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ABSTRACT: Using simulations of a coarse-grained model, we examine the ability of topographic and
chemical patterns to direct the self-assembly of thin films of copolymers into a defect-free array of
vertical cylinders. The topographic pattern is a trench where the diblock is confined, whereas the
chemical pattern consists of spots that interact preferentially with the minority block. The self-assembly
process is described with Monte Carlo simulations of the standard model of block copolymers. While
fully three-dimensional, the simulated systems can include over a hundred domains. By analyzing top
views and cross sections of thin films, it is possible to determine the degree of ordering and the properties
of individual domains. First, the influence of confinement on ordering perfection is examined. By
focusing on the influence of trench width and sidewall selectivity, one can identify conditions that yield
defect-free arrays with a high reliability and for which domains exhibit a high degree of uniformity across
the trench. Second, we consider chemical patterns. While patterns matching the block copolymer
morphology and characteristic dimensions yield defect-free self-assembly, we study the tolerance of
directed self-assembly against deviations from this optimal case.We first explore the effect of a mismatch
between the spacing of the pattern and the diblock characteristic dimensions, and then we examine the
interpolation of domains on an incomplete pattern, where half of the rows are missing. By introducing
placement error in the position of the spots, we assess to what extent the diblock can rectify the noise of a
substrate pattern. The results of simulations are discussed in the context of a variety of experimental
observations.

I. Introduction

Directed self-assembly of block copolymers into ordered
morphologies1 offers a promising route toward inexpensive
fabrication of nanostructures. Some of the features that make
copolymers attractive for nanofabrication include the range of
length scales that are accessible, the variety of morphologies that
can arise,2 and the ability to tailor the properties of the self-
assembled system by changing the block copolymer, the thermo-
dynamic parameters, or the processing conditions. With current
lithographicmethods reaching their limit, one important applica-
tion of block copolymers will likely involve the production of
next-generation, ultrahigh density memory storage devices,
where copolymers can enable facile fabrication of bit-patterned
media. The target template in this context consists of a large
number (1012) of domains, each a few nanometers in size,
arranged in a periodic array, with no defects. The challenge
associated with the use of block copolymers is that the periodicity
of spontaneously self-assembled structures is local rather than
global.3 The short-range order gives way to defects that disrupt
the periodicity beyond a correlation length ξ∼ 10-100 d0, where
d0 is the block copolymer natural spacing. As seen both in
experiments4,5 and in simulations,6 the grain size increases with
time as ξ∼ tη, withη in the range 0.2-0.25.As a result of this slow
coarsening dynamics, ordered regions rarely extend beyond μm
length scales, even after weeks of annealing. In contrast, defect-
free arrangements over macroscopic areas are required for many
electronic devices, and for the self-assembly process to be

integrated into industrial production it must occur on faster time
scales. Besides issues related to equilibration, an additional
difficulty is that thin films of block copolymers are not expected
to reach perfect ordering even at equilibrium. In a two-dimen-
sional system, the positional order is quasi-long-range at best, i.e.,
it decays as a power law of the distance, because of a finite
concentration of thermally activated defects.7

Several approaches have been proposed to address the chal-
lenge of long-range order.3,8-10One class ofmethods involves the
use of nonequilibrium processes or external fields; examples
include the use of flow or electric fields, controlled evaporation
of solvent, or directional solidification. A second strategy relies
on substrates with topographic or chemical patterns. By tailoring
the boundary conditions, the self-assembly can be directed
toward the intended structure. It is this second strategy that is
examined in this work.

The use of a topographic pattern, generically referred to as
“graphoepitaxy”, encompasses a variety of situations. Early
work introduced a substrate patternedwith shallow steps, several
micrometers apart from each other.11 In that case complete
alignment of spherical domains is favored in the vicinity of the
steps, and the order is found to extend to other rows away from
the wall. When the distance between the two vertical walls is
comparable to the natural spacing of the copolymer, the effect of
commensurability becomes important. Confinement in a trench,
which is also referred to as channel, groove or trough, has attrac-
ted the most attention and has now been studied for all the
canonical morphologies, including lamellae,12,13 horizontal or
vertical cylinders,14,15 and spheres.8,11,16 Variations on this one-
dimensional confinement include tapered trenches,17 modulation*Corresponding author.
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of the trench width,18 roughness in the line edge,19 and V-shaped
grooves.20More recently, the effects of less confining topographic
patterns have also been considered. One study has introduced a
sparse array of nanoscale posts that act as surrogates for the
domains,21 and another has shown that a substrate with a
sawtoothed topography can ensure the lateral ordering of vertical
cylinders laying above it.22

Chemical patterns, produced by a local change in the chemical
functionality of the substrate, have also been shown to lead to
defect-free assemblyover arbitrarily large areas.23,24Of particular
interest has been the demonstration that “incomplete” or
“sparse” patterns can be used to direct the assembly of block
copolymers.25-27 In such a technique, referred to as “density
multiplication” or “pattern interpolation”, the block copolymer
adds information into the patterning process beyond that en-
coded in the substrate pattern. In that context, the block
copolymer also serves to rectify imperfections in the size and
position of patterned spots, thereby leading to what could be
called a self-correcting patterning technique. Interpolation and
rectification effects are therefore two particularly appealing
advantages of chemical patterning strategies. However, it is still
necessary to pattern spots having dimensions comparable to
those of the polymer domains. This requirement should be
contrasted with graphoepitaxy where, ideally, the topographic
pattern could have characteristic dimensions that are larger than
those of the copolymer domains, thereby facilitating fabrication.

