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Directed Assembly of Block Copolymers

Novel Complex Nanostructure from Directed Assembly of Block
Copolymers on Incommensurate Surface Patterns**
By Sang Ouk Kim,* Bong Hoon Kim, Dong Meng, Dong Ok Shin, Chong Min Koo, Harun H. Solak,
and Qiang Wang*
Establishing a robust and versatile nanopatterning process
has been a central issue in nanotechnology.[1–3] Molecular selfassembly has several advantages over other methods, in that
molecular building blocks ensure ultrafine pattern precision,
parallel structure formation allows for mass production, and a
variety of three-dimensional (3D) structures are available for
fabricating complex structures.[4] However, the molecular interaction for self-assembly generally relies on weak forces
such as van der Waals forces, hydrogen bonding, or hydrophobic interaction.[5] Since those interactions are readily influenced by thermal fluctuation, the structure formation is usually slow and the degree of ordering is low in an assembled
structure. To promote self-assembly, hybrid technologies combining top-down and bottom-up fabrication have been developed and have attracted a great deal of technological attention as a next-generation fabrication technique.[6–9] A
prepatterned structure prepared by a top-down approach provides an additional driving force for structure formation as
well as guiding the assembly of molecular building blocks such
that a highly ordered assembled structure is expected over an
arbitrarily large area.
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Block copolymers are representative self-assembling materials extensively utilized in nanofabrication.[6–13] In contrast to
colloid assembly or anodized metal oxides, various shapes of
nanostructures, including lines or interconnected networks,
can be generated with a precise tunability of shape and size.
Furthermore, the self-assembled nanostructures frequently
consist of amorphous polymer chains, providing an opportunity to tune or modify the nanostructures by an external field.
Up to now a few approaches, including the application of an
external field[14] and confinement in a nanostructured geometry,[15–18] have been applied to modify the block copolymer
nanostructures. Modifying nanoscale morphology is potentially useful for diversifying nanotemplates. However, developing a robust method to prepare a well-ordered modified
morphology has proved challenging so far.
Here, we demonstrate that the directed assembly of a block
copolymer on a chemically patterned surface may produce a
well-registered novel complex nanostructure. When a cylinder-forming block copolymer was assembled on a chemical
pattern whose period was twice as large as the natural lattice
size of the block copolymer, a new structure was produced,
where cylinders were oriented alternately perpendicular and
parallel to the surface. This intrinsically 3D structure provides
linear arrays of nanocylinders whose orientation is registered
by the surface pattern underneath. Our work shows that a judiciously designed chemical pattern may be used to fabricate
a well-ordered complex nanostructure in block copolymer
thin films.
The procedure for directed assembly is briefly summarized
in Figure 1.[7,13] An asymmetric poly(styrene-block-(methyl
methacrylate)) (PS-b-PMMA: 46.1 kg mol–1 for PS block and
21.0 kg mol–1 for PMMA block) copolymer forming a cylindrical nanostructure was used for directed assembly. A prepatterned surface consisting of alternating neutral and preferential surfaces was prepared by the selective oxidation of a
neutral self-assembled monolayer (SAM) by advanced lithography. Note that for the reproducibility of the SAM deposition process a thin layer of deionized water was spin-cast upon
a silicon substrate before the SAM deposition process.[19,20]
The pretreatment of the silicon substrate promoted the condensation of silanes at the substrate surface, providing the
SAM-deposited surfaces with a highly uniform and reproducible wetting property. The as-deposited neutral part of the
SAM had equal interfacial tension to PS and PMMA blocks,
whereas the preferential part of the SAM, which was selec-
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Figure 1. Experimental procedure for directed assembly of the novel
nanostructure in block copolymer thin films. a) Preparation of nanopatterned surface by selective oxidation of SAM imaging layer using advanced photolithography and subsequent photochemical oxidation.
b) Spin coating of block copolymer thin film and thermal annealing.
c) Directed assembly of the novel complex nanostructure on an incommensurate surface pattern.

tively oxidized by lithography, had a lower interfacial tension
to PMMA blocks. Two kinds of surface patterns having periods Ls of 45 and 100 nm were prepared. A thin film of block
copolymer was spin-coated on the patterned surface and annealed at a high temperature.

