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ABSTRACT: Films of cylinder-forming polystyrene-block-poly(methyl methacrylate) (bulk intercylinder spacing
ao) were directed to assemble on surfaces chemically patterned with a hexagonal array of spots (interspot spacing
as). The block copolymer domain assembly was investigated as a function of the film thickness and the
commensurability between ao and as. The domains assembled vertically away from and matched the spacing and
hexagonal order of the underlying lithographically patterned chemical substrate, provided as was equal to or up
to 6% larger than ao and the film thickness was e54 nm. In contrast, comparably poor assembly was obtained
when as was 8% less than ao. When as was commensurate with ao, the cylinder diameter and eccentricity had a
lower standard deviation and was more circular, respectively, than that of self-assembled cylinders on a neutral
substrate.

Introduction

The self-assembly and perpendicular orientation of cylindrical
block copolymer domains in thin films can be used to fabricate
dense, periodic arrays of spot patterns with nanometer length
scale.1,2 Porous, thin (e50 nm thick) films of block copolymer
formed by the removal of the polymer in the cylindrical domains
have been employed as a template for a host of applications,
including the fabrication of MOSFET’s,3 quantum dots,1,4,5 high
surface area capacitors,6 porous membranes,7,8 and bit patterned
media.9 The dimensions of the block copolymer cylindrical
domains can be determined via control of copolymer chain
length,10 addition of homopolymer,11 and cross-linking during
polymerization,12 which has enhanced the interest in these
materials.1,2,10-14 Registration of the cylinders with respect to
the underlying substrate and control of the order15,16 of the
hexagonal array of the cylinders are technologically significant
objectives because they offer the potential to enable a broader
range of applications, such as magnetic storage media17 and
integration in advanced lithography.13,18-22

A variety of methods have been developed to promote the
vertical orientation of the cylindrical domains and to control
the ordering of the hexagonal array of vertical cylinders.
Vertically oriented domains have been achieved with chemically
neutral surfaces,23-26 electric fields,27,28 addition of homopoly-
mer,29 control of solvent evaporation,30 and solvent annealing.31

Solvent annealing can also provide morphologies with very large
grains of ordered domains.32-34 In addition to cylinder orienta-
tion and ordering, for many applications, it is necessary for the
domains to be aligned with underlying features on the sub-
strate.13,35 Topographically directed assembly9,36-39 and chemi-
cal pattern directed assembly on square arrays40 of cylinder-
forming block copolymers are examples of methods to provide
registration to the underlying substrate.

We investigate the use of surfaces that have been chemically
nanopatterned with a hexagonal array of spots to direct the
assembly of cylinder-forming block copolymers into arrays of
perpendicular, hexagonally ordered cylinders. In a separate

publication we have shown that we were able to achieve pattern
density multiplication with an optimal film thickness of cylinder-
forming block copolymer on a pattern that was commensurate
with the domain spacing of the block copolymer.41 Our work
here is of fundamental importance because we delineate the
degree of commensurability and thickness over which uniform,
vertically oriented cylinders can be assembled on a chemical
pattern as well as the factors that lead to the formation of more
complicated three-dimensional (3D) structures. Such vertically
oriented cylinders are of technological importance with respect
to creating templates of different spacing, size, and aspect ratio.
Previously, lamellae-forming block copolymers have been
directed to assemble on striped chemical patterns.42-44 We have
investigated the control of domain dimensions, period, and shape
as a function of the pattern surface energy,42,45 size,45-47 and
geometry.21,48 Similar to the previous work with chemically
patterned surfaces, in the work presented here the interfacial
energy contrast between the spots and matrix of the chemically
patterned surface with the different blocks of the block
copolymer creates a thermodynamic driving force that induces
the orientation and ordering of the cylindrical domains as the
copolymer film equilibrates in the presence of the chemically
patterned surface. We quantify the diameter, uniformity, and
eccentricity of the resulting cylinders as a function of film
thickness and the commensurability between the chemical
pattern spacing (as) and the bulk spacing between cylinders of
the block copolymer (ao).

