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Molecular orientation in vapor-deposited organic semiconductor films is known to improve the optical

and electrical efficiencies of organic light-emitting diodes, but atomistic understanding is still

incomplete. In this study, using all-atom simulation of vapor deposition, we theoretically investigate how

the molecular orientation depends on various factors such as the substrate temperature, molecular

shape, and material composition. The simulation results are in good agreement with experiment,

indicating that the all-atom simulation can predict the molecular orientation reliably. From the detailed

analysis of the dynamics of molecules, we suggest that the kinetics of molecules near the surface mainly

determines the orientation of the deposited film. In addition, the oriented films have higher density and

thermal stability than randomly oriented films. We also show that higher mobility of laterally oriented

films can be explained in terms of the site-energy correlation.

Introduction

Organic semiconductors have advantages over inorganic semi-
conductors in cost, flexibility, weight, and efficiency. Owing to
these merits, organic semiconductors are currently empowering
several high-performing electronic and energy devices, such as
organic light-emitting diodes (OLEDs),1–5 organic photovoltaics,6–8

and organic thin-film transistors.9,10 In particular, OLEDs have
entered the mainstream market for full-color displays and lighting
applications.

Despite successful commercialization, the lifetime, particularly
for blue emission, is still a major weakness of OLEDs. This in turn
elevated the importance of emission efficiency because it helps
lower the power consumption and extend the device lifespan. As
such, recently, the fact that the molecular orientation can improve
the efficiency of OLEDs is receiving much attention;11–14 in the
past, the molecular orientation in vapor-deposited amorphous
films was assumed to be random and isotropic.11 However, recent

studies indicated that rod-like15–17 or heteroleptic18 molecules tend
to lie parallel to the substrate in vapor-deposited amorphous films.
(In the crystalline structure, both horizontal and vertical orientations
were reported.19) Such horizontal orientations can be beneficial to
the device performance. For example, a phosphorescent OLED
could exceed the theoretical quantum-efficiency limit of isotropic
molecules by preferentially orienting phosphorescent dyes.12 It
was also found that the horizontal orientation improves the out-
coupling efficiency12 and carrier mobility.20 Furthermore, vapor-
deposited films showed exceptional thermal stability comparable
to glasses aged over thousands of years,21–23 implying a prolonged
lifetime.

To fully exploit the molecular orientation for improving
device efficiency, it is important to understand the atomistic
mechanism of the molecular orientation and predict its effect
on device properties such as charge transport and thermal
stability. There are several factors that are known to correlate
with the molecular orientation like the molecular shape,11

substrate temperature (Tsub),11,22 and material composition in
host–dopant systems.24–26 Explanations at the molecular level
were also proposed; in ref. 12, preferred orientation was
explained in terms of the supramolecule made of host and
dopant molecules. In the case of heteroleptic molecules, it was
suggested that the alignment of aliphatic ligands at the vacuum–
organic interface leads to the horizontal orientation.27 However,
the full understanding of molecular orientation would ultimately
require consideration of the deposition process. In this respect,
computer simulation of the deposition process would be a useful
vehicle that can fully enlighten the microscopic origin of the
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preferred orientation. Recently, there have been simulations with
such motivations,22,28–30 which examined the effects of Tsub and
deposition rate on the molecular orientation. They attributed the
formation of the orientation to the liquid-like property near the
surface. However, ref. 22 and 28 employed coarse-grained or
simplified models which lack electrostatic interactions, and also
did not examine shape-dependent preferred orientations. The
process-dependent film orientation was studied in ref. 29 but
the organic molecule in the simulation is rather simple compared
to actual molecules in OLEDs. In ref. 30, molecular dynamics
simulations of layer-by-layer deposition of TPD molecules were
performed and it was found that lateral molecular orientation was
preferred, which explained the measured anisotropy in thermal
conductivity. However, the influence of substrate temperature on
the molecular orientation was not examined.

In this study, using all-atom molecular dynamics simulation
of vapor-deposition processes, we theoretically analyze the effects
of Tsub, molecular shape, and host molecules on the molecular
orientation in the deposited film. We show that the simulation
results agree well with previous experimental studies, and that
our model can reliably predict the process-dependent orientation
of actual molecules. We explain in detail the effects of molecular
shape and material composition on the molecular orientation.
We also assess the thermal stability of the films and analyze the
site-energy distribution.

