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We provide a short review of the status of using atomic- or molecular-scale simulations to look at
the phenomena associated with growing thin films of small organic semiconductor materials, such
as surface diffusion, thin film growth, Ehrlich—Schwoebel step-edge barrier, etc. We offer a summary
of the advantages and limitations of existing computational tools (Molecular Dynamics, kinetic
Monte Carlo, ab initio methods, etc.) and hint at method development that may help to deepen our
understanding of “functional ”-materials. We provide a deeper focus on computational, as well
as related experimental, studies of fundamental questions related to the thin-film growth of a
representative member of this class of materials, pentacene, on a variety of substrates from insulating
oxides to metals, and show results for some other organic semiconductor members of the class,

wherever possible.

1. Introduction and Scope of the Review

1.1. Current State of the Art. As this special issue attests,
there has been a growing interest, over the past few decades,
in the study of “small molecule” organic semiconductors
(defined, as is typical, to mean molecular weights MW <
1000), to differentiate from research into polymeric semi-
conductors. This is mainly due to the promise these materi-
als offer in several commercial arenas, including large area,
mechanically flexible electronic devices (field-effect transis-
tors, sensors, light-emitting diodes, etc.) and in components
of photovoltaic solar cells. Using small organic semicon-
ducting molecules has several key advantages: They are
compatible with flexible substrates and they offer the in-
herent manipulability of organic molecules to be synthesized
to a custom structure or desired properties (for example, to
favorably align ionization potential and electron affinity).
As a result of this intense study, the electrical performance of
such molecules in thin-film applications such as transistors' ~’
and LEDs* ' is sufficiently attractive to be in use in com-
mercial flexible displays, and is under investigation as a
component in photovoltaic cells.'*!?

There are a large variety of small organic semiconduct-
ing molecules that could be considered as candidates for
the thin films that drive these applications, and many of
them are under current investigation. Typical candidates
cover the acenes, thiophenes, phenyls, perylene deriva-
tives, and many others. These molecules share an impor-
tant structure-directing characteristic, namely a highly
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anisotropic intermolecular interaction: if two molecules
are considered in isolation, the most energetically favored
configuration occurs in a configuration that is essentially
a cofacial arrangement with a small amount of lateral and
horizontal offsets. The magnitude of acene—acene inter-
actions, for instance, is relatively weak, on the order of a
few tenths of an eV (i.e., ~1—2 kcals), while exhibiting
almost no interactions in any other configuration. These
weak interactions are often referred to by an “umbrella”
term as “m-electron” overlap, but in fact involve contri-
butions from a variety of interactions including inter-
face dipoles, dispersion, and the term implied by van der
Waals forces. See for example, electronic structure calcu-
lations by Sherrill and co-workers for acene n-mers that
investigate such contributions.'>!'* This class of semicon-
ducting molecules maximizes the net individual intermo-
lecular interactions with their neighbors such that this
generally results in the formation of a “herringbone”
pattern in a variety of crystalline phases (polymorphs).
Satisfying these anisotropic molecule—molecule interac-
tions largely drives the self-assembly process during thin
film construction. Control over the stacking can be driven
further by appropriate and clever changes in the chemical
constituency of the molecules to defeat the prevalence of
the herringbone structure common to many of the mole-
cules listed above, and create a so-called two-dimensional
“m-stacked” material in which the semiconducting small
organic molecules stack like bricks in a wall. John
Anthony’s creative (“ball and stick™) organic chemistry
synthesis of a family of silylethynyl-substituted acenes
(that are more soluble and stable in solution than the
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parent acene) is an exemplar of what can be achieved in
this regard (see refs 15 and 16 for reviews). We will
consider some of the more well studied systems below,
confining ourselves to reviewing organic thin film sys-
tems, and not considering blends with polymers (such as
poly(3-hexylthiophene), better known as P3HT) to keep
the scope of this short review to a manageable length.

The low-temperature processing dictated by the use of
these temperature-sensitive materials has the effect of
allowing a lot of different substrates to be considered as
the supporting layer for these systems. Thus, the choice of
substrate is an additional consideration to the choice
of molecules for the semiconducting thin film itself. It
became apparent quite early on that it was the balance
of the interactions between the semiconducting thin
film and the underlying substrate in comparison to the
strength of the interaction between the thin-film mole-
cules themselves that would play a crucial role in deter-
mining the structure of the adsorbed thin film. The thin-
film structure is frequently characterized using the degree
of order that can be achieved in the thin film. Indeed,
structural order is widely used as the key measure for
ascertaining the likely charge carrier mobility of the film;
it is assumed that the higher the degree of crystalline
order, the higher the mobility of the material. At room
temperature, charge carriers are mainly localized on
individual molecules, making “hopping” the predominant
mechanism of charge transport. Charge carrier mobilities
around 1—2 cm? V™' s ! are considered a desirable bench-
mark target (being close to that for amorphous silicon) and
this has been achieved for small organic molecules such as
pentacene.

In fact, order is a good metric to use to correlate with
mobility, although there have been assertions that crystal-
line order is not essential for high charge-carrier mobility.
For instance, studies by Hanna and co-workers offer
smectic liquid crystalline phases (of materials such as
oligothiophenes and hexabenzocoronenes) as an alterna-
tive to thin films of organic semiconductors.!”'® Their
advantage is their self-assembling and self-annealing
characteristics that give rise to larger domains with-
out charge-trapping grain boundaries. Again, the more
ordered the smectic phase, the higher the mobility; typical
mobilities approach 1 x 1072 cm/V s. Molecular Dynamics
simulations coupled to Monte Carlo simulations of
metal-free phthalocyanines'® 2" show the potential for
molecular-scale simulation to model charge-transport
properties of these liquid-crystalline systems and predict
the nature of defects that can arise and modify the
mobility.

It is clear from recent calculations®* that the minimum
requirement for high mobility is the presence of a per-
colating path by which electrons and holes can be trans-
ported through the material. Thermally induced disorder
will certainly mean that the resultant mobility will be
affected by the material’s ability to find percolating paths
for charge transport, as discussed for instance in ref 20.
The ability to find optimal percolation paths is dependent
on the field, as discussed in ref 21. The use of percolation
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theory to describe the mobility of relatively ordered small
organic semiconducting molecules®*** is less common
than for polymer blend semiconductor systems where
crystallinity is frequently lower and amorphous polymers
are not uncommon.>* 2° The interested reader is pointed
toward other reviews that pursue this line of enquiry; see,
for example, a review by Moliton and Hiornes*’ and a
recent book on conducting polymers by Inzelt.?®

Beyond the choice of organic semiconductor thin film
and the underlying substrate, the processing method used
to create the thin films, e.g., by deposition, introduces new
variables (like substrate temperature, deposition rate/
flux, angle of the incident beam, energy of the incident
beam, etc.) that can be used to control the crystallinity of
the thin film. Solution processing allows other variables
to be considered and manipulated, from choice of solvent
to temperature, concentration, etc.

The prevalent focus, especially from commercial endeav-
ors, on using electrical performance as the, often singular,
figure of merit for organic TFTs has not, in general, been
matched by an equivalent activity to understand the
fundamental “design rules” that govern the production
of good quality thin films. Nor are we as a community at
the point where we have established fundamentals-based
links between processing variables (and/or approaches)
and resultant thin-film morphology and properties. The
situation has not been assisted by the fact that the large
body of knowledge of the growth of inorganic thin films is
not directly transferable to organics: The anisotropic
intermolecular interactions that characterize small mole-
cule organic semiconductors create a very different “phase
space” to explore than we understand for inorganic
semiconductors such as Si and Ge. And the almost infinite
number of candidate molecules (achievable by modifying
the chemical composition of organic molecules) offers a
dauntingly large “playing field.” These physicochemical
differences are compounded by the fact that even small
changes in deposition conditions, or postdeposition an-
nealing, can have a very strong affect on the final mor-
phology and topology of the deposited film, driven by the
weak intermolecular driving forces.?®>°

1.2. Role of Molecular Simulation Computational Studies.
The nanometer scale of organic semiconductor devices
and the computation tractability of many candidate
organic molecules makes a computational investigation
of thin-film growth and morphology highly attractive
and, by and large, computationally viable. In principle,
molecular simulation can provide unparalleled insight
into the molecular mechanisms that govern these pro-
cesses, often in ways that experiment cannot emulate.
This is especially true for small and/or rare structural
defects or unexpected molecular-scale mechanisms that
cannot be imaged experimentally, and for investigations
of buried interfaces that are difficult to even image
experimentally. Although it is common for atomic-scale
simulation to be used to explain experimentally observed
phenomena, molecular simulation can play a potentially
more important, and certainly more interesting, role to
predict the outcome of processing at conditions as yet
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unexplored by experiments. For example, simulation
can be used as a means to predict promising processing
conditions and hence narrow the unmanageably large
parameter space that experiments might otherwise have
to explore. Second, simulation can be used to design, de
novo, small organic molecules or self-assembled mono-
layer molecules that would provide better structural and
electronic properties than the ones that are currently
available. Finally, while simulation can be used to emu-
late the results of a chosen thin-film/substrate combina-
tion at routinely used experimental conditions, this is clearly
not the best use of this still time-intensive approach. Thus
a worthy ultimate goal of computational work in this area
should be, we suggest, to understand the underlying
design rules that relate molecular characteristics (shape,
flexibility, chemical composition, binding energy to a
given surface, energy levels, etc.) to predict the viability
of a selected (but as yet unexplored) thin-film/substrate
combination for a preselected morphology or electrical
properties. The long-range goal of molecular simulation
should be to lay the framework for understanding phe-
nomena like thin-film growth in terms of readily available
physicochemical properties to such an extent that further
in-depth molecular simulation study is unnecessary; in
essence, the goal of these simulation studies should be to
do itself out of a job!

1.3. Scope of the Review. Any review of the computa-
tional efforts to understand and, in the future, control
thin-film growth to achieve desired attributes of a material
potentially covers a dauntingly large scope. A review can
consider the broad range of candidate molecules under
investigation, or confine itself to a study of selected pro-
perties, or of a particular computational approach. We
have taken the tack not to confine this review solely to
computational studies, partly because the context of what
is known experimentally would thus be lost, and partly
because computational efforts are dispersed and less
prevalent. Hence the review below will attempt to high-
light computational work but put it in the context of
complementary experimental studies. To make the scope
of this review more tractable, we choose to consider only
the behavior of thin films of small organic semiconducting
molecules (no polymer blends) on a variety of substrates,
and restrict our consideration of thin-film technique
to vapor deposition techniques, ignoring solution-based
processing in order to keep the focus of the review within
our limited expertise. The computational approaches that
we are considering to fall within the purview of this review
are limited to what might called “small-scale” simulation,
meaning any computational approach that considers the
thin-film system at the mesoscopic or molecular scale, or
smaller. Thus we include computational studies using
methods such as Molecular Dynamics, Kinetic Monte
Carlo, and energy minimization techniques as well as
electronic structure calculations. But we choose to largely
ignore charge transport calculations, many of which rely
on a foundation using Marcus theory, despite the cen-
trality of needing a link between the calculation of
charge mobilities once we know the molecular structure.
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This is done so that we may focus on understanding the
largely unexplored linkage between thin-film structure
and processing conditions. Readers can receive a good
introduction to the theory of charge transport in organic
semiconductor molecules in the review article by da Silva
Filho et al.*® the 2007 book Organic Field-Effect Transis-
tors by Bao and Locklin’ and in the article by Coropceanu
etal?’