Many factors come into play in deciding which types of
patterns are most suitable for production of ultradense, macro-
scopic, defect-free arrays. The focus of this work is the quality of
the self-assembled nanostructures, including the positional order
of domains and their uniformity. As alluded to earlier, a growing
body of experimental work has sought to identify the respective
merits of topographic and chemical patterns. In comparison,
progress on the theoretical and computational side has been
limited. A major obstacle has been the scale of the systems that
must be considered. The concentration of defects observed in
experiments is in the range between 10-2 to10-4, and many
intended applications require an ultralow defect density.25,27 In
the absence of theoretical approaches for defect formation,
predicting defect concentrations will likely require simulations
with a large number of domains. Note that current numerical
approaches are routinely used to determine the block copolymer
morphology, but identifying the optimal conditions for defect-
free assembly represents a different, and genuine challenge.

Given the scale of the problem, a coarse-grained description of
the copolymer is warranted. Phenomenological models that rely
on a Ginzburg-Landau free energy with nonlocal interactions
can generate efficient simulations of ordering in a diblock
copolymer.28,29 However, since the notion of a polymer chain is
not explicit in such approaches, extensions to multicomponent
systems such as copolymer or copolymer-homopolymer blends
appear difficult. This is a significant limitation because it is
increasingly clear that blends are very relevant to block copoly-
mer lithography; they can enable formation of nonbulk, techno-
logically important morphologies, including square arrays of
cylinders30 or nonregular, deviced-oriented geometries31 that
can not be obtained with pure copolymers.

Self-consistent field theory (SCFT) provides an alternative
approach for studyof the effects of patterns on self-assembly.30,32,33

The underlying description of themolecules is the standardmodel
of block copolymers34 which, unlike more phenomenological
approaches, takes into account the polymeric nature of the system
in an explicit manner. A recent study33 considered the effects of
confining a diblock copolymer in a hexagonal cavity and identi-
fied the “commensurability window”, i.e., the range in cavity size
that leads to a defect-free array of domains. While the cavity was
large enough to accommodate around 60 domains, the system

was two-dimensional, partly because describing such large sys-
tems with standard computational capabilities is facilitated by
postulating invariance in the direction normal to the substrate.
This two-dimensional assumption precludes studies of the inter-
play between the block copolymer characteristics, the pattern
properties, the film thickness and, more importantly, it does not
hold in many situations of technological interest, such as bit
patterned media fabrication. In the presence of chemically pat-
terned substrates, invariance across the film is the exception rather
than the rule, in particular for blend systems where one can
expect inhomogeneous distribution of homopolymer across the
film.24 Technological relevance requires a fully three-dimensional
description of the copolymer films.

The goal of this work is to analyze the ability of topographic
and chemical patterns to yield dense, defect-free arrays of
copolymer domains.We use theoretically informedMonte Carlo
simulations of the standardmodel of block copolymers, amethod
that relies on the field-based Hamiltonian underlying traditional
SCFT calculations, but that permits a particle-based representa-
tion which is amenable to Monte Carlo simulations. Compared
to our previous works using this approach,25,35-37 the present
study differs in two respects. First, instead of focusing on the type
of self-assembledmorphology, we address the positional order of
domains, whose number must be significant. Our method is
sufficiently efficient to simulate fully three-dimensional systems,
each containing over a hundred domains. Second, we describe,
albeit in an approximate manner, the dynamics of self-assembly.
Instead of resorting to the global (but unphysical) Monte Carlo
moves that are useful to reach the equilibrium morphology, the
Monte Carlo moves employed here are local only, and it is
assumed that the simulation generates a pseudodynamics for
the self-assembly process. This approach is closely related to
single-chain in mean field simulations,38 and is comparable to
other methods that operate at the same mesoscopic level, such as
dynamic density functional theory.39,40

The test system studied here has been considered in detail in
experimental studies15,25,41 and involves a cylinder-forming block
copolymer that should self-assemble into vertical domains. The
topographic pattern is a trench of constant width, the chemical
pattern is a hexagonal array of spots that interact selectively with
the minority block. When comparing graphoepitaxy and chemi-
cal patterns, we follow somewhat opposite approaches. For the
former,we seek to determinewhether confinement in a trench can
lead to the perfection of ordering that is required for applications.
By investigating the influence of the trench’s width on the
resulting morphology, we progressively narrow down the sys-
tem’s parameters to one set of optimal conditions, for which we
characterize the properties of domains. Chemical patterns, on the
other hand, are known to yield defect-free structures when the
pattern matches the block copolymer morphology and natural
dimensions. In experiments, however, those patterns include
noise or imperfections. The aim of our work is then to gauge
the robustness of the self-assembly approach against deviations
fromoptimal, perfectly commensurate conditions. Three kinds of
deviations are considered here. First, we vary the pattern spacing
and assess the tolerance against a mismatch in dimensions.
Second, we change the number of spots and explore the possibi-
lity of interpolation. Third, we add noise to the spot positions and
characterize the rectification effect. Before examining self-assem-
bly on the patterns, we briefly describe the model, the test system
and the analysis method.