Experimental Section

Materials. Asymmetric polystyrene-block-poly(methyl meth-
acrylate) (P(S-b-MMA)) was purchased from Polymer Source, Inc.,
and used without purification. The number-average molecular
weight, Mn, was 50.5 and 20.9 kg/mol for the PS and the PMMA
blocks, respectively, and the resulting morphology consists of
cylindrical PMMA domains surrounded by a PS matrix. �N, the
product of the Flory-Huggins interaction parameter (�) and the
degree of polymerization (N), for the P(S-b-MMA) at the annealing
temperature used in this study was calculated from values in the
literature to be 25.2. ao of the P(S-b-MMA) used in this work was
43.5 nm, and the mean diameter of the cylinder phase was 19.5
nm. Hydroxy-terminated polystyrene (PS-OH, Mn ) 9.5 kg/mol)
was purchased from Polymer Source, Inc. Nitroxide-mediated living
free-radical polymerization was performed to synthesize a hydroxyl-
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terminated random copolymer of styrene and methyl methacrylate
(P(S-r-MMA)) with 58 vol % styrene. The PMMA resist used for
electron beam patterning had a Mn ) 950 kg/mol and was purchased
from Microchem Corp.

Sample Preparation. The chemical patterns were fabricated with
a method similar to previous work.40 A thin layer of PS-OH was
spin-coated onto a piranha-treated silicon wafer from a 1.5 wt %
toluene solution and then heated under vacuum at 160 °C for 48 h
to graft the PS-OH to the silicon substrates to form a PS brush.
Ungrafted PS-OH was extracted by repeated rinses with warm
toluene. The resulting thickness of the PS brush layer was about 7
nm. A 60 nm thick film of photoresist was spin-coated on the PS
brush and baked at 160 °C for 60 s. Electron beam lithography
was used to pattern hexagonal arrays of spots onto the photoresist.
The electron beam lithography was performed with a LEO 1550-
VP field emission scanning electron microscope (SEM) operating
with a J.C. Nabity pattern generation system. The exposure used
an accelerating voltage of 20 kV, a beam current of ∼9 pA, and
line doses centered at ∼0.4 nC/cm. Development of samples was
carried out by immersing them in a 1:3 mixture of methyl isobutyl
ketone and isopropyl alcohol for 30 s, followed by rinsing with
isopropyl alcohol and drying. After developing the sample, the
hexagonal spot patterns were transferred into a chemical surface
pattern in the PS brush layer via a brief oxygen plasma. Chemically
nanopatterned substrates were spin-coated with a thin (30, 54, or
70 nm) film of cylinder-forming P(S-b-MMA) diblock copolymer
and then annealed under vacuum at 180 °C for 48 h to form the
equilibrium morphology. 30 nm thick films of P(S-b-MMA) were
also coated on a chemically neutral45,49,50 substrate made by
grafting hydroxyl-terminated P(S-r-MMA) on a silicon wafer, as
previously described in the literature.48

Analysis. The initial film thickness was measured by ellipsometry
(Rudolph Research AutoEL-II). The block copolymer morphologies
were imaged without a metal coating using a SEM with a 1 kV
acceleration voltage. In order to improve the contrast in the SEM
images, the PMMA block was selectively removed from the block
copolymer film by UV irradiation (1 mJ/cm2) followed by develop-
ing in 97% acetic acid. Quantitative information about the domain
spacing of the P(S-b-MMA) on chemically neutral substrates was
gathered from an analysis of the power spectra of two-dimensional
fast Fourier transforms (2D-FFT) of SEM images. The intensities
of the FFT power spectra were averaged azimuthally to yield the
average intensity of the FFT in q-space (q ) 2π/L). The first order
peaks in these spectra were used to analyze the P(S-b-MMA) block
copolymer domain periods on chemically neutral substrates. The
domain spacings for the cylinders on the chemically patterned
substrate were calculated from the positions of the cylinder centers,
which were determined from image analysis of the SEMs. The
coordinates of the center of each cylinder in the SEM image were
determined by a least-squares fit of a Gaussian surface to
the normalized grayscale level of the pixels in the SEM that
comprise the given cylinder. The coordinates of each cylinder in a
2.8 µm by 3.8 µm area of a SEM image were then combined to
generate an overlay plot of the 30 nearest neighbors to each cylinder.
In the overlay plot, each central cylinder was located at the origin
of coordinates, and the same orientation of axes was used for all
of the central cylinders.