The goals of this review are thus, first, to provide a
perhaps eclectic review of existing molecular simulation,
and some related experimental studies, of the nature of
thin films of some representative small organic semi-
conductor molecules. Second, we seek to offer readers,
especially nonspecialists in the simulation field, a brief
introduction to the range of molecular simulation tech-
niques that might gainfully be employed for studies of
organic semiconducting thin films, and outline their
relative merits and limitations. We provide a fairly in-depth
review of the state of computational, and related experi-
mental studies, of thin-film deposition for the most well-
studied representative molecular system, pentacene. Then,
rather than provide a catalog of studies for different mole-
cules, we will change to a more global view of properties
and phenomena (e.g., surface diffusion, crystal structure,
etc.) that are important in our understanding of the
growth of organic thin films. Finally, we hope to step
back at the conclusion of this paper and provide a “50 000
foot” view of the current state of computational studies of
these fascinating systems and offer some suggestions for
avenues of study at the intersection of computation and
experimentation that could be beneficial to the community.

2. Molecular Simulation Methods for Thin-Film Growth
and Surface Science

If we examine the molecular modeling “toolkit™ that
currently exists to simulate thin-film growth and, more
generally, to study the nature of thin films on a dissimilar
substrate, there are a variety of suitable methods at our
fingertips. However, each is accompanied by strengths
and limitations that, in practice, suggest to us that it is
rarely the best choice to use one method to the exclusion
of others. These methods are best used in conjunction
with one another if a comprehensive understanding of the
materials system is to be elucidated. “Small scale” com-
putational approaches can be delineated in terms of their
accessible length and time scales. They range from elec-
tronic structure calculations that take into account the
positions of electrons within a small system that is modeled
extremely accurately, to molecular simulations in which
every atom in the molecule is explicitly modeled, and
the system is allowed to evolve in time and space using
Molecular Dynamics, to mesoscale, more coarse-grained,
kinetic Monte Carlo methods where molecular detail is
replaced by a representation that views the systems as a
catalog of possible “events” (and associated rates) that
describe the evolution of a larger system in time and
space. As a rule of thumb, the more accurate the level of
representation of the molecular system, the more intense



Review

the computational effort, leading to compromises in
system size and the length and time scales that can be
covered. We now provide some background for each of
these approaches.

2.1. Electronic Structure Calculations. In an ideal
world in which computing resources were infinite in
extent, speed, and availability, we would almost certainly
choose to model thin-film growth of small organic semi-
conducting molecules using “electronic structure” calcu-
lations, as they provide accurate structural information,
access to electronic properties, and information about
reaction pathways that we might most want to elucidate.
Unfortunately, this is not the situation we face and
electronic structure calculations are still limited to some
degree by the computational intensity that they entail.
The term “electronic structure” code covers many differ-
ent methods, each with their own protagonists and devel-
opers. We take no stance on the relative merit of these
methods except to make “broad brush” delineations be-
tween methods that might be helpful to the inexperienced
reader. Readers are directed to some recent reviews®’ > for
more details on electronic structure methods.

In cases where the highest accuracy is needed, or for
which electronic properties are sought, it is inevitable to
recommend use of ab initio, or “electronic structure,”
methods such as Hartree—Fock (HF)-based or Density
Functional Theory (DFT) methods; these methods are
introduced briefly below. However, despite advances in
computer processor speed, fully ab initio computations
remain sufficiently onerous that it is typical to consider
only a small number of atoms (or electrons in the system).
This is typically on the order of 100 to perhaps several
hundred atoms on a serial multicore processor. Early
versions of plane wave-based electronic structure codes
involved the diagonalization of large Hermitian matrices
that scaled poorly, often with the cube (or worse) of
the number of basis functions. However, in recent
times, parallel versions of commonly used codes like the
“Vienna code” (VASP)* and Gaussian,*' and the many
other electronic structure codes, have made studies of
perhaps 1000 or so electrons accessible; see ref 42 for a
recent review.

Ab initio methods offer the important advantage that
they require little or no empirical data and involve far
less parametrization than semiempirical models (isolated
largely to the parametrization of some functionals, like
the commonly used B3LYP as just one example). Indeed,
the use of approximate ab initio methods such as ortho-
gonal tight-binding in which the eigenstates are expanded
in orthogonal basis set of localized atomic-like wave func-
tions, is less common because the speed of modern
computing processors has increased sufficiently to allow
full ab initio calculations of electronic properties of large
enough system sizes for which tight-binding used to offer
the only practical solution. Such tight-binding calcula-
tions involved fitting a large number of parameters each
time a new species was considered (often close to a
hundred for transition metals). The parameters were
typically fitted to ab initio calculations. In addition, the
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way that tight-binding methods handle charged species is
rather opaque. There are, however, many variations on
the theme of “tight-binding” and the more recent concept
of “self-consistent charge density-functional tight-binding”
(SCC-DFTB)* is gaining popularity for their faster
computations than DFT in applications like biomole-
cules* or other systems whose size strains the ability of
DFT to represent (see, for example, ref 45 for studies of nano-
rods and ref 46 for charge transport in organic molecules). In
DFTB, a self-consistent redistribution of charges is imple-
mented within a two-center nonorthogonal tight binding
theory, using the approach of a second-order expansion of
the Kohn—Sham total energy (DFT) functional.

All of the calculations involve a certain degree of
approximation in solving the Schrodinger equation,
HWY = EW. Electronic structure calculations can, roughly
speaking, be divided into wave function-based methods
that relate the ground-state wave function to the ground-
state total energy, and those that rely on Density Func-
tionals to relate the electron density to the total energy.
Traditionally, independent electron Hartree—Fock-based
methods approximate the solution to the Schrodinger
equation by a Slater determinant of molecular orbitals.
This “mean-field” method includes so-called “statistical”
electron correlations and ignores “dynamic” correlations.
In contrast to DFT functionals, wave function-based
methods such as the so-called “Moller—-Plesset” pertur-
bation theory methods*’ (of which MP2 is perhaps the
best known) include electron correlations to the Hartree—
Fock method to second or higher order. These correc-
tions are primarily responsible for the large computa-
tional time as the Hartree—Fock calculation itself is
relatively simple.

Density functional theory (DFT) is the most prevalent
approach to calculating the ground state electronic prop-
erties of materials. Its basis rests on the Kohn—Hohenberg
theorem that the ground-state energy from the Schrodinger
equation is an exact functional of the electron density and
a second theorem that the electron density that minimizes
the energy of the overall functional is a true descriptor of
the density resulting from the solution of the Schrodinger
equation. DFT uses the Kohn—Sham equation®® to de-
scribe the Schrodinger equation for a set of noninteract-
ing particles (usually electrons) that generates the same
density as the true system of interacting particles. How-
ever, the exact form of the energy density functional
is unknown and has to be approximated. This can be
accomplished in many ways, of which the local density
approximation (LDA) is a common strategy. In DFT, an
initial density is guessed (usually by a superposition of the
free-atom densities), the total energy of the system is
calculated from the respective density functionals and
the Kohn—Sham Hamiltonian is set up. Diagonalization
of this Hamiltonian provides a set of molecular orbitals
(and orbital energies). A new density is then derived from
the lowest energy occupied orbitals and the process is
repeated until self-consistency is achieved.

The explosion in choices of electronic structure, quan-
tum chemical techniques over the past two decades has
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created a large number of wave function approximations
as well as functionals to describe the electron correlation
and exchange part of the Kohn—Sham equations.*” An
example of the former (wave function approximations) is
the MP2 approach®®>* (mentioned above), well-used
examples of the latter (exchange-correlation functionals)
include the hybrid functional “Becke, three-parameter,
Lee—Yang—Parr,” more commonly known as B3LYP,>* >’
the Perdew, Burke, and Ernzerhof pure functionals
PBE*® and PBE0,” and many others. It is difficult to
know a priori which functional to use to calculate a
chosen property for a given molecule and in a given
environment (proximity to a surface, say). In practice, it
is best to repeat the calculations using several functionals
to determine the sensitivity of the results to such a change
in mode. All three of these factors (property, molecule,
environment) can affect this sensitivity. If the results show
considerable differences, then a more careful analysis of
the results has to be undertaken. If experimental data are
available for comparison, it is tempting to choose the
functional that most closely matches experiment, but this
is both unsatisfying and can be misleading if the match is
coincidental. It is worth taking the time to understand the
origin of the functional and the set of experimental data to
which its parameters were fitted.

Thus, ab initio methods give us, in principle, a very high
accuracy in terms of predicting many key structural and
energetic properties of materials. However, there are some
limitations of these methods, e.g., the well-established
fact that DFT methods (using a local density approxima-
tion or generalized gradient approximation approaches)
invariably underestimate the band gap for both inorganic
and organic materials. For example, see the recent work
by Tsetseris and Pantelides® showing the band gap of
pentacene to be around 1 eV, whereas the experimental
value is 2.2 ¢V.®! Thus, DFT-derived band gaps are best
used to show trends rather than provide a reliable esti-
mate, or readers might consider using a more accurate
approach such as the GW perturbative method, cogni-
zant of the fact that such methods impose an additional
considerable computational effort over DFT methods;
see review in ref 62.

For organic semiconductors, the most important lim-
itation of the approximate functionals used in DFT and
some other electronic structure methods is the neglect of,
or inability to accurately represent, weak van der Waals
(or London dispersive) forces that are important for this
class of materials. These forces are not typically well
handled by conventional hybrid functionals. Indeed,
neglect of van der Waals forces can affect the prediction
of the geometry of small organic semiconducting molec-
ules,®® a phenomenon we have also observed in published
work on the geometry optimizations of some members of
the metal-phthalocyanine family. Although there are
many choices of ways to rectify this situation, reviewed
briefly in ref 63, there is a respect for the ability of semi-
empirical methods that include kinetic energy spin density
terms in the “semi-local” component of the Generalized
Gradient Approximation (GGA) approach. Promising
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approaches can be found in the studies of nonlocal van
der Waals forces described in the literature.®* % They
explain the compromises of attempting to optimize both
geometric and electronic properties for some small-
molecule organic semiconductors that will help the reader
to make thoughtful choices of functionals. However,
adding a more extended use of nonlocal exchange comes
with a performance detriment: our calculations of some
metal-phthalocyanine systems, for instance, show that
using M06 over B3LYP, for instance, takes approxi-
mately 1.2—1.3 times as long. Similarly, adding a van
der Waals correction to the PBE functional resulted in a
roughly 15—35% slowdown in execution speed compared
to B3LYP. Note that fair comparisons of different func-
tionals can be difficult since execution speed depends on a
number of implementation variables (e.g., processors
used, clock speeds, use of threading/parallel algorithms,
etc.) as discussed a little more below.