II. Model

This section summarizes the model and method employed
here; the reader is referred to ref 36 for an overview and to ref 35
for a more detailed account. Our starting point is the standard



Article Macromolecules, Vol. 43, No. 15, 2010 6497

model for a block copolymer melt,34 which assumes Gaussian
chains and describes nonbonded interactions with a functional of
the local density. For a system of n AB block copolymer chains,
each discretized intoN beads, in a volumeV at temperatureT, the
Hamiltonian is given by
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Here, kB is the Boltzmann constant,Re
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density, is the interdigitation number. The strength of repulsion
between unlike blocks is controlled by χN, and the compressi-
bility of the melt is fixed by κN. The local densities φK=A,B

are computed from the positions of the beads by counting
the number of beads in the cells of a regular grid with grid spac-
ing ΔL.

To model a thin film of block copolymer, the chains are
confined between two hardwalls.57 The block-surface interaction
is represented at a coarse-grained level by a short-range bead-
surface potential US of the form
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where r is the bead’s position, K= A, B its type, z is the distance
from the surface, and dS is the interaction range. ΛS

K determines
the strength and sign of interaction, it is constant for a homo-
geneous surface and depends on position for a patterned surface.

III. Results

A. Preliminary. 1. Thin Film Properties. We consider an
asymmetric diblock copolymer discretized into N = NA þ
NB = 9 þ 23=32 beads, which corresponds to a volume
fraction of 0.28 for the minority block. In line with the
discussion of ref 42, the compressibility parameter is fixed
to κN = 50. The interdigitation number is

√
Nh = 128 and

χN = 25. This set of parameters is representative of experi-
mental systems used in block copolymer lithography.23-25 A
typical end-to-end distance would beRe=30 nm, a value that
will be used throughout this work to convert simulation length
scales to real units. As in previous works,35,43 the grid spacing
ΔL=0.15Re is chosen so that each bead interacts with a large
number of other beads. The largest systems considered here
include more than 105 chains, i.e., several million beads.

While the bulk diblock adopts a cylindrical morphology,
confinement in a thin film and preferential wetting at the
surface can change the orientation of domains and the type
of morphology. Those effects have been studied with a
variety of approaches, including strong segregation theory,44

dynamic density functional theory,45 Monte Carlo simula-
tions of a lattice model,46 and SCFT.47,48 Figure 1 shows the
various morphologies found in our simulations, when the
top andbottom surfaces are both neutral (ΛN=0). Since the
size of the simulation box is finite and is not exactly com-
mensurate with the natural spacing of the ordered morpho-
logy, it could induce artifacts and spuriously influence the
morphology observed. We use rather large systems, with
minimum dimensions Lx = 10.5 Re and Ly = 12 Re, that can

accommodate more than 40 vertical cylinders; finite-size
effects are expected to be small for such system sizes.58

Because only the equilibrium morphology is of interest here,
global Monte Carlo moves are employed, including repta-
tion moves, translation of a whole chain and switching the
identity of the blocks. All observed morphologies have
cylindrical domains. As found in previous works, the orien-
tation of cylinders is highly dependent on the film thickness.
Indeed, even a perfectly neutral wall introduces several
effects.49 The enrichment of chain ends near the surface
induces an effective attraction between the shorter block
and the wall. On the other hand, the drop in density at the
wall reduces the enthalpic penalty of an A-B interface,
which favors locating the interfaces at the wall.

The vertically oriented cylinders that form the target
morphology of this study are obtained for Lz = (0.5-1)Re

andLz=(2-2.2)Re. Because a high aspect ratio is important
for fabrication processes, the film thickness is set to Lz=
2.2Re. To compute the natural spacing d0 of the cylinders in
the thin film, we simply use a large system, which, after
equilibration, exhibits a defect-free array of 236 cylinders.
The distribution of distance between nearest-neighbor cylin-
ders is approximately Gaussian, with a standard deviation
0.12Re, and an average value d0= 1.74Re. Note that a bottom
substrate with a weak attraction for the majority component
would favor the perpendicular orientation of domains. We
have chosen a neutral substrate since it offers favorable
conditions for interpolation of domains.

2. Pseudodynamics. Monte Carlo simulations can yield a
qualitative description of the dynamics, provided the moves
employed are not too different from the actual motion of the
chain (see ref 38 for an example in the related context of
single-chain in mean field simulations). At least two simple
pseudodynamics for the polymer chains can be considered.
Restricting moves to random displacements of individual
beads leads to a Rouse dynamics for the chains. On the other
hand, when the topological constraints imposed by the
surroundings chains are important, the slithering-snake
move can be used to mimic the reptating motion of the
molecules (see ref 50, however). Those two pseudodynamics
would apply in the limit of low or high molecular weight,
when the entanglements are negligible or prevailing, respec-
tively. The system considered in this work falls in an inter-
mediate regime. Consider, for example, a PS-PMMA
copolymer, which is commonly used in experiments, with
molecular weight 100 kg 3mol-1. Given that the entanglement
molecular weights of PS and PMMA are 13 and 10 kg 3mol-1

respectively,51 entanglements are not negligible.
We chose a pseudodynamics that combines single displace-

ment and slithering-snake (reptation) moves, with respec-
tive proportion 80% and 20%. This choice is rather arbi-
trary, the resulting dynamics is not expected to be realistic at

Figure 1. Morphologies observed in a thin film confined between two
neutral surfaces as a function of film thickness. A schematic representa-
tion of the system is shown on the right for each case.
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the single-chain level, and it entirely neglects hydrodynamic
interactions (which are unlikely to be important in the dense
polymer melts considered here). However, it captures the
diffusive relaxation kinetics of composition fluctuations, and
weassume it provides a reasonable descriptionof the dynamics
at a collective level, i.e., at the level of domains.59 In the single
displacement move, the maximum displacement is set so that
the acceptance ratio is 40%.60 In the slithering-snakemove, the
number of beads moved from one chain end to the other is
randomly chosen in the range [1,3] which gives an acceptance
ratioof around50%in theorderedphase.With the convention
that a slithering-snake move displaces an average number of
four beads, each particle experiences on average one trialmove
at each Monte Carlo step (MCS).