Method

All molecular dynamics simulations are performed by using the
LAMMPS code.31 Organic molecules are described within the
all-atom-optimized-potential-for-liquid-simulations (OPLS-AA)
force field,32,33 whose functional form has been widely used
in OLED simulations.34 We used custom-fitted force field
parameters for a-NPD and default parameters for other molecules.
The detailed information of the force field parameters and their
validation is given in the ESI.† To examine the dependence of
orientation on the molecular shape, we selected four different
molecules as shown in Fig. 1 that are widely used as hole-transport
layers in OLEDs:35–37 4,40-bis(N-carbazolyl)-stilbene (BCS), 4,40-
bis(N-carbazolyl)-1,10-biphenyl (CBP), N,N0-diphenyl-N,N0-bis(1-
naphthyl)-1,10-biphenyl-4,40-diamine (a-NPD) and 4,40-bis[(N-
carbazole)styryl]-biphenyl (BSB-Cz). These molecules are similar
in structure but differ in length and shape, which would help
identify the relation between molecular shape and preferred
orientation. To be specific, while BCS, CBP, and a-NPD are
similar in length, a-NPD is less planar and bulkier than other
molecules since naphthyl and phenyl side groups can rotate
separately. BCS is slightly longer than CBP, and BSB-Cz is much
longer than other molecules. As reference data, the glass-
transition temperatures (Tg’s) are estimated from melt-
quench simulations using 300 molecules and a cooling rate of
0.033 K ps�1. Tg is estimated from the change of thermal
expansion coefficients. For the detailed method, we refer to
the ESI† (see Fig. S1). The deposition process is simulated in the
NVT ensemble using a Nosé–Hoover thermostat and a time step

of 1 fs. C60 in the face-centered cubic structure is used as a
substrate with the surface direction of (100) and the two bottom
layers are fixed during the deposition process (see Fig. 2). One
may use graphene or Au substrates that are flatter and have
stronger interactions with organic molecules than the C60 substrate.
However, we found that the substrate has little influence on the
results except for the interface region (see below) and chose the C60

substrate since it is often used in organic electronic devices. To
avoid self-interaction caused by periodic boundary conditions, the x
and y dimensions of the substrate are set to be longer than three
times the molecular length (5.6 nm for BCS, CBP and a-NPD, and
8.4 nm for BSB-Cz).

The deposition simulations are performed at different Tsub’s
ranging from 300 to 600 K. During the deposition process, a
molecule enters the simulation box every 250 ps. This corre-
sponds to the deposition rate of B1 m s�1, which is much faster
than typical experimental conditions (B1 nm s�1). This implies
that the present simulation allows much less time for molecular
diffusion compared to experiment. To compensate this time-
scale gap partly, we accelerate the dynamics of molecules by

Fig. 1 Organic molecules used in the simulation.

Fig. 2 Snapshot of deposition simulation of CBP molecules. Molecules
are colored randomly for visual clarity. The simulation conditions are shown
on the right.
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maintaining the temperature of the last deposited molecule
above the computed Tg. The deposition stops when the film
thickness exceeds 10 nm. The molecular orientation with respect
to the deposition rate was studied in ref. 28 using a coarse-
grained model. It was shown that the faster deposition rate is
effectively equivalent to lowering the substrate temperature,
which is also confirmed in the present study (see below).

After deposition, the film is allowed to cool down to 300 K at
a cooling rate of 0.033 K ps�1 and equilibrated for 4 ns. To allow
the deposited film to shrink laterally (thermal contraction), the
cooling and equilibration simulations are carried out in the
NPT ensemble. We remove C60 layers except two layers during
the cooling process. Since the thickness of organic layers
(B12 nm) is 7–8 times larger than that of the C60 substrate
(1.5 nm), the stress is dominantly affected by organic films
rather than the substrate.

