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T
he nanoscopic assembly of block co-
polymer (BCP) thin films is currently of
interest as a bottom-up approach for

generating templates and scaffolds with
well-defined periodic structures of spheri-
cal, cylindrical, and lamellar morphologies,
typically with a period of 10�50 nm.1�11

The dimension and morphology of these
structures can be dictated by χ 3N as a func-
tion of composition, where χ and N are the
Flory�Huggins segmental interaction param-
eter between the two blocks and the total
number of segments, respectively.12,13

Despite a variety of morphologies in BCP
nanostructures, spontaneous microphase
separation in the thin films leads to the
parallel orientation of microdomain arrays

or random orientation with defects, which
limit the potential applications. These phe-
nomena are attributed to preferential inter-
actions of the substrate with one block
and/or the difference in surface energies of
the two blocks.14�16 Much effort has been
dedicated to attempts to control the orienta-
tion of microdomain arrays in BCP films and
to achieve long-range ordered structures
using external fields17�19 or surfacemodifica-
tions.20�26 For instance, controlling the inter-
facial and surface interactions afforded a
versatile route to direct the perpendicular
orientation of cylindrical and lamellar arrays
in BCP films, particularly in polystyrene-
b-poly(methyl methacrylate) (PS-b-PMMA)
thin films.14,20�25
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ABSTRACT The directed assembly of block copolymer nano-

structures with large periods exceeding 100 nm remains challenging

because the translational ordering of long-chained block copolymer

is hindered by its very low chain mobility. Using a solvent-vapor

annealing process with a neutral solvent, which was sequentially

combined with a thermal annealing process, we demonstrate the

rapid evolution of a perpendicularly oriented lamellar morphology in

high molecular weight block copolymer films on neutral substrate.

The synergy with the topographically patterned substrate facilitated

unidirectionally structural development of ultrahigh molecular

weight block copolymer thin films;even for the structures with a large period of 200 nm;leading to perfectly guided, parallel, and highly ordered

line-arrays of perpendicularly oriented lamellae in the trenched confinement. This breakthrough strategy, which is applicable to nanolithographic pattern

transfer to target substrates, can be a simple and efficient route to satisfy the demand for block copolymer assemblies with larger feature sizes on hundreds

of nanometers scale.
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In contrast to the successful strategies for sub-10-nm
high-density addressable arrays of BCP films,7,8,27,28

the engineering of BCP films on the intermediate
(100�200 nm), hundreds-of-nanometers scale remains
challenging both scientifically and technically.29�31

Developing a method to fabricate such films is crucial,
not only to extending feature sizes upward from the
nanoscale but also to bridging the unexplored size gap
between nano- and microfabrications. The practical
demands of photonics and polarizers (in terms of their
responses to the visible wavelengths of light) have
motivated attempts to generate periodically patterned
structures with larger feature sizes (i.e., periods larger
than 100 nm).32,33 The feature size scaling can be
directly related to an increase in the molecular weight
of the BCP used. However, a notable drawback of this
approach is that the translational ordering of high
molecular weight BCP is hindered by its very low chain
mobility due to highly entangled conformations even
at temperatures higher than the glass transition tem-
perature (Tg). To address this issue, an approach using
the solvent annealing process18,27,34�36 can be effec-
tive for the development of periodic structures in high
molecular weight BCP films.
In this work, our approach exploited a solvent-vapor

annealing process using tetrahydrofuran (THF) that
is a nonselective good solvent for the two blocks of

PS-b-PMMA. The structural development of lamellar
morphology was studied in high molecular weight
PS-b-PMMA films. Herein, we present a simple, versa-
tile, and accelerated route to fabricate extremely or-
dered line patterns of a perpendicularly oriented
lamellar morphology with large periods exceeding
100 nm, which were aligned in parallel with the topo-
graphic line patterns. This feasible approachdiffers from
previous studies (the solvent selectivity to the blocks
was controlled for various morphologies),16,19,37,38 in
that a solvent-vapor annealing process with neutral
solventwas applied to BCPfilms todirect theorientation
of larger microdomain arrays, and it was sequentially
combined with thermal annealing process to provide a
desired morphology.