An estimate of the simulation time scale is provided by
computing the diffusion coefficient D according to

lim
tf¥

Ærccm2ðtÞæ ¼ 6Dt ð3Þ

where Ææ denotes a thermodynamic average, and rccm(t) is the
displacement vector of the chain center of mass after a time
t expressed in MCS. For a homopolymer, we find D =
3.5� 10-3 Re

2
3MCS-1 in the bulk and D=2.2� 10-3

Re
2
3MCS-1 in a film of thickness Lz = 2.2Re. The longest

simulations presented below reach 2 � 105 MCS, during
which a homopolymer chain can diffuse over a distance
50Re. In the diblock system, diffusion is suppressed, but
the time range simulated is still large and, indeed, all systems
reach a stable configuration. The initial condition for the
pseudodynamic simulations is a disordered phase at χN=0,
which is then quenched to χN = 25.

3. Analysis. Snapshots of the system are periodically
recorded to follow the self-assembly process and investigate
the dimensions and positional order of the domains. We use
top views because they are accessible in experiments, whereas
three-dimensional visualization, from cross sections for in-
stance, is much more difficult to achieve. For a thin layer at
the top of the film (2< z/Re<2.2), a two-dimensional map
of the local composition φ = φA - φB is computed using a
regular grid with lattice spacing 0.05Re. To obtain sufficient
resolution, φ is averaged over 200MCS. Individual domains
are identified by performing a cluster analysis for sites where
φ > 0.61 The effective “area” of a cluster is defined as A =P

iφi, where the sum runs over all cluster sites. After discard-
ing clusters of negligible area, each remaining cluster corre-
sponds to the top section of a cylindrical domain. A cluster
is then characterized by its radius R = (A/π)1/2, and the
position of its center of mass rcm=1/A

P
iφiri, where ri is the

position of site i. The gyration tensor GRβ = 1/A
P

iφiri,Rri,β
where R,β ∈ {x, y}, is also computed, as well as its two
eigenvalues λþ

2 > λ-
2. The shape of a domain is char-

acterized by the ratio between the long and short axes γ =
λþ/λ-- 1 and the eccentricity ε= (1- (λ-/λþ)

2)1/2. Finally,
the number of neighboring domains and the distance to them
was computed from aDelaunay triangulation. Occasionally,
two neighboring cylinders are seen to merge at their top to
form a bridge that connects them into a single cluster. Those
paired domains can easily be identified from their large
radius of gyration and the bridge is then broken before per-
forming the analysis.62 The analysis of top views is sufficient
to characterize the system self-assembled on a neutral sub-
strate because a cylindrical domain and its top section have
the same average position. Such is not the case for patterned
substrates, and a fully three-dimensional characterization is
then implemented.

B. Graphoepitaxy. In this section we examine how con-
finement in a trench affects the quality of the self-assembled
structure; seeking to identify optimal conditions, we focus on
the influence of trench width and sidewall selectivity. The
system considered here consists of a trench of width Ly and
lengthLx, with periodic boundary conditions in the x direction.
The bottom substrate and top surface are neutral (ΛAN =
ΛBN= 0), but the sidewalls are either neutral, B-selective, or
A-selective. In the latter case, the surface potential has a range
of 0.15Re and strength ΛAN= -ΛBN= 0.5, i.e., the sidewall
exerts an attraction on the A beads and a repulsion on the B
beads of equal magnitude. Whereas neutral sidewalls result in
the formation of half-cylinders along the trench edges, A-selec-
tive sidewalls are entirely covered by a preferential wetting layer
of A beads. In both cases, the “edge rows”, i.e., the rows
immediately adjacent to the trench edge, consist of individual
cylindrical domains. In contrast, for the case of the B-selective
sidewalls, neighboring domains sometimes merge together.
Since those larger domains would be detrimental for the inten-
ded applications, only neutral andA-selective sidewalls are con-
sidered inwhat follows.Forbrevity, the twosystemsare referred
to as the neutral trench and selective trench, respectively.

Figure 2 illustrates the various stages of the self-assembly
process. First, a rapid microphase separation gives rise to
domains having a variety of shapes and sizes. While some
domains are already vertical, long, horizontal domains that
are roughly semicylindrical in shape are also seen at the top
of the film; they subsequently break up to form several
vertical cylinders. As a consequence, the number of domains

Figure 2. Dynamics of self-assembly in a trench. Top views of the
system are taken after 200, 600, 4000, 10000, 40000, and 80000 MCS
(from top to bottom). The color map indicates the local composition φ,
withA-rich areas in red (φ= 1), B-rich areas in blue (φ=-1) and equal
density of A and B in yellow (φ = 0). In the final state, each domain
corresponds to a vertically oriented cylinder. The trench dimensions are
Lx = 40Re, Ly = 7.93Re, and Lz = 2.2Re, the sidewalls are neutral.
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seen in the top view generally increases with time. The
hexagonal order in the domain position appears simulta-
neously in different parts of the trench, but the merging of
those locally ordered regions into the final self-assembled
structure is a slow process: compare, for instance, the last two
snapshots of Figure 2 taken at 40000MCS and after the system
evolved for an additional 40000 MCS. Such slow coarsening
kinetics can be expectedwhen only a few defects are left and the
forces driving the evolution of the system are weak.