There is also the enduring issue of computational
efficiency and scalability that limits the scope of the
system that can be considered using ab initio approaches.
In addition, both the level of theory used and the basis sets
chosen need to be investigated carefully to ensure that the
system is being properly described. A critical review of the
advantages and shortcomings of the treatment of van der
Waals forces in density functional theory methods was
given recently by Tkatchenko et al..®” and by Riley et al.
for small molecule motifs of the type likely to be found in
proteins.®® Riley et al. compared the ability of many basis
sets for DFT and GGA (generalized gradient approxi-
mation) to predict properties such as the geometries,
vibrational frequencies, ionization potentials, etc., for a
variety of small molecules.

All these standard electronic structure calculations
refer to the estimation of ground-state energies. The
modeling of excited states in conjugated systems is, how-
ever, of considerable interest because low-lying excited
states of z-conjugated molecules play an important role
in the performance of TFTs, LEDs, and photovoltaic
cells. Unfortunately, standard (implicitly ground state)
DFT techniques show significant deviations from experi-
ment when excited states are considered. In the past, it has
been difficult to perform accurate calculations of excited
states. Simple approaches such as configuration interac-
tion singles (CIS)® used to have well-documented pitfalls
that compromised their accuracy (e.g., 1—2 eV overesti-
mation of excitation energies). Very accurate computa-
tions of excited states using Quantum Monte Carlo
(QMC)" are prohibitively expensive. The use of time-
dependent DFT (TDDFT) offers an alternative approach
that is more accurate than CIS and more computationally
efficient than QMC.”" Excitonic spectra can be obtained
by solving the Bethe—Salpeter equation for the two-body
Green’s function for the electron—hole pair; see for
example a paper by van der Horst et al.”? that uses such
an approach to study the excited states of conjugated
polymers. It should be noted that the accuracy of the
TDDFT approach depends on the exchange-correlation
functional that is used”® and appears to be most accurate
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when the valence excited states are relatively low-lying.
Some newer approaches to fill this need have come from
the Brédas’ and Chan”’ groups, whose use of ab initio
density matrix renormalization group (DMRG) theory is
capable of accurately reproducing the electronic proper-
ties of low-lying excited states of small s-conjugated
oligomers. A later modification of this approach, known
as Harmonic Davidson DMRG theory, allows the exten-
sion to higher-lying excited states as demonstrated for the
acenes.”®

2.2. Molecular Dynamics Simulations. Molecular
Dynamics (MD) is a deterministic solution of the classical
equations of motion of a system of atoms or molecules,
essentially solving Newton’s equation: F = ma, where F'is
the force between particles, m is the mass of the particles,
and a s the acceleration.”” MD provides an evolution of the
system forward in time, advancing in a linear manner one
time-step at a time. For systems like the organic molecules
considered here, the time step is typically 1 fs or less, a
compromise between wanting the time step to be large
(to cover as long a time trajectory as possible) without
negatively affecting the convergence of the algorithm
solving the equations of motion. Algorithms that accu-
rately solve the equations of motion (e.g., the widely used
Verlet algorithm, ™ or the more accurate Beeman algorithm,”
etc.) have been established for some time. Though the
algorithms are well-developed, care still has to be takenin a
number of user-controlled directions. First, and perhaps
most importantly, the configuration of the system has to be
set up with some forethought, ranging from a considera-
tion of how to manage the periodic boundary conditions
appropriately, especially in multiphase, multicomponent,
or strained systems, to how the substrate is configured in
terms of numbers of fixed layers versus “dynamic” layers
(free to move under the influence of the intermolecular
forces). Other user-controlled variables include deciding
on the largest time step that can reasonably be used, the
length of time for the simulation, system size, and the
choice of an appropriate ensemble (e.g., the microcanonical
“constant energy” ensemble NVE, the canonical isother-
mal ensemble, NVT, and the isothermal—isobaric ensem-
ble, NPT, etc.). There are several good introductory books
for readers to learn more about the foundations of Molec-
ular Dynamics.? %2

A cautionary tale regarding setting up the system
configuration should suffice to explain the care that needs
to be given to produce well-designed MD simulations. We
recently conducted an MD study of the diffusion of Cg
buckyballs over a few monolayers of pentacene that are
lying essentially face down on a fixed layer of metal or Si
atoms with the intent to look at any tendency to form
buckyball nanowires. The same system (a submonolayer
of C4o on one or two layers of pentacene on a solid silver
substrate) had been studied experimentally and shown
to produce nanowires at low coverage.®* Consideration
of even a small number of buckyballs diffusing over a
sufficiently large pentacene surface area (with additional
subsurface layers of pentacene and Si in some cases) is a
large system to simulate, involving close to 10 000 atoms.
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Figure 1. Snapshots from Molecular Dynamics simulations of Cg, mole-
cules on pentacene showing the effect of substrate interactions. (a) Single
Cgomolecule sitting on top of a monolayer of pentacene molecules that are
free to move, supported beneath by two further monolayers of pentacene
that are fixed in place (effectively at 0 K). Disorder is apparent in the
topmost surface pentacene molecules, especially in the vicinity of the Cgq
molecule. (b) Situation is the same as in part a, except that the bottom
pentacene layer in part a is replaced by a silicon substrate (shown in gold)
whose atoms are fixed in place. The strong Si-pentacene interactions
promote an ordered surface. (c) Situation is as in part b except that many
more Cqp molecules have been deposited. The stronger Cqo—Cg interac-
tions in comparison to Cgo-pentacene again creates disorder on the
surface.

To save considerable computational effort, we initially
fixed the x, y, z coordinates of two subsurface monolayers
of pentacene molecules at positions found by equilibrat-
ing them in a constant-temperature MD simulation.
Molecules in the topmost pentacene layer were allowed
to move under the influence of the intermolecular forces.
Superficially, this would seem to be a reasonable com-
promise, since the structure of sublayers is assumed to
be flat. However, fixing the sublayers of pentacene
(at effectively 0 K) significantly disordered the structure
of the topmost pentacene layer (see Figure la) in a
manner we felt was unphysical. But if these fixed subsur-
face layers of pentacene are replaced by a silicon or metal
layer (i.e., the substrate more closely matches the experi-
ment), the topmost pentacene layer remains ordered with
the pentacene lying flat as expected (Figure 1b). If multi-
ple Cgo molecules are present, the topmost pentacene
layer again becomes highly disorganized (driven, in this
situation, by an imbalance between stronger Cgo—Cgo and
the weaker pentacene—pentacene interactions); see Figure 1c.
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Amateur practitioners of MD simulations also need to
beware of any tendency to consider the results of an MD
simulation as indicating a “global energy minimum” or a
“stable” system. The small time steps used in MD (1 fs,
typically) and finite computing resources typically restrict
MD simulations of small organic semiconducting mole-
cules to system evolutions on the order of a few nano-
seconds, though it is certainly possible for MD simula-
tions to be run for 100 ns if necessary. This typically
precludes studying the growth of very few monolayers for
areasonably sized substrate. There are ways to finesse this
restriction, usually in the form of an accelerated MD
algorithm. Voter has been the driving force for accelerated
MD schema, from the “parallel replica,” to “temperature-
accelerated dynamics” and “hyperdynamics”.®**> The
general theme is to provide a “boost” to allow particles
to overcome energy barriers that would not be possible
using traditional MD schemes, but, importantly, without
moving the relative positions in phase space of the energy
barriers. Choosing the “boost” has to be done with care.
More recently, Fichthorn et al. used the “bond-boost”
method to accelerate an MD scheme and apply this to
thin-film growth.®® They used the “state-bridging bond-
boost” method to investigate the dynamics of systems in
which there is a relatively flat region in the potential
energy surface ringed by higher barriers, i.e., consisting of
a collection of small energy barriers and separated from
the rest of phase space by large barriers.

Molecular simulation techniques such as Molecular
Dynamics and Monte Carlo rely on the availability of a
relatively simple description of the intermolecular forces
that effectively coarse-grains the system so that the
electronic structure of the atoms is captured in a semi-
empirical manner that does not attempt to describe
molecular orbitals. A common strategy involves con-
structing a mathematical model for the potential energy
function (energy as a function of intermolecular separa-
tion) between two or more molecules that phenomeno-
logically describes, and is often fitted to, experimental
and/or electronic structure calculations. The main advan-
tage of this approach is that the resultant intermolecular
potential models offer the mathematical simplicity and
computational efficiency to allow the study of system
sizes containing up to 10000—50000 atoms relatively
easily, or to perform smaller-sized systems over longer
time scales, allowing more detailed searches or dynamic
simulations to be undertaken.

The study of small organic semiconducting molecules
(and the constituents of self-assembled monolayers that
are often employed in the growth of quality thin films)
largely involves aromatic and alkyl chains of electrically
neutral species all of which are quite tractable and well
described by a number of existing intermolecular poten-
tial energy functions. Although it is straightforward to
write your own Molecular Dynamics code, the avail-
ability in MD freeware codes (of which DLPOLY®” and
TINKER®® are just two of many choices) of many opti-
onal intermolecular potential functions is perhaps the
most compelling reason to use these packages. Choosing
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which of the available potential energy functions to use
for a given material is not straightforward and there is no
“prescription” to guide users in this choice. Using poten-
tial parameters from a paper or the Web site of a freeware
code should be approached with caution. First, the origin
of the parameters (invariably from a published paper)
must be established; this reference is usually given on the
freeware code’s Web site. In particular, it is important to
learn to which properties the parameters were fitted,
because most semiempirical potentials cannot be relied
upon to predict properties not used in the fitting process,
nor to predict accurately even the same properties outside
the range (of temperatures or pressures, say) that they
were fitted. Once the parameterization has been estab-
lished, it is advisible to use the model to predict some
properties of the material for which experimental data
are usually readily available and preferably ones that
were not used in the parameter fitting process. Good
choices are the prediction of the experimentally known
lowest-energy crystal structure, the cohesive energy
and lattice parameters, and the stress coefficients. The
next step should normally be to test the semiempirical
predictions against known experimental and/or ab
initio calculations of the kind of properties that the
study is likely to be addressed. Only once this some-
what lengthy testing phase is complete, can the semi-
empirical model be used for original studies outside the
range for which the model has been used before. Skip-
ping these steps is akin to building a house on sand;
having a solid foundation and confidence in the suit-
ability of the model to represent the chosen system is
essential.

Given these caveats on using intermolecular potential
models, it is perhaps not surprising that many authors
tend to keep to a particular class or classes of models with
which they build some expertise and some assessment of
the model’s strengths and weaknesses. For instance, our
own studies of molecules in the acene series have found
that the MM 3 model, one of the “Molecular Mechanics”
class of intermolecular potential functions, has worked
well in describing the growth of thin films. The Molecular
Mechanics class of models was devised by Allinger in the
early 1970s and has since evolved through a series of
reparameterizations and modifications into its present
form.>* > We (and others) have found MM3 to provide
an excellent representation of aliphatic and aromatic
organic molecules in comparison to ab initio and experi-
mental data, invariably without reoptimizing the param-
eters given by Allinger and co-workers.** "> We have
tested the MM3 potential for the linear fused acenes
(naphthalene, anthracene, and pentacene), phenyls, and
Ce0.> "7 and for molecules that form self-assembled
monolayers (OTS, ODTS, and FOTS),”® and found that
the model performs very well in comparison to reference
experimental data or those from electronic structure
calculations. Other studies have observed the same high
quality of the MM class of models for aromatic
molecules.”'°" On the other hand, there are few opti-
mized MM3 models that represent interactions with
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inorganic species, ¢.g., the noble metals. Nor can bond-
breaking events be handled.