Results
We used spotted chemical surface patterns with as values of

40, 43, or 46 nm and the directed assembly process diagrammed
in Figure 1 to investigate the effect of film thickness (t) and
the commensurability between as and ao on the assembly of
cylindrical domains in thin films of P(S-b-MMA). Plan-view
SEM was used to image the domains at the free surface of the
equilibrated films. In the Discussion section we use our
knowledge from previous work with directed assembly on
chemical nanopatterns45,51-53 to draw general conclusions about
the likely 3D structure of the domains within the film.

The ability of the spotted chemical pattern to induce the
formation of well-ordered arrays of domains as visualized at

the free surface of the film depended on both as and film
thickness t, as seen in the plan-view SEM images of P(S-b-
MMA) films shown in Figure 2. The best hexagonal order in
the SEM images was achieved with the 54 nm thick films in
the case when as and ao were approximately commensurate (as

) 43 nm, ao ) 43.5 nm) or when as was 6% larger than ao (as

) 46 nm). When as was 8% less than ao (as ) 40), arrays of
domains were observed at the free surface, but the hexagonal
order of those domains had numerous defects. In the case of
the 30 nm thick films, hexagonal order was again achieved when
as ) 43 or 46 nm. Some defects were apparent in the as ) 43
nm sample, and more were apparent when as ) 40 nm. In the
thickest films (t ) 70 nm), regardless of whether or not as and
ao were commensurate, P(S-b-MMA) assembled with some
linear segments in the SEM images, indicative of PMMA
domains parallel to the surface. Although we do not know the
exact 3D structure of these domains parallel to the surface, we
expect that they were half-cylinders and will refer to them as
such. Despite the presence of these half-cylinders at the free
surface in the 70 nm thick films, when as was 43 or 46 nm, the
domains that appeared as circles in the SEM images still
possessed a hexagonal arrangement.

Figure 1. Schematic of procedure used to direct the assembly of
cylinder-forming diblock copolymer on a chemical pattern consisting
of a hexagonal array of spots. (a) The chemically patterned surface
was produced in a PS brush layer using electron beam patterning and
oxygen plasma treatment. (b) The chemically patterned surface was
spin-coated with cylinder-forming diblock copolymer thin film. (c) The
sample was annealed to achieve the equilibrium morphology.

Figure 2. Top-down SEM images of 30, 54, and 70 nm thick films of
P(S-b-MMA) directed to assemble on chemical patterns consisting of
hexagonal arrays of spots with varying interspot distance (as).
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The effect of t and as on the order could be seen more readily
in the overlay plots of the position of the cylinder centers shown
in Figure 3, which were generated as described in the Experi-
mental Section from positional data determined from the plan-
view SEM’s shown in Figure 2. The most striking overlay plot
was that of the film with as ) 40 nm and t ) 54 nm. The clusters
of red dots in the overlay plot for this sample were so broad
that they nearly formed a continuous ring. In contrast, the
overlay plot at the same as value but at t ) 30 had much tighter
clusters of red dots, with some individual, scattered spots. Thus,
as t increased from 30 to 54 nm, there was a significant decrease
in the hexagonal order of the domains at the free surface of the
film. Similarly, when as was decreased from 43 to 40 nm in the
54 nm thick films, there was a significant decrease in the order
of the film, as seen in a comparison of the corresponding overlay
plots. In contrast, when as was increased from 43 to 46 nm,
tight clusters of spots were obtained in the overlay plots for
both the 30 and 54 nm thick films.