To study commensurability effects, the trench width was
varied systematically, from Ly = 5.4Re to 12.6Re in regular
increments of 0.36Re, while keeping Lx = 40Re. The nar-
rowest trench contains two rows and 46 cylinders, the largest
trench contains seven rows andmore than 150 cylinders. The
number of domainsNdom is plotted in Figure 3 as a function
of time; it increases until it reaches a plateau that corre-
sponds to a stable state. Perhaps surprisingly, the time
necessary to reach this final configuration does not system-
atically increase with the number of rowsNrow. Rather, for a
givenNrow, there is an optimal width that leads to the fastest
ordering, in 30000 MCS or less. Trench widths that are half
way between those optimal values lead to the longest equilibra-
tion times. After 105 MCS, a stable self-assembled state is
reached in all cases. We can not ascertain that this confi-
guration corresponds to equilibrium or that it would remain
unchanged over the course of much longer simulations; how-
ever, it is stable for the pseudodynamics considered in thiswork.

The final configurations can be classified into three types:
(i) defect-free array (ii) individual dislocation, when cylin-
ders are missing in one or several rows (iii) “coexistence”,
when the trench contains two well-ordered regions with n
and nþ 1 rows.63 Each case is illustrated in Figure 4. Several
experimental studies15,16,18,52 have reported on the number
or rows as a function of trench width. Our results are shown
in Figure 5 which also indicates the type of arrangement.
Defective structures are more likely to be found at the edges
of each step, as expected. Defect-free arrangements, on the
other hand, aremore common in the narrowest trenches. For
instance, when Nrow = 3, four trench widths, out of the five

considered, yield perfect ordering. Overall, the selectivity of
sidewalls does not seem to have a large influence, even

Figure 5. Number of rows of cylinders as a function of the trenchwidth
for a neutral trench (left) and a selective trench (right). The type of
domain arrangement is indicated.

Figure 3. Number of domains in the trench, as seen from a top view.
Each of the 21 curves corresponds to a trench width Ly ranging from
5.4Re to 12.6Re, frombottom to top. The number of rows is indicatedon
the right side. The sidewalls are neutral.

Figure 4. Type of domain arrangement found in the self-assembled
system: (top) defect-free configuration; (middle) individual dislocation,
where one domain is missing in each of the two upper rows; (bottom)
coexistence of four rows and five rows (shaded area). The color scheme
for the snapshots is similar to that of Figure 2. In theVoronoi diagrams,
each dot corresponds to the center of a domain top section and a line
connecting two dots indicates a bridge between domains (see text). Cells
are colored when the number of neighbors is five (magenta) or seven
(cyan). From top to bottom, the trench width is Ly = 7.93Re, 9.73Re,
and 8.65Re, respectively. The sidewalls are A-selective.



6500 Macromolecules, Vol. 43, No. 15, 2010 Detcheverry et al.

though coexistence arrangements appear more common in
the selective trench.

When placed in a trench, the diblock cannot maintain its
bulk properties. Confinement affects the lateral spacing
between rows, as well as the longitudinal spacing of domains
dx, which denotes here the mean distance along the x-axis
between two neighboring cylinders in the same row. For
instance, in defect-free configurations where Nrow = 3, the
longitudinal spacing ranges from dx = 1.90Re to 1.67Re, a
significant deviation from the bulk spacing d0= 1.74Re. The
distortion of the hexagonal array has its origins in several
factors. First, sidewalls modify domain properties in their
vicinity, a boundary effect that will be dominating in the
narrowest trenches. Second, the hexagonal array of domains,
while remaining defect-free, deforms to accommodate the
constraints imposed by the lateral confinement; this global
distortion is seen in the largest trenches, where dx = 1.81Re

or dx = d0 depending on the width.
While Figure 5 provides a first characterization of com-

mensurability effects, it does not give an estimate of defect
density. For one test case, we now examine the statistical
likelihood of obtaining a defect-free arrangement. Because
strong confinement and wetting impose stronger constraints
on the self-assembly, we choose a rather narrow trench, that
can accommodate four rows, and whose sidewalls are selec-
tive.Also, in contrast to a neutral surface that experimentally
requires a highly specific composition for the brush grafted
on the wall (see ref 53, however), selective walls might apply
to a broader range of experimental conditions. Large systems
are used; they comprise more than 40 domains per row, and
finite-size effects are small. Four distinct values of the trench
width (Ly=7.39Re, 7.57Re, 7.75Re, and 7.93Re) are con-
sidered, with ten realizations in each case. As previously, all
systems reach a stable state after 105 MCS. Only one trench
width (Ly=7.57Re) yields a defect-free arrangement in all
ten realizations, which corresponds to a total of 1800 cylin-
ders. Other trenches lead to defects in two realizations out of
10, indicating that the “commensurability window” for this
particular system is relatively narrow and spans less than
0.36Re, or about10 nm.