The morphological evolution of a block copolymer thin film
is demonstrated in Figure 2. The cylinders in the block copolymer thin film were spontaneously oriented normal to the neutral homogeneous SAM surface due to the thin-film confinement.[21–23] The top-view scanning electron microscopy (SEM)
image (Fig. 2a) shows the hexatic arrangement of cylinders.
The in-plane ordering was sufficiently poor that the Fourier
transform of the SEM image revealed a circular pattern (inset
in Fig. 2a). A cross-sectional image (Fig. 2b) clearly demonstrates that the cylinders were oriented perpendicular to surface
throughout the film thickness. The average diameter of the cylinders and the center-to-center distance between neighboring
cylinders (denoted by L0) were 20 and 45 nm, respectively.
Figure 2c shows a SEM image of a block copolymer film assembled on a stripe pattern with Ls = 45 nm, which was consistent with L0. The image was taken at the edge of a patterned
region. In the upper region, where the underlying surface was
a neutral homogeneous SAM, the cylinders were oriented
perpendicular to the surface. In contrast, cylinders showed
well-aligned stripes parallel to the surface in the prepatterned
region below.[24] The distance between two neighboring cylinders was consistent with Ls. Note that the boundary between
these two regions was very distinct.

Surface perpendicular cylinders on neutral homogeneous surfaces

(a)

Surface parallel cylinders: Ls = 45 nm

(c)

(b)

Mixed morphology of surface parallel & perpendicular cylinders: Ls = 100 nm

(d)

(e)

(f)

