Simulating the growth of amorphous organic thin films
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ABSTRACT

Physical vapor deposition is used widely to produce organic electronics devices, in particular for OLEDs in
smartphones, TVs and other display applications. Despite its long history, recent years have seen a number of
surprising observations, such as deposition-induced emitter orientation and built-in electrostatic potentials in
thin organic films. Modeling the details of these effects is complicated by the long time scales involved in the
underlying processes. In this paper, we compare two different modeling approaches, which both aim to simulate
the physical vapor deposition (PVD) process for small organic molecules. We compare a molecular dynamics
approach, based on a classical bead-spring force field and time integration, with a Metropolis Monte Carlo
approach, where the intramolecular degrees are limited to the torsional rotations. To analyze the resulting
structures, we calculate the density and radial distribution functions (RDF) of all films. We observe a good
agreement for the RDFs, but an approximately 10% higher density for the films generated by the molecular
dynamics approach. Additionally, we investigate the anisotropic nature of such morphologies by calculating the
ordinary and extra-ordinary refractive index for each material. Finally, we calculate electron and hole mobilities

with an Kinetic Monte Carlo protocol.

1. Introduction

Since discovery of the first organic light emitting diode (OLED) in
1987 [1], OLED technology has made its way into everyday life through
smartphones, TVs, and wearable devices. In an OLED display, all pixels
can be turned on or off independently of each other, which enables a
theoretically perfect contrast ratio. Due to this self-emitting nature,
OLED displays can be built much thinner than a conventional LCD
display which usually consists of a backlight with several polarization
and filter layers on top. The mechanical flexibility achieved through this
thin design also enables foldable or rollable displays which already
entered the consumer market. In contrast to the initial two-layer device
demonstrated by Tang et al. modern OLED stacks consist of many
different layers which, for example, in the case of an emissive layer, are
often a mixture of two to three different organic materials [2]. The
extreme thin film thickness, in the order of 10-100 nm of OLED displays
is achieved by physical vapor deposition (PVD) or solution processing
techniques, usually resulting in an amorphous thin film of the organic
material. Crucial device properties like charge carrier mobility or
photon outcoupling efficiency are directly related to the disorder and
orientation of molecules in the amorphous film.

* Corresponding author.

Recently, many interesting effects have been observed that directly
relate to the thin film deposition process. Thin organic films generated
by PVD show a horizontal molecular orientation with respect to the
deposition direction, which manifests itself in an anisotropic refractive
index [3,4]. The degree of orientation anisotropy is linked to the
deposition process and can be tuned by manipulating the substrate
temperature [5,6,7]. Besides this thermal manipulation, adjusting the
deposition rate in specific patterns also influences the molecular orien-
tation which directly affects device parameters like light emission effi-
ciency, chromaticity coordinate, and turn on voltage [8].

Many of these observations are difficult to explain on the basis of
experimental data alone, because in-situ and/or in-operando observa-
tion of the film is difficult. Development of realistic modeling techniques
to describe the growth of an organic thin film morphology can help
ameliorate this situation. Such techniques could also be helpful in device
modeling [9,10]. Here we present two different modeling approaches
which aim to simulate the physical vapor deposition of small organic
molecules. In the first approach, we use a Monte-Carlo protocol [11]
where each molecule is frozen after deposition, which results in a near
perfect linear scaling of the calculation time with respect to the system
size. In the second approach, we use molecular dynamics simulations,
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where all atoms move in every time step. The latter approach permits —
in principle — the treatment of collective effects during the deposition
process at the cost of higher computational effort.

To evaluate both methods, we generate structures for four small
organic molecules (see Fig. 1): 2,9-Dimethyl-4,7-diphenyl-1,10-phenan-
throline (BCP) and 4,7-Diphenyl-1,10-phenanthroline (BPhen), which
are commonly used in the electron transport or hole blocking layer of an
OLED as well as N,N’-Di(1naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4'-
diamine (NPB) and 4,4'-Bis(N-carbazolyl)1,1’-biphenyl (CBP), which
serve as hole transport and host material respectively. After the depo-
sition simulation we compare the simulated densities to previously
measured values from Xiang et al. [12] We also calculate the radial
distribution functions and the ordinary and extra-ordinary refractive
indices. Finally, we evaluate how the generated structures affect the
field dependent electron and hole mobility using an ab-initio multiscale
model [13,14,15,16].