Focusing on the optimal width, we characterize the prop-
erties of individual domains. Features important for appli-
cations include the uniformity in domain size and row
spacing, and the accuracy in placement along the row.
Experiments with spheres have shown significant variations
in domain size and row spacing across the trench,16 whereas
better uniformity was observed for cylinders.15 Domain
properties, computed in each of the four rows, are given in
Table 1.64 The two inner rows and two edge rows have rather
similar properties. The domain radius and eccentricity ratio
show little difference (3% and 5% variation, respectively)
and the lateral spacings between rows are rather close
(0.403Re, 0.422Re, and 0.403Re). Finally, the placement
error in the lateral position, i.e. the standard deviation in
the y-coordinate, is smaller for the edge rows. Assuming
d0 = 30 nm as above yields σy = 2 nm.

What remains to be examined is the longitudinal order,
i.e., how domains are positioned along the rows. The first

observation is that the ten realizations analyzed here are all
defect-free, but they do not have the same number of
domains per row. Indeed, eight realizations have 45 domains
per row while the remaining two have 44 domains, yielding
dx = 1.777Re and dx = 1.818Re respectively. This confirms
that the confined diblock has a longitudinal spacing different
from the nonconfined system.65 Considering only the reali-
zations with 45 domains per row, the pair correlation func-
tion for x-position can be computed; the correlation
functions do not depend on the row considered and Figure 6
shows an average over the four rows. Upon increasing the
distance between domains, the correlation peaks broaden,
with a full width at half-maximum that increases from 0.1Re

to 0.2Re, but correlations remain high even at a distance of
20 domain spacings.

This section has identified a set of trench parameters that
yield defect-free arrays with a high degree of reliability, and a
tight distribution of placement error in lateral position. Ad-
dressable media requires, however, that the longitudinal posi-
tion of each domain be specified with high accuracy. This
requirement corresponds to a fixed number of domains per
row, and implies that additional featuresmustbeused to locally
pin the domains on a reference position. One can envision
modulation in the trench width, protrusions along the trench
walls, two-dimensional confinement or patterning the surface
of the trench.With the systemstudiedhere, the spacingbetween
such registration features should not exceed 40 domains, and
should be smaller if high positioning accuracy is needed.

C. Chemical Patterns. In the patterns considered here,
the patterned spots are circular with a radius dP/4, and are
arranged onahexagonal arraywith spacing dP.While the spots
are always A-selective, the nonpatterned area, hereafter called
“background”, is either neutral or B-selective. For conciseness,
those two patterns are called “neutral” (N) and “selective” (S).
The third pattern is “incomplete” (I), with a neutral back-
ground and every other row removed, as shown in Figure 7.

We first investigate the tolerance of self-assembly against a
small mismatch between the copolymer natural spacing and
the pattern dimension. Considering only the pattern S, the
pattern spacing dP is changed systematically, from 1.6Re to
1.95Re. At least five realizations, each containingNspot=48
patterned spots, are obtained for each pattern spacing. As
shown in Figure 8, the number of domains Ndom increases
with time until it reaches Nspot, at which point a vertical
cylinder lays above every spot. For all pattern spacings
1.65<dP/Re<1.85, a defect-free structure is reached ; out-
side this range, perfect ordering does not occur within the

Table 1. Properties of Domains as a Function of the Row Number
a

row σy/Re R/Re γ

1 0.058 0.351 1.37
2 0.075 0.341 1.30
3 0.074 0.341 1.30
4 0.058 0.351 1.37
aThe quantity σy denotes the standard deviation in the lateral

position, R the domain radius, and γ the eccentricity ratio.

Figure 6. Pair correlation function for the longitudinal position of
domains. The quantity dx represents the mean distance between
domains along the row.A representative configuration, and its Voronoi
diagram, are shown above.
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accessible simulation time (2� 105 MCS). Note that this
estimate for the “tolerance window”might be affected by the
finite-size of the system and the periodic boundary
conditions.66 The time necessary to reach perfect ordering
depends strongly on dP, as can be seen in the inset of Figure 8.
Not surprisingly, faster ordering is observed for dP = d0. On
the other hand, for the same amount of deviation from d0, the
ordering observed with dP < d0 is faster than the ordering
with dP> d0. A likely factor is that a smaller dP corresponds
to a lower number of chains in each domain (660 for dP =
1.65Re against 830 for dP =1.85Re), making it easier for the
self-assembly to proceed.

The properties of domains in the defect-free structures are
shown in Figure 9. The distance between nearest-neighbors d
and the radius R exhibit Gaussian-like distributions; both
quantities are dictated by the pattern spacing, with d = dP
andR/dP remaining close to 0.2. The width of the distribution
shows little change upon increasing the pattern spacing; only
the eccentricity ratio becomes slightly larger. Overall, a small
mismatch between dP and d0 yields a change in spacing, but
does not appear to perturb significantly domain properties.

Our observations can be compared to experimental
results41 obtained on a system whose parameters approxi-
mately match the case considered here.67 Experiments show
perfect ordering for dP=1.06d0 and defects for dP=0.92d0;
these results are consistent with the tolerance window deter-
mined here. The properties of individual domains can also be
determined by imaging the top free surface of the thin film
with scanning electron microscopy. The distribution of
domain size was found to be narrow with a ratio of the
standard deviation to the mean radius of 0.046, slightly
below our simulation result of 0.054. The mean eccentricity

of domains was in the range 0.48-0.55, in agreement with
our value of 0.52-0.54.

