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dynamics simulations. The smallest widths required for stable circular and linear engravings were found

to be 3.2 and 2.4 nm, respectively. The minimum separations possible without merging for circular and
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Introduction

Alkanethiol monolayers with micro- or nano-scale sizes have
many applications, including resists for pattern transfers,">
templates for biomolecules,** coatings for controlling surface
properties,”® and circuit components in molecular electronic
devices.'*"* High-fidelity micro- or nano-patterns of such mono-
layers can be constructed using a range of techniques, such as
micro-contact printing,’>** micro-writing,"** dip-pen nano-
lithography,'® nano-grafting,"” and nano-shaving.'® These
patterning methods can be categorized as either a built-up or
a dig-down method. The built-up method involves the positive
deposition of molecules on a specific region of a substrate, e.g,
using an atomic force microscope tip*>'® or stamp.'** Mono-
layers, tens of nanometers in width, are built up on various
substrates.*** In contrast, dig-down methods, such as nano-
shaving,'®* etch out selected regions of a monolayer fully covered
with alkanethiol molecules. In this way, circular holes and linear
trenches, tens of nms in width, can be engraved.'***

Simulation studies on the self-assembled monolayers of
alkanethiols on gold surfaces abound. For example, Rai et al.
studied the effects of the flexibility of Au-C-S bond on the
structure of an alkanethiol monolayer on a gold (111) surface.”
Singh et al. studied the phase separation of a mixed monolayer
of alkanethiols with different lengths on a gold nanoparticle.®
The wettability of a mixed monolayer of thiols with hydrophobic
and hydrophilic terminal groups were simulated by Szori et al.”
and by Vasumathi et al.®

Given the ever-decreasing feature sizes of these patterns, the
optimal resolution of these patterns is a major research and
engineering question. The stability of a thiol monolayer relies on
compact and ordered intermolecular packing; alkyl chains are
packed together and aligned, tilting slightly (~25 degrees) from
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linear trenches were 2.0 and 2.6 nm, respectively. These values set the ultimate the size limit and spatial
resolution for engraving the alkanethiol monolayer.

the surface normal. The sulfur head groups are also packed
together and adsorbed strongly to a surface (typically gold). On
the other hand, a finite-sized monolayer will be destabilized as its
width decreases to a few nms because of the lower degree of
intermolecular packing (of alkyl chains and sulfur groups). These
finite-sized monolayers also have new structural features, such as
periodic changes in the tilt orientation of molecules.”**” Previ-
ously, the nanoscale monolayers of octadecanethiol (ODT) grown
via a built-up method were studied using molecular dynamics
(MD) simulations.>*** The stability and structure of the nanoscale
monolayers of ODT were examined by varying the widths of these
monolayers to a few nms.

The ultimate size limit and spatial resolution of a nanoscale
engraving on a thiol monolayer are unknown, even though
these monolayers are used widely in many applications.>?**®
Various patterns engraved on the monolayers of alkanethiol are
utilized as resists for pattern transfers,” the templates for
biomolecules,>*® and the circuit components in molecular
electronic devices.'" Given the feature sizes of these negative
patterns become smaller and smaller, a fundamental design
principle for fabricating such patterns is desired. The present
study examined circular and linear engravings on a monolayer
of 1-decanethiol (DT), CH;(CH,)sCH,SH, using MD simulation.
DT is a prototypical molecule previously used for controlling
surface wettabilities,**** for molecular devices,** for sensors,?*3*
and for protective coatings.*® By analyzing the molecular
packing structures and thermal stabilities of various engraved
patterns, the present simulation revealed the size limits of
stable circular and linear patterns engraved on a DT monolayer.
How close two engraved patterns can be without coalescing into
one was also studied to provide a theoretical limit to the spatial
resolution of an engraved pattern on a DT monolayer.

3-6

Simulation methods

The CHj3, CH, and SH groups of DT were treated as united
atoms®**” to save simulation time without losing the accuracy of
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an all-atom simulation.**** The tilt direction of each molecule
was calculated by selecting the C,, C,, and Cq atoms of DT.
Three methyl groups at the tail (Cg, Co, and C;,) were excluded
because they contain many gauche defects. The tilt direction
vector of the /™ molecule, #;, was defined as the average of the
vectors from the sulfur atom to these carbon atoms (Fig. 1).>%*
The tilt angle of the i molecule, 6;, was given by the polar angle
of #; measured from the surface normal. The surface projection
of u; was designated by ;. The order parameter of the molecular
orientation, O,, was defined as™

O = (0.5(ir il)? — 1)1

where ();.; represents the average over all the intermolecular
pairs.

