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H
ighly ordered nanosized features
in a confined environment have
attracted intense interest owing to

their potential applications in optical, opto-
electronic, and magnetic devices. The criti-
cal issue is the control of their size, spacing,
and size distribution.1–5 Self-assembly is a
desirable method for fabricating nanostruc-
tured surfaces. In particular, block copoly-
mer systems offer an attractive route for
overcoming the limitations of conventional
lithographic techniques, owing to their abil-
ity to self-assemble into ordered nanoscale
morphologies.6–8 There have been numer-
ous efforts to use self-assembled block co-
polymers as a tool for fabricating
nanomaterials.9–13

To achieve high placement accuracy in
self-assembled systems, a lithographically
prepared template has been used to guide
the positions of the self-assembled features.
Topographic features of templates on the
surfaces, simple edges, or well-defined
troughs provide a way for controlling multi-
level ordering where a “bottom-up” method
such as self-assembly of block copolymers
is combined with a “top-down” lithographic
method. This method has been applied to
numerous systems, including quantum dot
formation,14 arrangement of colloidal
spheres,15 and microphase separation in
block copolymers.16–26 In particular, tem-
plating methods in block copolymer sys-
tems have successfully generated arrays of
spherical,17,18,20,23 cylindrical,21,22,24 or
lamellar nanostructures19 with long-range
order. Segalman et al. reported that sub-
strate topography is efficient in directing
long-range order in sphere-forming block
copolymers. A monolayer of P2VP spherical
microdomains in a poly(styrene-b-2-
vinylpyridine) (PS-b-P2VP) thin film was
placed on the photolithographically pat-

terned substrate and was then annealed to
generate ordered structures which propa-
gated several micrometers from the side
walls of the grooves and the edges of the
mesas.17 Besides 1-D confinement, Hexe-
mer et al. created a well-ordered array of PS-
b-P2VP spheres in a 2-D hexagonal-shaped
topographical well with a diagonal width of
a few micrometers.23 Cheng et al. investi-
gated various factors affecting the long-
range ordering of spherical poly(styrene-b-
ferrocenyldimethylsilane) between side
walls of periodic grooves.18,20 Recently, Xiao
et al. demonstrated that chemically modi-
fied topographic substrates allow the cre-
ation of perpendicularly oriented cylindri-
cal domains in useful architectures with
long-range order and regular geometry in
thin films of block copolymers.24

To control size, spacing, and size distri-
bution of nanostructures, one possible ap-
proach is to use block copolymer micelles.
In solvents that selectively dissolve only one
of the blocks, block copolymers form well-
defined micelles with a core consisting of
the insoluble block and a shell or corona of
the soluble block. These micelles can be
spherical, cylindrical, vesicle, or wormlike
depending on the block ratios, the interfa-
cial energy between the blocks, and the sol-
vent quality.27,28 There have been several
reports on the preparation of long-range
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ABSTRACT We demonstrate a method to fabricate high-quality patterned micelle arrays using poly(styrene-

b-4-vinylpyridine) (PS-b-P4VP) block copolymer. Long-range order of the PS-b-P4VP micelle in hexagonal arrays

was induced by topographic grating patterns during solvent annealing. The size and row spacing of block

copolymer micelle arrays created in this way were uniform. By controlling the thickness of the polymer on the

crests and in the troughs of the grating patterns, we prepared PS-b-P4VP micelle arrays having different sizes.

KEYWORDS: block copolymer micelle · PS-b-P4VP · grating surface · long-range
order · Moiré analysis
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ordered arrays from block copolymer micelles. For ex-

ample, Xuan et al. obtained well-ordered hexagonally

packed cylinders in the symmetric copolymer

poly(styrene-b-methyl methacrylate) thin films by con-

trolling the selectivity of the solvent, film thickness, and

the vapor exposure times.29 Zhao et al. investigated

the surface morphologies of thin asymmetric

poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) films after

solvent annealing in methanol vapor.30 Recently, Yun

et al. reported that a near-perfect hexagonal array of

block copolymer micelles was created by solvent an-

nealing on a single layer of micelles, which equilibrated

the size and positional order of the micelles by redistrib-

uting the copolymer chains per micelle.31

Here, we demonstrate a new approach for prepar-

ing highly ordered arrays of PS-b-P4VP block copoly-

mer micelles on a patterned silicon substrate. We stud-

ied the time evolution of surface morphologies of PS-b-

P4VP thin films under solvent vapor. By annealing the

PS-b-P4VP films in solvent vapor, arrays of PS-b-P4VP

micelles with a high degree of lateral order are pro-

duced. We assess the limiting factors for the micelle ar-

rays having different sizes on the crests and in the

troughs of the grating patterns. We also investigated

the effect of vapor pressure and crest-to-trough depth

on the surface morphologies and lateral order of

micelles.