In order to investigate the cylinder array in detail, a
quantitative analysis of the dimensions and positional order of
the cylindrical domains at the free surface of the P(S-b-MMA)
thin films was carried out using the cylinder positional data
overlaid in Figure 3. Figure 4 shows average values of the
intercylinder distance a at the free surface of the six nearest
neighbors in the assembled block copolymer thin films. In the
30 nm thick films, a equaled as for all of the samples. In the 54
nm thick films, a ) as when as was 43 or 46 nm, but a ) ao

when as ) 40 nm. Thus, when the hexagonal order of the films
was good, the spacing of the domains at the free surface of the
film matched the chemical pattern spacing, but when the
hexagonal order was poor, as in the case of the 54 nm thick
film with as ) 40 nm, the spacing of the domains was the same
as in the bulk polymer.

We also measured the mean diameter, d, and eccentricity, ε,
of the cylinder domains at the free surface of the film (ε2 ) 1
- m2/l2, where l and m are the major and minor axes of the
cylinder cross section, respectively) and then plotted the results
as shown in Figure 5. The average cylinder diameter of P(S-
b-MMA) in 30 nm thick films depended on as. When 30 nm
thick films of P(S-b-MMA) were directed to assemble on a
chemical pattern with as ) 40 nm, d was 17 nm, whereas it
increased to 20 nm on chemical patterns with as ) 46 nm. The

diameter of the cylinder on the as ) 43 nm pattern was 19.4
nm, almost the same as the size of cylindrical domains in the
bulk. Also, the cylinders on the as ) 43 nm pattern achieved a

Figure 3. Superimposed plots of relative location of the 30 nearest neighbor cylinders around each cylinder after directed assembly of P(S-b-
MMA) films of different thickness with varying as. The superimposed plot of the 54 nm thick sample with as ) 40 nm resulted in 36 broad clusters
due primarily to defects in the hexagonal order of the domains in the sample. Small clusters beyond the 30 nearest neighbors in the other five plots
were caused primarily by the inclusion in the analysis of cylinders at the edge of the image.

Figure 4. Plot of intercylinder distance (a) of thin films of P(S-b-MMA)
directed to assemble on chemically spot-patterned surfaces with varying
interspot distance (as). The error bars shown denote the standard
deviation of the measured distance at each as value.

Figure 5. Diameter (d) and eccentricity (ε) of cylindrical structures
directed to assemble on chemically spot-patterned surfaces with varying
interspot distance (as). The error bars shown denote the standard
deviation of the measured diameter at each as value.
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very narrow size distribution, with a ratio of the standard
deviation to the mean diameter (σ/d) of 0.046.

Discussion

Previous studies on directed assembly have shown that, within
limits of thickness and pattern/copolymer commensurability, the
interfacial energy between the block copolymer and the chemical
pattern can be large enough to change the dimensions or
geometry of the morphology in a thin film of block copolymer
as it equilibrates in the presence of the chemical pattern, but
beyond those limits of commensurability or thickness, 3D
structures form in the film. For example, when lamellae-forming
P(S-b-MMA) was assembled on striped patterns formed in PS-
OH brushes like the brushes used in this study, the interfacial
energy was sufficient to cause the lamellar period of the
assembled copolymer, L, to equal the period of the chemical
pattern, Ls, even when Ls was 10% larger or smaller than the
bulk lamellar period, Lo.45 Indeed, the interfacial energy supplied
to a thin film of block copolymer can have an impact large
enough to convert a hexagonal array of cylindrical domains into
a square array.40 What drives the assembly of the domains into
spacings or geometries that are different from the bulk is the
interfacial energy between the chemical pattern and the block
copolymer, which results in a strongly preferential wetting of
the PMMA and PS blocks to the oxidized and unoxidized
regions of the pattern, respectively.54 However, when the limits
of pattern commensurability or thickness are exceeded, 3D
structures will form,55 and in the case of cylindrical domains,
these 3D structures can take the form of semicylinders or loop
structures.40 On the basis of our knowledge from these previous
experimental studies, as well as previous simulations of
cylindrical domains on chemically patterned substrates,56 we
can conclude that if the domains at the free surface were ordered,
then they extended through the film as vertical cylinders with
a ) as, but if the domains were not ordered, a 3D structure
existed within the film, and the spacing of the cylinders were
approximately ao.