The bond stretching and bending angle interactions were
modeled using the harmonic potentials.*> The four-atom
torsion potential (C-C-C-C or C-C-C-S) was a triple cosine
function of the dihedral angle ¢, which has minima corre-
sponding to the ¢rans and gauche conformations.*® The
nonbonded interatomic interactions were taken to be the Len-
nard-Jones (L]) potentials,

o =4[(9)"- (]

where r is the inter-atomic distance; ¢ and ¢ are the energy and
length parameters, respectively.* The gold-sulfur interaction
was taken to be the Morse potential,**

Vaus(r) = De ™" — 2],

where D and b are the well depth and distance at the minimum
of the potential energy, respectively. This study used the
same LJ and Morse parameters applied
simulations.>*?237:45,46

in previous

Fig. 1 Orientation of a 1-decanethiol (DT) molecule with all-trans
conformations. The tilt direction vector T; for the i molecule was
calculated by selecting C,, Cy4, and Cg atoms. T; was defined as the
average of the direction vectors from the sulfur atom (in yellow) to
these selected carbon atoms. V; was defined as the surface (XY plane)
projection of U;. The tilt angle, 6;, is the polar angle of T; measured from
the surface normal (Z direction).
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The MD simulations were run at a constant temperature and
volume using the Berendsen thermostat.”” The MD trajectories
were propagated using the velocity Verlet algorithm with a time
step of 1.0 fs. The nonbonded interactions were cut off at
a distance of 9.0 A. A parallelepiped simulation box with lattice
vectors of (144.85 A, 83.63 A, 0), (0, 167.26 A, 0) and (0, 0, 100.0
A).

Periodic boundary conditions were applied in the direction
parallel to the surface (in X and Y direction). The gold surface,
which was comprised of two layers containing 6728 atoms, was
fixed in the simulation. A monolayer fully covered with 1159 DT
molecules was equilibrated by running a simulation at 300 K for
3 ns. Circular or linear patterns were next carved out from the
relaxed DT monolayer. These engraved monolayers were
evolved in time for 40-140 ns. The DLPOLY package*® was used
to implement the MD methods described above.

The present DT molecule is similar to the thiol molecule
previously simulated,*?>%*”*4¢ differing only in its length. We
therefore employed the same force field used in our previous
work. The tilt angles of the present molecules in a fully covered
monolayer were 22.8° on average, agreeing with that found in
a simulation using a different force field, 23.6°,* and with the
experimental values, 20-30°.>° Moreover, the present force field
reproduced the packing structures of sulfur atoms of the alka-
nethiol monolayers measured in experiments.”” A more
sophisticated force field such as the ab initio MD simulation or
the reactive force field might give additional features such as
the formation of a gold vacancy island* and a dimerization of
thiol molecules bridged by a gold atom.>* The present force field
however captures the essential features of the overall structures
of thiol monolayers, as verified in the previous studies.

Results and discussion

The time development of the circular engravings with diameters
of 2.8, 3.0, 3.2, 3.4, and 3.6 nm on the DT monolayer was
observed. Fig. 2 presents simulation snapshots and tilt direc-
tion vectors, Vs, of the circular holes with diameters of 3.0 (a
and b) and 3.2 nm (c and d). In each panel, the MD snapshot
and ;s are drawn in the top and bottom, respectively. The initial

25nm

Fig. 2 Time evolution of circular holes engraved on a DT monolayer.
In each panel, the simulation snapshot (top) and projected tilt direction
vectors V;s (bottom) are shown for times 0 and 70 ns. Drawn are the
holes with initial diameters of 3.0 (a and b) and 3.2 (c and d) nm. Only
a small portion of the system near the hole is shown for visual clarity.