RESULTS AND DISCUSSION
Influence of Grating Width on the Crest-to-Trough Depth of the

Polymer Surface. Electron-beam lithography (JEOL 6400

SEM) was used to expose a 100 nm thick film of poly-

(methyl methacrylate) on oxidized silicon wafers. The

single line exposures ranged from 0.3 to 7 nC/cm, which

gave different line widths. Development in methyl

isobutyl ketone/isopropyl alcohol (1/3, v/v) of the ex-

posed pattern at room temperature for a minute and a

rinse in isopropyl alcohol creates troughs with vertical

side walls, and the evaporation of 14 nm thick silicon

oxide via thermal evaporation on the developed region

resembles oxidized silicon. This process is followed by

acetone lift-off. One-dimensional troughs of various

widths were used to study the array of block copoly-

mer micelles. Scanning force microscopy (SFM) was

used to measure the representative bare grating pat-

tern of a 100 nm line (see Supporting Information, Fig-

ure S1). When PS-b-P4VP thin films from 1.2 wt % DMF

(Fisher) solution were spin coated onto flat silicon sub-

strates at 2500 rpm for 60 s, the film thickness measured

by ellipsometry was 24 nm. When a 24 nm thick layer

of PS-b-P4VP was spin coated on the grating pattern,

the trapezoidal shape is reduced to a sinusoidal modu-

lation with different depths as shown in Figure S2. It

should be noted that the separation distances between

two crests in all the grating patterns are the same. From

the cross sectional scans, we obtained that the crest-to-

trough depths of the polymer surface having 120, 100,

80, and 50 nm line widths are 4.3, 3.9, 2.9, and 2.3 nm,

respectively (see Supporting Information, Figure S2). It

is obvious that the crest-to-trough depth of the poly-

mer surface is somewhat smaller than the respective

value of the underlying substrate. This effect is due to

the interplay between surface tension and van der

Waals interactions, which typically flattens the surface

of a polymer film that is deposited onto a pre-existing

rough surface.32–35 Consequently, the film thickness on

the crests will be somewhat lower than the thickness

in the troughs.

Figure 1. Height mode SFM image (1 �m � 1 �m) of (a) 24 nm thick
and (b) 22 nm thick PS-b-P4VP films showing the dewetting of PS-b-
P4VP micelles on a flat surface.
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Time Evolution of Surface Morphologies of PS-b-P4VP Films

under Solvent Vapor. The PS-b-P4VP films were exposed

to THF (Fisher) vapor to induce mobility and allow near-

perfect hexagonal arrays to occur. To control the sol-

vent vapor treatment process, the samples were kept

at a constant temperature (23 °C) in a small closed ves-

sel. It should be noted that THF is a slightly selective sol-

vent for PS, in which micelles were formed upon sol-

vent annealing. The PS blocks form a shell around

insoluble P4VP blocks to reduce energetically unfavor-

able interactions with the solvent.31 To obtain a mono-

layer array of PS-b-P4VP micelles, the film thickness is

the key parameter to control.