2. Deposition simulation
2.1. Monte Carlo approach

To model the PVD process we use an improved version of the DE-
POSIT deposition protocol published by Neumann et al., in 2013 [11]. In
this protocol, the deposition is performed for one molecule at a time,
enabling a linear scaling of the computation time with respect to system
size. However, since collective effects are completely neglected, e.g.,
crystallization, this method is only applicable to amorphous organic
semiconductors and its restrictions may even impact the film
morphology there. The total energy of the deposited molecule consists of
an intermolecular and intramolecular contribution. The intermolecular
part comprises the Van-der-Waals attraction and Pauli repulsion repre-
sented by a Lennard-Jones term Epj, as well as the electrostatic inter-
action between partial charges represented by a Coulomb term Egs. In
the DEPOSIT approach, changes of bond lengths and bond angles are
neglected, because they change little for stiff organic molecules, only
torsional rotations around dihedral angles, represented by Epy, are
considered:

Ew  ELy+ Egs + Epn (1

To reduce the computational effort, a grid wise interpolation is used
to calculate the intermolecular contributions in every MC step. The
electrostatic grid is simply the electrostatic potential created by all
previously deposited molecules. The Lennard-Jones contribution con-
sists of a separate grid for every Lennard-Jones parameter combination
existing in the current simulation. To parameterize these interactions,
we chose the partial charges and Lennard-Jones parameters from the
GROMOS 54A7 force field [17,18,19], since this was the force field used
in the MD simulations later on. The forcefields for the internal torsional
rotations are extracted from the relevant dihedral terms of the GROMOS
forcefield.

The deposition cycle for a single molecule is illustrated in Fig. 2 (a).
The deposition is split into several independent simulated annealing
(SA) cycles, which run in parallel. During each SA-cycle, a previously
specified number of Monte Carlo (MC) steps is performed. In each MC
step, a random move (translation, rotation or rotation of dihedral an-
gles) is performed and the total energy evaluated. Every move is either
accepted or rejected based on the Metropolis-Monte-Carlo criterion
[20]. During the SA-Cycle, the simulation temperature starts at a high
value Thigh ~4000K for the first step and gets gradually adjusted to the
final value Tiow, 300K:

Tow %
T T (’—) ®)

Thigh

Where n is the current step and N is the total number of MC steps per
deposition cycle. After every SA-cycle has finished, the deposited
molecule is chosen by looping through the final energies and accepting
them based on the Metropolis criterium at temperature Tioy. After
deposition of one molecule, the electrostatic and Lennard Jones grids are
updated by adding the contributions of the molecule to the previous grid
and the next deposition cycle starts.

2.2. Molecular dynamics approach

In the Molecular Dynamics (MD) approach, we tried to replicate the
MC deposition protocol as best as possible, while also including collec-
tive movements and more flexible molecules. We use a deposition
scheme similar to the one used by Dalal et al. [5]. In their approach they
used a coarse-grained model of 6 Lennard-Jones spheres to represent the

Fig. 1. Chemical structures of 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), N,N’-Di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB), 4,7-
Diphenyl-1,10phenanthroline (BPhen) and 4,4’-Bis(N-carbazolyl)-1,1’-biphenyl (CBP).
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Fig. 2. Workflow Diagrams for the Monte Carlo approach (a) and the Molecular Dynamics approach (b). Snapshots from the deposition simulation (c): The
simulation starts with a C60 substrate onto which molecules are being deposited. In the MD case previously deposited molecules can move during the whole

simulation, in the MC case molecules are frozen in place after deposition.

organic hole transport material TPD (N,N’-Bis-(3-methylphenyl)-N,
N’diphenylbenzidin). Combined with their deposition scheme, they
were able to reproduce the thermal dependency of molecular orientation
during the PVD process. In contrast to this we use the all atom GROMOS
[17,18,19] force field to describe the molecular interactions in our
study, but keep the general deposition scheme, which is illustrated in
Fig. 2 (b). Newly inserted molecules are initialized with a velocity of
0.005 Afs~! towards the substrate surface. Similar studies have been
performed by Zannoni et al. where they simulated film growth of the
well-known organic semiconductor Pentacene [21,22].

