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S
elf-assembling materials are being
explored actively for patterning and
fabricating structures at the

nanoscale.1–24 Block copolymers are par-
ticularly attractive due to their ability to as-
semble into highly ordered lamellar, cylin-
drical, spherical, and network morphologies
with characteristic dimensions of 5–50
nm.3–6 In addition to patterning dense
structures with dimensions below the lim-
its accessible to conventional photolithog-
raphy, block copolymer assembly provides
molecular-level control over the shape and
dimensions of the structures that are
formed. To date, nanostructures and func-
tional devices fabricated using block co-
polymers, including quantum dots,7,8 mag-
netic storage media,9,10 flash memory
devices,11 semiconductor capacitors,12,13

photonic crystals,14,15 and nanopores,16–18

have either required or benefited from the
highly ordered and periodic nature of the
self-assembled material. For many applica-

tions of advanced lithography, however,
features must be patterned in complex ge-
ometries, not just periodic arrays, or alterna-
tively the device layouts must be com-
pletely redesigned. The Semiconductor
Industry Association’s member companies
through the Nanoelectronics Research Ini-
tiative have defined the essential set of pat-
tern geometries for nanomanufacturing to
include long lines, short segments, sharp
90° bends, jogs, T-junctions, periodic arrays
of contact openings, and combinations
thereof (see Figure 1).25–27 These features
may be required either as dense arrays or as
isolated structures with ever decreasing
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Figure 1. Essential geometries for integrated
circuit layouts. (a) The generalized layouts of
the gate layer for some of the most basic cir-
cuit components, such as those for NAND2,
NOR2, and inverter operations, require rela-
tively simple pattern geometries. (b) The essen-
tial set of geometries required for fabricating
most integrated circuits, as defined by the
Semiconductor Industry Association’s member
companies, includes dense and isolated lines,
dense and isolated spots, 90° bends, jogs, and
T-junctions.

ABSTRACT Self-assembling block copolymers are of interest for nanomanufacturing due to the ability to

realize sub-100 nm dimensions, thermodynamic control over the size and uniformity and density of features, and

inexpensive processing. The insertion point of these materials in the production of integrated circuits, however, is

often conceptualized in the short term for niche applications using the dense periodic arrays of spots or lines

that characterize bulk block copolymer morphologies, or in the long term for device layouts completely redesigned

into periodic arrays. Here we show that the domain structure of block copolymers in thin films can be directed to

assemble into nearly the complete set of essential dense and isolated patterns as currently defined by the

semiconductor industry. These results suggest that block copolymer materials, with their intrinsically

advantageous self-assembling properties, may be amenable for broad application in advanced lithography,

including device layouts used in existing nanomanufacturing processes.
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critical dimensions. The typical gate or polysilicon layer
of integrated circuits (see Figure 1a) exemplifies the rel-
evance of these geometries.

The directed assembly of block copolymers on
chemical surface patterns is an approach for coupling
the advantages of traditional lithographic techniques,
including pattern definition and registration, with self-
assembling materials.19–24 Previously lamellar and
cylinder-forming block copolymers on chemically pat-
terned surfaces have been assembled defect-free over
arbitrarily large areas into dense arrays of lines21–24 and
contact holes,24 respectively. Nonregular geometries
such as arrays of 90° sharp bends have been assembled
using a ternary block copolymer– homopolymer blend
and benefited from the redistribution of homopolymer
within the lamellar domains.23 Here we show that the
directed assembly of block copolymers on chemically
patterned surfaces can fabricate almost the entire es-
sential set of geometries required for patterning inte-
grated circuits in both dense and isolated arrange-
ments. Dense geometries of jogs and T-junctions were
fabricated, as were isolated segment structures having
from 20 segments down to only a single patterned seg-
ment. These novel isolated block copolymer structures
had neighboring domains controlled to orient parallel
and perpendicular to the substrate on chemical surface
patterns with mixed and matched length scales, respec-
tively. The resulting self-assembled dense and isolated
structures are suitable masks for pattern-transfer pro-
cesses such as substrate etching. We also introduce a
strategy of using multiple exposure steps to chemically
pattern surfaces capable of assembling block copoly-
mers into complex, device-oriented structures.