Applying this insight into the images in Figure 2, we conclude
that well-ordered, perpendicular cylinders were formed in the
30 and 54 nm thick films with as equal to 43 or 46 nm. It is
technologically significant that we were able to achieve ordered,
perpendicular cylinders in 54 nm thick films, which was
significantly thicker than the 40 nm thickness that Guarini et
al. found to be optimal for forming, on a neutral substrate,
ordered cylinders that were amenable for pattern transfer.57 A
3D structure containing half-cylinders formed in all of the 70
nm thick films. A comparison of the 30 and 54 nm thick films
with as ) 40 nm reveals two different types of defects. The
decrease in order of the 54 nm thick film when as ) 40 nm
indicated that a 3D structure, perhaps consisting of tortuous or
bent cylinders, had formed in this sample. Additionally, a ) ao

for the 54 nm thick film on the pattern with as ) 40 nm,
suggesting that the 3D structure had developed in the film to
convert the cylinder spacing from as at the interface to the value
of ao plotted in Figure 4. By contrast, a ) as in the 30 nm thick
film with as ) 40 nm, such that even though some defects were
apparent in the sample, the underlying chemical pattern was
still effective in directing the assembly of the domains. The
overlay plot in Figure 3 also shows that this sample had a high
degree of order. Thus, the sample had a predominance of
perpendicular cylinders through the thickness of the film, with
a small percentage of defects that could have been loop
cylinders, such as those observed previously.40

The diminishing ability of the chemical pattern to form
perpendicular cylinders and ordered cylindrical domains as t
increases can be seen in all of the samples on chemical patterns
with as ) 40 nm as well as in the contrast between the 54 and

70 nm thick films. Insight into the origin of this loss of guidance
from the chemical pattern can be found from analysis of the
free energy F of the block copolymer film on the chemical
pattern, which can be expressed as the sum of free energy terms
for the chain conformation (Felastic), the domain-domain
interface (FS-MMA), the free surface (Fsurface), and the chemical
pattern-block copolymer interface (Finterface):45

F)Felastic +FS-MMA +Fsurface +Finterface (1)

In order for the chemical pattern to direct the cylindrical domains
to orient perpendicularly throughout the film, the contribution
of Finterface must be such that F is minimized when the desired
morphology is formed at equilibrium. If 3D structures are
observed in the film, then either the desired morphology is no
longer the structure that represents the minimization of F or
the minima of F at the desired morphology is not deep enough
to suppress the formation of low energy defects. We can focus
on the Finterface term in eq 1 by considering those samples for
which as ≈ ao (as ) 43 nm) because Felastic and FS-MMA

approximately offset each other at equilibrium at the bulk
spacing of ao. There still exist components of Felastic and FS-

MMA due to hard surface effects, but these components are
relatively weak and play a role only when other energetic factors
are correspondingly small.58 Also, for P(S-b-MMA) we can
consider the contribution of Fsurface to be relatively small because
the surface energy of PS and of PMMA with respect to air (γPS

and γPMMA) are very similar at the annealing temperature of
180 °C (differing at most by a few percent, with γPMMA greater
than γPS).50,59 Regarding Finterface, in the most simple case, on
a per chain basis Finterface is proportional to 1/t.45 As a result, as
t increases, the chemical pattern supplies less energy to the total
system on a per chain basis, and other energetic factors can
play a role. Clearly for the results here, when t increased from
54 to 70 nm, Finterface no longer provided sufficient energy to
direct the orientation of all of the domains throughout the
thickness of the film, and low energy defects appeared, which
took the form of half-cylinders parallel to the free surface.