Figure 1 shows height mode SFM images ob-

tained from polymer films having a slightly differ-

ent thickness on flat silicon substrates after solvent

annealing in THF vapor for 3 h. Figure 1a shows the

well-developed PS-b-P4VP micelle arrays without

dewetting. In the right-hand side of Figure 1b, one

can see that dewetting takes place due to thinness

of the polymer film. It should be noted that the PS-

b-P4VP micelle size near the dewetting regions in-

creased. It appears that isolated micelles near the

dewetting regions are unstable in THF vapor and

tend to aggregate. To investigate the effect of film

thickness on the dewetting phenomena, a 12.8 nm

thick layer of PS-b-P4VP film was spin coated onto

flat silicon substrates, then solvent annealed under

the same condition. There was no feature observed

in the SFM image, which indicates a wetting layer of

PS-b-P4VP on the silicon substrate (see Supporting

Information, Figure S3). We can expect that P4VP

blocks preferentially wet the silicon substrates, as

shown in other reports.36,37

In the same manner, we studied the time evolution

of surface morphologies of PS-b-P4VP thin films on grat-

ing patterns under THF vapor. Figure 2 shows phase

mode SFM images of the films which were annealed

from 5 min to 6 h. In the early stage of solvent anneal-

ing, dimple type structures of PS-b-P4VP were seen ran-

domly (Figure 2a,b). After annealing for 30 min, when

the thickness of the polymer film is 1.3 times thicker in

vapor, spherical micelles with short-range order were

prepared everywhere (Figure 2c). Film thickness in THF

vapor reached the saturation point (1.6 times thicker) at

1 h, at which point the order of micelles increases a

little bit, as shown in Figure 2d. Until the films were ex-

posed to THF vapor for 4 h, lateral order of micelles in-

creased (Figure 2e�g). In the case of films annealed for

6 h, the lateral order of micelles was dramatically en-

hanced within grating and edge regions (Figure 2h).

However, it still has different orientation at other re-

gions (not shown here), so it requires longer annealing

time to increase grain size. From Figure 2, the question

concerning the lateral order remains: which region be-

tween the inside and outside patterns is better.

The PS-b-P4VP films were annealed in THF vapor

for 8 h on the grating patterns having different line

widths. After annealing, a monolayer of a PS shell

around a P4VP core formed within the troughs. The PS-

b-P4VP micelle arrays in the troughs have an average

center-to-center spacing, p, of 43.1 nm and a spacing,

d, of 37.2 nm (d � �3p/2) between the rows of spheri-

cal micelles in a close-packed two-dimensional array.

Figure 3 shows the SFM images of highly ordered PS-b-

P4VP micelle arrays. These indicate that the grating pat-

terns are efficient in promoting long-range order. The

differences between micelle arrays in the systems hav-

Figure 2. Phase mode SFM images (1.5 �m � 1.5 �m) of PS-b-P4VP micellar films developed on the grating width of 100 nm at differ-
ent annealing times: (a) 5 min, (b) 10 min, (c) 30 min, (d) 1 h, (e) 2 h, (f) 3 h, (g) 4 h, and (h) 6 h.
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ing different line widths are the number of rows and

the dewetting on the crests of the grating pattern. The

number of rows in the micelle arrays is determined by

the trough width (see Supporting Information, Figure

S4). The lattice spacing between two micelles in the di-

rection parallel to the trough is equal to the original lat-

tice spacing (d � 37.2 nm) observed on a flat sub-

strate, as shown in Figure 1a. Micelle arrays with N

Figure 4. Influence of vapor pressure on the micellar struc-
ture of PS-b-P4VP films developed on the grating pattern of
100 nm width. Phase mode SFM images of surface morphol-
ogies of the thin films annealed for 10 min (a) at 23 °C, (b)
30 °C, and (c) 40 °C. (d) The films developed under additional
vapor pressure (1 psi).

Figure 3. Phase mode SFM images (2 �m � 2 �m) of PS-b-
P4VP micellar films annealed in THF vapor on grating pat-
terns: (a) 120 nm width, (b) 100 nm width, (c) 80 nm width,
and (d) 50 nm width.

A
RT

IC
LE

VOL. 2 ▪ NO. 7 ▪ PARK ET AL. www.acsnano.org1366



rows of polymer form for a confinement width W where

(N � 0.5)d � W � (N � 0.5)d, as shown in Figure S4.

When the trough width is incommensurate with the

ideal period, d, the periodicity of the block copolymer

micelle is compressed or expanded to fit within the

trough. These results are in agreement with previous re-

sults using the cylinder or sphere-forming block

copolymers.18,20,24

As mentioned earlier in the spin-coated polymer

films, the crest-to-trough depth of the grating pattern

of 120 nm line width is 4.3 nm. After solvent annealing,

its depth changed from 4.3 to 2.4 nm between the wet-

ting layer on the crest and trough, while the residual

polymer, except for the wetting layer, formed larger mi-

celles due to dewetting (see Supporting Information,

Figure S5). It appears that the larger micelles on the

crests may affect the ordering of the micelle arrays in

the trough, as shown in Figure 3a. This problem can be

solved by controlling the line width of the grating pat-

tern. As the line width decreases, the crest-to-trough

depth of polymer-coated grating patterns is reduced

(see Supporting Information, Figure S2). In these cases,

smaller amounts of polymer on the crests are left, and

after annealing, larger micelles formed in the narrow re-

gions, as shown in Figure 3b,c. This method is effective

for preparation of highly ordered micelle arrays having

different sizes by controlling the line widths of the grat-

ing patterns. When the line width was reduced to 50

nm, only a wetting layer on the crests was seen in the

SFM image of Figure 3d. During the spin coating on the

grating pattern, a wetting layer of �12 nm is left on

the crest, and larger micelles cannot form after solvent

annealing, as indicated in the experiment performed on

the flat substrates. In the trough, highly ordered PS-b-
P4VP micelle arrays were seen, as shown in Figure 3d.