We use a simulation box with two-dimensional periodic boundary

conditions in the film plane and harmonic wall potentials in the third
dimension to prevent atoms from leaving the simulation. After the
deposition, we equilibrated the final structure at 300 K for 20 ps fol-
lowed by a cooling down to 0.1 K for 400 ps, during which the center of
mass of every molecule was kept fixed, ensuring that the density and
packing does not change as a result of the cooling process. This reduces
fluctuations of bond lengths and bond angles in the final snapshot,
which is necessary since the subsequent DFT calculations on our struc-
ture would be heavily influenced from out of equilibrium bonds. This
also makes the final structures more comparable to the MC approach,
where bond lengths and bond angles are fixed by default. To preserve



the packing of our molecules and the density of our film, we keep the
center of mass of each molecule fixed during the cooling process. All MD
simulations were performed with the LAMMPS package, which is
available on http://lammps.sandia.gov [23].

2.3. Simulation parameters

To quantitatively analyze both simulation methods, we create 10
independent thin films of the following materials: BCP, BPhen, NPB and
CBP. In both methods, our systems obey 2D-periodic boundary condi-
tions in x and y direction with a box size of 10 by 10 nm. The box was
limited to 20 nm in z-direction in both approaches. For the long-range
electrostatic interactions in the MD simulation, the particle-particle
particle-mesh method (PPPM) is used, which is implemented in
LAMMPS. It requires 3D periodic boundary conditions; therefore the
implementation adds an implicit vacuum slab in z-direction to reduce
the interaction with images in this dimension. In our case, an additional
20 nm of vacuum have been added. To obtain equal initial conditions,
we prepare a thin film of approximately two monolayers of Cgo, which
serves as substrate for each sample. For the MC deposition, we use
200000 steps and 30 simulated annealing cycles per molecule, with
Thigh 4000K and Tiowy ~ 300K. The higher temperature is chosen to
enable the currently deposited molecule to overcome energy barriers
more easily during the beginning of the deposition. In the MD approach,
we use 2000 steps of initial equilibration followed by 10000 steps of
simulated annealing per deposition cycle. We keep all bonds involving
hydrogen atoms fixed during the simulation, thus enabling a timestep At
of 2 fs. In both methods, the number of deposited molecules is chosen in
a way that we fill a 10 x 10 x 10 nm® box with a density of approxi-
mately 1 g/cm®. All MD input files were generated with the Automated
Topology Builder [24].

3. Results
3.1. Density

The density was calculated for slices of increasing thickness h around
the center of the morphology. The calculated density quickly converges

to a constant regime with increasing values of h and falls of when the
slice reaches the edges of the simulation box in z direction. The final
density is defined as the average density in the constant regime. The so
calculated densities are shown in Fig. 3. The results for the MD part are
overall in better agreement with the experimental values. The density of
the MC films is underestimated for all materials with respect to the
experimental results as well as the MD results. In general, the total
density of a film depends on (a) the local packing of molecules mostly
given by the molecular size and flexibility and (b) long range packing
achieved by collective movements during the deposition. The underes-
timation of the MC densities can be linked to both contributions: (a) The
rigidity of the dihedral fragments effectively limits the local packing
compared to MD, where two molecules can bend “around” each other
more freely (see Fig. 4). (b) Due to the frozen substrate approximation,
collective movements are completely prohibited.