Fixing the pattern spacing dP to 1.75Re, we now change the
type of pattern by considering the neutral (N) and incom-
plete (I) patterns. The system size and number of realizations
are the same as previously. All systems yield defect-free self-
assembly. The top section of domains have the same proper-
ties: all distribution curves fall closely on one another, as
shown in Figure 10. Interestingly, the interpolation of cylin-
ders on incomplete patterns does not induce any changes in
those properties, at least from a top-view characterization.

The ideal patterns considered so far are approximations of
the real patterns used in experiments. Indeed, the noise
inherent in the patterning process gives rise to imperfections
in the size and position of the spots. We now investigate the
influence of this noise on the self-assembled structure, con-
sidering noise only in position. Each spot is displaced away
from its ideal position by a vector Δr, whose coordinates Δx
and Δy are randomly chosen in the interval [-σP; σP].

68 For
the three patterns S, N, and I, and noise strength σP/Re =
0.2, 0.3, 0.4, 0.5, three realizations, each containing 120
spots, were simulated. For the strongest noise, none of the
systems formed a periodic array within the time considered
(2 � 105 MCS). On the other hand, for σP/Re = 0.4 or less,
defect-free structures are obtained with all three patterns.
The ordering time τord depends strongly on the pattern type
and noise strength, as can be seen in Table 2. On the pattern
S, τord shows a 5-fold increase upon varying σ from 0.2Re to
0.4Re. The increase is not as pronounced for the two other
patterns. As a result, at low noise, self-assembly is faster on
the pattern S, while at high noise, it is slower than self-
assembly on patterns N and I. Note that a selective back-
ground exerts a stronger effect of the chain arrangement
since both the minority and majority blocks are constrained
to their preferred area (spot and background respectively).
On the other hand, a neutral background leaves more
flexibility to the system, which can then accommodate more
easily the noise-induced perturbation.

Figure 7. The three chemical patterns considered in this study: selective
(S), neutral (N), and incomplete (I). The red spots attract the minority
block (A beads); the blue background is selective to the majority block
(B beads), whereas the gray background is neutral.

Figure 8. Influence of the chemical pattern spacing dP on the self-
assembly process. The number of domains Ndom, as seen from a top
view, is shown as a function of time for dP/Re ranging from 1.6Re to
1.9Re (d0 = 1.74Re).Nspot is the number of patterned spots. (Inset) The
quantity τord is the time at which the system has reached a defect-free
arrangement. The line is a guide to the eye.

Figure 9. Properties of domains as seen from a top view, for self-
assembly on the pattern Swith spacings dP/Re. From top to bottom, the
distance to nearest neighbors, the domain radius and the eccentricity
ratio are shown. All curves are probability distributions.
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While the top views of the self-assembled systems indicate
perfect ordering, the shape and properties of the domains
below the surface remain to be characterized. Cross-sec-
tional properties are particularly challenging to obtain in
experiments, as they involve visualizing cross sections of
extremely thin film. To determine the three-dimensional
shape of the domains in our simulations, cross sections were
taken at various heights. Because they are obtained from a
long time average (103 MCS), those cross sections characte-
rize the average perturbation in domain position induced by
the pattern noise rather than the instantaneous variations in
shape or position.

The cross sections shown in Figure 11 illustrate the
rectification effect. While the patterned spots dictate the
domain positions in the vicinity of the substrate, the induced
deviations decrease as one moves away from the substrate.
At half-height (z = 1.25Re), domains have recovered a very
good regularity in position. Since for the noise σP = 0.4Re,
the hexagonal arrangement of spots appears to be lost, it is
remarkable that such patterns can still allow defect-free self-
assembly. However, with the pattern average spacing almost
exactly that of the block copolymer, and the spot position
still far from random, a defect-free array of cylindrical
domains remains the preferred state of the block copolymer.
Rectification also occurs on incomplete patterns. In the
vicinity of the substrate, two groups of domains are clearly

visible: the noninterpolated cylinders, which lay above
a spot, and the interpolated cylinders, which lay above
the neutral background. At half-height, the two groups are
undistinguishable.

Figure 12 provides a quantitative measure of the rectifica-
tion within the film. To evaluate the placement error in
domain position, we computed as a function of height the
root-mean-square distance between the domain center and
its ideal position (i.e., the position of the spot center in the
absence of noise). Each curve σ(z) shown in Figure 12
represents an average over hundreds of cylinders. A common
behavior is observed for all patterns and noise levels con-
sidered. Each curve σ(z) starts from itsmaximumvalue at the
substrate, then shows a marked decrease, reaches a local
minimum around midheight, and finally increases slightly
at the top surface. On the other hand, the type of pattern
influences the extent of rectification. On pattern S, the
placement error at the top surface is independent of the noise
strength. On pattern I, the effect of noise propagates all
the way to the top surface, and the deviation σ(z) in the
upper half of the film increases with the strength of the noise.

Figure 10. Properties of domains as seen from a top view, for self-
assembly on the patterns S, N, and I. From top to bottom, the distance
to nearest neighbors, the domain radius and the eccentricity ratio are
shown. All curves are probability distributions.