Figure 2. Nanostructure evolution (SEM images) in block copolymer thin films. a) Top and b) cross-sectional views of cylinders perpendicular to the
surface on a chemically neutral homogeneous surface. c) Top view of block copolymer morphology on a “commensurate” pattern (Ls = 45 nm, film
thickness D = 40 nm). Cylinders were registered by the commensurate chemical pattern to line up parallel to the surface (bottom of the image),
whereas they were oriented perpendicular to the surface, revealing hexatic ordering, on an unpatterned neutral surface (upper part of the image).
d) Top and e) cross-sectional views of the novel block copolymer nanostructure on an “incommensurate” surface pattern (Ls = 100 nm, D = 40 nm).
Cylinders were alternately oriented parallel and perpendicular to the surface to constitute a novel complex morphology. The density of defects was high
in this film thickness. f) Defect-free complex morphology assembled on an “incommensurate” surface pattern (Ls = 100 nm, D = 20 nm). Linear arrays
(rows) of nanocylinders perpendicular to the surface are shown. Red and yellow scale bars correspond to 200 and 100 nm, respectively.
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Figures 2d–f show SEM images of the block copolymer thin films when Ls was 100 nm. Figure 2d
shows the morphology of a film having a thickness
of 40 nm. Despite the poor ordering, alternately arranged stripes and linear arrays (rows) of nanodots
are recognizable at the top side of film. The density
of defects was very high. Numerous randomly oriented short stripes were observed. The cross-sectional view (Fig. 2e) verifies that the nanodots
observed at the film surface correspond to perpendicular cylinders penetrating the film. The degree
of ordering could be markedly enhanced by reducing film thickness. As shown in Figure 2f, a well-ordered linear nanodot array (row) appeared when
the film thickness was reduced to 20 nm. The distance between two neighboring nanodots was
about 45 nm within a row, which is consistent with
L0. The stripes parallel to the surface observed for
the thicker films no longer exist. Instead, the interval regions between lines of dots appear dark in
the SEM image. Note that the film thickness of 20
or 40 nm corresponds to the equilibrium thickness
spontaneously quantized after thermal annealing
(see Supporting Information, Fig. S1). The thickness interval of 20 nm, which is about the half of
L0, is close to the length of the extended block copolymer chain in the microseparated morphology.
Figure 3. Thin-film morphology obtained from self-consistent field calculations. The
The spontaneous quantization of the film thickness
stripe-patterned substrate with a period Ls is placed at x = 0 and a top neutral surface
is at x = D, with periodic boundary conditions applied in both the y- and z-directions.
strongly suggests that the in-plane morphologies
The preferential stripes (oxidized SAM in experiments, represented in teal blue) on
presented in Figures 2d and f did not penetrate
the substrate are along the z-direction and have width w = 0.5L0; these preferential
through the film thickness. The morphology should
stripes attract the PMMA block, while the neutral stripes are not shown. The color
vary along with the film thickness.
bars correspond to the volume fraction of the PMMA block. a) Two layers of parallel
half-cylinders (Ls = L0 and D = 0.866L0). b) Two layers of parallel half-cylinders
To further understand the morphology evolu(Ls = 2.3L0 and D = 0.866L0). c) Mixed morphology of two layers of parallel half-cylintion, we performed real-space self-consistent field
ders on preferential stripes and perpendicular cylinders on neutral stripes (Ls = 2.3L0
(SCF) calculations. SCF theory has been applied to
and D = 0.866L0). d) Mixed morphology of alternating parallel half-cylinders on prefervarious polymeric systems with great success, parential stripes and perpendicular cylinders on neutral stripes (Ls = 2.3L0 and
D = 0.433L0).
ticularly in describing the self-assembled morphology of block copolymers in the bulk, in confined
geometries, and on nanopatterned surfaces.[25–31] Our calculaIn Figures 3b and c, we changed Ls to 2.3L0 by increasing
tions provided insights into the 3D structure inside thin films.
the width of the neutral stripes. Two different morphologies
Figure 3 shows the obtained structures of a cylinder-forming
were obtained in SCF calculations. One is again that of two
A–B diblock copolymer (where the volume fraction of the
layers of staggered, parallel half-cylinders, as shown in Figshorter (A) block is 0.3, and the product of chain length N
ure 3b; here the lower half-cylinders are located alternately
with the Flory–Huggins v parameter between A and B segon the preferential and neutral stripes. The other is a mixed
ments is 18.3) on nanopatterned substrates of alternating neumorphology of two layers of parallel half-cylinders on the
tral and preferential stripes with period Ls. The preferential
preferential stripes and perpendicular cylinders on the neutral
stripes have width w = 0.5L0 and attract the A (PMMA)
stripes, as shown in Figure 3c. The latter corresponds to the
block, corresponding to the oxidized SAM in the experiments.
morphology of stripes and dots observed in Figures 2d and e.
The upper surface was set to be neutral, and we denote the
Note that, unlike the morphologies shown in Figures 3a and
film pthickness
by
D.
In
Figure
3a,
we
set
L
=
L
and
b, here the parallel half-cylinders in the upper layer were los
0