3.2. Radial distribution function

To further analyze the local packing we calculate the radial distri-
bution function (RDF) g(7) for all materials: For every simulated
morphology we choose molecules from a slab of height 2 nm around the
center of the morphology. For each molecule in the slab, we calculate
the center of mass distances to all other molecules inside a 2.5 nm cutoff.
With this we ensure that no edge effects, due to the vacuum and sub-
strate boundaries in z-direction, influence the result. The RDF is then
calculated with the histogram entry H(r) at distance r, the number of
samples N, the volume of each distance bin V (r) and the number density
of the film py:

H(r)

g(r) m

3

The final RDF shown in Fig. 5 is obtained by taking the average of all
10 structures per molecule and method. For all molecules, we observe a
constant value of 1 for distances greater than approximately 15 A, which
confirms the amorphous nature of the generated films. For CBP and NPB
the minimum distance is about 1 A smaller in MD than in MG, in contrast
to BCP and BPhen where no difference is observed. This can be
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Fig. 3. Densities of BCP, NPB, BPhen and CBP. In green are the measured values by Xiang et al. [12], in orange the values from the MD approach and in blue the
values obtained by the MC protocol. Each simulated value is a mean value of 10 independent simulations, the standard deviation was below 0.003 g/cm®. The
experimental uncertainty is 0.01 g/cm?>. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Minimal center of mass distance snapshots for NPB (a) and (b) as well as BCP (c) and (d). The bending of the molecular axis through the biphenyl core of NPB
and phenanthroline core of BCP is highlighted in red. The flexible core of NPB enables a better local packing in the MD approach vs. the MC approach, while for BCP
no difference is observed. The same behavior can be observed for CBP and BPhen, pictures of this can be found in the SI. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

attributed to the fact that the rigid fragment approximation is a better fit
for the stiff phenanthroline core of BCP and BPhen than for the biphenyl
core of NPB and CBP (see Fig. 4). Comparing the overall shape of the
RDF, we observe a peak at 5 A for the MC structures of BCP and BPhen,
which is much less prominent in the MD morphology of BCP. This peak
could be an indicator that there is a higher ordering in the MC structure
of BCP compared to the MD structure, which is further investigated in
the following sections.

3.3. Orientation of dihedral fragments

To further analyze the ordering in our simulated morphologies, we
look at the orientation of the dihedral fragments with respect to the
growth direction (z-axis). For this we define a fragment plane as the
plane with minimal distance to all atoms in the specific fragment. We
chose cos? 0, as and order parameter where 6, is the angle between the
plane normal and the z-axis. The orientation histograms of the phe-
nanthrolin core of BCP and the core phenyl rings of NPB are depicted in
Fig. 6, the histograms for the other dihedral fragments and materials can
be found in the SI.

We observe a clear difference between MC and MD structures when
looking at the orientation of these core fragments. The MD protocol
shows a nearly isotropic orientation of the dihedral fragments for all
materials, with a slightly anisotropic orientation of the core fragments
towards lying flat on the surface, which is strongest for CBP. In the MC
case the anisotropy of the core fragments is much larger for CBP, BPhen
and BCP. For NPB both methods differ only slightly, but also towards

favoring a flatter orientation in case of the MC structures. For the outer
fragments the ordering is close to isotropic and both methods differ only
slightly. These results a suggest that especially the BPhen and BCP films
are packed qualitatively different in both methods.

3.4. Refractive indices

Besides their amorphous nature, thin films generated by PVD often
show anisotropic behavior in the growth direction z compared to
isotropic behavior in the x-y-plane. This can manifest itself in measur-
able quantities like the giant surface potential [26,27], orientation of
emitter molecules [28,29] or birefringence [4,3,30]. These effects are all
linked to a preferred geometric orientation of the molecular structure.
To further quantify this different ordering in our films, we calculate the
ordinary and extra-ordinary refractive indices for our simulated struc-
tures and compare them to values obtained by ellipsometry measure-
ments [25]. In these measurements only CBP shows birefringence.