RESULTS AND DISCUSSION
Directed Assembly of Dense Device-Oriented Geometries. The

method used to direct the assembly of block copoly-
mers with perfection and in registry with underlying
chemical surface patterns is summarized below. A thin
imaging layer of self-assembled monolayer21 or poly-
mer brush22–24 is chemically grafted to the native ox-
ide of a Si substrate. This surface can be patterned to
have regions of distinct chemistry and therefore inter-
facial energy with respect to the two blocks of the co-
polymer using traditional top-down lithographic pro-
cesses, including electron beam lithography and
oxygen plasma etching. A block copolymer thin film
can be deposited on this chemically patterned surface
and thermally annealed such that the different blocks of
the copolymer wet the different regions of the surface
pattern and equilibrium morphologies are assembled.
For this work we have used an end-grafted polystyrene
(PS, 9.5 kg mol�1) brush imaging layer and 40 – 45 nm
thick films of a symmetric block copolymer ternary
blend with 60 wt % poly(styrene-block-methyl meth-
acrylate) (PS-b-PMMA, 104 kg mol�1 total, 48 wt % PS),
20 wt % PS homopolymer (45 kg mol�1), and 20 wt %

poly(methyl methacrylate) homopolymer (PMMA, 46.5
kg mol�1). This particular blend on neutral wetting sur-
faces28 assembles into a lamellar morphology with a
periodicity of LO � 73 nm. The blend is assembled on
chemically patterned surfaces such that the PS domains
wet the regions of the PS brush imaging layer that are
not chemically modified, while the PMMA domains wet
the regions of imaging layer that have been chemi-
cally oxygenated in the oxygen plasma etching pro-
cess. A ternary blend rather than a pure diblock copoly-
mer was chosen to (1) achieve a lamellar-forming block
copolymer material with a periodicity accessible to the
conventional lithographic techniques used to chemi-
cally pattern the substrate and still maintain reasonable
kinetics of ordering and (2) facilitate the assembly of
defect-free device-oriented geometries through the re-
distribution of homopolymer within the ordered do-
mains in the thin films.23

Figure 2 displays block copolymer structures that
were directed to assemble into dense arrays of the jog
and T-junction geometries essential for integrated cir-
cuit layouts. In Figure 2a, the nested array of jogs dem-
onstrates that these geometries can be assembled with
a high degree of perfection and reproducibility. The
jogs also can be embedded or isolated within a dense
array of lines, as shown in Figure 2b,c, suggesting that
complex combinations of the line, jog, bend, and
T-junction geometries are possible in dense arrange-
ments. Furthermore, both the PMMA or PS domains can
be directed to assemble into the jog structures (see
panels b and c of Figure 2, respectively), thereby dem-
onstrating that the domains of symmetric block copoly-
mer systems are interchangeable and that either can
be used to fabricate the desired device structure.

Directed Assembly of Isolated Geometries. Unlike dense
pattern layouts which benefit from a uniform block co-
polymer domain orientation and the length scale inher-
ent to the material,22 semi-dense and isolated struc-
tures demand the assembly of neighboring block
copolymer structures with domain orientations both
parallel and perpendicular to the substrate. For ex-
ample, in Figure 2, all of the PS/PMMA interfaces and
domains are oriented perpendicular to the substrate,
and the periodicity of the assembled structures is com-
mensurate with LO. The self-assembly of isolated struc-
tures useful for top-down pattern-transfer processes,

Figure 2. Top-down SEM images of the PS/PMMA ternary blend di-
rected to assemble into (a) nested arrays of jogs, (b) isolated PMMA
jogs, (c) isolated PS jogs, and (d) arrays of T-junctions. In all the SEM im-
ages, the PS domains are displayed in light gray, while the PMMA do-
mains are dark gray or black.
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however, will require that large areas of the film
be uniform in composition, either at the free sur-
face or at the substrate interface.

