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Nature of step-edge barriers for small organic molecules
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A detailed examination of the Ehrlich-Schwoebel barrier that governs transport of molecules over step edges
for small organic molecules shows that the nature of this barrier for molecular systems is far richer than has
been previously understood. While such barriers for atomic systems can be represented by one numerical
value, we show that step-edge energy barriers for molecular systems depend sensitively on the angle of
approach to the step edge which, in turn, depends on the ability of the molecule to explore rotational degrees
of freedom. Thus a multiplex of barriers can be obtained for edge descent depending on the angle of approach.
Studies of seven aromatic molecules (small acenes, Cg, rubrene, diindenoperylene, and sexiphenyl) that cover
arange of size, shape, and rotational freedom explore how the degree of molecular twisting and bending affects
the value of the Ehrlich-Schwdebel barrier on a surface composed of itself (“self”-Schwiebel barriers) and of
other organic molecules (“hetero”-Schwiebel barriers). Nonspherical small organic molecules exhibit a strong
tendency to “log roll” over step edges at angles around 20° from parallel to the step edge as the lowest-energy
descent mechanism. Rigid models of small organic molecules fail to capture conformational flexibility during
edge descent, resulting in the production of considerably higher barriers. Intriguingly, while bending and
twisting have only a small direct effect on the magnitude of the barrier, they play a crucial role on the angle of
approach to the step edge which turns out to have a large impact on the barrier height. In addition, we quantify
the importance of selecting a sufficiently representative potential model and of employing an appropriately
conducted search mechanism. Finally, the broad scope of this study allows us to correlate Schwdoebel barriers
with the binding energy of the adsorbed molecule to the surface, obviating the need to undertake molecular
simulations for molecules not studied here and making possible accurate predictions of self- and hetero-

Ehrlich-Schwoebel barriers.
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I. INTRODUCTION

The Ehrlich-Schwoebel barrier (hereafter called the
Schwoebel barrier) is the energy required for an atom or
molecule to descend a monolayer-height step edge in addi-
tion to that of the conventional surface diffusion barrier as
originally proposed by Schwoebel and Ehrlich in separate
papers in 1966."2 The existence and size of a Schwoebel
barrier plays an important role when considering growth and
nucleation of thin films. Large Schwoebel barriers suppress
the downward flux of particles between crystalline layers,
inhibiting layer-by-layer growth that promotes favored two-
dimensional (2D) growth, and instead promote unwanted
three-dimensional growth that results when one molecular
layer starts growing before the one below it has completed a
full monolayer. It is therefore of considerable interest to
quantify these barriers in order to understand the morphol-
ogy of thin-film growth.

Computationally, this barrier has been observed and quan-
tified for monatomic crystals such as copper,’ aluminum,*>
and silicon® where the atom’s coordination number decreases
as it negotiates the step edge, resulting in an increase in
potential energy. The inherent symmetry and size of atomic
systems makes calculation of a Schwoebel barrier tractable,
even with fairly sophisticated potential-energy models. In
contrast, surprisingly little is known about the nature of
Schwdoebel barriers for molecular systems. Just two previous
studies exist that calculate the Schwdebel barrier for organic
molecules using molecular simulation techniques: 3,4,9,10-
perylene-tetracarboxylic-3,4,9,10-dianhydride (PTCDA)
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(Ref. 7) and sexiphenyl® for which barriers of 80 and 60
kJ/mol, respectively, were reported.

For organic molecules diffusing over step edges, the situ-
ation is far more complicated than for atomic systems: The
Schwoebel barrier is the additional energy required for a
particle to diffuse over a step edge compared to the 2D sur-
face diffusional energy. But, for organic molecules, the 2D
diffusion pathway on the surface is not easily defined as
molecules often do not occupy single sites at any given
time.” Diffusion in these systems often cannot be character-
ized as being either “site-site” jumping or continuum random
walks and there can be considerable bias in the direction of
diffusion. Systems containing small organic molecules are
also more complicated due to conformational freedom pro-
vided by factors such as the nature and location of their
chemical bonds, anisotropic interactions associated with “m
stacking,” molecular shape, and flexibility. Experimental
routes to this energy barrier are indirect; typically, involving
scaling models fitted to data collated from atomic force mi-
croscopy (AFM) or in situ x-ray diffraction, leading to an
inferred overall barrier averaged over all possible step types.
In contrast, molecular-scale modeling and simulation offers a
more direct view of the barrier facing molecules as they ap-
proach step edges.

In this paper, we calculate Schwoebel barriers of seven
highly aromatic molecules (see Fig. 1) which have signifi-
cant academic and industrial interest in thin-film
applications,'%!2 particularly in the arena of organic semi-
conductors for flexible displays. The molecules we chose
offer some similarities (e.g., degree of aromaticity, chemical
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FIG. 1. (Color online) Chemical structure of molecules studied.
Clockwise from left: anthracene, tetracene, pentacene, Cgp,
p-sexiphenyl, and rubrene with DIP in the center.

structure and overall shape), but they also differ in subtle
characteristics that could, we postulated, affect the
Schwdebel barrier, such as the presence of single bonds that
should increase molecular flexibility. Since there is an almost
unlimited array of candidate small organic molecules for thin
film growth, we hoped to illuminate some general rules gov-
erning the relationship between molecular topology and
height of Schwoebel barriers that could lead to an informed
choice of candidate molecules for 2D thin-film growth.

A. Software and potentials

For the entirety of this paper the following nomenclature
is used, MM3 7 (Ref. 13) and MM3 (Refs. 14-16) refer to
Allinger’s MM3(2000) potential, with and without the MP2
r electron correction. AIREBO(t) and AIREBO are the adap-
tive interactive reactive empirical bond order potentials by
Stuart et al.,'” with and without the four-body torsional
term.'® All ab initio-based potentials, which were carried out
using the GAUSSIANO3 software,!? are named as in the Gauss-
ian literature. LAMMPS (Refs. 20 and 21) and the TINKER
(Ref. 22) molecular modeling packages were used for
AIREBO- and MM3-based calculations, respectively.

B. Prior Work: The Schwoebel barrier of sexiphenyl and
PTCDA

Both previous molecular simulation studies of Schwoebel
barriers (for PTCDA and sexiphenyl) used a nudged elastic
band (NEB) method for energy minimization. Such methods
require that the number of degrees of freedom is kept low,
necessitating that, in both cases, the molecules constituting
the step and the underlying substrate were “frozen” (unable
to move in response to the interaction with the diffusing
admolecule). In addition, the internal degrees of freedom
were reduced: In the case of PTCDA, the molecule was held
rigid, while—for sexiphenyl—a single parameter was em-
ployed to describe the bending of the molecular backbone
(keeping all other internal degrees of freedom frozen). A
gradient search algorithm was then employed in the remain-
ing rotational and translational degrees of freedom giving
rise to a total of 6 and 7 degrees of freedom for PTDCA and
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FIG. 2. (Color online) Structure and nomenclature of planar
sexiphenyl molecules (¢;=0) and twisted sexiphenyl molecules

(¢;#0).

sexiphenyl, respectively. For PTCDA, where the fused-ring
backbone of the molecule is almost certain to remain rigid,
and the molecule to remain planar throughout the step-edge
descent, we assert that this is a valid assumption.

For sexiphenyl, assumptions of planarity and rigidity are
more of a concern. Hlawacek et al.%?* proposed a mecha-
nism whereby the descending sexiphenyl molecule ap-
proached a sexiphenyl (self) step-edge orthogonally (i.e.,
perpendicular to the edge) and descended by bending (essen-
tially draping itself) continuously over the step edge. In their
paper, the molecule was constrained to remain “planar” at all
times (i.e., all five torsional angles ¢;,=0°; see definitions in
Fig. 2) leading to a Schwdoebel barrier of 60 kJ/mol (0.63 eV)
which matched their experimentally determined value to
within 10%. Further, the authors claimed that a completely
rigid molecule (one not allowed to bend) experienced an
energy barrier of 85 kJ/mol (0.9 eV) representing a loss of
70% of the binding energy with the (001) surface. Their re-
sults contrasted our experience modeling the Schwdoebel bar-
rier of small, rigid organic molecules with a similar structure
[i.e., pentacene, anthracene, and diindenoperylene (DIP)]
which produced Schwoebel barriers that were considerably
smaller than Hlawacek’s reported values for sexiphenyl. In
addition, our results for relatively rigid molecules showed
that the point of their transition over the step edge occurred
with the molecular axis almost parallel to the step edge and
not orthogonal to the step. This caused us to investigate both
the mode of descent and the cause of the larger than expected
magnitude of the Schwoebel barrier for sexiphenyl.

II. EHRLICH-SCHWOEBEL BARRIERS OF SEXIPHENYL
MOLECULES

To accurately describe the energy of a molecule descend-
ing a step edge, the intermolecular potential must be able to
model both (i) the intermolecular interactions between the
molecule and the step-edge surfaces and (ii) the internal en-
ergy due to the geometrical conformation of the molecule.
The model also needs to be computationally efficient enough
to allow sufficient sampling of step-edge descent both in
terms of time and system size (we typically use 2000-3000
atoms to describe the step and underlying substrate). We
started by examining how well certain potentials were able to
describe the conformational phase space of the isolated mol-
ecule, specifically its propensity to twist and bend.

A. Molecular structure of sexiphenyl

Initially, interest centered on the effect of free rotation of
benzene rings around C—C bonds in the sexiphenyl mol-
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ecule as a possible cause of the high barrier reported by
Hlawacek et al. In that regard, there have been a number of
papers on the degree of planarity and structure of
sexiphenyl** and similar molecules.”>~3?> However, these is-
sues are still far from resolved, even for the relatively simple
isolated biphenyl molecule. For further discussion and calcu-
lation of isolated single torsional potentials of biphenyl and
sexiphenyl see Appendix A.