The molecular orientation of the film is quantified by the
orientational order parameter S that is defined as follows:

S ¼
3 cos2 y
� �

� 1

2
(1)

where the angled bracket means the ensemble average, and y
indicates the angle between the direction of the transition
dipole moment of the molecule (approximated as the N–N
direction along the molecular axis) and the substrate normal.
If molecules are perfectly vertical to the substrate, S = 1; if every
molecule is horizontal to the substrate, S = �0.5; for randomly
oriented films, S = 0. The S value of the deposited film is
obtained by averaging over the bulk region, excluding inter-
facial and surface layers. More than 300 molecules are involved
when computing averaged properties of the bulk region (see
Fig. S2, ESI† for the z-dependent S factor).

The site energy (Esite
i ) for holes is evaluated as the sum of the

ionization potential (IP) of a gas molecule, conformational
energy difference, and electrostatic and polarization energy in
a perturbative manner:

Esite
i = IPgas + DEconf

i + Pi, (2)

where DEconf
i and Pi are the conformational energy difference

and the electrostatic and polarization energy of molecule i,
respectively. The conformational energy difference in eqn (2) is
neglected as it is small compared to other terms (see ESI†). The
electrostatic and polarization energies are calculated by using
AMOEBA polarizable force fields (PFF)38–40 that are implemented
in the TINKER molecular modeling package.41 The AMOEBA
polarizable force field describes both electrostatic interaction
and polarization effects. Electrostatic interactions are described
by atomic charges, dipoles, and quadrupoles located at the atom
center. The polarization effect is described by induced dipoles at
each atom center. The dipoles are induced via atomic polariz-
ability based on Thole’s damped interaction method. For details,
refer to ref. 40. PFF parameter sets are obtained as follows: first,
charge densities of neutral and charged molecules are evaluated
using DFT calculations with NWChem.42 Then, atom-centered
point charges, dipoles, and quadrupoles are computed from
the charge densities by distributed multipole analysis.43

With these parameters, electrostatic and polarization energies
are evaluated as

Pi = (Ec
solid � En

solid) � (Ec
gas � En

gas), (3)

where E is the total energy with superscripts and subscripts
indicating the charge state (c: charged, n: neutral) and the
molecular phase, respectively. The energies are evaluated on
the structures obtained from the deposition simulations. (The
C60 substrate is removed.) We employ the Ewald summation to
include possible long-range effects originating from molecular
orientation. To reduce artefacts from periodically charged excitation,
the system is replicated in xy directions, and extended in the z
direction to increase the vacuum length. More details of Ewald
summation are provided in ESI.† The energies in the gas phase are
evaluated within the same periodic system with only molecule i
remaining. The model presented in this paper is a microelectro-
static model44,45 that includes long-range Coulomb interactions. In
contrast to the method of Poelking,46 which describes aperiodic
excitation in the periodic background, the present method assumes
periodic excitation. To minimize artefacts from this, we extended
the system dimension, thereby approximately describing aperiodic
excitation. The present approach has a higher computational cost as
it calculates interactions that will cancel out eventually, but it
has an advantage that it is compatible with most molecular
dynamics packages.

Results and discussion
Glass transition temperature

The simulated Tg (Tg,sim) is listed in Table 1. The available
experimental values are also provided for comparison. It is seen
that Tg,sim is larger than Tg by 100–120 K (see DTg). This is
because of much faster cooling rate in the simulation than for
actual experiment (0.033 K ps�1 versus B1 K min�1). According
to the Williams–Landel–Ferry equation,47 Tg depends on the
cooling rate logarithmically, and can increase by up to B10 K
when the cooling rate increases by an order.

Molecular orientation

Fig. 3a shows the S values of the four molecules as a function of
Tsub. The distribution of S along the z direction indicates that S
converges to the bulk value at B3 nm (6 nm for BSB-Cz) above
the interface at which data in Fig. 3a are obtained (see Fig. S2,
ESI†). Fig. 3a shows that the characteristic Tsub-dependence of
the orientation is observed universally, i.e., at low temperatures
molecules tend to align laterally while they exhibit random
orientation at elevated temperatures. It is also seen that longer

Table 1 Glass transition temperatures of BCS, CBP, a-NPD and BSB-Cz.
DTg is the discrepancy between simulated Tg (Tg,sim) and experimental Tg

Molecule Tg,sim (K) Tg (K) DTg (K)

BCS 447 — —
CBP 459 33548 124
a-NPD 473 36222 111
BSB-Cz 497 38920 108
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or more planar molecules have a stronger tendency to be
oriented. For example, BSB-Cz, which is the longest, shows
the largest variation in the S value.