The schematics in Figure 3 detail the directed
assembly of structures formed from lamellar-
forming block copolymers, or from blends of block
copolymers and homopolymers, on chemically pat-
terned surfaces and the application of such struc-
tures as pattern-transfer masks. Block copolymers
form parallel-oriented domains on homogeneous
surfaces preferentially wet by one block of the co-
polymer or on chemically patterned surfaces with
LS �� LO (see Figure 3a).3,29–31 Island or hole mor-
phologies may be generated in copolymer films
with thicknesses greater than LO to maintain both
the copolymer’s equilibrium lamellar periodicity (
LO) and the favored wetting of the substrate and
the air or free surface by the copolymer
domains.29–31 In the case of PS and PMMA sys-
tems, the lower surface energy PS component pref-
erentially wets the free surface. Films with thick-
nesses less than LO, such as those used in this work,
often maintain uniform film thicknesses and do
not form island or hole morphologies.30,32 It is im-
portant to note that parallel-oriented block copoly-
mer structures uniformly protect the substrate
from etching, as there exists a continuous layer of
resistant material (PS in this case). Figure 3b shows
the scheme for the directed assembly of dense
block copolymer structures on chemical surface
patterns with LS � LO. In this case, the blue or
PMMA domains can be removed from the as-
sembled film and the pattern directly transferred
to the substrate by reactive ion etching.

The fabrication scheme for isolated block copoly-
mer features used in this work is shown in Figure 3c
and combines the concepts of perpendicular and paral-
lel domain orientations on the substrate. Any number
of PMMA-preferential lines or segments with a period-
icity of LO (e.g., two lines in Figure 3c) can be chemically
patterned in the PS brush imaging layer. The block co-
polymer domain interfaces assembled in these areas
orient perpendicular to the substrate, and the domains
are registered with the surface pattern. The lack of sur-
face pattern outside of the PMMA-preferential lines
leaves a homogeneous, PS-preferential surface that in-
duces a parallel block copolymer domain orientation.
The assembled line patterns can be transferred to the
substrate after selective removal of one of the copoly-
mer domains. Figure 3c demonstrates the removal of
the PMMA domains and the transfer of a two-line pat-
tern to the substrate. Alternatively, the PS domains
could be removed, leading to the transfer of a single
isolated line to the substrate.

Figure 4 demonstrates the directed assembly of PS/
PMMA block copolymers into isolated segment geom-
etries that were 1 �m in length and �35 nm in width.

Sets of 10, 5, 3, 2, and 1 PMMA segments were fabri-

cated in the block copolymer film, as shown from left

to right in Figure 4a. The isolated segment structures

appear as vertical, dark gray lines and are sandwiched

between light gray lines. The PMMA domains were se-

lectively removed in Figure 4b and created a PS tem-

plate suitable for selective etching or deposition pro-

cesses. Ultraviolet irradiation was used to degrade the

PMMA polymer and cross-link the PS domain such that

the degraded PMMA material could be removed by an

acetic acid rinse.33 Figure 4c demonstrates the transfer

of these isolated segment patterns from the PS tem-

plate to a silicon oxide substrate using HF wet etching

techniques.

Two types of morphologies were found to arise in

the parallel-oriented regions of the block copolymer

film during the assembly of isolated structures. First, nu-

merous PS spots on the top surface of the film were ob-

served away from the patterned segments. The chemi-

cal surface in these regions was strongly PS-preferential,

and it might be expected for this film thickness of

�0.5LO that parallel PS and PMMA layers would uni-

formly wet the substrate and the free surface, respec-

tively. Instead, PS necks arise from the PS bottom layer

Figure 3. Fabrication scheme for directing the assembly of block
copolymers into dense and isolated features using chemically
patterned surfaces. The top row of images in each case repre-
sents the chemically patterned surface (purple, PS-preferential;
light blue, PMMA-preferential; gray, substrate), while the second
row demonstrates the orientation of the block copolymer do-
mains (red, PS domains; blue, PMMA domains) assembled on
these surfaces. (a) Block copolymer domains orient parallel to
the substrate when the chemical surface pattern has a periodic-
ity LS �� LO. (b) The directed assembly of dense arrays of block co-
polymer domains occurs perpendicular to the substrate and in
registry with the surface pattern when LS � LO. (c) Isolated struc-
tures can be directed to assemble in block copolymer films using
mixed perpendicular and parallel orientations on surfaces that
were chemically patterned at both LS � LO and LS �� LO length
scales. The perpendicular domains in panels b and c can be selec-
tively removed (in this case, the blue domains) to provide a suit-
able mask for etching or depositing material on the substrate.
The bottom row demonstrates the dense and isolated structures
that could be reactive-ion-etched into the substrate using the
self-assembled layer as a mask.
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and propagate to the free surface. The PS/PMMA inter-