Influence of Vapor Pressure on the Surface Morphologies of
PS-b-P4VP. We investigated the effect of vapor pres-
sure on the surface morphologies of PS-b-P4VP thin
films. According to well-known Le Chatelier’s prin-
ciple,38 increasing the temperature of a system in-
creases the amount of vapor present, and so the
saturated vapor pressure increases. Temperature
was controlled by putting a small vessel in an oil
bath. Figure 4 shows the SFM images of the films an-
nealed at different temperatures for 10 min. When
the films were annealed at 30 °C for 10 min, an in-
crease of only 7 °C, it was dramatically developed as
shown in Figure 4b. It is similar to that of a sample
annealed at 23 °C for 1 h. In the case of film annealed
at 40 °C, it seems that the lateral order of micelles
is similar to that of a sample annealed at 23 °C for
2 h (Figure 4c). Contrary to increasing vapor pres-
sure, an additional pressure was applied to the small
vessel using argon gas. Even though the films are an-
nealed at 23 °C for 1 h under additional pressure (1
psi), it was not developed due to lower vapor pres-
sure as shown in Figure 4d. It should be noted that
the vapor pressure in the system plays an important
role in developing the micelle structure.

We extended to systems having different grating
intervals. Figure 5a shows a phase mode SFM im-
age obtained from a grating pattern having 2.5 �m
interval and a line width of 80 nm. After annealing,
one can see that topographic patterns are efficient in
promoting long-range ordering of the PS-b-P4VP mi-
celles, even though the grating interval increases.
Near the grating pattern, a similar micelle array was

Figure 5. Phase mode SFM images of PS-b-P4VP micellar films annealed in THF vapor on a grating width of 2.5 �m (a) and near the grating
edge (b). Fourier transforms of panels a and b show the characteristic of the long-range order in the inset. Scale bar � 200 nm.
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observed (Figure 5b), with micelle arrays along with
troughs located at the outside of the patterns. The
lateral order of both regions is good within the scan-
ning range of 5 �m � 5 �m. However, in the larger
scanning size, significant difference was seen as will
be mentioned later. The Fourier transform of the
SFM image is shown in the insets of Figure 5a,b,
where six-point patterns are seen, which is charac-
teristic of the long-range ordered hexagonal array.
From these results, we expect that the PS-b-P4VP mi-
celle system can be used to obtain highly ordered ar-
rays, regardless of grating pattern size and interval.
In addition to grating patterns having shallow depth,
we used a trench pattern (Seagate) having a depth
of �75 nm and a trench width of �420 nm to de-
velop the micelles. After solvent annealing for 6 h,
a behavior similar to that of the grating pattern used
in this study was seen (see Supporting Information,
Figure S6). The micellar size on the mesa increases
due to dewetting, while the well-developed micel-
lar structure was seen in the trench regions. The
method used in this study can be applied to any sys-
tem to get long-range ordered micelles. From the re-
sults obtained on grating and trench patterns, we
can conclude that PS-b-P4VP micellar arrays are reor-
ganized into the hexagonal array with a high
dregree of long-range lateral order both within and
outside the pattern simultaneously during solvent
annealing in THF vapor. Micellar arrays can be
guided by the grating or trench patterns, while the
arrays of micelles are not guided in the unpatterned
regions.