RESULTS AND DISCUSSION

Parts a�j of Figure 1 show atomic force microscopy
(AFM) phase images of solvent-annealed, 210-nm-
thick PS-b-PMMA (Mn = 256 kg/mol) films on neutral
substrate at constant 10 �C. In the AFM images, the
darker and brighter phases correspond to the PS and
PMMA blocks, respectively; this difference in bright-
ness is due to the viscoelastic contrast between the
two blocks.14 Upon solvent-vapor annealing, THF
vapor was readily absorbed into the film, and the
ordering of the microphase in swollen BCP films was

Figure 1. (a�j) AFM phase images of 210-nm-thick PS-b-PMMA (Mn = 256 kg/mol) films. The time evolutionmorphologies on
neutral substrate at (a) 10min, (b) 30min, (c) 40min, and (d) 45min upon solvent-vapor annealingwith THF vapor. The insets
show the corresponding OM images. Thermally annealed (for 12 h) films at 240 �C after solvent-vapor annealing process for
(e) 10 min, (f) 30 min, (g) 40 min, and (h) 45 min. (i) An irregular (or mixed) structure and film dewetting of solvent-annealed
(for 30 min) film on the oxide layer of a Si substrate (PMMA-selective substrate). (j) A less-ordered structure in thermally
annealed (for 72 h) film at 240 �C under vacuumwith no solvent annealing. (k) Tilt-view SEM image of themorphology shown
in (h), where the contrast was enhanced by asymmetric dry (or plasma) etching with an O2/Ar mixture.
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significantly enhanced by an increase in the chain
mobility. The selectivity ratio of THF to the PS and
PMMA was evaluated to be 1.125 from the saturated
thickness of each homopolymer film, as determined
by a solvent absorption experiment (see Figure S1,
Supporting Information). This result indicates that THF
is a nonselective (or neutral) good solvent for the two
blocks of PS-b-PMMA and has little influence on the
volume fraction of BCP. With increasing annealing
time, the early stage surface morphology (Figure 1a)
evolved into long and striped patterns in a lamellar
morphology (Figure 1d), with no film dewetting
(the inset OM image of Figure 1d) at 45 min exposure.
The solvent-vapor annealing process enabled the
translational ordering of long-chained (or high molec-
ular weight) BCP, resulting in the perpendicular orien-
tation of lamellar morphology. An optimum annealing
time with solvent vapor was dependent on tem-
perature in the closed chamber; this optimum time
shortened from 45 min at 10 �C to 25 min at 30 �C. As
shown in parts a�d of Figure 1, this process tends to
annihilate the defects in the striped patterns, but it
leaves ridges on the film surface. However, when the
solvent-annealed PS-b-PMMA films were thermally
annealed at 240 �C for 12 h under vacuum, the AFM
images show the ridgeless and highly contrasting
morphology in which the film topology is broadly
stabilized (parts e�h of Figure 1). Most defects were
effectively annihilated during solvent-vapor annealing,
rather than thermal annealing process.
The films on the oxide layer of a Si substrate (Figure 1i,

and the inset OM image for comparison) exhibited an
irregular or mixed structure as well as film dewetting at
an earlier time (30 min), despite the fact that the layer
was PMMA-selective. Considering that all BCP films
upon solvent-vapor annealing may dewet eventually
with long time exposure to THF, it can be concluded

that the polymeric brushes on neutral substrate sig-
nificantly delayed film dewetting. Consequently, the
use of neutral substrate with poly(styrene-r-methyl
methacrylate) (P(S-r-MMA)) copolymer brushes is a
key step to balance the interfacial interactions of the
substrate toward the PS and PMMA blocks and sup-
presses film dewetting. In contrast, when the same
PS-b-PMMA film was thermally annealed at 240 �C for
72 h (or 12 h) under vacuum with no solvent-vapor
annealing, a less ordered structure (Figure 1j) was
produced, indicating that the molecular weight was
too high to overcome the local free energy barriers
associated with the defect annihilation. Figure 1k also
displays a tilt-view scanning electronmicroscopy (SEM)
image of the morphology shown in Figure 1h, where
the contrast was enhanced by asymmetric dry (or
plasma) etching with an O2/Ar (5/1 in volume ratio)
mixture. The internal structure in the SEM image con-
firms that the thermally annealed PS-b-PMMA films
with an optimum solvent-vapor annealing (45 min)
exhibited a perpendicularly orientated lamellar mor-
phology with long-range lateral order.
To assess the in-plane morphology of solvent-