face is, in reality, not perfectly parallel to the substrate

and has significant fluctuations in contour, but never-

theless, the PS domain uniformly wets the PS brush sub-

strate. The minimum thickness of the PS layer wetting

the substrate in these parallel-oriented regions has

been estimated from reactive-ion etching tests to be

between 5 and 8 nm. It is suggested that these PS necks

form as a result of the lower surface energy of the PS

component and its slight preference for wetting the

free surface of the film. The block copolymer/ho-

mopolymer blend system in these thin-film and sym-

metric wetting conditions, in contrast to thick-film and

pure block copolymer systems, favors the formation of

the PS necks to mitigate the unfavorable PMMA/free

surface interactions rather than island and hole mor-

phologies that have non-uniform film thicknesses. Simi-

lar hybrid perpendicular/parallel morphologies have

been observed previously for pure block copolymer sys-

tems in films of thicknesses less than LO and with com-

parable interfacial interactions.32

The second type of morphology that arose were PS

ridges along the lengthwise edges of the patterned iso-

lated structures. For example, three PS lines (light gray)

rather than the expected single PS line were observed

in the case of two PMMA lines (dark gray) shown in Fig-

ure 4a. These PS ridges are larger and less regular in

shape than the PS necks but are also connected to the

underlying PS layer that is registered with the chemical

surface pattern.

Figure 4d shows predictions from single-chain-in-

mean-field (SCMF) simulations34,35 of the directed as-

sembly of two-PMMA-line isolated structures. The PS

ridges are readily predicted by the SCMF simulations

and have a three-dimensional shape that connects to

the underlying PS layer that wets the substrate (see Fig-

ure 4d, left). In this case, the simulation reproduced

the experimental conditions using a block copolymer/

homopolymer blend that was symmetric in composi-

tion with 60 wt % PS-b-PMMA, 20 wt % PS, and 20 wt

% PMMA. The SCMF simulations also predict that the

ridges may be eliminated if the block copolymer/ho-

mopolymer blend were made asymmetric in composi-

tion. A blend system more heavily enriched in PMMA

homopolymer than PS homopolymer could serve to (1)

match the relative volumes required for formation of

isolated structures free of PS necks and ridges and (2)

reduce the stresses associated with the sharp interface

transition between perpendicular- and parallel-oriented

lamellae that is similar in nature to T-junction grain

boundary defects in bulk block copolymer systems.36

A blend with a composition of 60 wt % PS-b-PMMA, 11

wt % PS, and 29 wt % PMMA is predicted to form the

two-PMMA-line structures and to prohibit the forma-

tion of PS ridges (see Figure 4d, right). Blend composi-

tions with less than 11 wt % PS homopolymer, however,

are predicted to be unable to assemble into the unbro-

ken PS line required between the two PMMA lines.

The SCMF simulations suggest that tailoring the

blend composition to be slightly asymmetric may en-

hance the perpendicular-to-parallel transitions and

eliminate certain edge structures. The blend composi-

tion required to prevent the PS ridge structures cannot

be directly compared between the experimental iso-

lated structures and the simulation predictions due to

the periodic boundary conditions and finite box size

used in the simulations. In the experiments, the isolated

line structures were separated from the nearest neigh-

boring structures by many micrometers of distance,

while in comparison the line structures examined in

the simulations were periodic and separated by only a

few hundred nanometers, as set by the box size. The

homopolymer can redistribute within the films such

that the distance between structures is expected to in-

fluence the local blend composition and thus the mor-

Figure 4. Directed assembly of the PS/PMMA ternary blend into iso-
lated segment structures. (a) Top-down SEM images of isolated seg-
ment structures are shown for 10, 5, 3, 2, and 1 lines that have LS � 70
nm and are 1 �m in length. The number of lines represents the num-
ber of PMMA-preferential lines in the surface pattern and therefore
the number of perpendicular PMMA domains that were assembled on
the surface pattern. The isolated PMMA segment structures are dark
gray or black and are sandwiched between light gray PS domains. (b)
Top-down SEM images of the PS structures formed after selective re-
moval of the PMMA domains from the block copolymer blend films. (c)
Top-down SEM and atomic force microscopy height images of defect-
free isolated segment structures etched into a SiO2 substrate using a
PS template and HF wet etching. The etch depth in the patterned seg-
ments was 5–10 nm, and the root-mean-square roughness outside of
the segments was <0.4 nm, comparable to that of the as-deposited
SiO2 layer. (d) SCMF simulations have been performed for the directed
assembly of 60:20:20 (left, reproducing the experimental blend) and
60:11:29 (right) PS-b-PMMA:PS:PMMA blends on chemical surface pat-
terns with two PMMA-preferential lines. Cuts through the PS domain
are shown in red, and the interfaces between the PS and PMMA do-
mains are displayed in green. The PMMA component has been re-
moved from each film for visualization purposes.
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phologies that are formed. Furthermore, the SCMF
simulated systems form fewer PS necks than in the ex-
periments, but this difference likely results from the es-
timated strengths of the polymer/substrate and poly-
mer/air interactions implemented in the SCMF
simulations.