1. Molecular-structure notation

We first define some notation to describe the conforma-
tion of the molecules (see Fig. 2). Molecular bending is de-
scribed by a normalized molecular length, 8=1I/L, where [ is
the distance between the terminal carbon atoms and L is the
length at the minimum energy structure. We use the term
planar for molecules where all torsional angles across the
C—C single bond are zero, i.e., ¢;=0°. We use the term
“twisted” for molecules in which all the torsional angles are
#0°. The torsional potential around one C—C single bond
is described by ¢,,i,-

2. Geometry optimization on the sexiphenyl molecule

a. Unbent molecules. We first undertook calculations on
isolated unbent molecules using a variety of models ranging
from basic Hartree-Fock (HF) and MP2-corrected methods
to density-functional-theory (DFT) methods, and including
the fully atomistic AIREBO (Ref. 17) and MM3 models. We
performed unrestrained geometry optimizations on the mol-
ecule to probe the extent of twisting and constrained ¢;=0 to
examine planar molecules. Molecular lengths of planar mol-
ecules were very similar irrespective of the potential used. In
contrast, AIREBO models slightly underpredicted the length
of the twisted molecules in comparison to others presumably
because the larger ¢,,;,; reduced steric hindrance between
neighboring phenyl rings. All models predicted a twisted mo-
lecular energy minimum, rather than planar, with the excep-
tion of the MM3. Twisted molecular minima adopted a con-
formation where the torsional angle between neighboring
benzene rings alternated between positive and negative off-
sets along the molecular axis designated as (+—+—+). From
Table I, predicted torsional angles of all tested models, with
the exception of AIREBO(t), fall into the range of 30°—50°
which encompasses all previous calculations and experimen-
tal values for para-phenylene oligomers up to p-heptaphenyl.
The same general behavior is seen for sexiphenyl, as previ-
ously observed for biphenyl,?” in that HF and MP2 (and both
AIREBO) overpredict the twist barrier AE, , (AE,) and in
that DFT methods slightly underpredict torsional angles. We
report only terminal torsional angles (¢, 5) since variation
along the molecule is small.

b. Bent molecules. Flexibility of the sexiphenyl molecule
around its single C—C bonds leads to expectations that it
could bend to some degree as it descends the step edge, as
shown in the Hlawacek paper. The following discussion con-
cerns geometry optimizations on sexiphenyl molecules under
varying degrees of bend starting from both planar and
twisted configurations achieved by constraining the distance
between terminal carbon atoms. For planar molecules, it was
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TABLE I. Properties of unbent molecules: distance between ter-
minal carbon atoms for planar (L,,,,) and twisted (Lj;seq) Sex-
iphenyl molecules, energy difference between twisted, and planar
minima (AE,_,), cis-torsion angle across the terminal C—C single
bond (¢min(l,5))-

L

planar— Lowisted  BEpy  Duin(1,5)

Model (A (A o) ()

HF/6-31G(d) 24.62 24.33 68.8 44.6
B3LYP/6-31G(d,p) 24.65 24.45 36.3 372
PBEPBE/6-31G(d,p) 24.72 24.53 31.9 35.7
MP2/6-31G(d,p) 24.60 24.32 73.1 42.0
MM3 7w 24.65 24.43 30.0 353
MM3 23.50 N/A N/A N/A
AIREBO(t) 24.44 23.88 250.9 66.3
AIREBO 24.44 23.95 131.2 41.0

sometimes necessary to constrain all five ¢; in cases where,
otherwise, the optimizations led to the spontaneous forma-
tion of the twisted minimum-energy conformation. Figure
3(a) shows all potential models tested agree that the relation-
ship between bending energy (AE,,,;) of planar molecules
and reduction in normalized molecular length (1-6) is
roughly linear. A reduction of 20% in the distance between
terminal carbons results in a rise of =5 kJ/mol. MM3 is a
significant improvement over potential and almost indistin-
guishable from the ab initio and DFT calculations which are
many orders of magnitude slower in CPU time. The effect of
bending on the energy of twisted molecules in minimum en-
ergy, alternating twist (+—+—+), conformation showed the
same qualitative results as for planar molecules; see Fig.
3(b). Note that all energies are shifted by AE,, over the
range of 6, i.e., difference in energy between planar and
twisted configurations of the sexiphenyl molecule. Thus, re-
sults in Figs. 3(a) and 3(b) are each shown relative to their
own energy “baseline.” Again, all ab initio and DFT models
(with the exception of Hartree-Fock) and MM3r are in good
agreement. Twisted molecules exhibited an increase in en-
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FIG. 3. (Color online) The effect of bending on the energy of
isolated (a) planar and (b) twisted molecules.
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FIG. 4. (Color online) Bending energies for five different twisted configurations and planar molecules relative to the global minimum
(+—+—+) twisted straight molecule energy. (a) PBEPBE/6-31G(d,p), (b) B3LYP/6-31G(d,p), (c¢) MM3r, and (d) Configuration nomencla-

ture for twisted molecules

ergy of roughly 50 kJ/mol for a reduction in end-to-end dis-
tance of 20%. The AIREBO(t) potential was a noticeable
outlier, predicting bending of the molecule was not as ener-
getically unfavorable. By removing the torsional term of the
AIREBO potential,'® the cost of bending was increased;
however, the barrier was still significantly less than all other
methods and suggests this model is not a good choice for
sexiphenyl.

3. Alternate configurations of twisted molecules

We use a +— notation, see Fig. 4, to describe the many
possible neighboring twists along the sexiphenyl molecule.
Preliminary calculations predicted the unbent twisted confor-
mation was a global minimum, irrespective of the way mol-
ecules were twisted; the length of molecules was also con-
stant for any given potential. However, when twisted
molecules were bent, small variations in energy arose due to
conformational differences along the molecule. The two ex-
tremes were the alternating twist (+—+—+) and the helical
twist (+++++), as shown in Fig. 4(d). In Fig. 4, we plot
AE,,,  for five different twisted configurations and for the
planar molecules as we increase the degree of bending for
the MM3m, PBEPBE, and B3LYP models. Agreement
among them is remarkable considering the difference in
model complexity (and hence differences in the CPU time
taken).

Overall, the ability of MM3 7 to reproduce the DFT re-
sults is very encouraging and leaves us confident that we can
use this model to examine the Schwoebel barrier of sexiphe-
nyl more accurately than previous efforts. The torsional po-
tential is shallow around ¢,,;, so the effect of underpredict-
ing the angle slightly will not have a large effect on the
system energies. These results suggest that the intramolecu-
lar forces are well described by MM3 7.

B. Intermolecular interactions

Intermolecular forces in the MM3(m) potentials are de-
scribed by a pairwise additive, modified Buckingham

exp(—6) potential with an additional electrostatic contribu-
tion from C—H dipole moments. The intermolecular poten-
tial was parameterized against a large data set of heat of
sublimation and molecular crystal parameters for both ali-
phatic and aromatic molecules. Importantly the data set in-
cluded both benzene and biphenyl molecular crystals—the
building blocks of our molecule set. We are confident of the
applicability of such a model because intermolecular poten-
tials of this kind [including the similar DREIDING (Ref. 33)
potential which implements a 12—6 instead of exp(—6) van
der Waals contribution] have been used to examine complex
crystal structures of several organic molecules such as pen-
tacene, tetracene, perylene, and 1,2-dimethoxyethane.3*-’
For the rest of this paper, we concentrate on applying the
MM3 7 potential to model the molecules considered here.

C. Descent of a sexiphenyl molecule over a step edge

We now turn our attention to simulating the descent of an
MM3 m-modeled sexiphenyl molecule over a step edge com-
posed of sexiphenyl molecules. For all of the following dis-
cussion, crystalline sexiphenyl used to construct the surfaces
and step edges is frozen in place using bulk crystal
parameters’® with molecular orientation predicted by
MM3m. Long axes of the sexiphenyl molecules form an
angle of 14.5° with the surface normal and molecules are
planar within the crystal, closely matching experimental pre-
dictions and the conditions used in the paper by Hlawacek et
al.® Freezing the substrate in position significantly lowers the
computational effort involved as we can then turn off the 7
system calculations (which do not directly alter intermolecu-
lar energy) for the step edge leaving MM3 7 solely for the
admolecule structure. The intermolecular forces between ad-
molecule and step then are described as usual by the standard
and computationally efficient Buckingham and Electrostatic
parts of the MM3(r). This relies on the assumption that the
step edge is a structurally sound and robust entity that does
not fragment as the admolecule passes over. To ensure that
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FIG. 5. (Color online) Binding energies as a function of molecu-
lar orientation on the (001) surface. The binding energy (or “total
potential energy”) shown in (a) is the sum of the intermolecular
energy, shown in (b), and the intramolecular energy, shown in (c)

freezing molecules in place does not affect the calculation of
the barrier to any great extent, a test case involving penta-
cene, rather than sexiphenyl, was undertaken where substrate
molecules were free to move within minimizations. As
shown in Appendix C, the difference in barriers for systems
in which the substrate molecules are either “frozen” in place
or free to move under the influence of the intermolecular
forces was under 5 kJ/mol.