If faced by a situation for a new material in which the
best choice of model is unclear, there is little recourse for
the simulator but to investigate the sensitivity of the
predictions of growth processes (or whatever is the focus
of the simulation study) to different choices of models.
For example, we recently became interested in the beha-
vior of the sexiphenyl molecule, whose flexibility to twist
and bend around its C—C bonds might render it less well
represented by an MM class model than a rigid molecule
like the acenes. Thus, it was necessary to compare the
ability of four different density functional theory models
and four different semiempirical models to represent the
equilibrium conformation of sexiphenyl.” In this case, we
found remarkably good correspondence among all eight
models, but this may not always be the case.

In addition to consideration of the intermolecular
potential energy function, discussed above, the study of
molecules with their associated rotational and vibrational
degrees of freedom involves additional intramolecular
terms to the total energy of the system, E.. The total
energy is thus described by adding together contributions
arising from inter- and intramolecular interactions

Elot = Lintra T Einter (1)

The intramolecular energy of molecules is generally cal-
culated by summing a number of contributions from
bending and stretching bonds and from bond vibrations.
The resultant, so-called, force field is typically composed
of terms such as these given in items a—f below in which
U(r) is the potential energy as a function of the distance r; k
(K', k", etc.) are force constants, rq is the ideal (equilibrium)
position; 6 is the included angle between three atoms; ¢ is
the dihedral angle between the planes forming the angle.
Thus, these terms treat molecules essentially as being
defined by their separation, their characteristics as a set
of interacting springs, and their relative orientations.
(a) Bond Stretching Potentials

k/ k//
(r=ro)* +5 (r=ro)’ + (r=r0)’

|

U(r) =

(b) Angle Bending Potentials

k / "

U(®) = 5(9_90)2+§(9_9°)3+Z(9_90)4

" 5 nn 6
+5 (0= 00)" +-(0—6)
(c) Torsion

/ "

U(p) = = (1+cos(¢)) +k§ (1 +cos(2¢)) +% (I +cos(3¢))

STl

(d) Stretch—Bend Interaction

U(r,0) = k(0—00)(r—ro+r —rp)
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(e) Torsion—Stretch Interaction

U(r,¢) = g(r—ro)—k(l +cos(3¢))

(f) Bend—Bend Interactions
U(6,6) = k(0—6y)(6' —6)

The intermolecular energy is composed of the following
terms:
(1) van der Waals interactions

Ur) = Aexp(—%) ¢

76

where in this example model, the Buckingham poten-
tial, 4, C, and p are constants.

(2) Electrostatic and dipole—dipole interactions are
also included. Although these terms are not considered
to be important for saturated hydrocarbons, they do play
a role with aromatic structures.

(3) Another important inclusion for some aromatic
molecules is the role played by electron correlation in
the delocalization of the 7 electrons.”® The MM3(2000)
release contained a “sr system” correction,'®> which in-
cludes a correction for electron correlation at the level of
the Moller—Plesset second-order theory MP2 method.*’
Because the method relies on an iterative process to
generate self- consistency, it is much more computation-
ally expensive (typically a factor of 20—100 slower for a
system of about 1000 small organic molecules) and this
expense increases rapidly with the number of atoms
present. As a rule of thumb, this limits MM 3-r simula-
tions to studies of only about 100 or so atoms. Use of
MM 3-7, despite its cost, is warranted in some cases such
as those with significant torsional contributions, such as
we found for sexiphenyl.”®

2.3. Transition Path Sampling Methods. To elucidate
the mechanism and/or quantify the kinetics of key steps
during processes such as surface diffusion or crystal
nucleation and growth, it is often necessary to produce
an ensemble of transition paths (as opposed to just one, or
a handful, of dynamic trajectories). This can be inacces-
sible via traditional MD techniques, or even KMC, because
of the long waiting time at dynamic bottlenecks. As an
alternative to using “accelerated” methods to estimate
rates (like those based on transition state theory), several
“exact” methods have been developed that are often refer-
red to as “transition path sampling” techniques.'*>1%*
One such technique that combines simplicity, efficiency,
and the ability to work under equilibrium and non-
equilibrium conditions is the “forward flux sampling”
(FFS) method.'®~'%7 FFS uses a “divide-and-conquer”
strategy to create complete paths from partial, shorter
paths between successive “interfaces” between initial and
final states along a chosen order parameter. FFS has been
successfully used to study many processes,'°*'7 includ-
ing crystal nucleation'® and crystallization on a porous
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Figure 2. Order parameter, 14, versus density for dimer particles in 2D at
solid—liquid coexistence, showing iso-lines of the optimized order param-
eter (in red) for different probabilities to commit to the isotropic phase
found by Forward Flux Sampling.

substrate.'” Figure 2 shows a simple application of FFS
to the 2D melting of a monolayer of dimer particles,
showing the presence of a hexatic-like phase at the transi-
tion state (the order parameter,Wy, measures hexa-
gonal symmetry in the bond orientation of nearest neigh-
bor lobes). It is expected that ongoing methodological
improvements will allow FFS to tackle increasingly com-
plex processes and molecules.''" '3 So far, there has
been very little use of transition path sampling to study
organic semiconductor systems, despite the promise of
the method to produce a more realistic approximation to
the true global minimum of the system.

2.4. Kinetic Monte Carlo Methods. Kinetic Monte
Carlo (KMC) belongs to the larger class of Monte Carlo
simulation methods whose development began in the
1940s and 50s. Unlike the Monte Carlo method devel-
oped by Metropolis et al.,"'* which samples configura-
tions of an atomic or molecular system of particles gover-
ned by an appropriate thermodynamic ensemble, kinetic
Monte Carlo is a method that facilitates an evolution of
the system from state to state by choosing “events” singly
or multiply from a library of user-supplied events (e.g.,
diffusion from point A to point B, rotation, deposition,
annihilation, reaction, etc.) each of which is associated
with a user-determined rate. Time is associated with the
rate of events and hence the simulation clock advances
nonlinearly depending on the event completed. Because
the moves are related to the random choice of event (and
associated rate), it is possible (given some rare events) for
the system to simulate seconds, hours, or geologic time
(in principle) if all the rates are known. As stated in
Voter’s review article,''® unlike Molecular Dynamics,
which captures atomic motion resolved to the vibrational
level, KMC is usually practiced by assuming that atoms
or molecules reside in energy wells separated by energy
barriers that have to be overcome if the event (or tran-
sition) is to occur. Good reviews of the KMC method can
be found in the literature.''> """ Even in the earliest days
of kinetic Monte Carlo, its suitability for following sur-
face diffusion and growth processes (like chemical vapor
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deposition, atomic layer deposition, and molecular beam
epitaxy) was recognized and many papers exist in the
literature related to molecules not covered in the scope of
this review. It has the advantage that, in principle, it
provides an exact dynamical evolution of a system of
particles, though this is rarely if ever explored.

Kinetic Monte Carlo is an attractive emulation of
experiments, which we might also think of as correspond-
ing to a series of activated events. Indeed, the primary
incentive to perform KMC simulations is generally to
explore the final morphology of a system over length, and
especially, time frames that come close to those of experi-
ments and/or far exceed those accessible from MD or ab
initio calculations. On the other hand, KMC has some
significant “activation energy” barriers of its own for
potential users to overcome: First, a set of rates for all
of the events that are considered important in the process
being simulated is a prerequisite. These rates often come
from MD or ab initio calculations and/or experiments.
This is usually the “rate-determining step” for users.
Determining these rates is invariably the most time-
consuming part of a KMC study. If rates are unknown
and are guessed by the user, the information content of
the KMC results is significantly degraded, because the
results only show how high the rate has to be in order to
affect the outcome, or drive the simulation to an experi-
mental observation. This is compounded by the fact that
the library of events considered by the user depends on the
intuition or experience of the user to anticipate which
events might be important. This means that the compila-
tion of the events list often has to be made with insight
obtained from preceding MD or ab initio calculations
(or the user’s imagination). For example, the dissociation
of a Cg trimer into a dimer and a single (mobile) Cg,
molecule is an event that cannot be seen during an MD
simulation of even several nanoseconds. Energy minimi-
zations of this situation can, however, readily be under-
taken to determine the rates involved. Another limitation
of KMC is that it inherently assumes Arrhenian behavior
for the events, which is not always followed.

On a more practical note, there is no widely adopted
commercial or freeware KMC code; nothing, for instance,
to compare to the popularity of Gaussian or VASP, say,
in the electronic structure world, or TINKER, DLPOLY,
NAMD, LAMMPS, or many others, in the arena of
Molecular Dynamics codes. Part of the reason for this
is that most KMC codes have to be hand-coded to capture
a specific solid-state process within the constraints of the
lattice-based framework underlying the vast majority of
KMC codes. Few KMC codes offer the ability to transi-
tion from one lattice to another during a simulated
growth process. For example, depositing 1 —2 monolayers
of Cgo on pentacene would involve a KMC code that
could gracefully transition from pentacene’s herringbone
(triclinic) lattice to Cg’s face-centered cubic lattice.''®

Rather than try to merge dissimilar lattices on a
case-by-case basis, it is perhaps more profitable to
develop off-lattice KMC algorithms that, as their name
implies, removes the restriction to predefine the lattice
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Figure 3. Potential energy surfaces for Cg, on pentacene. (a) Height map representing perfectly crystalline pentacene in the thin-film phase underneath a
layer of FCC arranged Cg. Heights were computed by removing the Cg layer and tracing a single Cgy molecule over the pentacene film and determining the
height at which the total potential energy is at its lowest. In each map, the violet symbols represent the location of the top two hydrogen atoms in each
pentacene molecule. (b) Same pentacene-Cg( system, after energy minimization of a Cgo/pentacene heterojunction in Molecular Dynamics with MM3
potentials for both components followed by energy minimization of a single C60 molecule rastered over the resulting positions of the pentacene molecules.
The green circles represent the location of each Cy in the over layer. The effect of minimization is an uneven broadening of the distribution of heights, from a
standard deviation of 0.13 A on the left to 0.37 A on the right. The disorder can be traced back to the location of each pentacene relative to the Cg( in the over
layer: molecules in between bulky spheres have more translational freedom than molecules directly underneath bulky spheres.

(often called “solid-on-solid” techniques) and allow the
representation of strain and mismatch between substrate
and adsorbant molecules. Off-lattice KMC methods are
reasonably uncommon.'''?° One approach is to repre-
sent particles, not as being fixed on lattice sites, but as
being connected by “springs”;'?' other approaches have
used an off-lattice KMC to study strained heteroepitaxial
growth in Lennard-Jones alloys,'?* or a so-called “self-
learning” off-lattice KMC to study the heteroepitaxy of
dissimilar metals'®* and island coarsening on fcc (111)
surfaces.'** Exploiting off-latticc KMC approaches
could be a fertile direction for future computational
activity.