D = 3L0/2, corresponding to the film on the patterned subcated directly above the half-cylinders in the lower layer; this
strates shown in Figure 2c. Two layers of staggered, parallel
compressed the parallel half-cylinders, as clearly revealed by
half-cylinders formed in the film, in register with the substrate
the SCF calculations. Our calculations also revealed small unpattern; the well-aligned stripes parallel to the surface obdulations of the perpendicular cylinders along the x-direction,
served in Figure 2c correspond to the upper layer of half-cyland some deformations of the parallel half-cylinders by the
inders.
perpendicular cylinders. Minimizing the system free energy
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with respect to the calculation cell size along the z-direction
showed that the distance between neighboring perpendicular
cylinders (dots) in a row is slightly smaller than L0. Finally,
our SCF calculations indicate that both morphologies shown
in Figures 3b and c have about the same free energy (the difference is less than 0.03kBT per chain, where kB is the Boltzmann constant and T the absolute temperature). This could
explain the high density of defects observed in experiments.
p
In Figure 3d, we reduced the film thickness to D = 3L0/4,
which corresponds to the experimental system shown in Figure 2f. The upper layer of the parallel half-cylinders now disappeared and the morphology changed into alternating parallel half-cylinders and perpendicular cylinders. The presence of
the underlying parallel half-cylinders explains the experimental observations that the film thickness was spontaneously
quantized and that the interval region between adjacent rows
of dots appeared dark. For this thin thickness, the morphology
of one layer of parallel half-cylinders turned out to have a
higher free energy than the mixed morphology. From Figure 3d, we see that the parallel half-cylinders are stretched in
the y-direction significantly. The free-energy penalty due to
such stretching could be relieved by forming perpendicular
cylinders on neutral stripes. Overall, our SCF calculations are
in good agreement with experimental observations and
further provide detailed 3D structures inside thin films.
In conclusion, we have demonstrated that directed assembly on incommensurate surface patterns may induce a new
complex nanostructure in block copolymer thin films. The cylinders of an asymmetric block copolymer were alternately oriented parallel to the surface on preferential stripes and perpendicular to the surface on neutral stripes, constituting a
novel complex morphology. Note that the surface pattern
used to produce the novel structure has a period of 100 nm,
routinely patternable by currently available patterning techniques such as nanoimprinting. The nanoscale morphology
provides a well-ordered linear nanocylinder array, whose orientation is in register with the underlying stripe pattern.
Further development of our directed-assembly technique potentially will provide useful template materials for various advanced applications such as plasmonic waveguides[32] or nanowire arrays.[33] Our work demonstrates that combining topdown and bottom-up approaches may provide a versatile
pathway to well-registered complex nanostructures.

Experimental
Phenethyltrichlorosilane (PETS) was solution-deposited onto a silicon wafer to form a homogeneous neutral surface. A silicon wafer
was spin-coated with a molecular layer of deionized water and dipped
into a dilute solution of PETS in toluene. The concentration of PETS
was 0.1 wt % and the deposition time was about 1 h. After the SAM
deposition, a 50 nm thick film of PMMA was spin-coated above the
SAM layer as a photoresist and patterned by extreme ultraviolet interferometric lithography (EUV-IL; k = 13.4 nm, Center for NanoTechnoology (CNTech), University of Wisconsin) [6]. The topographic pattern of the photoresist was transferred to the chemical
pattern of the underlying SAM layer by high-flux X-ray radiation.
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The SAM in the region where photoresist was removed by a lithographic process underwent selective oxidation at this stage, but that
protected by a photoresist layer did not undergo any chemical modification. The pattern transfer process yielded a chemically modulated
stripe pattern, exactly duplicating the topographic pattern of the
photoresist. After a prepatterned surface had been prepared, the PSb-PMMA (Polymer Source Inc.) thin film was spin-coated from a toluene solution and annealed at 190 °C for more than 3 days. The polymer concentration in toluene solution (1–1.5 wt %) and the spinning
rate upon spin-coating (2000–5000 rpm) were varied to control the
thickness of the block copolymer film. The thickness of the prepared
film was measured by ellipsometry. The nanoscale morphology in the
thin film was characterized by field emission SEM (Leo 1550 VP).
Self-Consistent Field Calculations: We performed 3D, parallel selfconsistent field calculations in real space, without a priori knowledge
about the possible equilibrium morphologies. Our formalism explicitly accounted for the entropy of copolymer chains (modeled by
Gaussian chains in an external field), the repulsion between PS and
PMMA segments (modeled by the Flory–Huggins v parameter), and
the substrate preference for PMMA segments; the latter was modeled
by a surface field

H x; y 

K y 
px 
1  cos
2
0:4

1

p
for x < 0.4 (in units of a N=6) and 0 otherwise, where a is the statistical segment length (taking the same value of 0.66 nm for both PS and
PMMA), N (= 652) is the total number of segments in the copolymer
chain, and we set K(y) = 5 for the preferential stripes and 0 for the
neutral stripes. The usual incompressibility constraint was enforced
everywhere in the system. Periodic boundary conditions were applied
in the y- and z-directions, and nonflux boundary conditions were applied in the x-direction.
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