To calculate the refractive index n we use the well-known Clausius-
Mossotti equation,

e 1 Na
e 2 3g

4

which connects the macroscopic relative permittivity to the microscopic
molecular polarization a and the number density N of the molecules.
Technically this equation is only valid in the case of an isotropically
polarizable molecule, however it has been shown that the same form of
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equation can be used for the ordinary and extraordinary part under the
condition that the polarizability a is not taken from a single molecule but
a spherical cutout of the material, which “is sufficiently large, so that the
material contained in it may be considered from a macroscopic point of
view” [31]:
e 1 a

= ()

Here u denotes the principal axis of the polarizability and a is the
radius of the sphere. Notice that equation (5) is in the cgs unit system.

The number of atoms inside this spherical region quickly grows to
several thousands, making the calculation of the dynamic polarizability
computationally unfeasible, with methods like DFT. We therefor use a
Thole approach with the IM-SQRT model and parameters derived by
Ref. [32] to calculate the polarizability of a sphere with 3 nm radius
taken from our simulated films. We then define the ordinary polariz-
ability as a, % and the extra-ordinary polarizability as aeo .
The final refractive indices are given by the square root of the relative
permittivities, calculated by equation (5). To exclude the influence of
the different simulated densities on the absolute values of the refractive
the ordinary and extra-ordinary refractive indices are shown in Table 1,
where every value is a mean value over the 10 independent simulation
runs per material and method with a statistical uncertainty of 0.01. The
lower absolute values in the simulation compared to the experiment, can
most likely be contributed to the inaccuracy of using the Thole model,
which already underestimates the polarizability compared to DFT cal-
culations for a single molecule (see SI). Because of this we rather
compare the difference An between ordinary and extra-ordinary
refractive index, which is a better measure for the anisotropy of the

index, we correct the volume a® with the factor The final results for

generated structure. In the MD approach only a slight anisotropy of An
0.02 is observed for BCP, BPhen and NPB, while a bigger anisotropy of

An  0.06 is observed for CBP. Compared to experiment, An is strongly

overestimated for all films generated by the MC approach.

Primarily the anisotropy of the refractive index should stem from an
anisotropy of the orientation of the molecules in the film. To this end we
have computed the orientations of the molecular fragments with respect
to the normal of the film. For NPB (bottom part of Fig. 6) we find
reasonable agreement between the orientation in MD and MC, but the
anisotropy of the refractive index differs by a factor of three. On the
other hand, for BCP, we observe a massive difference between the ori-
entations of the core fragment (but not for the outer phenyl rings, see SI),
which results an An which is five times as high. This indicates that the
method to calculate the refractive index is very sensitive to small dif-
ferences of the molecular orientations but saturates quickly at higher
anisotropies.

The non-zero anisotropy for BCP, BPhen and NPB compared to the
experimental data could be explained by two factors: 1. Due to the short
simulation time per deposition cycle in MD, the molecules might be
buried by other molecules before reaching a perfect isotropic orienta-
tion. 2. The real anisotropy might be too small to resolve experimentally
(for example in Ref. [25] no material has a measured An < 0.03),
because the experimental value is the result of a complex fit. Overall the
trend of the MD structures fits the experimentally observed behaviour
better, than the results obtained by the MC structures. When comparing
to the fragment orientations, one can clearly see a correlation between
an preferred orientation of the core fragments and the anisotropy of the
refractive index.
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Table 1

Ordinary n, and extra-ordinary ne, refractive index at 550 nm and their difference An = n,

obtained by ellipsometry measurements [25].

neo for both simulation approaches as well as experimental values

Molecule MC MD Experiment

no neo An Nno neo An no neo An
BCP 1.66 1.56 0.10 1.62 1.60 0.02 1.71 1.71 0.00
NPB 1.70 1.64 0.06 1.68 1.66 0.02 1.87 1.87 0.00
BPhen 1.72 1.60 0.12 1.68 1.66 0.02 1.73 1.73 0.00
CBP 1.72 1.58 0.14 1.68 1.62 0.06 1.80 1.74 0.06