In comparison, we also plot in Fig. 3a the experimental data
on TPD, NPB, and DSA-Ph from ref. 22 with thick lines. NPB
and a-NPD are the same molecule while TPD (DSA-Ph) may well
correspond to CBP (BSB-Cz) in terms of the molecular length
and shape. The experimental data are shifted for the best
match with simulation data. (DT = 150, 145, and 210 K for
TPD, NPB, and DSA-Ph, respectively.) It is noticeable that the
dependence of S on Tsub is well reproduced for BSB-Cz and CBP
except for rigid temperature shifts. This confirms that increasing
the deposition rate is equivalent to decreasing Tsub (see above). In
particular, small, positive S factors before fully randomized are
also reproduced. An explanation on this was given in ref. 22 and
will also be discussed below.

In Fig. 3a, the agreement with experiment is rather poor for
a-NPD. This is due to more three-dimensional geometry of
a-NPD, which hinders surface diffusion of molecules. Since
naphthyl and phenyl groups of a-NPD can rotate separately and
are out of plane with the long molecular axis, a-NPD molecules
are easy to be entangled with each other. (We refer to Fig. 2 in
ref. 11 for the three-dimensional conformations of CBP and
a-NPD.) The slower diffusion results in rough surfaces because

of the fast deposition rate. The rough surface in turn tends to
increase the S value, because molecules are deposited on the
surface with more upright positions. As a result, the variation of
S is rather suppressed for a-NPD in the present simulation.
Such effects of rough surfaces also appear at low Tsub for other
molecules (not shown).

Fig. 3b shows the S values of four target molecules when Tsub

is normalized by Tg. (For BCS with no extant experiment, we use
333 K by subtracting the average DTg from Tg,sim.) The universal
feature suggested in experiment is also confirmed in the
present simulation;22 in the experiment, the peak is located
around Tsub/Tg = 0.9 regardless of the molecule type while S
peaks at B1.4 in Fig. 3b. The peak position of Tsub/Tg may shift
from the experimental value due to the huge gap in the
deposition rate.

The comparison with other experiments is also favorable.
For instance, S values of a-NPD, CBP, BCS, and BSB-Cz were
reported to be �0.0111 (�0.2049),�0.07,11 �0.17,11 and�0.33,11

respectively. The substrate temperatures were not specified in
these references but if we sample S values at 420 K (room
temperature +120 K), they are estimated to be �0.12, �0.20,
�0.25, and �0.42 for the same order of molecules, respectively.
Considering experimental and theoretical uncertainties, these
agreements are reasonable. Therefore, it is concluded that the
all-atom simulation can predict the S values reliably.

In order to understand the atomistic mechanism of preferred
orientation, we closely monitored the orientational variation
during the deposition and deduced a schematic picture as
illustrated in Fig. 4a–d, which is consistent with the mechanism
presented in ref. 28. The shaded (green) regions are where
molecules can move or rotate freely. At low temperatures, the
mobile region is limited to the surface but it gradually expands
into the bulk at elevated temperatures (see Fig. S8, ESI†). Fig. 4e
shows inherent structure energies and S values in the surface
and bulk regions for CBP with respect to Tsub. The inherent
structure and inherent structure energy are widely used to
describe the potential energy landscape of glass.50 The inherent
structure is the one at the local minimum of potential energy
(the inherent structure energy). It is obtained by simply relaxing
the whole structure at 0 K.

We recall that the surface energy is minimum when molecules
are vertically aligned such that the molecular edges are fully
exposed to the surface. At low temperatures (Fig. 4a), surface
molecules lie horizontally despite higher surface energy (Fig. 4e).
This is because deposited molecules cannot rotate due to the thin
mobile layer. As the thickness of the surface region increases,
surface molecules gradually reorient to reduce the surface energy as
in Fig. 4b–d. Consistently, the surface energy in Fig. 4e decreases.