2.5. Energy Minimization Techniques. Computation of
the (implicitly zero-Kelvin) potential energy surface pro-
viding the energy minimum structure of a surface or thin
film (especially for submonolayer coverage, or the first
two or three monolayers of a thin film or a buried
interface) is a useful and informative part of the arsenal
of modeling techniques at the disposal of computational
materials science. Unlike techniques like Molecular
Dynamics or Monte Carlo, energy minimization methods
seek points of zero gradient in the energies between
molecules in the system. Its strength is its simplicity; its
inherent weakness is that the mathematical techniques
(conjugate gradient, steepest descent, etc.) used to find
such points of zero-force invariably find the locations of
local minima and not the elusive “global minimum.”

Although this is true of all systems, the weak binding
between small organic semiconducting molecules and
insulating substrates makes the system particularly sensi-
tive to the method used to determine the energy minimum
configuration of molecule—substrate interactions. Indeed,
we showed recently’® that not allowing the system to fully

explore configuration space can lead methods like the
nudged elastic band method, which determines the mini-
mum energy reaction pathway between a given initial and
final state, to find reaction paths incommensurate with
the global minimum. This was found in connection with
calculations of the Ehrlich—Schwoebel barrier,'?® the
energy required for an atom or molecule to descend a
monolayer step-edge beyond that of the conventional
surface diffusion barrier, a phenomenon that is described
in more detail in section 3.4 below. Even perturbations
of 0.1 eV, which are small on an absolute scale, can be
structure-directing in systems, like those of small organic
semiconducting molecules, in which weak forces (on the
order of a few tenths of an electron-volt) dominate and
the cohesive energy is on the order of 1—2 eV.'¢!%7

As an example of the usefulness of creating potential
energy surfaces in relation to organic semiconductor
systems consider the planar interface between Cgq and
pentacene molecules, which is under consideration as an
all-organic p—n semiconducting junction. If a C¢y mole-
cule is “rastered” (translated) across a perfect crystalline
interface of pentacene (whose molecules are not allowed
to move) and the height of the Cgg molecule is allowed to
vary to find the potential minimum between the Cgo and
the pentacene surface, this gives rise to Figure 3a. The
range of heights adopted by the Cgy molecule is, not
surprisingly, very small: 0.4 A, with a standard deviation
of 0.3 A, reflecting the frozen nature of the pentacene
surface. If, however, the positions of the pentacene mole-
cules are obtained from a Molecular Dynamics simula-
tion of a Cgp/pentacene heterojunction and then a Cg
molecule is rastered over the surface performing an
energy minimization at each position on the surface, the
height variation of the C¢y molecule is much larger, 2.8 A,
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Figure 4. Schematic of the major molecular mechanisms at play during
thin-film deposition and growth.
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with a standard deviation of 0.37 A, as shown in
Figure 3b.

3. Pentacene: The “Poster Child” of Small Organic
Semiconducting Molecules

In this section, we will look at applications of the
simulation methods described above to studies of pheno-
mena like crystal habit, surface diffusion, crystal nuclea-
tion, and growth processes (particularly thin films invol-
ving only a few monolayers), limiting this review to papers
that involve small organic semiconducting molecules on a
variety of substrates. Thin-film growth involves a variety
of molecular mechanisms, from the initial deposition on
the surface, to adsorption, insertion, step-edge repulsion,
and scattering; see Figure 4. We will refer to these
molecular mechanisms throughout the rest of this paper.

We begin by looking at pentacene, one of the first, and
subsequently the most widely studied, small p-type organic
semiconducting molecule both from an experimental and
a computational viewpoint. This simple polyaromatic
hydrocarbon (PAH) exemplifies many of qualities typical
of these molecules. In particular, pentacene has demon-
strated one of the best electrical properties in its class, e.g.,
with hole mobilities up to 1 ecm? V™' s™!, comparable to
amorphous silicon. Pentacene acquired a certain distinc-
tion in 2009 as the first individual molecule to be imaged
in 3D by researchers at IBM Zurich using an atomic force
microscope.'*®

3.1. Polymorphism. For computational studies of any
of the class of small organic semiconducting molecules, an
appropriate place to start is a calculation of the preferred
crystal habit. This offers an early, and usually accessible,
way to compare the results of the modeling to experiment.
Pentacene, like many small organic molecules, exhibits
polymorphism (many crystalline phases differing by only
a few tenths of an eV in free energy),'**~'* of which the
so-called “thin-film” and bulk phases are the most com-
mon. The crystal cohesive energy for these relatively large
molecules (in comparison to the dominant inorganic
semiconducting molecules, like Si and Ge) is on the order
of a few electron-volts,'?*!3 with the intermolecular forces
being dominated by weak long-range van der Waals type
interactions. Early studies by Northrup et al.'*® showed
that the weak interaction between pentacene molecules
within the layer was, nonetheless, stronger than the inter-
layer forces that give rise to, or drive, many characteristic
aspects of growth processes. During growth processes,
pentacene, like many small organic semiconducting
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molecules, preferentially adopts a herringbone arrange-
ment, with the long-axis of the pentacene molecule mak-
ing a small angle with the surface normal (9° for the thin-
film phase and 23° for the bulk phase). This “upright”
morphology can be altered to one in which the pentacene
lies down on the surface if the surface is reactive, typically
Si*? or a metal (see section below). Della Valle et al.'*
have provided a careful study of the thermodynamic
stability of several polymorphs of rigidly constrained
pentacene (whose geometry was obtained from ab initio
calculations) on a rigid model (due to van Beest et al.'*")
of amorphous silica where they confirm the stability of
the low-temperature (“bulk) phase and the metastability
of the other “thin-film”-like phases.'** The consequences
of using rigid models of pentacene and holding fixed the
molecules in the glassy silica were not addressed.

3.2. Pentacene Thin-Film Growth on Silicon Oxide.
Taken as a group, the existing computational studies of
pentacene are emblematic of those of the class of small
organic semiconducting molecules in that they tend to
cover properties of most significance to their major
application, the growth of thin films. Hence it is typical
to see calculations of surface diffusion, of molecule—
substrate binding (and the associated tendency to wet,
or more commonly, dewet the substrate), critical cluster
sizes, island nucleation, and ultimately, the thin-film
growth of pentacene on a given substrate. Calculations
of the charge carrier mobility of the film supply the final
piece of critical information.

Ruiz et al.'*® reviewed the experimental and computa-
tional studies of pentacene growth on silicon oxide up to
2004. They described the difficulties of growing pentacene
in a preferred two-dimensional layer-by-layer thin film
beyond a few monolayers.'*”?° In classic Stranski—
Krastanov fashion, nucleation of the second monolayer
begins when the first layer is about 75% complete, and the
third layer begins to grow before the second is complete,
leading to a three-dimensional (3D) ziggurat-like growth,
as seen experimentally in Figure 5."¢ 3D growth is also
inferred in MD and energy minimization simulations,
where the Schwoebel barrier (~0.2 eV, which is about
two-thirds the value of the maximum cofacial interaction)
is substantial enough to preclude 2D growth.”* Unhelp-
fully, both the thin-film and bulk phase polymorphs
nucleate simultaneously on oxide and grow indepen-
dently of each other.'*® The sole presence of either phase
alone would be preferable for a higher quality, more
ordered, growth. Rapid nanosecond laser processing of
bimodal pentacene'*® has shown to produce a single
polymorph, albeit at the expense of creating an extremely
rough surface postlaser annealing, facilitated by a pre-
viously unseen liquid phase. Several researchers have
shown growth to proceed in a manner consistent with
diffusion-limited aggregation,'*® which Zorba et al.'*’
attributed to the influence of the Ehrlich—Schwoebel
barrier, discussed in more detailsin the next section. The
effect of temperature of the oxide substrate on the charge
carrier mobility of the pentacene thin films has been
confusing: the oldest work'*' suggested, unexpectedly,
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Figure 5. Image of the three-dimensional growth habit of pentacene.
Reprinted with permission from ref 99. Copyright American Chemical
Society 1999.

that charge carrier mobility decreases with substrate
temperature, whereas newer work suggests that it
increases'*? or stays the same.'** Very recently, work by
Guo et al.'* suggest that the growth mechanism of
pentacene on oxide gradually transforms from Strans-
ki—Krastanov to Vollmer—-Weber growth mode with a
decreasing charge carrier mobility, validating the early
results by Dimitrakopolis.'*!

3.3. Critical Cluster Size of Pentacene. One informa-
tive property that lends itself to insight from computation
is the concept of the critical nucleus size, R., which
indicates the minimum number of pentacene molecules
needed to form a stable crystal nucleus. Experimentally,
this is a difficult property to determine, even indirectly.
R. depends strongly on the rate of deposition, the surface
diffusion constant and the Ehrlich—Schwoebel barrier
at the island’s step edge.'®® The critical cluster size of
pentacene on SiO» at room temperature was first calcu-
lated by Ruiz et al.?’ to be in the range 4—6 molecules,
using scaling relationships from Amar and Family.'*
Tejima et al.'*® showed the temperature dependence of
the critical cluster size to be small and certainly within the
experimental uncertainty (2 at temperatures around

Chem. Mater., Vol. 23, No. 3, 2011 533

223-248 K; 3 at 304 or 342 K). Our own work to use
KMC to determine the critical cluster size for a very
simple “dimer” model of pentacene (i.e., assuming a 2:1
aspect ratio and all the limited set of events this model
implies) found a value of the critical cluster size to be
6—16 molecules.'*” Using a “trimer” model of pentacene
(3:1 aspect ratio, with concomitant additional possible
events), the results shown in Figure 6 lowered the predic-
tion of the critical cluster size to 3—12 molecules. Poten-
tial KMC practitioners may be interested to learn that, in
our experience, these results are susceptible to changes of
around 0.1 eV in the energies associated with key events.
However, we are usually able to predict such energies with
a precision of less than 0.02 eV and hence these results
for the critical cluster size should be reasonably accu-
rate within the confines of the simple model used. The
increased critical cluster size at higher temperatures was
credited to poorer sticking coefficients,'*” reflecting a
change in competition between surface adsorption and
scattering.

In hindsight, KMC may not be an ideal route to
estimate the critical cluster size, because it relies on a
purely energetic approach, without any consideration of
entropic events beyond the intrinsic stochasticity of
choosing events at random. Molecular Dynamics simula-
tions or, preferably, forward flux sampling Monte Carlo
simulations of the tendency of pentacene clusters or
islands of a chosen size to remain lying down as a group,
versus standing up on the substrate, would be a more
accurate route to this quantity, albeit far slower than a
KMC simulation (assuming all the energy barriers for the
KMC simulation are already known). It would also be
helpful if the pre-exponential factor for pentacene attach-
ment to the surface was known. Such information can be
indirectly obtained from experiments, but is generally
unreported.