3.5. Charge transport properties

Next we want to investigate how the observed morphological dif-
ferences influence change transport simulations using an established
workflow [33]. First we use the QuantumPatch (QP) method [34] to
calculate the energy disorder ¢ and electronic couplings J, two factors
determining transport properties in bulk OSC. ¢ is a measure for the
width of HOMO and LUMO energy distributions, which we calculate
from the AEnomo,Lumo of 200 core molecules in the center of the film in
the polarization environment of their neighbors with the QP approach
using the B3LYP functional and a def2-SVP basis. For the electronic
couplings, we calculate the hopping-matrix elements for dimers of
charged-uncharged-pairs of 150 core molecules and their neighbors
with an atom-atom-cutoff of 7 A following the Lowdin orthogonalization
procedure [35] using the BP86 functional and a def2-SVP basis. Reor-
ganization energies J; are calculated based on Nelsen’s four point pro-
cedure [36] for 11 arbitrary molecules in their unique environment. The

geometry of charged and uncharged molecules is optimized with con-
straints by surrounding molecules imposed by effective core potentials
(ECP) at the position of neighboring atoms.

Changes in reorganization energy are small in different deposition
schemes compared to changes in disorder, therefore identical 4; are used
for both simulations of each material. The values for 4; were: The results
of the QP calculations can be found in Table 2, each ¢ value is the mean
value of five independent samples.

We then simulated charge transport in these structures with the ki-
netic Monte-Carlo (kMC) charge transport protocol lightforge [37]. The
atomistic morphologies and electronic properties are stochastically
expanded into 40 nm x 40 nm x 40 nm structures [37] with periodic
boundary conditions in x-, y- and z-direction. 20 charge carriers are
initially placed into the system, resulting in a charge density of approx.
3.125 x 1073 per site. Charge carrier movement is modelled using the
Marcus rate [38].



Table 2

Results of the mobility calculations: intrinsic disorder o;, total disorder ¢ and
intermolecular hopping-matrix elements < J%? >. For the electron transport
materials BPhen and BCP all values correspond to the LUMO levels, for the hole
transport materials NPB and CBP to the HOMO levels.

Molecule MC MD
o o <Jr > o c < J¥ >
[meV] [meV] [eV? A?] [meV] [meV] [eV2 A?]
BCP 402+ 115+ 2.16e-03 455+ 97+ 2.41e-03
2.4 5.0 2.0 5.4
NPB 79.6+ 108 & 2.09e-03 749+ 110+ 4.48e-03
3.7 5.4 4.7 6.0
BPhen 301+ 1224+ 2.76e-03 426+ 108+ 3.60e-03
1.9 8.2 2.5 7.0
CBP 151+ 90+ 5.74e-03 267+ 88+ 6.42¢-03
0.6 2.8 2.3 6.4
2
2, 2 1 (#aey)
ki |y e T ()
) VarksT

with 1 and Jis the reorganization energy and transfer integrals computed
above, T the temperature (300 K) and AE; the energy difference between
this charge occupying site i and site f due to the energy disorder of the
amorphous system, the applied field and the dynamic electrostatic po-
tential of all other charges in the system. Coulomb interactions are
treated explicitly with the nearest periodic copy of all other charge
carriers in the system. To account for stochastics in morphology
expansion and site-energy distribution, we sample and average over 10
disorder configurations per applied field. Convergence is reached if the
current density is constant over two thirds of the simulation. The charge
carrier mobility is calculated from the average drift-velocity of each
charge carrier and applied field F as p 7 The resulting field depen-
dent mobilities are plotted in Fig. 7. For BCP and BPhen the electron
mobilities were calculating based on the LUMO values from Table 2, and
for CBP and NPB the hole mobilities based on the HOMO values

respectively. First, we observe the correct order-of-magnitude of the
mobility data for all materials except BPhen on the basis of the MC
morphologies [39,40,41,42]. The mobility of organic semiconductors
scales as