1. Binding on (001) surface

To define the energetic baseline for the Schwoebel barrier,
we first must know the minimum binding energy on the bulk
(001) surface. A search was carried out by generating hun-
dreds of random configurations on the frozen surface and
then minimizing the total energy with MM3 7 applied to the
admolecule only. We also conducted simulations in which we
constrained ¢; to lie within £1° and £5°, essentially in-
creasing the rigidity of the sexiphenyl molecule and pushing
it closer to the domain of molecules such as pentacene and
diindenoperylene (DIP), in order to examine the effect of
planarity on the potential energy surface. Figure 5 shows all
locally minimized energies as a function of molecular orien-
tation on (001) and demonstrates the multiplicity of available
energies, and that this richness resides in variations in the
intermolecular energy, not surprisingly. For constrained
structures, ¢; takes, in the vast majority of cases, the maxi-
mum constraint allowed (i.e., |¢;/=1° and 5°) while for the
unrestrained cases |¢,| lies between 20° and 40°. The mini-
mum AE,;,; on the surface for the unrestrained molecules is
113 kJ/mol with |¢;|=36.5%0.5 along the molecule and an
alternating twist, and its long molecular axis aligned in the
[100] direction. For constrained cases, the minimum struc-
ture for |¢;|=1° has a value for AE,;,;=111 kJ/mol and, for
|¢|=5°, AE,;,,=112 kJ/mol. While differences in binding
energies are small (1-2 kJ/mol), the effect of constraints on
the preferred orientation is dramatic. The minimum energy
structure switches from an orthogonal (to [010]) position for
the unconstrained case, to a parallel position for molecules
constrained to be planar within 1° and 5°. This critical result
is obtained because the unrestrained molecule was able to
access configurations, prohibited to planar molecules, in
which the intermolecular interactions are greater. The impli-
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cations of this result within a NEB search are substantial and
important due to the sensitivity of an NEB search on initial
and final positions. The sheer number of similar energy local
minima on the (001) surface demonstrates the difficulties
that will be faced when searching for a saddle point when a
step edge is introduced.

2. Trajectory search

For the trajectory search, we constructed a 6 X 12X 1 su-
percell step edge containing 144 sexiphenyl molecules with
periodic boundary conditions imposed in the [010] direction.
(There are actually two subtly different step edges which we
use due to the presence of two molecules in the unit cell and
depending on which molecule is defined at 0 0 O; for a clari-
fication see Appendix B). A single sexiphenyl molecule was
placed on the (001) surface with random orientation and ran-
dom position (at least 30 A from the step edge). The total
energy of this setup was minimized with the TINKER “New-
ton” procedure to a tolerance of 1X 1072 kcal/mol/A.
Choosing these randomized starting positions assumes that
all locally minimized geometries, as shown in Fig. 5, are
energetically accessible from the global minimum without
compromising the Schwoebel barrier. In other words, the en-
ergy required to pass from the global minimum to any start-
ing position is less than the Schwoebel barrier—a condition
which we are confident that we have satisfied. From the start-
ing position, the molecule was then repeatedly translated
0.1 A directly toward the step edge followed by energy
minimization—the minimized configuration from the previ-
ous step was used as the starting configuration for the next
except with the descending molecule translated by 0.1 A.
During minimization, the molecule was not allowed to move
away from the step edge but, any other translational, rota-
tional, or conformational move was allowed. We imple-
mented the Newton minimization scheme (tolerance: 1
X 1073 kcal/mol/A) at each step to find the local minimum
rather than a more globally effective minimization routine to
ensure that we were not bypassing any significant local
maxima along each trajectory. Each run produces a possible
trajectory of the diffusing molecule over the surface; the tra-
jectory with the lowest additional energy is chosen as the
predicted Schwoebel barrier. The many internal degrees of
freedom accessible to sexiphenyl render it necessary to carry
out a larger number of runs to ensure that we are probing as
much configurational phase space as possible.

3. Trajectories constraining ¢;

We again examined the effect of planarity by imposing
constraints on ¢, (unrestrained, and those constrained to =1
and =5) and, for each constraint case, we examined over 150
trajectories. In Fig. 6, we show the three minimum energy
trajectories for the sexiphenyl molecule descending over the
step edge, giving overall barriers of 35, 40, and 43 kJ/mol,
respectively.’® It is apparent that constraining ¢, affects the
trajectory in several ways but does not affect the barrier sig-
nificantly.

Constraining |¢;| <1°, produces a trajectory where the
molecule log rolls over the step edge in a parallel orientation.
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FIG. 6. (Color online) Trajectories resulting in the lowest
Schwoebel barrier for three cases restraining ¢;: (a) angular rotation
constrained to less than 1° (|¢|<1°), (b) angular rotation con-
strained to less than 5° (|¢;|<5°), and (c) unrestrained molecular
rotation. The total energy shown in the plots is the sum of the
intermolecular energy and intramolecular energies. The distance
axis refers to the orthogonal distance from the center of the middle
phenyl ring to the step edge.

The molecule remains planar and unbent throughout; there-
fore, the energetic contributions to the barrier come entirely
from the intermolecular energy. We have, in effect, found a
Schwoebel barrier for a rigid molecule that is roughly half
the 85 kJ/mol value predicted by Hlawacek et al. and in
which the molecule loses less than 40% of its binding energy
to the (001) surface (as opposed to the 70% loss proposed by
Hlawacek et al.).

By relaxing constraints on |¢,| to <5°, we see the same
log roll approach to the step edge, but, at the transition point,
a small degree of bending is now observed. As the molecule
twists in a helical conformation, the overall barrier is reduced
by 5 kJ/mol. Again, very little contribution to the barrier
comes from the internal energy of the molecule.

Only when we lift constraints on ¢; completely, do we see
more bending of the molecule within the trajectory, yet still
only resulting in a normalized molecular length 6=0.93 (i.e.,
a 7% bend in the molecule). The internal energy of the mol-
ecule, corresponding to the reduction in 6, rises (24 kJ/mol)
as the transition state is reached. At this point, the increased
energy of the system resulting from loss of intermolecular
interactions means that it becomes more favorable for the
molecule to bend and regain intermolecular interactions with
the step edge. We also see a change in the configuration of
the twisted molecule, with a flip in signs of ¢; as the mol-
ecule bends.

From these three cases, ranging from tight constraint to
complete unconstraint, the preferred trajectories always in-
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FIG. 7. (Color online) Phase space explored during the

Schwoebel barrier search. Data relate to the transition state (i.e., the
maximum energy within each trajectory). The left panel shows the
angle of approach as a function of bend in the molecule. The right
panel shows this as a function of the Ehrlich-Schwoebel barrier. The
data are color coded as shown in the bars on the right-hand side of
each panel, with green points denoting low values and red ones
denoting high ones. Large red X symbols are the results estimated
from Hlawacek et al.

volves the molecule log rolling off the step edge. Bending
and twisting of the molecule only slightly reduces the barrier
by facilitating a complicated “Fosbury Flop”-like mechanism
in a near-parallel approach to the step edge. It must be noted
that there are many different trajectories for all three cases,
although, by constraining ¢;, we are enormously reducing
the phase space and thus most successful trajectories pass
through the same transition points shown in Figs. 6(a) and
6(b); the vast majority of molecules were able to reorient
themselves into a near-parallel orientation on the terrace be-
fore descending. For the unrestrained case, we observed nu-
merous trajectories of varying energies passing through nu-
merous different transition points.

4. Phase space of unrestrained trajectories

In Fig. 7, we show collated results of over 300 simula-
tions mapping out values of the Schwdebel barrier that can
be explored by the molecule as it traverses the step. We plot
the orientation of the molecule relative to the step edge at the
transition point and the molecule’s normalized molecular
length. Significantly, all of the barriers predicted by our
method are lower than the previously reported prediction in
the literature.® Figure 7 shows that the lowest-energy trajec-
tories are clustered around two nodes at =20° and 6#=0.95
indicating a strong tendency for the molecules to orient
themselves more parallel to the step edge as they descend.
The same qualitative behavior observed in Fig. 6(c) is seen
for all trajectories except that, in general, if molecules ap-
proach the step edge more orthogonally, they are unable to
bend in this configuration until the driving force (the loss in
intermolecular interactions) becomes sufficiently large. The
only molecules that underwent significant (6<<0.9) bending
at the transition point approached the edge with orientation
of around *50° and correspond to relatively high Schwoebel
barriers. The lowest value of € that occurs at the transition
point is 0.85 however, as we saw from Fig. 6, the molecule
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continues to bend directly after the transition point resulting
in a slightly lower 6,,;, for each trajectory. The lowest 6,,,
for all trajectories was 0.825; see Appendix B. We do not see
any trajectories in which the molecule continuously drapes
itself over the step edge.

We include the value due to Hlawacek et al. (60 kJ/mol)
on Fig. 7 with the molecule in an orthogonal orientation and
an extrapolated value of 0.8 << #<<0.825. It is clear that their
result represents a high-energy point within the data set in
the much more complex “phase space” that is available to
sexiphenyl. It is unclear why parallel orientations were un-
explored by their search, particularly in light of our results
shown in Figs. 6(a) and 6(b) for rotationally constrained
molecules. It could be related to the intermolecular potential
energy model they chose but we believe that the most likely
reason is that the constraint implicit in the NEB search they
employed only examines trajectories directly between the
global minima on each surface. Linear interpolation between
the initial and final positions, particularly when they are
close together, is not guaranteed to explore all of the phase
space available to the molecule.