annealed PS-b-PMMA (Mn = 256 kg/mol) films, defects
including dislocations and disclinations were statisti-
cally analyzed in a large area of 5 � 5 μm2, via the
automatic triangulation program of the distances
between neighboring defects. The 10 areas in each
film were randomly selected for the defect analysis.
Figure 2a illustrates the SEM image analysis of the
striped patterns for solvent-annealed (for 35 min),
55-nm-thick PS-b-PMMA film. Spontaneous disloca-
tions and disclinations (terminal points, junctions,
and dots) are shown in the perpendicular geometry
of the lamellar planes, as indicated with the blue and
red colors in the image, respectively.39�41 Figure 2b
shows the averaged defect density (F) as a function of

Figure 2. (a) In-plane SEM image of solvent-annealed (for 35min), 55-nm-thick PS-b-PMMA (Mn = 256 kg/mol) film. Defects in
the striped patterns were analyzed in an area of 5� 5 μm2 via the automatic triangulation program of the distances between
neighboring defects. Spontaneous dislocations and disclinations (terminal points, junctions, and dots) in the perpendicular
geometry of the lamellar planes are indicated with the blue and red colors in the image, respectively. (b) The averaged defect
density (F) as a function of solvent-vapor annealing time at constant 10 �C for the films with thickness of 55, 106, and 210 nm.
The inset shows a log�log plot up to 25 min, indicating that a solvent-vapor annealing process with a neutral solvent
exhibited a very fast value (ν = 1.35) for the kinetic exponent, by the power law of F ∼ t�ν.
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annealing time. During solvent-vapor annealing of the
films with thicknesses of 55, 106, and 210 nm, the
defect density in PS-b-PMMA films decreased rapidly
to ∼5 μm�2 at the first 30 min, which arose from the
coarsening of the short line patterns of perpendicularly
oriented lamellae. With further annealing to 45 min,
the defect density remarkably reduced to∼1 μm�2, as
the few defects were annihilated in a pairwise fashion.
According to coarsening dynamics, the process

generally follows the power law

F � t�ν ð1Þ
where ν is the kinetic exponent.42 In the striped pat-
terns consisting of single-layered cylinders, the ther-
mal annealing of BCP films led to a value of ν = 0.5.39

However, the (neutral) solvent-vapor annealing pro-
cess at constant 10 �C exhibited a very fast value of
ν = 1.35, as shown by the inset in Figure 2b, although it
was readily tunable by controlling temperature in the
closed chamber. The rapid defect annihilation in the
early stages can be explained by twomain effects: first,
the slow (reptation) dynamics of highly entangled
polymer chains was accelerated by the absorption
of solvent vapor into BCP films; second, the free energy
barriers (Δf*) in the local energy landscape (the
pathway barriers to the formation of well-ordered
structures) became shallower to overcome by Δf *∼
(φχ)N due to the dilution approximation, where φ is the
volume fraction of polymer.43 Particularly in high
molecular weight (high-N) BCP films, these effective
driving forces for ordering dominate compared to
the loss of driving force from dilution by the neutral
solvent.
Grazing-incidence small-angle X-ray scattering (GISAXS)

was also used to characterize the structures of BCP
films, providing macroscopic information over a large
area of 2 � 2 cm2. In the grazing incidence scattering
geometry, Rf and 2θf are the exit angles of the X-ray
beam along the out-of-plane scattering normal to the
sample surface and along the in-plane scattering
normal to the incidence plane (or parallel to the sample
surface), respectively, where q = (4π/λ) sin θf is the
scattering vector. The incident angle (Ri) was set at
0.180�, which is above the critical angle (0.156�) for
PS-b-PMMA films, to probe the film morphology
across the entire thickness. Figure 3a shows theGISAXS
pattern for solvent-annealed (for 45 min), 210-nm-
thick PS-b-PMMA film on the substrate. A perpendicu-
lar geometry produced the Bragg rods at 2θf = 0.122�
(q = 0.079 nm�1) along the out-of-plane scattering and
the weak higher order peaks along the horizon of Rf =
0.200�, whereas for 55-nm-thick PS-b-PMMA film they
were markedly shown due to the thickness effect
(see Figure S2, Supporting Information). A plot of the
line scans along the horizon of Rf = 0.200� (taken from
the GISAXS patterns) is shown in Figure 3c for various
annealing times. The time evolution of PS-b-PMMA

films with solvent vapor indicates the structural devel-
opment of BCP films by an increase in the intensities
of the primary peaks (at q*) and the higher order peaks
at q/q* = 1:2:3.
However, when the solvent-annealed (for 45 min)