p~exp( C(Bo)?. @

Where f is the inverse temperature and o is the width of the disorder
distribution [43,44,45]. We note that functional dependence on o is
extremely strong. Also in eq. (6) the Marcus rate scales exponentially
with the square of the site energy difference and only quadratically with
the electronic coupling J. We see from Table 2 2 that the mean value of
the hopping-matrix elements < J%? > (where r is the distance between
two pairs, see Ref. [46]) varies not significantly between the MC and MD
morphologies, which is expected on the basis of the distribution func-
tions. ¢ is around 100 meV for all materials, with the highest predicted
valued occurring with 122 meV for BPhen and the MC morphology. This
deviation is the reason why the method predicts a mobility that is too
low. Also for the MD morphologies, the mobility results are in good
agreement with experiment with the exception of BCP. For NPB the o of
the MD structures is slightly higher than for the MC structures which is
outweighed by the much higher hopping matrix elements, resulting in
an nearly identical mobility curve. For CBP the ¢ value is slightly lower
for the MD structures, which combined with the higher hopping-matrix
elements, results in a higher mobility.

To good approximation, the total disorder is given by

& o +o, ®
where ¢ is the intrinsic disorder stemming from the distortion of the
molecules upon deposition and ap2 is the disorder stemming from the
polarization effects. It is surprising that the latter depend on the
morphology and we speculate that this is related to the relative orien-
tation of the molecules. For BPhen, the 6;? from MC is much smaller than
that of MD, i.e. the “error” stems from the polarization part. For NPB the
same is true. Therefore, we can conclude that for the mobility
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Fig. 7. Field dependent electron mobilities for BCP and BPhen and hole mobilities for CBP and NPB calculated by the KMC approach. Experimental values taken from
Ref. [39] (BCP) [40], (BPhen) [41], (CBP) and [42] (NPB). Simulation errors are of the order of the symbol size.



contributions that explicitly relate to the morphology, both methods
appear to generate adequate morphologies, but the more isotropic ori-
entations of the MD films seem to induce a smaller o, resulting in an
overall lower mobility.

4. Conclusion

The fabrication of thin organic films via physical vapor deposition is
the de facto industry standard in the production process of OLED dis-
plays. Critical device properties like outcoupling efficiency and mobility
can be directly linked to the microscopic morphology. Therefore, it is
important to develop accurate, yet computationally affordable proced-
ures to model the deposition process. Collective effects may play a role
at the surface of the film, but may also lead to negligible conformational
changes deep in the bulk, due to the glassy nature of the material. In this
work, we compared two different modeling approaches. We can show a
good agreement for the density of the films generated by a molecular
dynamics based approach compared to experimental results, while the
films deposited with a Monte Carlo method show about 10% lower
densities. To quantify the anisotropy, we calculated the ordinary and
extraordinary refractive index in a Clausius-Mossotti-like approach. The
difference of ordinary and extra-ordinary refractive index is over-
estimated in the Monte Carlo film compared to the molecular dynamics
films and the experimental results. This is especially evident for BPhen
and BCP where the Monte Carlo based structures show a strong anisot-
ropy both in the calculated refractive index, as well as the orientation of
their phenanthroline core, while the Molecular Dynamics based films
are nearly isotropic in both cases, which is in line with experimentally
available data of the refractive indices. Finally, we calculate the electron
and hole mobility with our Kinetic Monte Carlo workflow and find that
the fundamentally different geometric ordering of BCP and BPhen in-
fluences the electronic disorder ¢ and with that the final charge carrier
mobility. We conclude that while the approximations made in the Monte
Carlo approach can be reasonable for molecules like NPB, the full Mo-
lecular Dynamics approach is necessary to reproduce the isotropic
ordering of BCP and BPhen. Overall both methods result in morphol-
ogies that can be used to predict the correct order-of-magnitude of the
field dependent carrier mobility. Furthermore, we observe that the po-
larization part of the total disorder o, seems to be influenced by the
orientation of molecules in the film. These results underline both the
importance of (a) the prediction of the correct organic film structure on a
molecular level and (b) the treatment of polarization effects for further
charge transport calculations.
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