To investigate the effect of grating patterns on the
lateral of order of micelles, we have used the grating
patterns having the crest-to-trough depth of �5 nm.
In the case of this pattern after solvent annealing, the
dewetting phenomena were not seen, as shown in Fig-
ure 6a, and we could obtain the Moiré patterns to char-
acterize the order and orientation of micelles in the

wide range between the inside and outside patterns.
Moiré patterns are formed from interference between
a reference and a sample grating. Under certain condi-
tions, one can observe the grain size, shape, orientation,
and dislocation directly, as reported by Hexemer et
al.23 The Moiré pattern analyses were performed as a
function of the solvent annealing time in THF vapor
with unpatterned substrates. As the annealing time in-
creases, a significant increase in the grain size was
found (see Supporting Information, Figure S7). After sol-
vent annealing for 6 h in THF vapor, a single grain size
of at least 5 �m � 5 �m was obtained. For clarity, the
Moiré patterns obtained from the 10 �m � 10 �m are
not shown and only those from 5 �m � 5 �m SFM im-
ages are shown. We compared the Moiré pattern ob-
tained from PS-b-P4VP films developed on unpatterned
substrates with that on patterned ones. Figure 6b,c
shows the Moiré patterns of unpatterned and patterned
regions obtained from the SFM scan, respectively. In
the patterned regions, the micelles are oriented uniaxi-
ally within a scan range of 20 �m � 20 �m, while mul-
tigrains are seen in the unpatterned regions. In the in-
set, micelle arrays with the high degree of lateral order
were shown on patterned regions, while different
grains and bending of micelle arrays were seen on un-
patterned regions.

CONCLUSIONS
We have demonstrated a route for preparing the high-

quality patterned micelle arrays using the PS-b-P4VP co-
polymer. Topographic patterns including grating and
trench patterns are efficient in promoting long-range or-
der of PS-b-P4VP micelles during solvent annealing in THF
vapor. By controlling the line widths of grating patterns,
we prepared micelle arrays of different sizes on the crests
and in the troughs of the patterned surface. These arrays
can be used as templates for pattern transfer to the un-
derlying substrates or as scaffolds for the preparation of
highly ordered quantum dot arrays.

Figure 6. Micellar structure and Moiré pattern of PS-b-P4VP films annealed in THF vapor for 8 h on the grating pattern having shallow
depth: (a) phase mode SFM images of micelles (2 �m � 2 �m), Moiré patterns (20 �m � 20 �m) obtained from SFM scan in the unpat-
terned (b) and patterned regions (c). In the inset, micelle arrays with the high degree of lateral order are shown on patterned regions,
while different grains and bending of micelle arrays are seen on unpatterned regions.
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EXPERIMENTAL SECTION
Materials. Poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) sample

was purchased from Polymer Source and was used without fur-
ther purification (Mn,PS � 47.6 kg/mol, Mn,P4VP � 20.9 kg/mol,
Mw/Mn � 1.14). PS-b-PVP copolymers were dissolved in N,N=-
dimethylformamide (DMF, Fisher) at room temperature for 12 h
to yield a 1.2 wt % polymer solution. The polymer solutions were
prefiltered several times through Millipore 0.45 �m PTFE filters.
PS-b-PVP thin films were fabricated by spin coating typically at
2500 rpm and 60 s from a 1.2 wt % DMF solution on the silicon
substrate (International Wafer Source, Inc.) and cleaned in sulfu-
ric acid and an inorganic oxidizing bath. The films were exposed
to tetrahydrofuran (THF, Fisher) vapor for 5 min to 8 h to in-
duce mobility. To control the solvent vapor treatment process,
the samples were kept at a constant temperature (23, 30, and 40
°C) in a small closed vessel.

Preparation of Grating Pattern. Electron-beam lithography (JEOL
6400 SEM) was used to expose a 100 nm thick film of poly-
(methyl methacrylate) (spin coated from PMMA solution of 2%
in anisole (Microchem Corp.) and baked at 170 °C in a gravity
convection oven to improve adhesion), on oxidized silicon wa-
fers. The single line exposures ranged from 0.3 to 7 nC/cm, which
gave different line widths. Development in methyl isobutyl ke-
tone/isopropyl alcohol (1/3, v/v) of the exposed pattern at room
temperature for a minute and a rinse in isopropyl alcohol cre-
ates troughs with vertical side walls, and the evaporation of 14
and 5 nm thick silicon oxide via thermal evaporation on the de-
veloped region resembles oxidized silicon. This process is fol-
lowed by acetone lift-off. One-dimensional troughs of various
widths were used to study the array of block copolymer micelles.

Characterization of PS-b-P4VP Thin Films. The surface topography
of PS-b-P4VP thin films on a silicon wafer was imaged by a scan-
ning force microscope (Digital Instruments, Nanoscope III) in
the tapping mode. The film thickness was measured by
ellipsometry.
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