PS-b-PMMA film was thermally annealed, as shown
in Figure 3b, the Bragg rods at 2θf = 0.096� (q =
0.062 nm�1) intensified and noticeably elongated
along the out-of-plane scattering with the narrow
width at half-maximum of the primary peak, indicating
a significant improvement in the perpendicular orien-
tation of lamellar morphology with long-range lateral
order. It was also confirmed by the line scan shown in
Figure 3c, in which many higher order peaks at q/q* =
1:2:3:4:5:6:7:8:9 were identified. The higher intensities
of the odd-integer-numbered peaks are attributed to
the volumetric symmetry between the two blocks in
the thermally equilibrated state.
The inset in Figure 3c shows the d-spacing (d = 2π/q*)

and in situ swelling of PS-b-PMMA films as a function
of annealing time during solvent-vapor annealing
process. The d-spacing increased from 73.6 to
78.8 nm on annealing for 25 min, but with further
annealing time it approached to a plateau value of
78.8 nm, whichwas assumed to be the quasi-equilibrium
d-spacing of solvent-annealed BCP films due to the
dilution approximation. When all of these solvent-
annealed PS-b-PMMA films were thermally annealed at
240 �C for 12 h under vacuum, the d-spacings recov-
ered into a value of 102 nm, as indicated in the inset.
The d-spacing of the semidiluted BCP processed with a
neutral solvent can be theoretically interpreted by the
power law

d � φβ ð2Þ
where β≈ 0.22 in the strong segregation regime.44 The
swelling behavior of BCP film (as shown by the light
x-axis of the inset in Figure 3c) enabled us to calculate
a value of φ = 0.33 (67% solvent) at equilibrium, using
φ = 1/RN = 1/(t/t0) at a plateau normalized thickness
(t/t0 = 3.0), where RN is the swelling ratio in the film
geometry. The predicted d-spacing (78%) at φ = 0.33
was in good agreement with the observed reduction
(77%) in d-spacing. This complete recovery into a
thermal equilibrium d-spacing indicates that the sol-
vent-annealed BCP films were thermally re-equilibrated
by increasing short-range segregation between the two
blocks (irrespective of annealing time with solvent
vapor), while most defects were effectively annihilated
during solvent-vapor annealing process as shown in
Figure 1. This combinational process is therefore worthy
of note, in the sense that the thermal annealing of
optimally solvent-annealed BCP films resulted in a uni-
form structure of a perpendicularly oriented lamellar
morphology over the entire films; in addition, this
coprocess was highly reproducible as a generalized
approach for high molecular weight BCP films.
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We further examined the lateral alignment of lamel-
larmorphology in the topographic (or graphoepitaxial)
confinement, which was prepared on an underlying
layer of neutral substrate using an I-line photolitho-
graphy process with a negative photoresist (SU-8). The
solvent-annealed PS-b-PMMA (Mn = 256 kg/mol) film in
1.5 μm wide topographic line patterns was then ther-
mally annealed at 240 �C for 3 h under vacuum in
combination using the similar route as described
above. As shown in Figure 4a, an in-plane SEM image
of 120-nm-thick PS-b-PMMA film displays the highly
ordered line-arrays of perpendicularly oriented lamel-
lae, which were laterally aligned parallel to the trench
walls with fidelity (the inset tilt-view SEM image). This
behavior is attributed to the PS-selective, cross-linked

polymer trench walls and the neutral bottom toward
the two blocks of PS-b-PMMA because the PS block
wets both trench walls and the parallel alignment
propagates into the centers of the line patterns. The
lengths in the inset indicate the film thicknesses before
(120 nm) and after (70.9 nm) asymmetric dry etching in
a trench depth (258 nm). When the contrast was
enhanced by asymmetric dry etching that predomi-
nantly eliminated the PMMA block, the two end-walls
and 13/14 lines of the PS block (with 48/52 ratio) were
seen in every trench, indicating that the lamellar period
(L0 = 102 nm) was commensurate with a trench width
of 1.5 μm, as the fit within the trenches was achieved
by either stretching or compression of the block chains
in BCP films.