The PS neck and ridge structures in the parallel-
oriented regions are connected to a substrate-wetting
PS layer and do not have a negative effect upon the ap-
plication of such self-assembled structures as masks
for selective etching or deposition processes. The un-
derlying parallel-oriented PS layer serves as a mask re-
gardless of the PS domain morphology present at the
top of the film. Figure 4b shows the PS mask generated
after removal of the PMMA domains and displays the
neck and ridge structures. The pattern transferred from
the PS mask into the substrate using wet etching tech-
niques, as shown in Figure 4c, does not display any of
the necks or ridges observed in the block copolymer
structures. Reactive-ion etching with a high etch selec-
tivity between the substrate and the polymer mask also
should be capable of transferring the isolated patterns
from the PS mask into a Si substrate with perfection. Al-
though the PS mask self-assembled here may be too
thin and have too low an aspect ratio for application in
industrial pattern-transfer processes,37 the PS compo-
nent of the block copolymer could be replaced with a
highly etch-resistant iron-9,38 or silicon-containing39

component. Pattern-transfer processes involving metal
hard masks40,41 are also being considered for industrial
applications and would enable the use of thin, poly-
meric masks such as those assembled from block
copolymers.

Complex Self-Assembled Structures on Surface Patterns
Fabricated with Multiple Overlapping Exposures at Different
Length Scales. Figure 5 shows an alternative approach
for directing the assembly of block copolymers into iso-
lated, device-oriented geometries. A multiple-exposure
process can be used to fabricate the chemically pat-
terned surface, as shown in the schematic in Figure 5a.
First, large areas of the surface can be chemically pat-
terned at the desired critical dimension and with a high
degree of periodicity using a high-resolution but low-
cost lithographic step, e.g., using interference
lithography.42–45 Next, a relatively low-resolution litho-
graphic step, e.g., using optical lithography, can be ap-
plied to the pre-existing chemically patterned surface to
isolate the desired structures. In theory, any number of
patterning steps or lithography techniques could be
used to generate the chemically patterned surface.
Block copolymers directed to assemble on the final pat-
terned surface can form dense, semi-dense, or isolated
feature geometries.

Dense arrays of segments assembled by the
lamellar-forming PS/PMMA blend on a chemical sur-
face pattern generated with multiple overlapping expo-
sures at different length scales are displayed in the top-

down SEM image in Figure 5b. These particular

patterned structures could be used to fabricate nano-

wire field effect transistors.46 There is an important dif-

ference between the parallel-oriented domains as-

sembled in Figure 5b and those in Figure 4. The

multiple-exposure process used to chemically pattern

the surface in Figure 5b resulted in the wide vertical

stripes being PMMA-preferential, whereas the parallel-

orienting areas of the chemically patterned surface in

Figure 4 were PS-preferential. The large areas of PMMA-

preferential surfaces resulted in lamellar domains ori-

ented parallel to the substrate, with a PMMA layer wet-

ting the substrate and a PS layer wetting the free

surface. No PS neck structures are observed in the par-

allel wetting regions in Figure 5b because the free or air

interface was already favorably wet by a PS layer.