III. EHRLICH-SCHWOEBEL BARRIERS OF SEVEN
COMMON ORGANIC SEMICONDUCTING MOLECULES

We now introduce a further six molecules into this study
within which there are two distinct subsets: those in which
all rings are fused by sharing atoms (anthracene, tetracene,
pentacene, DIP, and Cg;) and those in which some rings are
joined by external bonds (rubrene and sexiphenyl), allowing
more conformational flexibility, and hence a more complex
conformational phase space. The fused-ring molecules can
be considered as almost rigid bodies exhibiting a progression
of geometric shape from linear molecules of varying aspect
ratio to the spherical Cg, molecule. All molecules have been
experimentally deposited as thin films on a variety of sub-
strates, with varying success from a mobility point of view.
Rubrene and sexiphenyl contain four and five bonds, respec-
tively, about which a twist can occur. The extra degrees of
freedom these latter molecules possess may be responsible
for the fact that it is harder to deposit these molecules in
ordered crystalline films than the fused-ring molecules.*

A. Molecular step edges

For each molecule, we constructed a step edge using bulk
crystal structures.*'=*7 While we acknowledge the existence
of several thin-film “polymorphs” or “phases” in small or-
ganic molecules of this kind (particularly for
pentacene®3%434%) we ignore them in this study. In penta-
cene, the existence of polymorphs is due to shifts in the
alignment of adjacent herringbone layers rather than any sig-
nificant difference in intralayer packing.** Since MM3 7 ac-
curately predicts an intralayer herringbone arrangement com-
mon across the polymorphs and the descending molecule is
oblivious to the relative stacking of the layers below due to
the large dimensions of the step relative to the range of the
energetic potential it is sensible to ignore it. Sexiphenyl on
the other hand exhibits a gradual progression from the sub-
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monolayer structure to the bulk phase® rather than two dis-
tinct structures therefore to maintain consistency we concen-
trate on bulk structures.

All molecules, with the exception of Cg, pack in a her-
ringbone structure; their unit-cell parameters are given in
Table III. C4y packs on a hexagonal lattice. The molecules
were minimized within the unit cell using MM3 7. The unit
cells were then used to construct supercells representing the
step edges which can be visualized in Fig. 8. The steps con-
sisted of one layer of molecules (except for Cgy; method
described below) with periodic boundary conditions imposed
in the direction parallel to the step edge. The choice of step
edge was influenced by the preferred growth orientation of
the herringbone structures.

Pentacene, tetracene, anthracene, DIP, and sexiphenyl are
almost indistinguishable in the view down the molecular
axes and, as a consequence, the (001) surfaces will be ener-
getically similar for any absorbed molecule. The most useful
form of these substances in thin-film applications occurs on
dielectric or inert substrates with the (001) plane parallel to
the substrate and orthogonal to the direction of growth. This
growth sometimes occurs naturally on dielectric or inert sub-
strates as with pentacene and DIP (Ref. 50) but, for others, it
can be promoted by the presence of buffer layers. For the
linear molecules, all unit cells, except DIP, are defined with
[100] (a axis) as the long axis in the xy plane. In DIP, the
[010] direction (b axis) is the longer. From previous work on
surface  energies of pentacene, oligioacenes, and
oligiophenylenes3*>132 it is known that the (100) surface is
the more stable of the two. The other surfaces predicted and
observed in the equilibrium thin-film growth of pentacene

and sexiphenyl are (110) and (110). For consistency, we
choose the same direction in relation to the herringbone
structure for all molecules. The step edge is parallel to the
furrows of the herringbone structure when viewed down the
molecular axis.

The step edge chosen for rubrene follows the logic of the
previous choice consistent with the herringbone structure.
Although rubrene is notoriously hard to grow in a crystalline
thin film, it has recently been shown to grow where the a
axis of the rubrene unit cell is perpendicular to the substrate
surface on a buffer layer of pentacene>* with good crystal-
linity. Here the (010) surface is equivalent to the top surface
in the other crystals and the (001) surface is parallel to the
furrows created by the herringbone structure.

For Cg, the choice was more arbitrary yet simpler due to
the symmetry of the molecule. The step edge is constructed
from the bulk fcc structure of Cgy and we start molecules on

the (111) surface and move them toward a {111} microfacet.

Complications for sexiphenyl and rubrene also arise from
the question of molecular planarity within the film crystal
structure. Both molecules form herringbone-type molecular
crystals, yet they exhibit different conformations in the crys-
talline state related to that of the isolated molecule, due to
the increased intermolecular interactions in the crystal
structure.2*2° For both molecules, there is still no consensus
regarding the degree of planarity within these films. Paraskar
et al®® claim that the molecular tetracene backbone of ru-
brene is only planar in bulk crystals and not necessarily in
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FIG. 8. (Color online) Step edges studied. In each case the step edge is viewed down the molecular axes (from above), highlighting the
herringbonelike structure of the crystals and along the direction of the step edge.

thin films (although the deviation is only slight). The twist
over the entire tetracene backbone for an isolated molecule is
predicted to be roughly 35° by the MM3 7 potential, com-
paring well to the value of 42° found using B3LYP calcula-
tions by Paraskar et al. The previous section discussed the
degree of planarity of sexiphenyl where the isolated mol-
ecule is twisted about its long axis and that the crystal struc-
tures are, on average, planar. The research community inter-
ested in small organic molecule seems slightly unsure how to
deal with this. For this work, both the tetracene backbone of
rubrene and the entire sexiphenyl molecule are considered to
be planar when in the crystalline step-edge environment.
This is not an assumption but a computational observation
when a cluster of proximal molecules are considered; planar-
ity is predicted by MM3m when the geometries are mini-
mized within the bulk crystal unit cells.

B. Binding energies

Calculation of maximum binding energies between top
surfaces of steps and descending molecules was achieved as

before by generating hundreds of random starting configura-
tions and performing a full energy minimization with the
molecules in the crystal frozen in place. Values of AE,,;,, are
shown in Table II. All molecules preferred to lie as flat on the
surfaces as possible, maximizing the interaction with the
surface—this is obviously easier for planar molecules. With
rubrene and sexiphenyl the strength of the interaction is not
strong enough to enforce a planar configuration of the back-
bone of the admolecule. The density of local minima is also
higher for sexiphenyl and rubrene where the internal degrees
of freedom are higher, suggesting that subsequent trajectory
searches will be more difficult.

C. Self-Schwoebel barriers

The procedure followed for each search was outlined in
the previous section: a molecule was placed on the top sur-
face and pushed continuously (in a sequence of 0.1 A steps)
toward the step edge with total energy minimized at each
point. MM37 was employed for the descending molecule

TABLE II. Properties of molecules studied calculated from MM37-minimized representations.

AE4 AEccE Length Width Molecular weight
Molecule (kJ/mol) (kJ/mol) (A) (A) Ratio (g/mol)
Anthracene 39 83 9.25 5.0 1.85 178
Tetracene 52 107 11.72 5.0 2.34 228
Pentacene 65 131 14.14 5.0 2.83 278
DIP 71 149 15.86 6.64 2.39 400
Ceqo 83 155 7.08 7.08 1.00 720
Rubrene 74 154 13.60 11.75 1.16 533
Sexiphenyl 113 174 25.71 4.26 6.03 459
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FIG. 9. (Color online) Left: minimum-energy trajectories for the
self-Schwoebel barriers of all the molecules studied. Right: corre-
sponding transition point snapshots for the self-Schwdoebel barriers
of anthracene, tetracene, pentacene, DIP, and rubrene (sexiphenyl is
omitted as it was described extensively in the previous section and
the conformation of Cg is comparatively uninteresting.)

only and all molecules contained within the step edge were
frozen in place.

Minimum energy trajectories corresponding to the “self”-
Schwoebel barriers for all seven molecules are shown in Fig.
9. The difference between the bottom four trajectories of the
planar fused-ring molecules and the top three trajectories is
quite striking. The bottom four trajectories (for the linear
acenes and DIP) share a similar small (=5 kJ/mol) 2D dif-
fusion barrier on approach to the step edge, followed by a
more pronounced rise in energy at the step edge due to the
Schwoebel barrier. In contrast, trajectories for rubrene, sex-
iphenyl, and Cg, exhibit larger 2D diffusion barriers on the
terrace which are on the same order as rises at the step edge.
This is due, in the case of rubrene and sexiphenyl, to the
flexibility of the molecules on the surface—the molecules
have conformational states available to them which are pro-
hibited to the fused-ring molecules. By allowing small twists
and bending of single bonds, rubrene, and sexiphenyl can
adapt more easily to subtle variations in the surface and
therefore explore lower-energy configurations. The acenes
and DIP experience more of a rigid-body interaction with the
surface and, therefore, the surface appears energetically
smoother. For the six herringbone-type crystals, the top sur-
face on which the molecules are adsorbed is relatively flat in
comparison to the molecular length of adsorbed molecules
and the large molecular lengths go some way to screening
out any variations or corrugations in the surface. The Cg
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FIG. 10. (Color online) Potential energy surface of the Cg,
Schwoebel barrier. The thick black dashed line traces the trajectory
shown in Fig. 9.

barrier is more reminiscent of an atomic system, but on a
larger scale; as with atomic systems, the molecular length
and the surface corrugations are equivalent, thus, the ad-
sorbed Cg, molecule is more sensitive to the topological fea-
tures of the Cg, surface resulting in higher 2D barriers.

1. Cg potential-energy surface

Due to the relative simplicity of the Cq, molecule we were
also able to map out the entire minimum potential energy
surface for a molecule approaching the step edge (Fig. 10).
We used a technique recently employed by Cantrell et al.’
where a C¢y molecule is used to probe the Cg surface. A fine
mesh of points (with a grid size of 0.1 A) was generated and
the energy minimized with respect to the z coordinate at each
point. The internal coordinates of the probe molecule (and
rotational degrees of freedom) were frozen and the molecule
lowered toward the surface until the potential energy mini-
mum is found. Cantrell et al. showed that the rotational de-
grees of freedom only have a small effect on the potential
energy of the system however nonredundant rotational de-
grees of freedom in all other molecules studied here pre-
vented their effective use as a probe for their respective sur-
faces. A comparison of Figs. 9 and 10 indicates that the
minimum trajectory in the former corresponds to the
minimum-energy path through the Potential Energy Surface.
Cqo 1s also the only case where there exists a clear diffusion
barrier that can be separated from the Schwdebel barrier.
(Traditional values of each would have AE;;=20 kJ/mol
and AER¢=10 kJ/mol but, for ease of comparison to the
other molecular species, we report a combination of the two.)
The diffusion barrier compares well to a study by Liu et al.>>
where Arrhenius-type behavior is assumed to calculate vari-
ous Cg diffusion barriers from coarse-grained molecular-
dynamics (MD) simulations. They inferred a value of
AEd,-ff:17 kJ/mol for simple 2D diffusion; however, there
was no direct comparison available for the Schwoebel bar-
rier.