There are a number of possible explanations for the half-
cylinders observed at the free surface of the 70 nm thick films,
which have been seen before in thin films of P(S-b-MMA).60,61

The preference for chain ends to reside at the free surface of a
block copolymer film would favor the formation of domains
parallel to the surface in asymmetric block copolymers.62,63

Also, cylindrical domains in thin films on chemically patterned61

or PMMA-preferential64 substrates prefer to be parallel to the
substrate when t is approximately commensurate with the
spacing between layers of cylinders in the films, Lc (2Lc ) 75.3
nm here).61,64 Additionally, it is possible that loop structures,40

which could take the form of inverted “U”s in the film, could
be present in the 70 nm thick films. Finally, as stated above, if
the minimum of F is not sufficiently deep to suppress low energy
defects, it is possible for the observed morphology to continue
to change with continued annealing, with some defects disap-
pearing and others appearing.

The asymmetry of order and perfection of the equilibrated
structures about ao, such as the differences between the samples
with as ) 40 or 46 nm in the 30 and 54 nm thick films, can
also be interpreted within the framework of the free energy of
the block copolymer film as it equilibrates on the chemical
pattern, but in this case it is necessary to have a better
understanding of the effect that the commensurability of as and
ao has on Felastic and FS-MMA. Suh et al.65 built on previous
work66,67 to develop an expression for Felastic + FS-MMA for
cylindrical domains in the strong segregation regime (SSR).
Although the block copolymer used here had a �N of 25.2 and
therefore was in the intermediate segregation regime (ISR),68

Matsen et al. have shown that the phenomena used to describe
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behavior in SSR can also explains behavior in the ISR.69

Additionally, Matsen compared SSR to self-consistent field
theory (SCFT) and found that SSR and SCFT produced very
similar phase diagrams and that the phase behavior changed
very little for �N g 20.70 For these reasons we feel confident
in applying the model of Suh et al., which gives Felastic + FS-

MMA as

Felastic +FS-MMA ) 3.81
Nγ
Fs

√φ+ 3
2

kBT[As2 + B

s2
- 4] (2)

where

s)
RMMA

1- √φ�2π
√3

)
RS

√φ�2π
√3

(3)

A)
√3

2πRMMA,0
2

φ+
√3

2πRS,0
2

(1- √φ)2 (4)

and

B)
2πRMMA,0

2

√3φ
+

2πRS,0
2

√3(1- √φ)2
(5)

For eqs 2-5, N is the degree of polymerization, γ is the domain
interfacial tension, F is the repeat unit density, φ is the volume
fraction of PMMA, p is the number of copolymer chains in the
system, and RMMA,0 and RS,0 are the ideal Gaussian chain end-
to-end distance of each block. RMMA and RS are the end-to-end
distance of each block in the equilibrated block copolymer
morphology and scale linearly with s as shown in eq 3. In the
Alexander-de Gennes formalism the end-to-end distance is
taken as the thickness of the layer in the structure corresponding
to each block,66 such that s scales with a in our study. When
the sum Felastic + FS-MMA is plotted versus s, the resulting curve
has a minimum at so, which corresponds to ao in our system,
and the sum increases more rapidly as s moves away from so

when s < so than when s > so.65

Applied to our work here, on a per chain basis Felastic + FS-

MMA increases more rapidly as a moves away from ao when a
< ao than when a > ao. Assuming that Finterface is sufficient to
direct the assembly of the domains when as ) ao, to direct the
assembly of the block copolymer domains when as * ao, Finterface

must overcome the increase in Felastic + FS-MMA from its
minimum at ao to its value at as, which we denote as ∆Felastic

+ ∆FS-MMA. Taking into account the asymmetry of Felastic +
FS-MMA about ao, the ability of the chemical pattern to induce a
domain structure in which a ) as decreases more rapidly as as

moves away from ao when as < ao than when as > ao. Applying
this idea to either the 30 or 54 nm thick series of films, when
as was 43 nm, Felastic + FS-MMA was near its minimum at ao,
and Finterface could easily dominate eq 1. When as was 46 nm
(6% greater than ao), the resulting well-ordered structures with
a ) as observed at the free surface of the film again suggest
that Finterface was still able to overcome ∆Felastic + ∆FS-MMA.
But, as outlined above, when as ) 40 nm (8% less than ao)
structures either had more defects (t ) 30 nm) or had a ) ao