CONCLUSIONS
In conclusion, this work demonstrated the directed

assembly of block copolymers on chemically nanopat-

terned surfaces to form most of the essential set of pat-

tern geometries required for integrated circuit layouts

(e.g., lines, segments, jogs, and T-junctions as shown in

Figure 1). The block copolymers were directed to as-

semble into structures with �35 nm critical dimensions

and ranging in density from highly dense (1:1) to iso-

lated, as typically needed in the fabrication of memory

and microprocessor units, respectively. The only essen-

tial pattern geometries not presented here were sharp

block copolymer bends that have been detailed else-

Figure 5. Multiple-exposure approach to the directed as-
sembly of dense, semi-dense, or isolated device-oriented ge-
ometries. (a) A second chemical pattern can be exposed
and overlaid on a surface with a pre-existing chemical pat-
tern. Directed assembly of the block copolymer should fol-
low the final chemical surface pattern regardless of the lay-
outs of the individual pattern exposures. (b) The PS/PMMA
blend with LO � 73 nm was assembled on a chemical surface
pattern fabricated using the two-step exposure process
shown in panel a. Neighboring regions of perpendicular
(patterned with dense arrays of horizontal lines with LS �
LO) and parallel (uniform, large vertical stripes) orientations
of the block copolymer domains were achieved. The PS and
PMMA domains in the dense arrays in this top-down SEM im-
age are shown in light and dark gray, respectively, while in
the larger vertical stripes the PS is present at the flat top sur-
face (appears in dark gray because of the image contrast).
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where23 and contact holes that would benefit from
the use of asymmetric, cylinder-forming block copoly-
mer materials.24 Although this work has focused on the
use of symmetric, lamellar-forming block copolymer
systems for the fabrication of dense line and isolated
segment geometries, molecular-level simulations pre-
dict that tuning the blend composition is important for
achieving defect-free structures. The optimal blend
composition will depend upon the desired structure ge-
ometry and density of features.

On the basis of the results presented here, it is rea-
sonable to expect that the directed assembly of block
copolymers on lithographically defined, chemically

nanopatterned surfaces should enable the fabrication
of the entire set of essential geometries for the manu-
facture of integrated circuits, especially in light of cur-
rent design trends in the semiconductor industry.47 The
motivation for using self-assembling materials in this
context relates to improved control over the shapes
and dimensions of the patterned features. It remains
to be shown that these essential features patterned by
self-assembled materials and techniques can be inte-
grated to define devices, but these results point to the
feasibility of patterning current device layouts as well as
designs that are significantly simplified and more regu-
lar in geometry.

METHODS
Fabrication of Chemically Patterned Surfaces. A hydroxy-terminated

polystyrene (PS, 9.5 kg mol�1, Polymer Source, Inc.) brush imag-
ing layer was chemically grafted to the native oxide of a piranha-
treated Si substrate by annealing under vacuum at 160 °C for
�48 h. Ungrafted polymer was removed using sonication in
warm toluene for �10 min total. The PS imaging layer was then
chemically nanopatterned using traditional lithographic and
pattern-transfer techniques. A 50 nm thin film of photoresist
(poly(methyl methacrylate), PMMA, 950 kg mol�1) was spin-
coated on the PS brush-grafted substrate and baked at 160 °C
for 60 s. Electron beam lithography (LEO 1550-VP field emission
scanning electron microscope (SEM) operating with a J. C. Nabity
pattern generation system) was performed with an accelerating
voltage of 20 keV, a beam current of �20 pA, and an array of line
doses centered at 0.6 –1.0 nC/cm. All samples were developed
for 30 s in a 1:3 solution of methyl isobutyl ketone:isopropyl al-
cohol (IPA), followed by a 30 s rinse in IPA and nitrogen drying.
The pattern in the photoresist was subsequently transferred to a
chemical pattern in the PS brush imaging layer by oxygen
plasma etching at 10 mTorr of O2 for 10 s. The PS imaging layer
exposed to the oxygen plasma was chemically modified to in-
clude oxygen-containing groups and had a higher surface en-
ergy than the chemically unmodified PS brush.

Directed Assembly of Block Copolymers on Chemically Patterned
Surfaces. Ternary blends of a lamellar-forming poly(styrene)-block-
poly(methyl methacrylate) (PS-b-PMMA, 50 kg mol�1 PS and 54
kg mol�1 PMMA, PDI 1.04) diblock copolymer and its corre-
sponding homopolymers (PS, 45.0 kg mol�1, PDI 1.05; PMMA,
46.5 kg mol�1, PDI 1.04) were prepared as 0.8 or 1.5 wt % solu-
tions in toluene. This symmetric blend contained 60 wt % block
copolymer and 20 wt % of each homopolymer and formed a
lamellar phase with a periodicity of �73 nm.28 The polymers
were acquired from Polymer Source, Inc. and used as received.
The ternary blend was spin-coated on the chemically patterned
surface to a thickness of 40 – 45 nm, as measured by ellipsome-
try (Rudolph Auto EL). Thermal annealing was performed under
vacuum at 190 –195 °C for 3–7 days and was sufficient to achieve
equilibrium self-assembled morphologies. The PMMA and PS do-
mains of the block copolymer preferentially wet the chemically
oxygenated and the unmodified PS brush regions of the chemi-
cal surface pattern, respectively.