2. Transition points

Trajectories of the five molecules with aspect ratio above
1.5 share similar modes of descent with transition points oc-
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curring with the long molecular axes close to parallel to the
step edge (Fig. 9). Only sexiphenyl has the ability to bend
significantly and all other molecules we studied may be con-
sidered more or less rigid. If these molecules were to ap-
proach the step edge orthogonally, the energy penalty would
be greater, as more of the molecule would be estranged from
the molecular crystal. As reported in the previous section,
sexiphenyl is able to bend slightly but the cost of bending
around the step edge orthogonally is still prohibitive and
therefore a more parallel conformation is observed.

It can be anticipated that rubrene will provide the least
reliable estimate of the Schwdebel barrier due mainly to the
inherent complexity arising from its conformational freedom.
Throughout this work, we observed that the rubrene mol-
ecule often experienced a 2D diffusion barrier to traverse the
surface that can be of equal or greater magnitude to the
Schwdebel barrier to descend the step edge. This presents a
conceptual problem: the major assumption that all local
minima on the top surface are energetically available at a
cost lower than the Schwoebel barrier may not hold for
highly and dynamically nonplanar molecules such as ru-
brene. Due to its lack of planarity, the rubrene molecule is
not as geometrically bound to the surface (in the sense that
there is not a clear energetic advantage to lie on the surface
in one particular orientation since the rest of the molecule
can adopt so many other nonplanar conformational varia-
tions) and thus, overall, rubrene finds steps no less difficult
to navigate over than relatively flat surfaces.

3. Correlating Schwaebel barriers to molecular characteristics

In an attempt to understand how the self-Schwoebel bar-
rier is related to physical characteristics of the molecule and,
more practically speaking, providing a means to estimate the
self-Schwoebel barrier without performing these lengthy
simulations, we plotted the value of the self-Schwdebel bar-
rier that we calculated as a function of several different geo-
metric and physical characteristics that we imagined might
play a role; the results are shown in Fig. 11. The character-
istics we chose were molecular length, molecular width, as-
pect ratio (length to width), molecular weight, crystal cohe-
sive energy, binding energy, and the angle the step forms
with the top surface (see Tables II and III).

Examination of Fig. 11 shows there is no simple linear
relationship between the Schwoebel barrier and any single
metric for the set of molecules studied, though the crystal
cohesive energy and binding energy come the closest to pro-
viding a linear (or at least a simple) relationship. Several
other observations can be made about Fig. 11: (a) the acene
homologous series (anthracene, tetracene, and pentacene)
shows a large degree of correlation for many of the metrics
we selected (b) depending on how you interpret the correla-
tion for a given metric, in general, rubrene and Cg, tend to be
outliers.

The two most promising correlations, the crystal cohesive
energy (CCE) and binding energy, both indicate something
about the ability of the molecule to form favorable interac-
tions (within the crystal and on the top surface, respectively).
A linear correlation with these variables suggests that the
Schwoebel barrier is a function of the original interaction
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FIG. 11. (Color online) Correlations of the self-Schwoebel bar-
rier against seven molecular variables.

strength and that the molecule will always have to lose a
certain proportion of that energy (30% in the case of the
binding energy) as it navigates the step edge. DIP and pen-
tacene are the only molecules that produce qualitatively in-
accurate predictions based upon these metrics, i.e., DIP has a
higher binding energy/CCE than pentacene but produces a
lower barrier. The deviations from best fit lines are less than
5 kJ/mol in the case of the binding energy correlation.

D. Heterostep-edge barriers

While step-edge barriers that a molecule experiences as it
traverses a surface composed of its own type are important,
there are many important real-world situations where the
morphology of an interfacial layer between dissimilar mate-
rials, a heterointerface, plays an important and, perhaps a
critical, role in determining the properties of the device.
Heterostep-edge barriers are of particular importance, for ex-
ample, when considering the growth of organic heterojunc-
tions for use in photovoltaic devices. Recent research has
focused on using Cg, as the acceptor layer, with a variety of
other molecules as the donor.>%~8
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TABLE III. Unit cells dimensions of molecular crystals.

a b c
Molecule (A) (A) (A) o B v m Angle?
Anthracene 8.56 6.04 11.16 90.0 124.7 90.0 2 60
Tetracene 7.90 6.03 13.53 100.3 113.2 86.3 2 73
Pentacene 7.90 6.06 16.01 101.9 112.6 85.8 2 73
DIP 7.17 8.55 16.8 90.0 92.42 90.0 2 69
Ceo 14.17 14.17 14.17 90.0 90.0 90.0 4 90
Rubrene 26.86 7.19 14.43 90.0 90.0 90.0 4 90
Sexiphenyl 8.09 5.57 26.24 90.0 98.17 90.0 2 76

#The angle formed between the planes of the top surface and the step edge.

In an attempt to broaden the concept of step-edge,
Schwoebel, barriers we calculate the hetero-Schwoebel bar-
riers of all seven molecules studied in Fig. 1 on four surfaces
that we have already studied in some detail—namely, penta-
cene, tetracene, DIP, and rubrene. There are no calculations
in the literature of hetero-Schwoebel barriers. Pentacene and
tetracene were chosen because of the similarities in their unit
cells and crystal structure—we expect to find almost identi-
cal results between the two but select them to confirm that
we can predict when surfaces will behave similarly. The be-
havior of DIP and rubrene differ significantly from the
acenes and provide enough variety to justify any postulated
correlations of hetero-Schwoebel barriers.

We also studied a different pentacene step edge from the
one studied in the preceding section. This second pentacene
step edge, which we will call pentacene-«, was included to
test the effect of the precise type of step edge that a descend-
ing molecule may encounter, an effect that was not consid-
ered in the preceding section for pentacene. The only differ-
ence between the two pentacene step edges is exactly which
molecule in the unit cell forms the step surface; see Fig. 12.
This difference in step edges was considered for sexiphenyl
as described in Appendix B and depends on which of the
{100} planes is chosen to cut the step edge.

Correlations of Schwaiebel barriers with physical metrics

The introduction of hetero-Schwoebel barriers means that
any successful metric used to correlate the barriers across

FIG. 12. (Color online) Depiction of the two different types of
pentacene step edges. The exclusion of the green and white mol-
ecules creates a different orientationally disposed step edge
(pentacene-a) to that if the green and white molecules are included
(pentacene-B). The step edges are shown as views from directly
above (left panel) and down the molecular axes (right panel).

different molecular systems is likely to include information
about both the molecule descending the step edge and the
nature of the step edge itself. Referring to our experiences
with self-Schwoebel barriers in the preceding section and the
correlations across molecule types, the only metric which
satisfies this concept of including the crossinteraction of the
diffusing (ultimately, descending) molecule and the underly-
ing surface is the binding energy of the descending molecule
to the top surface. (This was one of the most promising cor-
relations for the self-Schwoebel barrier determined in the
preceding section.) While another option could be a combi-
nation of two or more of the other metrics we considered,
our results with the binding energy were sufficiently encour-
aging to preclude any such study at this time.

In Fig. 13, we show correlations of both the self- and
hetero-Schwoebel barriers versus the binding energy for all
seven diffusing/descending molecules over each of the four
different surfaces (pentacene, anthracene, rubrene, and DIP).
The roughly linear correlation of binding energy with
Schwoebel barrier held up well across all surfaces. There is
also a consistently linear relationship within the acene ho-
mologous series across all surfaces. Encouragingly, the re-
sults for all seven targeted molecules are almost identical for
the pentacene and tetracene surfaces (except when rubrene is
the descending molecule). The results also show that, as a
general rule, the size of the step-edge barrier for sexiphenyl
is consistently and significantly lower than its binding energy
to the surface suggests. We attribute this departure to its abil-
ity to bend and adapt its conformation as it navigates the step
edge. This is responsible for skewing the linear fit away from
the other molecules for the tetracene, pentacene-a and
pentacene-f surfaces, in particular. The difference between
the steepness of the correlations for the two pentacene sur-
faces (a and B) highlights the complexity of the system we
are dealing with and the sensitivity of the barriers to slight
changes in the step-edge topology.