Table 2. Average Ordering Time τord Necessary To Reach Defect-
Free Self-Assembly as a Function of Pattern Noise σP, on Three

Different Chemical Patternsa

σP/Re selective neutral incomplete

0.2 22 29 37
0.3 41 41 56
0.4 107 66 83
0.5 >200 >200 >200
a τord is given in units of 103 MCS. Figure 11. Rectification effect for a block copolymer self-assembled on

a chemical pattern with noise in the position of the patterned spots.
Each color map shows the local composition in a horizontal cross-
section of the thin film, taken at a height z= 0.15, 0.45, 0.85, and 1.25
Re, from bottom to top. The thickness of the films is 2.2Re. The pattern
is selective (left) or incomplete (right) and is shown below. The noise in
spot position is σP = 0.4Re in both cases.
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Note, however, that the position of interpolated cylinders is
not constrained by the substrate and is much closer to that of
an ideal placement.

For all systems studied here, the decay in placement error
is complete at a distance of approximately 1Re from the
substrate. While this value is almost independent of strength
noise, it probably depends on the block copolymer film, and
film thickness, as suggested in ref 54. The system considered
in that particular study corresponded to lamellae-forming
block copolymers on a striped patterned surface, and the
pattern imperfection consisted of undulations in the line
egde. Single-chain in mean field simulations and phenome-
nological theory showed that the characteristic length for the
decay of substrate-induced roughness depends on the un-
dulationwavelength, but also on the diblock natural spacing,
and film thickness. This conclusion is likely to be valid for the
case considered here, even though the pattern imperfection is
random rather than periodic.

As can be seen in Figure 12, the area of domains is not
constant throughout the thickness of the film, implying that
the domains are not, strictly speaking, cylinders. The domain
size is estimated by computing the radius R0, which results
from an average over time and all domains. Figure 13 shows
how R0 varies across the film thickness. Surprisingly, the
curves are independent of the noise level; they depend only
on the type of pattern. In the vicinity of the substrate, the
domain size depends on the type of background. A neutral

background allows a maximal number of minority blocks to
be located near the patterned spot, whereas the selective
background limits this tendency. As a result, R0(z = 0) is
significantly larger for a neutral background. Between
the bottom and the top surface, all R0(z) curves show
pronounced oscillations, with a domain area that can vary
by a factor of 2. Depending on the technique used (e.g., by
etching), the observations above could have implications
for the transfer of the self-assembled domains into a specific
nanostructure.

IV. Conclusion

We have examined the ability of two prototypical patterns to
generate defect-free arrays of vertical cylinders: a trench and a
substrate chemically patternedwith spots. For the trench, a set of
parameters was identified that consistently yields defect-free
structures and good uniformity of domain properties across the
trench. With ten realizations, each containing almost two hun-
dred cylinders, the simulated systems comprise almost 2000
domains self-assembled without a single defect, suggesting an
upper boundof 10-3 for the defect density.However, if a parallel-
sided trench can ensure lateral ordering, the longitudinal order of
domains requires additional features. For the system studied
here, the repeat spacing of those features should not exceed 40
domains. Chemically patterned substrates were found to yield
perfect ordering and registration over a broad range of condi-
tions. The observation most relevant to technological applica-
tions is the interplay between the rectification and interpolation
effects. For the particular system studied here, we find that noise-
induced perturbations of the domains decay almost completely
over a distance 1Re. Although the influence of noise is still
detectable at the top surface, self-assembly on incomplete pat-
terns with a multiplication factor of 2 yields a significant
improvement in placement error of domains.

We have relied on a pseudodynamics generated by Monte
Carlo simulations with local moves, and focused on the stable
configurations obtained at long times. While the defect-free
arrangements presumably correspond to equilibrium, it remains
to be shown whether defective configurations are kinetically
trapped metastables states and how such trapping occurs. Be-
cause each domain involves on the order of 103 chains, Monte
Carlo moves that remain at the single chain level can not be
expected to yield global equilibration in domain arrangement.
Collective moves that modify entire domains would be required.
Alternatively, thermodynamic integration37,55 could be used to
compute the free energy difference between two distinct mor-
phologies, but all possible arrangements would then have to be
identified. Another approach might rely on controlled tempera-
ture annealing, rather than a quench from the disordered phase.
Annealing should avoid being trapped in (at least some) meta-
stable states, andmight extend the commensurability or tolerance
windows, as was observed for confined blends.33

The model and the Monte Carlo method used here enable the
simulation of hundreds of domains, in three-dimensional systems,
on single processormachines.Yet, straightforward improvements
could be made, first and foremost, using a more realistic dy-
namics. While the grid-based implementation employed here is
very efficient, devising a genuine dynamics is difficult because
forces between beads are ill-defined. This limitation can be lifted
by using a gridless implementation,56 which, at the cost of longer
computation time, allows one to use Langevin or Brownian
dynamics. Furthermore, force-based dynamics are amenable to
easy parallelization, leading to gains of at least an order of
magnitude in system size. This would facilitate prediction of
defect densities as low as 10-4 or 10-5, i.e., figures in the realm
of defect densities envisioned for real applications.

Figure 12. Rectification effect within the film on chemical patterns S,
N, and I (from left to right). The strength of noise in spot position is
σP/Re = 0.2, 0.3, or 0.4. σ(z) is the mean square distance between the
domain center at height z and its ideal position, averaged over all
domains. For pattern I (right), curves for the interpolated domains and
noninterpolated domains are also shown, with dotted and dashed lines,
respectively.

Figure 13. Average domain radius as a function of height in the film,
for self-assembly on chemical patterns S, N, and I (from left to right).
The strength of noise in spot position is σP/Re=0.2, 0.3, or 0.4. For the
pattern I, curves for the interpolated domains and noninterpolated
domains are also shown, with dotted and dashed lines, respectively.
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