3.4. Effect of the Underlying Substrate on the Structure
of Pentacene Films. It has been well-established by now
that the balance between the binding energy of pentacene
to an underlying substrate, in comparison with the energy
gained by aligning with another pentacene molecule is the
key to understanding growth on pentacene on any given
substrate X. We showed, using a simple dimer model
for pentacene and a KMC approach, that varying this

Figure 6. Results of KMC simulations of a simple “trimer” model of pentacene using Kawasaki dynamics of the submonolayer growth of pentacene on
silicon oxide at room temperature using energy barriers from ab initio calculations and a pre-exponential factor of around 1 x 10* Hz [Goose, unpublished
data (20006)]. The panels above show the time progression of simulations after the deposition of a number of deposited molecules (a) 100, (b) 500, (c) 1000,
and (d) 3000 molecules. Color code: Yellow and red dots denote pentacene lying down on the surface with different orientations; green denotes mole-
cules standing up. Islands can be seen to nucleate and grow, and show spontaneous “flipping” of clusters from lying down to standing up as time proceeds

from a—d.
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balance of forces arbitrarily, that is, without being con-
strained to the interaction of pentacene with a real
(explicitly modeled) substrate “X”, can give rise to a rich
tapestry of potential morphologies that could be obtained
in experiments by skillfully translating this energy bal-
ance into the blueprint for a designer substrate.'*’ Motifs
can be found that blend pentacene molecules standing up
or lying down in different patterns; and growth could
occur as either fractal or compact structures. Several of
these predictions have now been observed experimen-
tally. KMC is the perfect tool for such a study; it allows
the user to ask “what if”” questions, which range ahead of
what is known and suggests what could be. These predic-
tions also provide a target of possible structures for
experimentalists to make tangible.

The recent activity in studying pentacene growth has
concentrated on two major classes of substrates: (1) coat-
ings and self-assembled monolayers (SAMs), and (2) metals.
In the case of coatings, the motivation is largely to thwart
the tendency for pentacene to dewet the surface and
encourage layer-by-layer 2D growth. In the case of
metals, the interaction between the pentacene and metal
is strong, invariably forming an initial monolayer of
pentacene that lies flat on the metal (or Si) and a second
monolayer of pentacene that tilts up from its prone
orientation to exhibit a tilt of its short-axis with the
substrate. The motivation for this situation is again to
promote ordering of the adsorbed thin film and there are
indications that the work function of the metal can be
used to manipulate the tilt of the pentacene surface to
form nanowires."*® We now discuss each of these two
classes (coatings and SAMs, and metals) in more detail.

Early studies by Heringdorf et al.'*’ showed that coat-
ing bare silicon surfaces with cyclohexene produced large
grains of pentacene with high mobility. Complementary
ab initio simulations by Choudhary confirmed the transi-
tion from the strong covalent binding to Si compared
to the weak van der Waals binding to coatings such as
cyclohexene. '

Interest in using self-assembled monolayers (SAMs) for
the deposition of pentacene range from creating buffer
layers on dielectric gate material, use in pentacene thin-
film transistor fabrication, and their ability to improve
mobility (by increasing intralayer order) and reduce or
eliminate dewetting on surfaces.'”’ As early as 2002,
Shtein et al.’ used a common alkyl-chain SAM, octa-
decyltrichlorosilane (ODTS), on SiO, to improve the charge
carrier mobility of the resulting OTFT (organic thin-film
transistor) to around 1.6 cm?/(V s). By 2008, progress in
improving the mobility of the system was shown by Ito
et al.'>? to produce and characterize alkyl chain SAMs,
octadecyltrimethoxysilane (OTMS) and ODTS as well-
ordered smooth surfaces that improved the mobility of
the resulting OFET to about 3 cm?/(V s) for pentacene
(and higher for Cg). Kifer et al.'*! showed that modify-
ing gold surfaces with a SAM suppressed dewetting and
produced relatively smooth films that were reasonably
independent of the terminal functionality of the alkylthiol
SAM or the roughness of the gold (111) surface. Recent
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books by Bao’ and by Woll'>? review other studies of
pentacene on SiO, and on metals, especially gold. These
studies make it quite clear that the structural character-
istics of the first monolayer of pentacene on the SAM play
a key role in determining its electrical performance.'>*
A review of the fundamentals of organic molecular beam
deposition (notably for pentacene, diindenoperylene and
PTCDA) is also available that emphasizes the role of
weak binding forces on morphology during deposition
and growth.'>

There is an opportunity for molecular simulation to
provide arbitration among contradicting experimental
data and this is certainly present in this case: Two papers
published in 2008 offer diametrically opposed results for
the link between SAM ordering and mobility: Lee et al.'*®
demonstrated the somewhat more intuitive result that
increased ordering within an ODTS SAM interlayer on
SiO» led to improved ordering and mobility in the penta-
cene. In contrast, in Kim et al.’s study'®’ of Cg—C;5 alkyl
chain SAMs on SiO,, the shorter-length, more disordered
SAMs gave rise to higher mobility, which they attribute to
higher surface diffusion and “fewer nucleation sites” of
pentacene on the shorter SAMs. A third result from Hill
et al."® suggests that for n-alkyl phosphonic acid-based
SAMs on SiO,, the best electrical performance occurs
with a chain length of §—10 carbon atoms.

Interestingly, there have been only a few molecular simula-
tion papers on the effect of adsorption on SAMs, %16
most of which describe the behavior of the inert gases on
SAMs, and none that describe the structure of a layer of
small organic semiconducting molecules on a SAM inter-
layer. We have investigated the deposition of diindeno-
perylene, a small organic semiconducting molecule, on
OTS, ODTS and FOTS SAMs”®!%7 and highlighted the
role of a largely overlooked variable, the density of the
SAM, to affect the propensity of the SAM to allow
insertion of DIP molecules between the SAM mole-
cules.”® It is not immediately obvious if significant inser-
tion is a beneficial outcome for either the structural
or electrical properties and this molecular mechanism
deserves more attention to resolve this, because it could
provide unexpected leverage in creating smoother films.
The dynamics of the SAM molecules are very important:
At low densities, the long alkyl chains (like the 8-carbon
chain, OTS; and the 18-carbon chain, ODTY) frequently
employed as SAMs wave around like grass in the wind. At
high densities, steric hindrance inhibits this motion.

There have been quite a few papers studying the
deposition of small organic semiconducting molecules
on metals. Studies of pentacene on the noble metals
(copper, 17 silver' 172 and gold'”* "7 are the most
prevalent, but studies also exist for other molecules:
PTCDA,'”® perylene,'”*'*” alpha—sexithiophene'®' and
the oligomer poly(3,4-ethylenedioxythiophene) (PEDOT)'#?
on metal surfaces and on Cg,'®*#* which, although not
ametal, offers an interesting comparison, especially for
theorists and computationalists looking for the impor-
tance of shape and intermolecular forces on resultant
structure.
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Given the stronger bonding between acenes and metals,
compared to insulating surfaces, say, this situation lends
itself to study using ab initio calculations, and such
studies have been made for pentacene on Al 100,'%* on
gold (001),"8313¢ on copper'®>'87"1% and on iron 100."!
Recent work by Toyoda et al.'®> has provided ab initio
derived computational confirmation of earlier experi-
mental studies using photoemission spectroscopy (PES)
that the interface between metals, like Au, Ag, and Ca,
with pentacene creates an interface dipole that scales
linearly with work function.'”® Note that the decision
whether to deposit acene on metal, versus metal on acene,
does not necessarily lead to the same interface formation.
For instance, Au and Ag diffuse through the pentacene
substrate, whereas pentacene does not diffuse through
these metals as substrates. Ca, on the other hand, forms
symmetric interfaces with pentacene whether Ca is the
substrate or the top layer.'”?

The motivation for this kind of study is usually the
opportunity to study the situation where the organic
molecule is more strongly bonded to the surface than on
oxide, SAM or insulating materials, and hence is perhaps
more likely to form ordered thin films, given the stronger
influence of the underlying substrate. In almost all these
cases referenced above,'®* 18 the first monolayer of
pentacene (or other small organic semiconducting mole-
cule) lies down on a metallic surface (as compared to its
behavior on insulating surfaces in which pentacene mole-
cules adopt a nearly vertical orientation of their long axis
in pentacene’s thin film and bulk phases). An exception to
this general rule is that of PEDOT on Cu'®? for which
both STM characterization and DFT calculations of the
well-ordered growth of nanowires confirm that the sulfur
atom in the thiophene ring binds strongly to the flat Cu
(110) surface, causing the remainder of the EDOT to
stand proud of the surface, rather than lying flat.

Many groups have been fascinated by what happens to
the orientation of the second and subsequent monolayers
on metals. In virtually all cases, the second layer of pent-
acene also lies reasonably flat, but with its short axis
angled somewhat more vertical. The angle of this second
and third layer is typically about 60—90° off the surface-
normal (or 0—30° from lying flat).'**"'%2 Among the
dozen papers on such systems, it is not uncommon for
both experimental studies and ab initio studies to be used
to describe the system with a typically strong confluence
of results from both approaches.

An interesting contrast to the behavior of pentacene on
the noble metals described above can be found in the case
of pentacene adsorption on a semi-metal like bismuth. If
thin films of bismuth are deposited on surfaces such as
reconstructed Si (111) and then pentacene is deposited on
top of the bismuth, the pentacene molecules stand up with
their long-axis in a bulk-like polymorph,'®*~ 1% akin to
the behavior of pentacene on thermal oxide. The weak
interaction of the pentacene and bismuth, caused pre-
sumably by a small density of states near the Fermi level
of the bismuth, is the driving force for this observation.
For instance, Tromp and co-workers'”* showed that

Chem. Mater., Vol. 23, No. 3, 2011 535

depositing a thin film of bismuth (001) on silicon reduced
the step density and allowed pentacene to grow exclu-
sively as the bulk phase in an ordered crystalline manner.

In the same spirit, the ability to use STM analysis to
study organic thin films has been extended by Zheng et
al."” who used O, plasma to “lightly oxidize” a gold
surface (to form a polycrystalline O .-Au surface) at room
temperature so as to reduce the strong gold—pentacene
interaction enough to allow STM to study the thin film
phase morphology of multiple layers of pentacene, even
on rough surfaces. They also provide a “control” study of
growth on bare gold, which produced the expected flat-
lying pentacene phase. This study effectively shows that
as you “dial back” the strength of the initially strong bare
metal—acene interaction to the lightly oxidized surface,
the morphology of acene growth changes from mole-
cules lying down on the surface to one in which they are
standing up.

3.5. Ehrlich-Schwoebel Barriers. 3.5.1. Schwoebel
Barriers for Atomic Systems. The Ehrlich—Schwoebel
barrier'?® (which we will call the Schwoebel barrier here-
after) is the energy required for an atom or molecule to
descend a monolayer step-edge beyond that of the conven-
tional surface diffusion barrier, as illustrated in Figure 7.
As such, it is a clear “suspect” as a mechanism that pro-
motes three-dimensional growth if the barrier is suffi-
ciently high. The Schwoebel barrier will suppress the
downward flux of particles between crystalline layers,
inhibiting the favored 2D layer-by-layer growth. It is
therefore of considerable interest to quantify these barriers
in order to understand the inherent limitations of thin film
growth for a given system.