There are two points of concern among this data: first, the
roughly 13 kJ/mol discrepancy between the Schwoebel bar-
riers for rubrene on tetracene and rubrene on pentacene and,
second, the higher than expected barrier for DIP on rubrene.
That rubrene should be involved in both of these unexpected
results should not be a surprise considering it is conforma-
tionally the most complex molecule we studied. The low
value of the Schwoebel barrier of rubrene on tetracene is a
case where the Schwoebel barrier that we calculated for this
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FIG. 13. (Color online) Correlation of the Ehrlich-Schwoebel
barrier with the binding energy on the top surface for the self-
Schwdebel barriers and hetero-Schwoebel barriers. The bold title on
each subfigure refers to the type of surface and step edge over
which the adsorbed molecule is descending. The barrier for each of
the seven descending molecule types is shown on every surface
using symbols provided in the accompanying key on the right-hand
side.

trajectory is lower than some of the 2D diffusion barriers we
observed for other trajectories of rubrene on tetracene and so
the concept of a Schwdebel barrier is not really applicable.
In Fig. 14 all our results are consolidated onto one graph
of Schwdebel barrier versus binding energy in pursuit of a
universal relationship. The inset includes results from the
only other previously reported values of Schwoebel barriers
for organic molecules (for PTCDA and sexiphenyl); the
PTCDA result would lie on a linear relationship through our
data but the result for sexiphenyl does not. Our concerns
over the sexiphenyl results have already been thoroughly dis-
cussed in the preceding section. Although we can correlate
the binding energy with the Schwoebel barrier reasonably
well over the entire range of systems studied within an un-
certainty of about 10 kJ/mol or less, there are clearly other
variables contributing toward the Schwdebel barrier. For ex-
ample, rubrene step edges consistently give higher
Schwoebel barriers than DIP step edges. We can postulate
reasons for this, although quantification becomes problem-
atic. One of these variables is the angle which the step forms
with the top surface. This was investigated by Hlawacek et
al.® for the sexiphenyl system where a gradual standing up of
molecules was observed experimentally from the first mono-
layer upwards until bulklike conditions were observed. It is
intuitive that the more severe an angle that the step forms
with the surface (i.e., the more upright the step edge), the
higher the barrier. However, we have yet to quantify this
with all of our results due to the difficulty in defining a “step
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FIG. 14. (Color online) Relationship between binding energy
and Schwoebel barrier for the set of systems studied in this work.
The color of the points refers to the material constituting the step
edge; the point style denotes the descending molecule (see key).
Black—Self-barrier; dark Blue—tetracene, red—pentacene-«,
green—pentacene-3, magenta—rubrene, and light blue—DIP. In-
set: inclusion of previous results in this field. Gray shows the results
for sexiphenyl from Hlawacek et al. and orange denotes the results
for PTCDA from Fendrich ez al.

angle.” Because the steps are constructed of molecules which
are not geometrically simple (especially in the case of ru-
brene) the surfaces that they form exhibit local variations
(i.e., deviations from the surface plane) over the range of one
unit cell thus complicating the measurement. The crystals
can be thought of as exhibiting a fractal dimension greater
than unity—depending on the scale of measurement the
angle varies. For example, as can be seen from Fig. 8, on a
macroscale the angle between (010) and (001) for rubrene is
clearly 90° whereas on an A scale this is not the case and
there is considerable variation along [010]. However it is
clear, again from Fig. 8, that the rubrene step presents a more
severe angle than DIP.

IV. MOLECULAR DYNAMICS: PENTACENE

As an extension to the above calculations we also carried
out molecular-dynamics simulations probing the pentacene
self-Schwoebel barrier at 300 K with the step-edge mol-
ecules free to move. The increased demand on computational
power needed to describe the time evolution of system ne-
cessitated the use of the MM3 potential for the entire system.
The use of molecular dynamics to study energetically acti-
vated processes in such a complex phase space is always
challenging and it is almost impossible to extricate any
meaningful quantitative information from a single simula-
tion, however, by propelling a pentacene molecule toward
the step edge and allowing the system to evolve under an
NVE (microcanonical) ensemble we observed numerous tra-
jectories qualitatively consistent with our previous calcula-
tions. The most important finding from the molecular-
dynamics simulations was that the step edge was not
compromised by the descending molecule and maintained its
structural integrity throughout thus justifying the assumption
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of a frozen step edge in the previous Schwoebel barrier
search. Full details, along with some representative trajecto-
ries, can be found in Appendix C.

V. CONCLUSIONS

This is a comprehensive study of the Schwoebel barrier of
seven small organic molecules on a number of different un-
derlying surfaces, and an attempt to try to link Schwdebel
barrier and the physical characteristics of the molecule. As a
result of this study, we make several important qualitative
observations, which we believe lead to a better understand-
ing of the processes involved in step-edge descent. Perhaps
the two most important of these observations is (1) that the
Schwoebel barrier for organic molecules is a more complex,
richer, situation than for atomic systems and the barrier is a
multiplex rather than a single value and (2) that a roughly
linear correlation was found between the binding energy and
Schwoebel barrier, enabling researchers to estimate the
Schwoebel barrier for either self- or heterointerface situa-
tions without the need to perform the time-consuming and
rather demanding molecular simulations described in this pa-
per.

In general, the molecules lose about 40% of their binding
energy as they descend a step edge but this can be reduced in
the case of molecules with flexible backbones, such as sex-
iphenyl. A log-roll mechanism was confirmed as the pre-
ferred step-edge descent in which the long molecular axis
remains nearly parallel to the step edge. This mechanism is
preferred for high-aspect ratio molecules.

Specifically for the self-Schwoebel barrier of sexiphenyl,
we find that the molecules prefer to roll over step edges in a
parallel orientation. Allowing rotation around the C—C
single bonds vastly increases the phase space of the search
and results in a slightly lower-energy trajectory where the
molecule experiences a kind of “Fosbury flop” at an angle of
about 20° to the step edge (interestingly, at roughly the same
angle preferred by human high jumpers). The sexiphenyl
molecule remains twisted as it descends the step edge, retain-
ing torsional angles of 35°—45°. Nearly all of the energetic
contribution to the barrier comes from a loss of intermolecu-
lar interactions as the unbent molecule tries to navigate the
step edge. Only a small degree of bending occurs at the step
edge and a slight rearrangement of the torsional angles to
facilitate the descent and reduce the loss of intermolecular
interactions. The lowest-energy barrier we found was 32.5
kJ/mol, which is significantly lower than that reported by
Hlawacek et al. It was also apparent that previous techniques
and assumptions based upon atomic systems do not neces-
sarily hold for systems such as sexiphenyl. The sheer number
of local minima on the potential-energy surface of the (001)
surface that we have uncovered create particular problems
for a nudged elastic band method when trying to navigate
between the global minimum on the terrace and the global
minimum bonded to the step as the potentially tortuous route
through a number of local minima is not guaranteed to be
discovered.

Although most of the studies in this paper consider the
Schwoebel barrier of molecules descending one particular
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type of step edge, our limited study of different step edges
showed that the steepness (as in the DIP step) and even
subtle differences in molecular orientation can have a signifi-
cant effect on the value of the Schwoebel barrier. It is obvi-
ous that the features of the step itself play an important part
in determining the magnitude of the barrier. So it is likely
that other steps or kink sites should play an important role in
the evolution of the film. This would be particularly apparent
in the submonolayer regime of film growth as the small is-
lands which form would not have particularly well-defined
step edges. It also points to the difficulty of a comparison of
experimentally derived estimates of step-edge barriers which
have to arise from an ensemble average of different
Schwoebel barriers depending on the details of the island
density and type, and computationally calculated energy pro-
files of specific ideal step-edge descents. In addition time
lapses between the deposition of the molecular thin film and
the collection of the AFM data is liable to produce some
reorganization of the molecular film which has been shown
to be particularly dependent on the time of removal from a
low-pressure environment to ambient conditions.>® For these
reasons we would not necessarily expect a close agreement
between our minimum energy trajectory (32.5 kJ/mol) for
sexiphenyl and the experimentally determined value of
~60 kJ/mol in the Hlawacek paper. Thus, experiments and
simulations offer quite different sets of information: Simula-
tion is currently the only way to get a precise determination
of a particular Schwoebel barrier but is limited by the varia-
tion and occurrence of different types of step edges that oc-
cur in a typical sample (if such exists). Indirect experimental
values are an average over all types of step edges and hence
it is not clear what this value represents in the absence of
detailed information on the extant step edges in the sample.
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APPENDIX A: TORSIONAL POTENTIALS
1. Torsional potential of biphenyl

Biphenyl has become something of a cause célebre when
considering the ability of electronic-structure calculations to
predict the geometry of isolated molecules because this rela-
tively simple molecule does not behave as would be ex-
pected and the task of explaining this has been given a con-
siderable amount of effort by researchers. The relatively
large amount of published literature proved very helpful
when interpreting our results and predicting the accuracy of
the larger sexiphenyl system. Because of the internal rigidity
of the phenyl rings, the complete minimum energy structure
can be summarized by one value—the torsional angle be-
tween the two phenyl rings (¢,,;,). It has been suggested that
this angle is thought to be defined by the competing contri-
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butions of steric hindrance within a planar molecule and the
tendency of the conjugated 7 system to prefer planarity. Yet
even this is debatable.®

Sexiphenyl being in the same homologous series as biphe-
nyl can be thought of a series of five of these torsional po-
tentials. A combination of  electronic-structure
calculations?’3260.61 and experimental measurements®>%3 ex-
amining the torsional potential of biphenyl have highlighted
the strong dependence of the predicted values AE,, AEy,
and ¢,,;, on the choice of theory and basis set used in the
calculation. The MP2 level of theory which is normally the
chemistry of choice for organic molecules performs unex-
pectedly poorly. It predicts the incorrect relative magnitude
of AE; and AEy,, and gives a general overprediction of both
values of AE by this large basis set, sophisticated theory
calculation. The values for ¢,,;, are generally within an ac-
ceptable range. Most recently, Johansson et al.”’ have exam-
ined the simple biphenyl system in great detail and have
reproduced the latest experimental values®>® through a very
sophisticated treatment and a comprehensive analysis of the
theoretical errors and their origins. One of the important con-
clusions is that some DFT methods (i.e., B3LYP) agree well,
although probably fortuitously, with the highest-level ex-
trapolated ab initio results and experiment. From a practical
point of view, this enables relatively accurate calculations to
be carried out at far less computational cost.

