig.[d) are in good
agreement with experimental data.

The nearest-neighbour-distributions of extended
structures, depicted in fig. [3] closely match that of
the deposited morphology with a slight trend to
underestimate the distribution at small distances
and overestimate the peaks of the distribution.
These small deviations, however, have only little
impact in the charge transport through the devices.
Figure [] shows the simulated current densities
compared to experimental measurements. With
decreasing voltage the probability for a charge car-
rier to overcome the attractive potential of its im-
age charge decreases, leading to an increasing part
of the simulation time being spent on charge injec-
tion, extraction and hops along the electrode-HTL
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Figure 3: Nearest-neighbour distribution of the de-
posited morphology (blue) and expanded structure
(orange) of a-NPD (top panel) and TPBi (bottom
panel).

interface, requiring a trade-off between level of de-
tail and simulation time. We therefore limit our
simulations to current densities above 100 Am™—2
for -NPD and 10 Am~2 for TPBi. The simulated
current densities agree well with the experimen-
tal current densities over a broad range of voltages
and temperatures. Both devices feature ohmic con-
tacts, even accounting for the differences in built-
in voltages, however, the TPBi device shows lower
current densities at comparable applied voltages
than the o-NPD device, mainly caused by larger
AE;; in the exponent of eq. (]I[) due to the larger
disorder in the TPBi device.

Charge carriers inject from the ohmic contacts,
shifting the vacuum level until the edge of the
transport level aligns with the electrode work func-
tion. The resulting space-charge effectively shields
the interface region from the external electric field,
leading to flat transport levels in the vicinity of
the injecting electrode and in turn amplifying the
external field far away from this electrode. Both
effects are evident in the distribution of site en-
ergies, i.e. IP or EA with the external field ap-



Table 1: Microscopic input parameters for the charge transport simulations of the a-NPD and TPBi device
calculated with the QuantumPatch method!. Namely ionization potential (IP), electron affinity (EA),
disorder (o), reorganization energy (1) and average electronic couplings ((J?r?)) along with references

to literature values where available.

Molecule  IP/eV ~ EA/eV  o/meV A/meV  (J2r2)/eV2A°
o-NPD 5.483941 1.93524l ggd2ddl 216 1.57 x 1073
TPBi 6.7944 2.0744 162 237 2.33x 1073
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Figure 4: Simulated J-V characteristic of a-NPD (left) and TPBi (right) at different operating tempera-
tures compared with experiment. Simulation errors are of the order of symbol size.

plied and the dynamic coulomb potential of the
charges in the system, depicted in the top panel
of fig. [5] The bottom panel of fig. [5| shows the
charge densities in slices of 1 nm in transport di-
rection averaged over the second half of the sim-
ulation. As can be seen, most charge carriers are
situated in the space-charge region or, in the o-
NPD device, next to the extracting electrode. The
exact charge density at the electrodes depends on
the injection barrier, leading to large charge-carrier
densities at the ohmic injecting electrodes, slightly
lower hole-density at the extracting electrode of
the a-NPD device with a small initial barrier of
0.2eV and a negligible electron-density at the ex-
tracting electrode of the TPBi device with a large
initial barrier of 1.7 eV. Small features in the aver-
age charge densities far away from the electrodes
are caused by shallow traps leading to longer oc-
cupation times. Due to the larger disorder, traps
are more likely to occur in the TPBi device, result-
ing in stronger fluctuations of the average charge
density in the bulk of this device than in the o-

NPD device. In the simulations, the probability of
a charge carrier escaping the space-charge region
is small, with the subsequent propagation through
the bulk of the device being fast compared to the
escape time. The exact ratio determines the cur-
rent density J and depends on the applied voltage
V and charge-carrier mobility in the device u, re-
covering the Mott—-Gurney equation® J ~ uV? in
the space-charge limited regime.

5 Conclusion

We presented a multiscale workflow to determine
both material properties and the charge transport
characteristics in single-carrier devices made from
these materials without experimental input. In this
approach we start from the generation of mor-
phologies based on molecular mechanics calcula-
tions2Y, which are then analyzed with electronic
structure calculations using a quantum embedding
method?!. These data are then transferred via an
extension scheme to kinetic Monte Carlo simu-
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Figure 5: Insight into the ot-NPD (left) and TPBi (right) devices with a Voltage of 2.5V and 8 V applied
respectively. Top panels: Energy diagram depicting each site energy including applied field and dynamic
coulomb potential of all charges in the system averaged over 1000 kMC steps. Outliers are artifacts when
sites are partially occupied during the short averaging window. Bottom panels: Charge density in slices of
I nm in transport direction averaged over half of the simulation.

lations to compute the /-V characteristics. This
approach shows good agreement to experimen-
tal data for single-carrier devices comprising o-
NPD and TPBi, two prototypical materials in hole
and electron transport materials, respectively. This
demonstrates that a multiscale approach is now ca-
pable to characterize complex electronic devices
de novo without experimental input. This multi-
scale workflow can be easily extended to model
multi-layer devices enabling in-depth studies of
multi-layer devices like OLEDs and OPVs!314,
The bottleneck here is solely the computational
cost of the kMC calculations, which are presently
improved in other work.

Broadening the emission zones can reduce ex-
citon quenching processes, which are among the
prime reasons for OLED degradation>>. The width
of the emission zone depends on the penetration
depth of charge carriers into the emissive layer.
An excess of electrons or holes leads to excess ex-
citon formation close to the HTL— or ETL-EML
interface respectively. Tuning the transport prop-

erties of both HTL and ETL to increase carrier-
balance in the EML can thus increase both effi-
ciency and lifetime of OLED devices>>. The de-
veloped workflow enables future studies to inves-
tigate transport properties in detail and thus aid in
optimizing OLED devices.
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