Pattern Transfer using Block Copolymer Templates. Pattern transfer
of the isolated segment structures (Figure 4) was accomplished
by fabricating a PS template from the block copolymer structures
via removal of the PMMA domains. An ultraviolet exposure with
a wavelength of 254 nm and a dose of 0.875 J/cm2 was used to
degrade the PMMA and partially cross-link the PS domains.33

An acetic acid wash and deionized water rinse for 1 min each re-
moved the degraded PMMA domains. Reactive-ion etching (Plas-
maTherm Unaxis 790) for 4 s with an oxygen plasma (50 W, 10
mTorr, and a PMMA etch rate of 100 nm/min) was used to etch
through the PS brush imaging layer. The resulting PS templates
were suitable masks for the wet etching of isolated structures
into substrates consisting of a 100 nm SiO2 layer deposited on

Si wafers using plasma-enhanced chemical vapor deposition
(PlasmaTherm PT70); the fabrication of the chemical surface pat-
tern and the block copolymer assembly process were identical
to those used for Si substrates as described previously. Structures
�5–10 nm in depth were etched into the SiO2 substrate with a
solution of 50:1 deionized water: hydrofluoric acid (HF, 49%). The
remaining PS templates were removed by an oxygen plasma
etching process (3 min at 50 W and 10 mTorr).

Structure Characterization. The structures self-assembled by the
block copolymer were imaged using scanning electron micros-
copy (LEO 1550-VP field emission SEM). No special procedures
were required to obtain contrast between the PS and PMMA do-
mains. The patterns etched into the SiO2 substrate were charac-
terized by SEM and atomic force microscopy operating in tap-
ping mode with a Si tip (Digital Instruments Nanoscope IIIa).

Single-Chain-in-Mean-Field (SCMF) Simulations. SCMF simulation is a
particle-based technique that retains the efficiency of self-
consistent mean-field theory while providing an accurate ap-
proximation of fluctuations.34,35,48 A bead-spring model de-
scribes the molecular architecture with N � 15 � 17 beads for
the PS-b-PMMA, and NPS � 12 and NPMMA � 13 for the two ho-
mopolymers. The interactions are described by a coarse-grained
density functional, F[{�a}], where {�a} denotes the PS and PMMA
volume fractions. The PS/PMMA incompatibility is considered
with a Flory–Huggins approach using 	N � 37.6, and polymer
compressibility is captured via Helfand’s potential.49 Polymer–
substrate interactions are short-ranged in the x direction, nor-
mal to the substrate, and are described50 via a potential of the
form 
[f(y,z)Re/�] exp[�x2/2�2]; � � 0.15Re sets the interaction
range, and f(y,z) encodes the pattern geometry, taking values 1
or �0.6, depending on whether the considered y,z point on the
substrate prefers PMMA or PS segments. 
N � 3 sets the inter-
action strength, which can be estimated only approximately due
to the complex experimental preparation of the substrate. The
polymer–air interface is modeled as a neutral, hard wall. All
lengths are measured in units of the bulk end-to-end distance
of the diblock molecule, Re, and the length scale is identified by
comparing the lamellar spacing, LO � 2.26Re, of bulk SCMF simu-
lations with the experimental value, LO � 73 nm. The polymer
chain number density, �, is matched to the experiments yield-
ing an invariant polymerization degree of Ñ � (�Re

3)2 � 16 384.
SCMF simulations consider an ensemble of independent

chains in fluctuating external fields, Wa � �F/�a, acting on “a”-
type segments. These fields approximate the instantaneous in-
teractions of a chain with its surroundings and are frequently re-
calculated from the spatial segment distribution. Between
updates, the fields are considered stationary and the chains
evolve via a short Monte Carlo (MC) simulation. The decoupling
of chains (i.e., a quasi-instantaneous field approximation48) al-
lows for a highly efficient parallel implementation. Recalculat-
ing the fields from the density distribution of the ensemble re-
covers the correlations between molecules. In the limit that the
Wa fields follow the spatial distribution instantaneously, SCMF
simulations become exact.
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