2. Torsional potential of sexiphenyl

For the longer sexiphenyl molecule, there seems to be
consensus that, while neighboring phenyl rings are twisted
along the molecular axis of isolated molecules,’*%4-% these
torsional angles are reduced when the molecules are packed
together into a crystalline environment.?#3863:67-69 Thjg ef-
fect has also been observed with other conjugated molecules
of  similar  size:®® an  ab  initio  study  of
poly(para-phenylene),” for example, predicts a torsional
angle of ¢,,;,,~27° and a AE;=~6 kJ/mol. Previous esti-
mates of ¢,,;,, in an isolated sexiphenyl molecule lie between
30°—40° using empirical potentials®*® and, very recently,
using DFT methods® with, among others, the same Perdew-
Burke-Ernzerhof functionals used by Hlawacek et al.

3. MM37r calculation of torsional potentials

The MM3(2000) potential developed by Allinger was pa-
rametrized using the structural data of a large number of
small organic molecules (biphenyl being among them) but
the difficulties in predicting this structure using a simple po-
tential are evident. Without including the MP2 correction for
electron correlation (denoted as MM3 ), the MM3 potential
fails to capture the twisted nature of the molecule and pre-
dicts a planar minimum (as it does for sexiphenyl). A dra-
matic improvement is observed with the inclusion of the
MP2 correction although this significantly increases the com-
putational complexity due to the introduction of self-
consistent-field iterations. A computational penalty of
MM3m over MM3 is about a factor of 100 in CPU time.

We used MM37r to calculate the torsional potential of
biphenyl and the torsional potential of the terminal phenyl
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FIG. 15. (Color online) Torsional potential calculated with the

MM3 7 potential for biphenyl and sexiphenyl. Constrained geom-
etry optimizations were performed at ¢ intervals of 1°.

ring on an otherwise planar sexiphenyl molecule (Fig. 15 and
Table IV) and found that MM3 7 performs as well as the best
ab initio calculations in the prediction of AE; and AEy, and
reasonably well in ¢,,;,. However, the slight underprediction
of ¢,,;, is not critical due to the shallowness of the torsional
potential around the minimum. It is interesting to note that
the maximum energy configuration does not occur exactly at
the planar state but instead with a torsional angle of 80°.
When the torsional potential of the terminal phenyl ring on
an otherwise planar sexiphenyl molecule is considered, AE,
(6.0 kJ/mol) was found to be very close to the value calcu-
lated for biphenyl (6.3 kJ/mol), suggesting the independence
of neighboring twists for the straight molecule, with each
twist contributing one-fifth to the total AE,,=30.0 kJ/mol
for sexiphenyl. This has been observed by Luke$ et al.®®
using DFT methods where only small variations in ¢,,;, were
seen over a range of para-phenylene oligomers.

APPENDIX B: SEXIPHENYL-FURTHER ANALYSIS
1. Dissimilar (100) step edges

A further complication in the case of sexiphenyl (and or-
ganic molecules, in general) arises due to the number of
molecules in the monoclinic unit cell and the subtle differ-
ence in their orientation. Each {100} surface exposes only
one of the two sexiphenyl molecules in each unit cell, so,
depending on which molecule is defined at 0 0 0, the (100)
surface is cut differently, producing a slightly different step

TABLE IV. Torsional energy barriers for the biphenyl molecule
comparing experimental values to results using a semiempirical po-
tential model, MM3 7 and ab initio-based estimates.

AEO AE9O ¢min
Model (kJ/mol) (kJ/mol) (°)
Experiment® 6.0%£2.1 6.5%2.0 44.4
MM37r 6.3 6.6 35.8
“Best estimates™? 8.0 8.3 45.8

aTaken from Refs. 62 and 63.
bTaken from Ref. 27.
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FIG. 16. (Color online) Two possible step edges in sexiphenyl,
illustrated by the presence or absence of the final row of different
colored molecules. (a) sexiphenyl-a step edge, (b) sexiphenyl-
step edge, (c) the view down the long molecular axis, and (d) the
view perpendicular to the a and b axes.

edge (see Fig. 16). We arbitrarily denote the step shown in
Fig. 16(a) as sexiphenyl-& and the step shown in Fig. 16(b)
as sexiphenyl-3. Hlawacek et al. appeared to exclusively use
sexiphenyl-f.

40 T T T
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2. Sexiphenyl on sexiphenyl: Effect of step edge on trajectory
search and phase space

We used both step edges in our search for the Schwoebel
barrier and found a small difference between the two al-
though this not as significant as we have found for other
organic molecules. The lowest barrier we report (32.5 kJ/
mol) was representative of sexiphenyl-a, whereas the lowest
barrier for sexiphenyl-8 was 35 kJ/mol (see Fig. 17). The
sexiphenyl trajectories shown in Fig. 6 were all obtained for
sexiphenyl-f steps for consistent comparison with previ-
ously published material; however, it can be seen from Fig.
17 that the minimum-energy trajectories for the two different
steps edges are very similar. Indeed, the angles of approach
are equivalent, though sexiphenyl-a produces a trajectory
with slightly less bending of the molecule and the molecule
undergoes an extra flip within the torsional angles at the
transition point.

Further to Fig. 7, we show the trajectory phase space of
the Schwoebel barrier search in terms of the maximum de-
gree of bending of the molecule over the trajectory; the
Schwoebel barrier and molecular orientation at the transition
point are plotted against (1-6,,,) instead of (1-6,,,,,) in
Fig. 18. On both this figure, and Fig. 7, we plot data from
both sexiphenyl-« (square points) and -8 (circle points) step
edges. This difference was not highlighted in the main article
so as not to overly confuse the reader.
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FIG. 17. (Color online) Detailed examination of each of the two minimum trajectories for the two step edges. The distance axis refers to
the orthogonal distance from the step edge and the vertical black dashed line shows the transition points corresponding to the blue molecules.
The yellow molecules show the maximum bending throughout the trajectories.
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maximum bending of the molecule over the trajectory (0=0,,,).
Square points refer to the sexiphenyl-« step while circle points refer
to the sexiphenyl-3 step.

3. Orthogonal molecules tethered around the step edge

In order to ascertain, on a fundamental level, whether the
MM3 7 potential model could ever allow a trajectory in
which the molecule was continually bent over the step edge
we sampled many possible transition states by forcing mol-
ecules to bend around the step edge in near-orthogonal con-
figurations (angles >80°), at random positions of descent,
and evaluating the minimized, locally constrained, geom-
etries. In all, over 4000 states were generated by conducting
NVT simulations at elevated temperatures (500 K) followed
by energy minimizations. At every position along the transi-
tion path, there should be a configuration with energy less
than or equal to 60 kJ/mol and, assuming that all neighboring
states are energetically accessible, the trajectory becomes
possible. It can be seen from Fig. 19 that this condition can
be met if the molecule bends around the step edge with 1
—6=0.18 but it incurs a high-energy barrier (indeed the
maximum observed) of around 60 kJ/mol (=10 kJ/mol).

4. Sexiphenyl on DIP

As discussed in the main article, when sexiphenyl is the
descending molecule it consistently has a lower Schwoebel
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FIG. 19. (Color online) Potential energy (intermolecular

+intramolecular) of sexiphenyl molecules forcibly bent over the
step edge.
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FIG. 20. (Color online) The energetic profile (left) and key
snapshots (right) of the minimum-energy trajectory for a sexiphenyl
molecule to descend over a DIP step edge. Note the relative invari-
ance of the low-energy path as the molecule traverses the terrace
and the relatively small period of energy loss at the transition point.

barrier than that predicted by the correlation we found with
binding energy. The flexibility of the sexiphenyl molecular
backbone allows the molecule to navigate the step edge more
easily than might be experienced by a more rigid molecule,
such as pentacene, say. In the minimum-energy pathway that
sexiphenyl seeks to traverse the step edge, the molecule still
navigates the step edge with its backbone almost parallel to
the step edge. When pentacene, tetracene or rubrene mol-
ecules formed the underlying terrace and step, we observed
no trajectories where sexiphenyl preferentially oriented itself
in an orthogonal approach to the step and none in which the
molecule drapes itself continually over the step edge (bend-
ing at each C—C bond).

However, when DIP molecules form the underlying ter-
race and step, we did observe one instance that produced
such a trajectory, leading to a hetero-Schwdebel barrier of 40
kJ/mol. While this descent, featuring a sexiphenyl molecule
smoothly draped over the step edge, was not the lowest-
energy trajectory (the lowest being 27 kJ/mol), the value of
40 kJ/mol is within an accessible energetic range, and hence
in dynamic situations molecules would be anticipated to oc-
casionally adopt this “draped” descent. In Figs. 20 and 21 we
examine the energetics of both trajectories. In Fig. 22, we
show snapshots of the molecule as it drapes over the step
edge. This is an important result in the context of the Hla-
wacek et al. paper as it shows that our search method is able
to pick up such a trajectory if it is of low-enough energy to
occur. The reason that it was seen for DIP and not on other
surfaces is because of the shape of the DIP molecule and
how it forms step edges. The relatively large molecular width
of DIP means that more carbon atoms are exposed at the
step-edge face and so the binding energy of the descending
molecule is stronger (than it would be on the other surfaces
we considered, for instance). When an orthogonally ap-
proaching molecule begins to poke itself over the edge of the
step edge, it feels a stronger energetic driving force from the
proximal exposed C atoms and the less steep step edge that
encourages the sexiphenyl molecule (with its greater rota-
tional freedom) to bend round the step and pick up the en-
ergy advantage of the - interactions. This example of an
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FIG. 21. (Color online) The energetic profile (left) and key
snapshots (right) of an orthogonal trajectory of a sexiphenyl mol-
ecule (not the minimum-energy path) as it descends over a DIP step
edge in which the sexiphenyl molecule gradually bends over the
step edge. Note the spikes in energy as the uncomfortably oriented
molecule traverses the terrace and the relatively large period of
energy loss during the descent.

eventuality in which descending molecules can continuously
drape themselves over steps) illustrates the kinds of mol-
ecules (orientationally more free molecules) and step edges
(less steep, 7 cloud exposed) that are more likely to give rise
to heavily bent descents.