When Tsub o Tg, molecules barely move in the bulk region.
Therefore, the orientation at the surface region dictates the
orientation of the film. This accounts for the behavior of S of
CBP in Fig. 3a up to 500 K. It also explains a slightly positive
value at Tsub = 465 K at which a slight vertical alignment at the
surface is maintained during deposition. On the other hand, for
Tsub 4 Tg, molecules are highly mobile in the bulk region and they
are randomly oriented as in supercooled liquids (see Fig. 4d).

Fig. 3 (a) Orientational order parameter S vs. substrate temperature of
BCS, CBP, a-NPD, and BSB-Cz. Thick lines indicate experimental values22

of TPD (blue), a-NPD (green) and DSA-Ph (orange). The experimental data
are shifted for the best match with simulation data. (b) Orientational order
parameter S versus substrate temperature (Tsub) normalized by Tg.
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Longer or more planar molecules have higher interaction
energies among themselves, and hence stronger propensity to
be aligned. That explains why long molecules are oriented more
easily. The same argument can be applied to heteroleptic
molecules; the heteroleptic molecules at the surface tend to
align its aliphatic ligands to reduce its energy.27 The orientation is
frozen as it is buried by other molecules and becomes immobile.

To investigate the influence of substrates on the preferred
orientation, we compare the molecular orientation of the film
deposited on C60 and Au substrates. Due to the strong van der
Waals interaction with the substrate, the horizontally oriented
interface region is thicker in the Au substrate. However, the
order parameter S converges quickly to the bulk value when the
film thickness is larger than B4 nm (see Fig. S9, ESI†).

Thermal stability

The thermal stability of deposited films is an important issue as
it is closely related to device lifetime.51 The thermal stability of
the film can be assessed by the onset temperature (Tonset)
at which the thin film starts to melt. Starting from room
temperature, we gradually heat the deposited film with a
heating rate of 0.05 K ps�1. In Fig. 5a, the Tonset is estimated
for CBP films by extrapolating the temperature-dependent
volume change (see the dashed lines). It is seen that the
laterally oriented films deposited at lower Tsub have higher
Tonset, indicating that the oriented films have higher thermal

stability than random structures. The inset shows Tonset for
various Tsub, which agrees well with experiment.22 This is also
consistent with Fig. 4e showing that the bulk energy is lower for
molecules deposited at lower temperatures.

Fig. 5b compares the densities of organic films deposited at
different Tsub. The density is estimated within the bulk part of
the deposited film, excluding interfacial and surface regions. It
is seen that the density decreases monotonically with Tsub,
meaning that the oriented films are denser in structure. This is
because more compact structures can be obtained by stacking
molecules laterally.

In passing, we note that the lateral stacking may not be the
unique reason for the higher thermal stability in vapor-deposited
films. For instance, isotropic Lennard-Jones particles52 and
metallic alloys53 also formed vapor-deposited glasses that are
far more stable than melt-quenched ones. In these systems,
stable glasses were formed because under-coordinated surface
molecules could find stable configuration more easily than in the
bulk through fast surface diffusion.54,55

Host–dopant system

In experiment on host–dopant systems, the orientation of dopant
molecules was influenced by host molecules.24–26 To investigate
this, we carry out deposition simulations of the CBP/BSB-Cz
mixed system at 450 K. When Tsub = 450 K, the CBP film has
an S value close to zero, whereas the BSB-Cz film has an S value of
–0.4. A set of simulations is performed at the composition ratio of
1 : 9, 2 : 8, 8 : 2, and 9 : 1 (CBP : BSB-Cz). Fig. 6 shows the orientation

Fig. 4 (a–d) Schematic diagram of CBP films in the vicinity of the surface
deposited at (a) 350 K, (b) 400 K, (c) 450 K and (d) 500 K. The green
shadows indicate the diffusion region and the area above the dashed line
indicates the surface region. (e) The inherent structure energy per molecule
of the CBP films relative to the inherent structure energy of a molecule in
vacuum. Numbers on the data points are S values of the corresponding region.