This journal is © The Royal Society of Chemistry 2017
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3.0 nm-wide hole disappeared within 60 ns, giving rise to a fully
covered monolayer that was less dense than the bulk mono-
layer. Note that the tilt direction vectors near the region, where
the original hole existed, are disordered, as opposed to the
almost perfect alignment of the tilt direction vectors in the
initial monolayer. The energy of the monolayer increased
slightly by 0.1 kcal mol " (with a standard deviation of 0.05 kcal
mol " with time) as the hole vanished spontaneously (Fig. 2a
and b). The change in the Helmholtz free energy A is given, in
terms of the energy U and entropy S of the system, by A4 = AU —
TAS. As the spontaneous merging or collapse of linear trenches
(AA < 0) is accompanied by the increase in the energy (AU > 0),
the entropy must increase to make the overall change sponta-
neous. Hence, this vanishing is entropy driven, which is
consistent with the disorder in the tilt direction vectors shown
in Fig. 2b.

By contrast, the larger hole (of 3.2 nm in diameter) survived
after 70 ns (Fig. 2c and d). Note, although the individual snap-
shot shown in Fig. 2d is noncircular, the shape of the pattern
averaged over many snapshots is circular. The structural
parameters of the hole were calculated by averaging over 500
snapshots taken from 60 to 70 ns. The average tilt angle, ¢, was
24°, agreeing with the typical experimental values of the bulk
monolayers (20-30°).>° The percentage of trans conformations
was 97% on average. This is slightly lower than the bulk value of
99%, which was previously calculated for ODT.>® The order
parameter of the molecular orientation, O, was 0.95, which is
close to perfect ordering (1.0). These average structural
parameters are dominated by the majority of molecules far away
from the region, where the initial circular hole existed. In the
region with radial distances less than 2.6 nm from the center of
the initial hole, the average tilt angle was 25.1°, the percentage
of trans conformations was 92%, and O, was 0.85, indicating
the locally disordered structure. Even larger holes with diame-
ters of 3.4 and 3.6 nm were stable with respect to time. There-
fore, a stable hole should be at least 3.2 nm in diameter. This
should set the theoretical limit to the smallest circular
engraving on a DT monolayer. Interestingly, this minimum size
is almost twice of that of a positive pattern of an ODT mono-
layer, 1.9 nm.*® The present simulation considered DT, but
a shorter or a longer thiol molecule, whose number of carbon
atoms ranges from 6 to 24, is also utilized widely. In the case of
a bulk monolayer of alkanethiol, an increased length of a thiol
molecule, owing to an increased van der Waals intermolecular
interaction, gives an enhanced order, packing, and stability of
the resulting monolayer.'>** The tilt angles of molecules were
found to increase slightly with increasing the chain length of
alkanethiol.*>*® For a nanoscale monolayer of alkanethiol, the
percentage of trans conformations increased with increasing
the chain length.*® For the present engraved patterns, the
minimum size of such a pattern should decrease with
increasing the chain length of alkanethiol, owing to the
increased intermolecular interaction. Therefore, the minimum
size for ODT will be smaller than the present value found for DT.
An exact quantification of this decrease in the minimum size of
a nanoscale engraving calls for a separate investigation and is
beyond the scope of the present work.

This journal is © The Royal Society of Chemistry 2017
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The time-dependent areas of circular holes were investigated
(Fig. 3). The area of a hole was calculated by averaging over the
radial distances of sulfur atoms located at the periphery of the
hole. A sulfur atom was taken to be located at the periphery if
the number of neighboring sulfur atoms (within a distance < 6.0
A) was less than 6. With increasing time, a circular hole with
a diameter =3.2 nm decreased gradually and converged to
a constant with fluctuations arising from the thermal motion of
molecules. For example, the hole with a diameter of 3.2 nm
converged to 453 A? after 60 ns (the converged value was
calculated by averaging over 500 snapshots taken from 60 to 70
ns). On the other hand, the two smallest holes with diameters of
2.8 and 3.0 nm, respectively, reduced their areas abruptly at 40
and 60 ns and then decayed gradually to zero.

This study also investigated how close two circular holes can
be without merging, which is relevant to the best spatial reso-
lution of engraved patterns. Fig. 4 shows two contrasting cases:
two holes with diameters of 3.2 nm coalesce (a to c¢), and remain
separated (b to d) depending on their separation. The holes,
initially 1.8 nm apart (periphery-to-periphery distance), merged
into a single hole after 120 ns. In contrast, the same holes
initially 2.0 nm apart remained separate even after 140 ns.