APPENDIX C: LARGER-SCALE SIMULATIONS—
PENTACENE

In the main article, all of the step-edge molecules and
atoms were frozen in place as predicted by the MM3 po-
tential. Then, during subsequent calculations, the MM3 po-
tential was used to describe the step-edge molecules while
the MM3 7 potential was used solely for the descending mol-
ecule. This was required as the MM3 potential becomes
very computationally expensive when used on large numbers

FIG. 22. (Color online) More detailed snapshots of the orthogo-
nal trajectory from Fig. 21.
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of atoms (on the order of hundreds). To carry out dynamic
simulations or geometry optimizations where the molecules
and atoms comprising the step edge are free to move, in
addition to the descending molecule, requires that an accu-
rate but computationally efficient potential be employed to
describe the now liberated step-edge molecules. We have
shown that, unless the MM3#7 model is used for
m-conjugated molecules, an incorrect planar molecular struc-
ture of certain molecules is predicted, specifically rubrene
and sexiphenyl. We cannot use the MM3 7 potential for the
entire system (descending molecule+step edge) due to com-
putational expense and therefore employ a system where the
MM3 potential can be used with as much confidence with or
without the MP2 correction. For the five fused-ring mol-
ecules that we considered (the acenes, DIP, and C60), the
correct molecular structure is observed without the MP2 cor-
rection, but a smaller C=C bond length is observed
(=0.05 A smaller, depending on the locality). For penta-
cene, this results in a molecule which is 13.61 A in length
instead of 14.14 A but the intermolecular energy is largely
unaffected. In previous work’”® we have established the abil-
ity of the MM3 potential to describe the interactions within
the herringbone crystal structure in dynamic simulations of a
similar system and for this reason we chose pentacene as the
system for our larger scale and dynamic simulations. As an
additional justification of the utilization of the MM3 poten-
tial in place of the MM3m potential we also carried out the
following calculations for the pentacene system.

The entire procedure, to quantify the self-Schwdoebel bar-
rier for pentacene was repeated with different sets of restric-
tions placed on the system so as to decouple the effects of
choice of model and the disposition of the molecules forming
the step-edge (frozen in place and unable to move in re-
sponse to the presence of the descending molecule, or not).
The cases we considered were: (1) original case—All mol-
ecules forming the step-edge frozen in place. MM3 7 model
used to describe the descending molecule. (2) All step mol-
ecules frozen. The MM3 model used for the descending mol-
ecule. (3) All step molecules free to move. The MM3#
model used for the descending molecule. (4) All step mol-
ecules free to move. The MM3 model used for the descend-
ing molecule.

We show, in Fig. 23, the minimum trajectories resulting
from the four different cases: all of the trajectories, transition
points, and barriers are very similar. A horizontal comparison
of the graphs indicates that the use of the MM3 7 potential
for the descending molecule is unnecessary, for a comparable
level of accuracy is achieved when the MM3 potential is
employed for the descending molecule for both frozen and
unfrozen step edges. When the molecules constituting the
step are free to move, we see no mechanism by which the
molecules substantially affect (either to assist or hinder) the
descent of the molecule and the resulting step-edge barrier is
only 5 kJ/mol lower when all the molecules are free to move
and accommodate the descending molecule. The molecules
in the step do not move significantly when the descending
molecule passes by in close proximity and retain positions
close to those originally described by the MM3 7 potential.
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FIG. 23. (Color online) A comparison of the minimum-energy
Schwoebel barriers for the four test cases of constraint. For each
graph, the label Frozen or “Unfrozen” refers to the disposition of
the step-edge molecules and the labels MM3 and MM3 7 refer to
the potential model used to describe the intermolecular interactions
of the descending molecule.

Pentacene: Dynamics of step-edge descent

To investigate how the step-edge barrier was affected by
thermal movement of the molecules or atoms, we performed
molecular-dynamic simulations of the pentacene system. In
this way, we could study not only the minimum energy path
but observe the interplay of kinetic and thermodynamic as-
pects of step-edge descent.

All of the molecular-dynamics simulations were carried
out using the MM3 potential applied to all molecules in the
system. The construction of a more complex step edge with
two layers was also required; the bottom layer frozen and the
top layer was free to move. The top layer was thermalized to
a temperature of 300 K for 40 ps in a constant-temperature
simulation (NVT ensemble) to allow it to come to a quasi-
equilibrium condition and then a single diffusing molecule
on the upper surface was directed orthogonally toward the
step edge from a series of random starting points and orien-
tations.

Because the step-edge barrier is significant compared to
the thermal energy of the molecule, we cannot simply rely on
the molecule to make a successful attempt to descend the
step edge of its own accord during the limited period of
observation (order of nanoseconds) of the MD simulation.
When the initial location of the molecule was constrained to
lie within 5 A of the step and a constant-temperature, NVT,
simulation was run at 300 K for longer time scales (i.e., 10s
of ns), the molecule free to diffuse over the terrace was not
observed to fall down the step once. Assuming a Boltzmann
relationship defined by an attempt frequency, »,, and an ac-
tivation energy, AEgg, given in the equation below, the mol-
ecule would need to approach the step edge 2300 times for
every successful descent. This estimate of the probability of
observing a spontaneous descent was larger than the number
of trials in our study.
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FIG. 24. (Color online) Time trajectory of a failed dynamic
step-edge descent followed using molecular-dynamics molecular
simulations. The graph shows the intermolecular energy between
the molecule and the step as a function of time. Before 15 ps, the
system is held at thermal equilibration under constant-temperature,
NVT, conditions. At 15 ps, the molecule is directed toward the step
edge with the aid of a harmonic potential placed on the middle
phenyl ring. The energy of the system rises by about 10 kJ/mol as
the molecule experience the step-edge barrier at about 22 ps. The
snapshots shown below the energy-time plot are taken looking
down the b axis at 1 ps intervals from 16-27 ps and the molecules
are color coded to correspond with the graph.

(AEES/kBT)_ (Cl)

v=1ype

To finesse this problem, the diffusing molecule on the
upper terrace was directed across the surface by imposing a
harmonic potential on the central phenyl ring until it was
within 10 A of the step edge. At this point, the potential was
then lifted and the system evolved under a microcanonical,
constant-energy, NVE ensemble. At each random starting po-
sition (varying both rotational and translational initial condi-
tions), eight simulations were carried out with varying force
constants, thus varying the energy of approach to the step
edge. The lowest-energy successful trajectories and highest-
energy unsuccessful trajectories were then analyzed. All of
the trajectories in Figs. 24-26 use the intermolecular energy
between the descending molecule and the step edge on the
ordinate axis. The internal energy of the molecule remains
roughly constant and we see very little deformation in the
step edge as the molecule approaches.

Figure 24 shows one of the many failed trajectories where
the molecule approaches the step edge only to be repelled
back away from it. The loss in binding energy is at least
equivalent to that of the successful descents shown in Fig.
25, indicating the importance of the molecule’s approach in
considering the likelihood of a successful descent. The two
trajectories shown in Fig. 25 are both successful descents;
the red molecule (top trajectory) descends in a more orthogo-
nal orientation with a slightly higher loss in binding energy
than the parallel green molecule, though the difference is
marginal. We are not claiming that these successful descents
represent the global lowest-energy descents because of the
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FIG. 25. (Color online) Two molecular-dynamics simulation tra-
jectories of two successful dynamic step-edge descents (one shown
in red, the other in green, on the energy-time plot on the upper part
of the figure). The energy rise at the step edge is clearly larger than
in the preceding figure (of over 20 kJ/mol) but, like the preceding
figure, the maximum energy occurs at the tipping point (around
22-24 ps). The key is the same as that given in the caption for Fig.
24.

imposed directional bias that we place on the dynamic simu-
lations. And, indeed, the loss in binding energy is higher than
we observed in our static energy minimizations. In order to
claim that we have observed the dynamics of such a global
energy situation, we would need to sample the true diffu-
sional paths available to the molecule; by biasing the
progress of the molecule toward the step edge, this is com-
promised.

In Fig. 26, we demonstrate the difficulty of overcoming
the step-edge energy barrier in dynamic simulations: All
three molecular trajectories shown on the top graph (red,
green, and blue) start at the same position but are accelerated
toward the step edge with slightly different energies (ascend-
ing in energy from red to green to blue). All three trajectories
become unstable around 18—19 ps and the molecule leaves
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FIG. 26. (Color online) Three trajectories, all starting from the
same position but with different initial energies (red being the low-
est in energy, followed by green, and then blue). The key is the
same as in Fig. 24 with the exception that the NVT portion trajec-
tory is shown in gray. Snapshots of the red trajectory are not shown.
Here again, the unsuccessful descents of the red and green mol-
ecules are seen not to experience a high-enough energy rise to over-
come the Schwoebel barrier whereas the energy-time profile of the
blue trajectory is able to do so and fall over the step edge.

the (001) surface briefly (by rotating onto its edge, rather
than lying flat on the surface), resulting in a loss in binding
energy with the surface. In the cases denoted in red and
green, the molecule falls back flat onto the step edge at a
time stamp of 22 ps but still fails to fall off the edge. This is
because, in both cases, the molecule hits the last row of
molecules in the step edge. In the case of the “blue” mol-
ecule, its slightly higher energy allows it the momentum to
just clear the surface, enabling it to fall over the edge. Im-
portantly, in all three cases, despite the high energies in-
volved, the step edge maintains its structural integrity
throughout. This provides further justification for the as-
sumption that the molecules in the step edge are largely pas-
sive in any Schwoebel barrier descent mechanism and that
the degrees of freedom of molecules in the step edge can be
frozen out.
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