Figure 3. GISAXS patterns for (a) solvent-annealed (for 45 min), 210-nm-thick PS-b-PMMA film on the substrate, which is the
same film shown in Figure 1d, and (b) thermally annealed (for 12 h) films at 240 �C after solvent annealing process for 45min,
which is the same film shown in Figure 1g. (c) The line scans along the horizon of Rf = 0.200�, taken from the GISAXS patterns,
where the S denotes to solvent-annealed films. The inset shows the d-spacing (d = 2π/q*;O) and in situ swelling (t/t0;b) of PS-
b-PMMA films as a function of solvent-vapor annealing time. The arrows represent the complete recovery into a thermal
equilibrium d-spacing of 102 nm, irrespective of annealing time with solvent vapor.
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When the same PS-b-PMMA film was thermally
annealed at 240 �C for 12 h under vacuum with no
solvent-vapor annealing, as shown in Figure 4b, a less
ordered structure in every trench confirms its very
low chain mobility in high molecular weight BCP film.
Figure 4c shows the averaged defect density (F) for
PS-b-PMMA films in a 1.5-μm-wide trenched confine-
ment as a function of annealing timewith solvent vapor,
where the solvent-annealed BCP films were then ther-
mally annealed at 240 �C for 3 h under vacuum for
comparison. The AFM images were analyzed as shown
in Figure 2. During solvent-vapor annealing of BCP films
in the trenches, the defect density decreased rapidly to
∼7 μm�2 at 25 min and then approached to ∼1 μm�2

for 37 min, which were earlier than those in solvent-
annealed planar films due to accelerated defect annihi-
lation by the trench walls. When the solvent-annealed

PS-b-PMMA films in the trenches were thermally an-
nealed, however, there was little improvement in defect
density, confirming that most defects were effectively
annihilated during solvent-vapor annealing process.
The same combinational process of BCP film was ap-
plied to a large 2.5-μm-wide topographic line patterns,
as shown in Figure 4e by an in-plane SEM image of
templated PS-b-PMMA (Mn = 256 kg/mol) film. Most
line-arrays of perpendicularly oriented lamellae were
laterally aligned parallel to the trench walls, though
minor in the defects, presumably indicating the limita-
tion of trench width for the propagating lamellar
alignment.
The minimum thermal annealing time at 240 �C was

measured to be only 2 h due to the effective ordering
of the microphase in BCP films during solvent-vapor
annealing process. Moreover, the process in a large

Figure 4. In-plane SEM images of templated, 120-nm-thick PS-b-PMMA (Mn = 256 kg/mol) films in the topographic
confinement with (a) 1.5 μm width and (e) 2.5 μm width, which were prepared by the combinational process (the thermal
annealing of optimally solvent-annealed BCP films). The contrast was enhanced by asymmetric dry etching that predomi-
nantly eliminated the PMMA block. The inset shows tilt-view SEM image of (a). (b) Thermally annealed BCP film (with
no solvent-vapor annealing) at 240 �C for 12 h under vacuum. (c) The averaged defect density (F) for PS-b-PMMA films in a
1.5-μm-wide trenched confinement as a function of annealing timewith solvent vapor, where the solvent-annealed BCP films
were then thermally annealed at 240 �C for 3 h under vacuum for comparison. (d) Silicone oxide pattern substrate
manipulated by nanolithographic pattern transfer using templated PS-b-PMMA (Mn = 256 kg/mol) film in a 1.5 μm wide
topographic line pattern (a).

A
RTIC

LE



KIM ET AL . VOL. 7 ’ NO. 3 ’ 1952–1960 ’ 2013

www.acsnano.org

1958

area of 3� 3 cm2 for laboratory purpose was successful
(Figure S3, Supporting Information), indicating a pro-
mising scalability for practical purpose. Consequently,
the synergistic combinational process that exploits the
topography facilitated unidirectionally structural de-
velopment of high molecular weight BCP films in a
bottom-up approach, leading to perfectly guided per-
pendicular orientation of lamellae in the line confine-
ment. Note that this fabricationmethod is amenable to
the demands for bent or complex line patterns, and it is
not limited to straight-line patterns.45�52 For applica-
tion purposes, the templated line patterns of perpen-
dicularly oriented lamellae can be used as a well-
defined mask in a reactive ion etching (RIE) process.
More specifically, a silicone oxide pattern substratewas
manipulated by nanolithographic pattern transfer
using templated PS-b-PMMA (Mn = 256 kg/mol) film
in a 1.5-μm-wide topographic line pattern (Figure 4a),
as demonstrated in Figure 4d. It can be also applied as a
top-down approach to manufacture in-cell polarizers
for liquid crystal displays (LCD) that require hundreds-
of-nanometers scale in pitch.53,54