Fig. 5 (a) Change of specific volume during a heating simulation. The
inset shows the onset temperature (Tonset) of CBP films vs. the substrate
temperature. (b) The density of the films vs. the substrate temperature.
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of CBP and BSB-Cz molecules with respect to the compositional
ratio. It is noticeable that the orientation of dopant molecules
becomes closer to that of host molecules. For example, in a CBP
dopant/BSB-Cz host system (see the right dashed ellipsoid), CBP
molecules are more horizontally oriented than in the pure
CBP film, while the orientation of BSB-Cz molecules is not
affected by the dopant. Reversely, in the BSB-Cz dopant/CBP
host system (see the left dashed ellipsoid), BSB-Cz molecules are
more randomly oriented than in the pure BSB-Cz, while the
orientation of CBP molecules remained to be random. These
observations are because the dynamics of dopant molecules is
affected by host molecules. For example, the motions of CBP
dopant molecules in BSB-Cz are significantly hindered as
BSB-Cz molecules barely move at the temperature as shown in
Fig. S10 (ESI†). The simulation results are in good agreement
with the previous experimental studies.24,26

Site energy distribution

It was reported that the mobility of the horizontally oriented
film is more than two times higher than that of the randomly
oriented film.20 The higher mobility of oriented films was
attributed to lower energetic disorder and higher transfer
integrals.29 To estimate the influence of molecular orientation
on charge transport, we examine the distribution of site energies
of CBP films. The site energies are calculated in consideration of
the electrostatic and polarization energy of the neighbouring
molecules as explained in the Method section. In Fig. 7a, we
compare the site energy distributions over the bulk region of the
horizontally oriented film and the randomly oriented film. While
the mean value is slightly lower for the structure deposited at
550 K, the standard deviation (s), which is a measure of disorder,
is almost the same within the error range. Therefore, the degree
of energetic disorder is similar between the two films, which is
consistent with ref. 29. Next, we calculate the spatial auto-
correlation function C(r) of site energies which expresses the
correlation of site energies between two sites at distance r, as
defined below:

CðrÞ ¼ ðE � mÞðEr � mÞh i
s2

; (4)

where m and s are the mean and standard deviation of site
energies, and E and Er are the energies of two sites separated by
distance r. The calculated C(r) is shown in Fig. 7b. It is seen that
C(r) of the randomly oriented film (Tsub = 550 K) is almost the
same as that of the melt-quenched sample. However, the
horizontally oriented film (Tsub = 400 K) shows a higher spatial
correlation than the film with random orientation. This means
that energy levels of neighbouring hopping sites are similar to
each other, which may result in higher mobility. This correlation
seems to originate from short-range interactions rather than
long-range ones because site energies computed without long-
range effects (cluster model) produced similar C(r) (not shown).

Conclusions

In summary, we carried out the all-atom simulation of vapor
deposition and investigated how the molecular orientation
varies with respect to various factors such as the substrate
temperature, molecular shape, and compositional ratio. The
simulation results were in good agreement with experiment,
confirming many key features in experiment. We showed that
the molecular orientation has characteristic dependence on
Tsub, and molecular shape or host molecules affect the degree
of orientation. Through the analysis of inherent structure
energy and the kinetic behaviour, we confirmed the mechanism
by which the kinetically determined orientation of surface

Fig. 6 Orientation order parameter S vs. the ratio of BSB-Cz in a CBP/
BSB-Cz mixed system. Insets show the schematic configuration of the
mixed films of CBP (short and red) and BSB-Cz (long and blue).

Fig. 7 (a) Site energy distributions, and (b) spatial autocorrelation function
(C(r)) for the horizontally (Tsub = 400 K) or randomly (Tsub = 550 K) oriented
CBP films. For comparison, C(r) for the melt-quenched CBP film is also
presented in (b). Site energy distribution and spatial autocorrelation are
evaluated in the bulk region of the film.
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molecules dictates the S factor in the bulk region. The higher
thermal stability of oriented films was demonstrated by calculating
onset temperatures. The higher spatial correlation in site energies
may contribute to the enhanced electrical conductivity of oriented
films. In conclusion, we believe that the all-atom simulation is a
powerful method to theoretically predict the preferred orientations
of amorphous organic films.
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