The merging of two circular holes was monitored by check-
ing the tilt direction vectors, V;s, as shown in Fig. 5. With
increasing time, the concave bridge between the holes (shown
in yellow color) was distorted (Fig. 5b and c), became slender
(Fig. 5d), and disappeared, eventually producing a single trench
at 100 ns (Fig. 5e). Note that the molecules constituting the
concave bridge are dispersed, and are mostly relocated to the
periphery of the single merged trench (Fig. 5e and f). In this
merging process (Fig. 5a to e), the tilt direction vectors became
disordered near the periphery of the final trench. This indicates
the entropy-driven nature of merging, which is also shown in
the 0.18 kcal mol ™" increase in the system energy. With further
evolution of time, the noncircular trench became an almost
circular hole with a diameter of 4.4 nm at 120 ns.

Linear engravings on the DT monolayer, which are also
common motifs of engraved patterns, were next examined. A

12000 e diam.=3.0nm

—— diam.=3.2nm
~~~~~~~~~ diam.=3.4nm ||
S diam.=3.6nm

0.0
0.0

Time (ns)

Fig. 3 Time-dependent areas of circular holes with diameters of 2.8,
3.0, 3.2, 3.4, and 3.6 nm engraved in a DT monolayer.
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Fig. 4 Coalescence of circular holes at short distances. In the top (a
and c) and bottom (b and d) panels, two holes with a diameter of
3.2 nm were initially separated by 1.8 and 2.0 nm (from the periphery to
periphery), respectively. Drawn are the projected tilt vectors, V;s taken
at 0 ns (a and b) and 120 ns (c and d).
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Fig. 5 Merging process of two holes (with diameters of 3.2 nm) that

are initially 1.8 nm apart. The tilt direction vector V;s are shown for 0 (a),

60 (b), 80 (c), 90 (d), 100 (e), and 120 (f) ns. The molecules initially
bridging the two holes appear in yellow color.

linear trench was taken to be parallel to one of the unit cell
vectors of the gold (111) surface. This way, infinitely long
trenches can be simulated by applying the periodic boundary
conditions. Fig. 6 shows the time variance of the tilt direction
vectors for trenches with different widths, 1.5 (a), 1.8 (b), 2.1 (c),
and 2.4 (d) nm. With time, the narrowest trench was partially
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Fig. 6 Time evolution of linear trenches on the DT monolayer with
different widths, 1.5 (a), 1.8 (b), 2.1 (c), and 2.4 nm (d). Drawn are the tilt
direction vectors of V;s.

filled with molecules, forming three holes after 40 ns. The 1.8
nm-wide trench also collapsed after 40 ns (Fig. 6b). For the 2.1
nm-wide trench, only several DT molecules penetrated the
trench, bridging the opposite sides of the trench after 60 ns.
These collapses of the linear trenches were entropy-driven
because the system energies increased by 0.21-0.33 kcal
mol ', With a width of 2.4 nm or larger, a linear trench was
robust to thermal fluctuations after 60 ns (Fig. 6d). This sets the
minimum width required for the stable lines engraved on a DT
monolayer. This value (2.4 nm) is actually larger than the
minimum width found for the positive (embossed) lines of an
ODT monolayer, 1.7 nm.>® The structural parameters of this
stable trench (2.4 nm in width) were slightly less ordered than
those of the bulk monolayer. The average tilt angle, 6,
percentage of trans conformations, and O, were 24.78°, 95.74%,
and 0.90, respectively. Near the peripheries of the linear
trenches, however, DT molecules are more disordered than the
majority of molecules far away from the trenches.

This study investigated two parallel linear trenches by
varying their separation to estimate the ultimate spatial reso-
lution of these patterns. Fig. 7 presents the cases where two
linear trenches are initially 1.4, 2.0, 2.3, and 2.6 nm apart. After
40 ns, two parallel trenches merged if their initial separation
was less than 2.6 nm. This merging of nearby trenches (Fig. 7a-
c¢) were again entropy-driven because the energy of the system
increased by 0.19-0.32 kcal mol™*. The monolayer with two

This journal is © The Royal Society of Chemistry 2017
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