To ascertain the versatility and general applicability
for this strategy, two symmetric ultrahigh molecular-
weight PS-b-PMMAs (Mn = 733 and 1000 kg/mol) were
used in a similar process. For thermally annealed
BCP films at 240 �C for 12 h with no solvent-vapor
annealing, the SEM images exhibited a less developed
structure in every trench, as shown in parts a and b of
Figure 5. The solvent-vapor annealing time was in-
creasingly applied to higher molecular weight BCP
films: 90 min and 10 h for the PS-b-PMMAs having
Mn = 733 and 1000 kg/mol, respectively, because
the ordering of ultrahigh molecular weight BCPs was
more seriously hindered by the limited chain mobility.
Nevertheless, when the solvent-annealed PS-b-PMMAs
films were thermally annealed, long-range ordered
lamellar structures were achieved, as shown in Figure
S4 (Supporting Information) by the SEM images of
360-nm-thick PS-b-PMMA (Mn = 1000 kg/mol) film.
Parts c and d of Figure 5 show in-plane SEM images
of templated PS-b-PMMAs (Mn = 733 and 1000 kg/mol,
respectively) films in a 1.5-μm-wide topographic line
pattern by the combinational process (the thermal
annealing of optimally solvent-annealed BCP films).
In these cases, the giant lamellae correspond to L0 =
177 and 200 nm, respectively, in the superstrong
segregation regime. A visible variation in line width
of the PS-b-PMMAs (Mn = 1000 kg/mol) films is attrib-
uted to asymmetric dry (or plasma) etching of slightly
concaved film in thickness, because a consistent line
width of the same film without etching was observed
by the AFM image. Thus, the similar results with the PS-
b-PMMA (Mn = 256 kg/mol) films were seen in the
trenched confinement, consisting of perpendicularly
oriented giant lamellae. This simple and feasible strat-
egy facilitated the directed assembly of periodically

patterned structures even in ultrahigh molecular
weight BCP films with feature sizes on a hundreds-of-
nanometers scale.

CONCLUSIONS

In summary, we demonstrated the rapid evolution of
a perpendicularly oriented lamellar morphology in
high molecular weight PS-b-PMMA (Mn g 256 kg/mol)
films using a solvent-vapor annealing process with
neutral solvent, where the interfacial interactions of
the substrate were balanced by grafting P(S-r-MMA)
copolymer brushes. When the solvent-vapor annealing
process for BCP films was sequentially combined
with thermal annealing process, this combinational
approach resulted in a uniform and perpendicularly
oriented lamellar morphology with long-range order
over the films.
The synergy with the topographically patterned

substrate facilitated unidirectionally structural devel-
opment of high molecular weight BCP films in a
bottom-up approach; this led to perfectly guided,
parallel, and extremely ordered line-arrays of perpen-
dicularly oriented lamellae in the trenched confine-
ment. For further applications in ultrahigh molecular
weight PS-b-PMMA films, our strategy may have sig-
nificant implications for scaling to dimensions with
large periods exceeding 200 nm.32,33 The extension
of BCP lithography to larger feature sizes on hundreds-
of-nanometers scale creates opportunities for the
widespread use of the unexplored size scales between
nano- and microfabrications as well as many different

Figure 5. In-plane SEM images of templated, 100-nm-thick
PS-b-PMMA films in the topographic confinement with
1.5 μm width. Thermally annealed PS-b-PMMA films (with
no solvent-vapor annealing) at 240 �C for 12 h under vacuum
for (a)Mn = 733 kg/mol and (b) Mn = 1000 kg/mol. BCP films
prepared by the combinational process for (c)Mn = 733 kg/mol
and (d) Mn = 1000 kg/mol, where the solvent-annealed
BCP films were thermally annealed at 240 �C for 3 h under
vacuum. Contrast was enhanced by asymmetric dry etching
that predominantly eliminated the PMMA block.
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types of practical demands. This strategy, which is
highly reproducible and compatible with nanolitho-
graphic pattern transfer for photonics and polarizers,

can be a simple and feasible route to fabricate the
directed assembly of the periodically patterned, large-
featured structures in highmolecular weight BCP films.