(t ) 54 nm). Although there was a difference in the magnitude
of the incommensurability of the as ) 40 nm and as ) 46 nm
films (6% vs 8%), it is likely that the primary cause of the
asymmetry of the order and perfection of the equilibrated
structures about ao was due to the asymmetry in Felastic + FS-

MMA with respect to a. Because of this asymmetry in Felastic +
FS-MMA, the block copolymer could more readily equilibrate in
an expanded configuration than in a compressed configuration.
Similar asymmetry has been observed in the topographically
directed assembly of spherical microdomains,71 but not in the
directed assembly of lamellar domains.45

The change in the structure of the 30 and 54 nm thick films
with as ) 40 nm, going from ordered, perpendicular domains
with a few defects and a ) as at t ) 30 nm to a disordered
structure with a ) ao at t ) 54 nm, can be understood when
both the effect of thickness on Finterface per chain and the
asymmetry of Felastic + FS about ao are taken into account. For
the films with as ) 40, on a per chain basis Finterface was still
sufficiently large at t ) 30 nm to overcome ∆Felastic + ∆FS-

MMA, such that the interface could induce a structure with a )
as. But due to the decrease of Finterface per chain with t, when t
) 54 nm Finterface could not overcome ∆Felastic + ∆FS-MMA when
as ) 40, and the minimization of F in eq 1 resulted in a ) ao.

In analyzing the effect that as and t had on the shape and
dimensions of the individual cylinders, the role of t and the
commensurability of as and ao can be observed. When as and
ao were commensurate, the lowest σ/d (0.46) was achieved
(Figure 5), which was significantly less than the 0.10 value
reported for the self-assembly of P(S-b-MMA) cylinders on a
neutral substrate,8 but consistent with the range of 0.043-0.053
reported for topographically directed assembly of cylinders on
a neutral substrate.9 Similarly, the lowest ε value was achieved
in the 30 nm thick film when as and ao were commensurate. As
t increased from 30 to 54 nm, both d and ε were relatively
constant regardless of as and also close to the corresponding
dimensions of the bulk copolymer. However, in the case of the
σ/d value reported for cylinders on an unpatterned neutral
substrate, it is possible that much of the increase in σ/d compared
to the values reported here and on topographically patterned
substrates was caused by the deformation of cylinders at grain
boundaries in the hexagonal arrangement of the cylinders.
Similarly, defects in hexagonal order would inherently lead to
lower values of ε because there would be less deformation of
individual domains. Thus, the best values that we observed in
this study for both σ/d and ε could have been caused by the
chemical pattern itself, by the improved order induced by the
chemical pattern, or by both factors.

Conclusion

This work demonstrates that spotted chemical nanopatterns
can direct the assembly of cylinder-forming block copolymers
to form ordered arrays of perpendicular domains with a high
degree of perfection. Such well-ordered domains could be
achieved in films up to 54 nm thick when the spacing of the
chemical pattern was commensurate with or up to 6% larger
than the bulk copolymer domain spacing. The range of com-
mensurability and film thickness over which one could expect
to achieve well-ordered domain assembly can be understood in
terms of the minimization of free energy as the block copolymer
equilibrates in the present of a chemical pattern. Additionally, a
high degree of cylinder uniformity was achieved over the same
range of film thickness and commensurability parameters that
yielded perpendicular arrays with a high degree of perfection. The
ability to generate uniform, ordered, registered, hexagonal arrays
of vertical cylinders could benefit a variety of technological
applications of thin films of block copolymers, including template
formation in advanced lithography. The improvement of the
uniformity of the shape of the cylinders could find use in
applications such as semiconductor manufacturing and magnetic
storage media, where precision of critical dimensions is crucial.
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