The existence of the Schwoebel barrier was first
observed for tungsten ad-atoms on various tungsten
surfaces'?>® and it has been estimated for some inorganic
substances: Computationally, this barrier has been
observed and quantified for monatomic crystals such as
copper and silicon where the atom’s coordination number
decreases as it negotiates the step-edge, resulting in
an increase in potential energy. Unfortunately, experi-
mental determination of the Schwoebel barrier can only
be deduced indirectly. The complex morphology of the
surface with many different step edges, grain boundaries,
etc., will give rise to a range of different barriers.
Thus whatever value is deduced from experimental data
is, by necessity, an ensemble average of these many
different step-edge barriers that exist in the system,
whether they are classifiable as identifiable step-edges or
exist simply as a collection of defective edges. Experi-
mental routes to the Schwoebel barrier for organic mole-
cules typically involve scaling models fitted to experi-
mental data such as atomic force microscopy or in situ
X-ray diffraction. Though more accurate experimental
determinations are being sought,'>%!® the real promise
for understanding these barriers will come from molecular
simulation techniques, which are capable of determining
the Schwoebel barrier for a particular step. In a sense,
simulation suffers from its own opposite constraint: It can
predict the barrier for a given specific step, but there is no
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Figure 7. Various representations of the Schwoebel barrier. (a) Total energy shows the pronounced uphill energy barrier that a molecule experiences as it
traverses a step-edge on a pentacene surface. (b) Plan view of panel a where the energy contours can be clearly seen to rise as the step edge is approached.
(c) Molecular-scale representation of a successful step-edge descent is provided showing a pentacene molecule reorienting itself as it falls over the step-edge.

way to know accurately which step edges are present and
in what populations in an experimental sample. For
atoms, the step edges in the system are far less complex,
and hence it is not surprising that Schwoebel barriers for
atomic systems are quite well researched. For instance,
the self-diffusion barriers of Al ad-atoms have been
calculated using ab initio techniques for kinks, steps,
and corners,'”?**” including some novel atomic exchange
mechanisms. Xiang et al.*°! have extended this to ab initio
calculations of 3D step-edge barriers of the Cuf{ll11}
system which increase when the adatom diffuses down
more than one layer of steps.

3.5.2. Schwoebel Barrier for Organic Molecules. The
situation for organic molecules is far more complicated.
As noted above, the Schwoebel barrier is the additional
energy required for a particle to diffuse down a step-edge
beyond the 2D surface diffusional energy. Unfortunately,
even the 2D diffusion pathway on the surface is not easily
defined for organic molecules since they often do not
occupy single sites at any given time.”® The diffusion
cannot be characterized as being either “site—site” jump-
ing or continuum random walks and there can be con-
siderable bias in the direction of diffusion (as in the case of
Cgo on pentacene’). The behavior of small organic
semiconducting molecules is also complicated by factors
such as (i) the conformational freedom provided by the
nature of their chemical bonds, (ii) the anisotropic inter-
actions associated with “zz-stacking,” (iii) their molecular
shape (or aspect ratio), and (iv) their flexibility.

There are very few computational studies in the litera-
ture that provide values for the self-Schwoebel barrier for
small organic semiconducting molecules using molecular
simulation techniques. Studies of PTCDA (3,4,9,10-
perylene-tetracarboxylic-3,4.9,10-dianhydride)** and sexi-
phenyl?® report barriers of 80 and 60 kJ/mol, respec-
tively; for reference, our value of the minimum barrier for
sexiphenyl is 32.5~kJ/mol.”* Goose et al.”® showed that
simply stating a single value for the Schwoebel barrier of
molecular systems is not a suitable metric to use; instead,
molecular systems exhibit a range of barriers depending,
stochastically, on their angle of approach to the step edge.
We calculated the Schwoebel barrier not only for molecules
on a surface of like molecules (the self-Schwoebel barrier)
but also, for the first time in the literature, the barriers for
the chosen set of test molecules on surfaces of other
molecules in the set (“hetero-Schwoebel barriers™). The
molecules chosen were three small acenes, Cg, rubrene,
diindenoperylene, and sexiphenyl. All of them form herring-
bone crystal structures (except Cg, Which is fcc), but they
differ in shape, aspect ratio, flexibility, etc. We found a
pervasive preference for these molecules to “log-roll” over
the step-edge and began to uncover the effect of even subtle
changes in the nature of the step on the Schwoebel barrier.
Perhaps of most practical use for experimentalists, we found
that a roughly linear correlation exists between the binding
energy of a given molecule to the surface and the resultant
Schwoebel barrier, enabling researchers to readily estimate
the Schwoebel barrier for either self- or heterointerface
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situations without the need to perform the time-consuming
molecular simulations we had done. For molecules with
many internal rotational degrees of freedom, like rubrene, it
was clear that the concept of a Schwoebel barrier is less
meaningful because as it navigates surfaces and steps,
rubrene experiences roughly similar-sized barriers whether
at the step-edge or traversing the surface.

4. Studies of Surface Adsorption and Diffusion of “Small”
(and “Large”) Organic Semiconducting Molecules
on a Substrate

Having information about the surface kinetics (dif-
fusion, binding, etc.) is extremely important in terms of
understanding molecular ordering and, ultimately, film
morphology. And indeed, much is known about these
properties for atomic or quasi-spherical molecular sys-
tems. However, systems/materials involving “larger” mole-
cules that possess flexibility, rotational freedom, a well-
defined shape, or anisotropic interaction with a substrate,
i.e., the quintessential characteristics of small organic
semiconducting molecules, are surprisingly poorly stu-
died. Experimentally, the study of surface diffusion of
pi-electron-rich organic molecules on a metal surface only
began roughly a decade ago with Weckesser et al.’s STM
study of 4-trans-2-(pyrid-4-yl-vinyl) benzoic acid (PVBA)
on Pd(110),>** although interestingly they called this a
“large” molecule (in comparison to atomic systems).
At the time, this was the first use of STM to image the
“dog-bone”-shaped molecular structure, and to deter-
mine that PVBA molecules (like all subsequently imaged
st-electron-rich small organic semiconducting molecules)
lie flat on the metal surface. They also report an addi-
tional quantity, the angles that the long- (or short-) axis
makes with the substrate, which we believe play a role in
determining the tendency to template the growth of small
organic semiconducting molecules, for example to form
nanowires. In this case, the submonolayer coverage
showed that PVBA molecules prefer to lie across the Pd
rows at an angle of about 35° with the[1, 1, 0] Pd rows and
at 90° to the surface normal (i.e., lying flat on the metal).
The well-cited later STM study by Tromp and co-workers
of pentacene on bare silicon showed that pentacene likes
to lie either parallel or perpendicular to the Si (001) rows
with roughly equal probability and rarely diagonally
across the rows (unlike PVBA on Pd).* Arrhenius plots
of surface diffusion can (with sufficient patience to ob-
serve site-hopping) be constructed to provide estimates
for the activation energy barrier and attempt frequency.
In the example case of PVBA on Pd, a large activation
barrier of about 0.8 eV was found for the migration
energy (emblematic of the strong binding to the surface)
and a relatively small attempt frequency of about 1 x
10'%/s (about 2 orders of magnitude smaller than benzene
on the same surface). These data, in turn, can be used to
determine an intrinsic diffusion coefficient of around 7 x
10~% cm?/s, assuming a single site-hopping model.

This assumption of single site, nearest neighbor, hop-
ping is difficult to prove in many cases since the uncertainty
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in experimentally determined prefactors is large and the
Arrhenius data notoriously difficult to determine accu-
rately. And indeed, there is evidence for a different mode
of diffusion, one that involves multiple lattice site hop-
ping, so-called “long jumps” that can dominate in the
behavior of “large” molecules (large by atomic standards,
but relevant to ‘small’ organic semiconducting mole-
cules). Schunack et al.? studied the adsorption of dec-
acyclene (DC) and hexa-tert-butyldecacyclene (HtBDC)
on the Cu(110) surface. These two structurally related
molecules offer an interesting comparison: They both
have a similar pi-system that adsorbs parallel to the Cu
surface, but the tertiary butyl groups in HtBDC hold the
molecule away from the surface (like stilts). This compar-
ison clearly shows the ability of adsorbent binding to
influence diffusion; the t-butyl groups on HtBDC bind
much more weakly to the Cu surface than DC, resulting in
a factor of 10000 times higher surface diffusion coeffi-
cient. For these molecules, “long jumps” are the domi-
nant mechanism for diffusion, with rms jump lengths in
the range 4—7 nearest neighbor sites (for DC and HtBDC,
respectively). Like the earlier work on PVBA, the activa-
tion energies were high, 0.6—0.75 eV, but with higher
prefactors (~1 x 10'#/s), which lead to fast diffusion
coefficients on the order of 1 x 10™? cm?/s. The authors
checked the precision of their experimental results for
jump lengths against Kinetic Monte Carlo (KMC) simu-
lations of a simple one-dimensional random walk descrip-
tion of the system. The KMC determined the probability
of a jump length of a given distance and, finally, found a
value of a hopping rate and an rms jump length. The
authors showed that the simple 1D KMC model provided
a consistent underestimate of the hopping rate and ex-
plained this in terms of the neglect of the model to capture
multiple jumps between observations. This was an inter-
esting idea that could be revisited with a more complex
KMC model.

In a related study, Otero et a used STM images to
show that changing the orientation of an organic mole-
cule known as Violet Lander, C¢gH o4, On the surface of
a metal (Cu (110)) by gently pushing it with an STM tip
can alter the diffusion coefficient by 2 orders of magni-
tude, albeit very low values, from about 1 x 107" to
about 1 x 10~ cm?/s as the molecule is rotated 70° from
its normal orientation parallel to the Cu (110) rows. Using
standard semiempirical force field Molecular Dynamics
simulations of a model of a single Violet Lander (VL)
molecule on a surface containing about 1600 Cu atoms,
they found that the two lowest energy orientations of the
VL molecule on the metal were parallel to the Cu [1, 1, 0]
direction and 70° away from this orientation, in excellent
agreement with experiment. They also imparted a small
amount of momentum to the VL molecule to emulate a
surface phonon and found that the [1, 1, 0]-aligned
molecule needed more momentum to be displaced from
its position on the surface, which the authors designated
as being “locked” into the surface.?®’

These two papers and others highlight a common
theme: the Schunack et al. paper®® suggested a way to
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design molecules to significantly alter the surface binding
and diffusion, a theme carried on by Otero et al.>°® and by
subsequent papers. For example, a paper by Trevethan
and Shluger®® reiterated the idea that an organic mole-
cule’s structure and flexibility can “profoundly” affect
diffusion rate and mechanism, even on insulating sur-
faces like TiO, (110) (in contrast to the other studies
mentioned*>2%). They used molecular simulation compu-
tational routes to find energy barriers for polar groups
binding to the surface and then used these barriers in a
KMC simulation to look for links between the design of the
polar functional groups and the diffusivity of the organic
molecule. These authors recently extended this idea as a
means to “designing molecules, predicting their adsorption
and diffusion at surfaces, simulating atomic force micro-
scopy imaging and manipulation of atoms and molecules at
insulating surfaces and studying electron conduction in
prototype molecular devices” in a recent review article.””

5. Growth of Thin Films of Other Small Organic
Semiconducting Molecules

The growth of thin films of pentacene was reviewed in
section 3 above. Experimental studies of the growth of
other small organic semiconducting molecules are also
underway in the search for a successor to pentacene in
terms of improved charge mobility. Given no a priori
direction from theoretical or computational sources, this
has led to the study of many different thin film materials
and substrate combinations in a wide-ranging search
guided by experimental experience and intuition. Review-
ing all the molecule/substrate candidates currently under
consideration is beyond this review, but a 2007 review by
Murphy and Fréchet*'” categorized existing results for
both vacuum-deposited and solution-processed p-type
and n-type oligomers. A 2010 review by Lehnherr and
Tykwinski®*!' extends this by focusing on substituted
pentacene building blocks that allow better “s-stacking”
to occur. Other reviews exist with different foci: An older
review focuses on the charge transport performance of
different classes of small organic molecules was given by
Horowitz,>'?> whereas those of Witte and Woll?!'? and
Ruiz et al."*® in 2004 focus more on the growth morpho-
logies of different molecules.