METHODS

Synthesis and Sample Preparation. Three symmetric PS-b-PMMA
copolymers with a PS volume fraction (φPS) of 0.500 were
synthesized via sequential anionic polymerization of styrene
and methyl methacrylate in tetrahydrofuran (THF); this was
performed at �78 �C in the presence of LiCl (high purity,
Aldrich), under purified argon, and using sec-butyllithium as
an initiator. The number-averaged molecular-weights (Mn), as
characterized by size-exclusion chromatography (SEC), were
256, 733, and 1000 kg/mol, with a narrow molecular weight
distribution (less than 1.07). Their equilibrium periods (or inter-
lamellar spacings, L0) of BCPsweremeasured to be 102, 177, and
200 nm, respectively. The PS-b-PMMA films were prepared by
spin-coating typically at 3000�5500 rpm for 60 s; 1�4wt % BCP
solutions in toluene were applied to the substrates to control
the film thickness.

A neutral substrate was prepared using a hydroxyl end-
functionalized poly(styrene-r-methyl methacrylate) (P(S-r-MMA))
with a styrene mole fraction (XS) ∼ 0.56 and Mn = 15000 g/mol
(Polymer Source, Inc.).20 The surface modification by grafting
reaction to the substrate was accomplished by thermally an-
nealing P(S-r-MMA) films on Si wafers at 170 �C for 3 days under
vacuum; this temperature is well above the glass transition
temperatures (Tg's) of PS and PMMA (100 and 115 �C, respec-
tively). The grafting thickness of random copolymer was mea-
sured to be ∼5.5 nm by ellipsometry (SE MG-1000, Nanoview
Co.) at an incidence angle of 70� after rinsing with toluene to
remove the unanchored polymer chains from the substrate. The
topographic line patterns were prepared on an underlying layer
of neutral substrate using an I-line photolithography process
with a negative photoresist (SU-8; Microchem).

A neutral solvent of tetrahydrofuran (THF; high purity,
Aldrich) was used for solvent-vapor annealing of PS-b-PMMA
films. A cylindrical bronze chamber was devised to set the
volume (V = 706.5 cm3) and surface area (S = 78.5 cm2) of the
solvent, where the solvent uptake in the films was precisely
controlled by the annealing time, under the condition of S/V =
0.111 cm�1. The chamber was completely sealed by Teflon cap
with Chemraz (Greene Tweed Co.) O-ring. The temperature in
the closed chamber was set at constant 10 �C for long enough
time. It is important for reproducibility to maintain a constant
temperature inside and outside chamber. For nanolithographic
pattern transfer, the reactive ion etching (RIE; Oxford) modewas
operated with SF6 by a RF power of 200 W at 30 mtorr and
30 sccm. To enhance the phase contrast between the two blocks
in PS-b-PMMA films, asymmetric dry (or plasma) etching (VITA,
Femto Sci.) mode was operated with an O2/Ar (5/1 in volume
ratio) mixture by a RF power of 100 W at 150 mtorr and 18 sccm.

Characterization of BCP Films. Grazing-incidence small-angle
X-ray scattering (GISAXS) experiments were performed at the
8-ID-E beamline of the Advanced Photon Source (APS) at
Argonne National Laboratory and the 3C beamline at Pohang
Accelerator Laboratory (PAL), Korea. The operating conditions
were chosen as a wavelength of 1.69 Å and a sample-to-
detector distance of 2.2 m. The incident angle (Ri) was set at
0.180�, which is above the critical angle (0.156 o) for PS-b-PMMA
films. To examine the surface morphology of PS-b-PMMA films,
atomic force microscopy (AFM; Dimension 3100, Digital Instru-
ment Co.) was operated in the tappingmode, and field emission
scanning electron microscopy (FESEM; S-4800, Hitachi) was
used with an accelerating voltage of 5.0 kV.
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