From a computational standpoint, simulation of thin
film growth in these systems is a challenge. System sizes
are inevitably large given a number of factors: (1) the
number of atoms in an individual organic molecule under
consideration is getting larger as we study increasingly
more complex systems (e.g., 32 atoms in pentacene, 60 in
the fullerene, Cqp), (2) the number of organic molecules
that must be deposited in order to create a reasonable
semblance of even a monolayer of thin film (without
undue influence of any periodic boundaries present),
(3) an adequately sized and deep underlying substrate,
and (4) the need to allow sufficient time between deposi-
tion events for individual molecules to strike the surface
and equilibrate on the surface (or to scatter away) before
the next particle arrives; this typically takes on the order
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of 20—100 ps per event (i.e., 2—10 x 10* iterations of the
equations of motion given a 1 fs time step). The combina-
tion of large system sizes and long time evolutions pre-
cludes ab initio studies at this point and challenges even
accelerated MD schemes. For instance, the deposition
(and subsequent equilibration) of Cg, molecules on a
pentacene surface (three monolayers deep) is sufficiently
resource-intensive that MD simulations become essen-
tially intractable in a reasonable elapsed time after about
4 or 5 C4p molecules have been deposited (in essence,
probing the practical limit of studying thousands of
atoms for nanoseconds). This situation makes Kinetic
Monte Carlo studies look appealing, but they involve
extensive Molecular Dynamics or DFT calculations to
already be in hand, providing an adequate database
(or “library”) of energy barriers that define the rates of
individual events that could occur. Not surprisingly then,
KMC studies of thin film growth have tended so far to
cover deposition of like-on-like, e.g., Cgp-on-Cgp>'* or
pentacene on pentacene. " In studies we have underway
in our group, a KMC study of Cgy growth on pentacene
has to contend with minimizing strain at the periodic
boundaries, and has to provide a scheme to gracefully
transition from the lattice constant and preferred morpho-
logy of the substrate to that of the growing film, with all the
inherent rates that these considerations imply. This consti-
tutes quite a challenge for an on-lattice KMC approach.

Some of these issues can be circumvented by other
approaches. For instance, we have deconstructed the
simulation of thin film growth to look at the propensity
of various events to occur during deposition. In energetic
deposition processes, for instance, a study of the pro-
pensity to insert into layers of the surface can elicit the
importance of individual molecular mechanisms than
can occur during thin film growth. We have studied the
likelihood of pentacene to deposit on pentacene’>”” and,
most recently, the tendency for diindenoperylene to
deposit on a self-assembled monolayer via competing
adsorption and insertion processes on the surface;”® see
Figure 8. Calculating the potential energy surface for a
potential adsorbate molecule like Cg, over a pentacene
surface shows a rough interface (see Figure 9) with
asymmetric low-energy pathways whose existence was
later borne out by Molecular Dynamics simulations.

In general, there has been relatively little examination
of fundamental growth processes themselves, particularly
at a molecular level, with the result that speculation into
the causes of experimentally observed variations in final
morphologies of grown films often remains just that.
Processes such as surface diffusion have until relatively
recently have not been investigated, although this is
changing. Our own results for systems like Cgy on penta-
ceneillustrate the fact that diffusion cannot be assumed to
be characterizable within an established diffusion regime,
e.g., Arrhenian diffusion; indeed, we have observed Lévy
flightlike behavior for Cgy on pentacene. And growth
processes are complicated in the case of m-electron-
containing small organic molecules by the tendency of
individual molecules to diffuse face down over the surface,
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Fig. Multiple DIP(Diindenopyridine) malecules inserted into the surface of FOTS(Fluorooctadecyl-
trichlorosilane) SAM molecules.

Figure 8. (a) Moment of deposition of a single DIP molecule onan FOTS
self-assembled monolayer surface. (b) MD simulation of the deposition of
multiple DIP molecules onto an FOTS SAM surface. As can be seen
readily, the DIP molecules tend to insert between the SAM molecules
rather than adsorb on top of the SAM surface.

whereas clusters of such molecules (or islands above a
critical size) spontaneously stand up to take advantage of
the stronger face-to-face interactions among themselves.
The net result is that there is a considerable difference
between the modes of diffusion of an organic mole-
cule over a surface compared to inorganic semi-
conductors, say.

6. Summary and Future Outlook

It is clear that the field of all-organic semiconductors,
as well as its organic—inorganic semiconductor “sister”
field, is an exciting playground for computationalists and
theorists. Several computationally focused reviews echo
this excitement.'®*?'>72!7 The “draw” is the opportunity
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to offer insights into the choice of materials, molecule
choices and designs, and optimized processing conditions
for a desired structural/electronic performance outcome
that cannot be achieved by experiment alone, and some,
especially molecular scale, insights that only computation
can provide. There are sufficiently efficient computational
tools to begin to tackle far more adventurous systems, for
example polymeric semiconductors and polymer-small
molecule interfaces, whose characteristic length and time
scales offer a system that is tantalizingly on the edge of
tractability using modern computational techniques. The
field is also poised to tackle the simulation of monolayers
of thin film growth of candidate small organic semi-
conducting molecules that is conspicuously absent in the
current literature. And there are new and developing com-
putational tools that will offer much better computational
accuracy and reach in the search for the link between struc-
ture and electrical performance. Some examples of pro-
mising techniques include (1) quantum Monte Carlo,
which is known to produce accurate band gaps,>'® reac-
tion barriers,”'” and weak dispersive forces;?>***! (2)
developments in the treatment of excited states (building
on’'"7%); (3) electronic structure methods that provide
efficient treatment of condensed phases®** (e.g., for solu-
tion processing); and (4) better routes to the elusive
concept of finding a structural “global minimum”
through transition path sampling techniques.'®*~'"* On
the other hand, it has to be said that there remains a need
for large computational resources to study thin film
growth, which is still in the domain of semiempirical
modeling techniques.

There is a growing consensus of some general principles
of surface adsorption of simple small molecules organic
semiconductors, for instance, the underlying balance of
forces that determines their tendency to stand up or lie
down on insulating or metallic substrates, respectively,
say. This force balance clearly also allows isolated mole-
cules to explore bent or twisted molecular orientations,
but to exploit force anisotropies to maximize their inter-
actions when these isolated molecules come together to
form a crystal. And there is a better understanding of the

b.

Figure 9. (a) Typical potential energy surface (PES) obtaining by “rastering” the x—y position of a single Cso molecule over a pentacene surface in which
the short axis is tilted up from a flat, horizontal position and computing the potential energy. Areas of higher potential energy are shown in pink, lower
energies are shown in blue, and aqua represent the lowest energy, as referenced by the energy scale in electron-volts shown to the right of the figure. (b) The
schematic of a Cgy molecule sitting in a depression on the surface is intended to evoke the physical situation corresponding to the PES in part a where
preferred spots for Cg to sit on the surface are visible between the pentacene rows but especially within the rows themselves (regions shown in aqua).
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major molecular-scale mechanisms at play during vapor-
phase deposition processes, especially a growing appre-
ciation for the relative roles of film smoothening pro-
cesses such as insertion and film roughening processes
such as the existence of appreciable Ehrlich—Schwoebel
barriers. However, the field of computational studies of
these organic semiconductor materials has not matured
to the point at which we can predict the thin film growth
morphology of a given molecule on a chosen substrate.

There are also conspicuously understudied areas in thin
film growth from a computational point of view. Most
notably, this includes the modeling and simulation of
heterojunctions, the identification and characterization
of intrinsic and processing-induced defects, and compu-
tational studies of solution processing. Much of this is a
reflection of the current newness of computational atten-
tion in this area; there is, in principle, no barrier to
studying these issues computationally. On a higher-level,
there are very few existing examples of places where
computation has provided a “design rule” that allows
computation to jump ahead of experimental studies and/
or provide information that experimentalists can readily
apply without the need to perform computationally intense
simulations. But the outlook for this is promising: for
example, we have provided a simple relationship between
the binding energy of adsorbate organic molecule and the
underlying substrate and the resulting Schwoebel step-
edge barrier that appears to work for many different small
organic molecules and is consistent with other careful
work. The existence of this particular rule will, for instance,
allow experimentalists to readily insert the relevant para-
meter for the Schwoebel barrier in theoretical models of
film growth to fit to X-ray data, say.

The set of molecules themselves are also a fitting
challenge for computational study: On one hand, their
similarity of crystal packing offers a good chance to
provide an overarching design rule that should cover
many candidate materials, with hopefully small perturba-
tions due to molecular flexibility (e.g., sexiphenyl versus
pentacene), aspect ratio (acene series), shape (perylenes
versus pentacene for 2D shape, or Cg versus acenes for
spherical/nonspherical comparison), access to vibrational
modes (rubrene versus pentacene). Our suggestion is that
the guiding rule is dominated by the role of the binding
energy to largely override these other considerations
mentioned. On the other hand, the weak binding among
this class of materials and the many choices of substrate
under consideration has the concomitant effect of allow-
ing subtleties to be manifested that can have ramifications
for computational studies. As an example, for reasons of
computational efficiency, given the size of the systems
that typically have to be considered for surface properties
and thin film growth, it is tempting to “freeze” layers of
molecules or to make assumptions of rigidity of the
molecules that can lead to artifactual results (as we have
seen in studying Cgo nanowires growing on flat-lying
pentacene surfaces). Even a few tenths of an electron-volt
difference in orientational preference can lead to profound
changes in mechanistic effect (as we have documented for
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the Schwoebel barrier). Thus we recommend that com-
putationalists take particular care to study the impact of
such assumptions on the results. This could allow us to
learn as a community where we can safely take computa-
tional short cuts and where we cannot.

As a computationalist, I think it would also be very
helpful to have some more targeted, systematic, experi-
mental studies of a given phenomenon. As a case in point,
in reviewing our understanding of the effect on the critical
first few monolayers of a small organic semiconductor,
like pentacene, on a strongly binding surface like a noble
metal, the results were typically given for just one system
and invariably with little contextual information to com-
pare or relate the results to other molecule/noble metal
combinations. It would be very helpful to have experi-
mental results for the morphology of the first 2—3 mono-
layers of pentacene, say, on a variety of different substrates
tailored in terms of work function to range from the most
strongly binding to the least. Alternatively, in the spirit of
this review, perhaps computational predictions of this effect
will offer a target for experimentalists to confirm or refute.

There is a great need for computationalists and experi-
mentalists alike to make a more concerted effort to more
systematically study the fundamentals of organic semi-
conductor binding to self and unlike surfaces for which
many open questions still exist and resist the temptation
to use electrical performance as the defining metric. With
the growing interest in the field of organic semiconduct-
ing materials, it will be imperative to underpin this area
with a knowledge and understanding of fundamental
structure—property relations.
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