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A simple, versatile approach to the directed self-assembly of block
copolymers into a macroscopic array of unidirectionally aligned
cylindrical microdomains on reconstructed faceted single crystal
surfaces or on flexible, inexpensive polymeric replicas was discov-
ered. High fidelity transfer of the line pattern generated from the
microdomains to a master mold is also shown. A single-grained line
patterns over arbitrarily large surface areas without the use of top-
down techniques is demonstrated, which has an order parameter
typically in excess of 0.97 and a slope error of 1.1 deg. This degree
of perfection, produced in a short time period, has yet to be
achieved by any other methods. The exceptional alignment arises
from entropic penalties of chain packing in the facets coupled with
the bending modulus of the cylindrical microdomains. This is
shown, theoretically, to be the lowest energy state. The atomic
crystalline ordering of the substrate is transferred, over multiple
length scales, to the block copolymer microdomains, opening ave-
nues to large-scale roll-to-roll type and nanoimprint processing
of perfectly patterned surfaces and as templates and scaffolds for
magnetic storage media, polarizing devices, and nanowire arrays.

block copolymer | directed self-assembly | long-range order | pattern
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ith the ever-diminishing size scale of device elements, the

directed self-assembly (DSA) of block copolymers (BCPs),
a highly parallel process, offers a simple, robust route for gener-
ating nanostructured materials that overcomes the technological
and economic limitations associated with large-scale “top-down”
lithographic approaches (1, 2). The use of DSA in nanotechnol-
ogy requires strategies to achieve control over large areas in
an efficient, cost-effective manner that is compatible with high
precision industrial processes.

The grand challenge of generating addressable, macroscopic
arrays of nanoscopic elements where the spatial position of each
element is precisely known by the DSA of BCPs remains.
Chemical and topographic patterning have been used for the
DSA of BCPs, but this has been restricted to areas <1 mm? due
to the significant time and cost to achieve this over macroscopic
areas and with long-range translational order (3, 4-13). Produ-
cing unidirectionally aligned nanoscopic line patterns, though
the simplest of patterns and a key element for semiconductor,
magnetic, and optical devices (3, 14), has still yet to be achieved
by the DSA of BCPs. Interferometric lithography has been inves-
tigated to produce sub-50 nm pitch line patterns, but this also
encounters similar impediments (15). Zone annealing and shear-
ing can be used to affect nanoscopic line patterns over areas
>1 mm?, but shearing is limited by the thickness of the films
required and both processes generate patterns containing numer-
ous defects (16, 17).

Here, we show that unidirectionally aligned, nanoscopic line
patterns can be produced over arbitrarily macroscopic areas using
the surface topography of reconstructed sapphire or replicas on
flexible polymer substrates by the DSA of BCPs in a thermo-
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dynamically robust manner. Even though these surfaces contain
numerous defects, like dislocations and a distribution of the pitch
between the ridges, unidirectional alignment can be achieved
where the short and long wavelength waviness, inherent to the
BCP microdomains, are suppressed and unidirectionally aligned
line patterns, with an order parameter in excess of 0.97, can be
produced over the entire surface. The alignment of the cylindrical
microdomains is driven by the entropy of chain packing and, as
such, represents the free energy minimum of the system.

Results and Discussion
Fig. 1 shows the route to produce line patterns in thin films of
polystyrene-block-poly(ethylene oxide) copolymer (PS-b-PEO)
on a faceted sapphire surface and an imprinted polymeric replica.
A thin film of cylinder-forming PS-b-PEO (M,, = 26.5 kg/mol)
that, in the bulk, orders into hexagonal arrays of cylindrical
microdomains with a center-to-center distance of L, =L; X
(2/4/3) = 32.5 nm in bulk (the domain spacing of hexagonally
packed cylindrical microdomains is L; = 2z/q* = 28.2 nm) was
spin coated onto a faceted sapphire surface or an imprinted
polymer replica and then exposed to tetrahydrofuran (THF), a
good solvent for both blocks, and water, a good solvent for only
the PEO block, to produce a well-developed nanostructure.
Figs. 24 and 2B show scanning force microscopy (SFM)
images of solvent-annealed PS-b-PEO thin films under different
annealing conditions. When a PS-b-PEO thin film with a thick-
ness of 38.0 nm (as measured on a flat substrate) is solvent-
annealed for 0.5 h, hexagonally packed PEO microdomains,
oriented normal to the film surface result with long-range lateral
order (see Fig. S1B). With increased annealing time the PEO
microdomains fuse to form cylindrical microdomains oriented
parallel to the film surface but orthogonal to the facet ridges (see
Fig. S1 A and C). The cylindrical microdomains are truncated at
the crests of the facets (Fig. 24 and see Fig. S2), since the am-
plitudes of the facets are comparable to the initial film thickness.
These truncated cylindrical microdomains are seen regardless
of the distance between the crests of the facets and, as will be
discussed, are essential in achieving a high order parameter. By
increasing the thickness of the film to 47.5 nm (as measured on a
flat substrate), the microdomains span across the facets (see
Figs. S1D and S3) forming unidirectionally aligned PEO cylind-
rical microdomains oriented parallel to the surface and orthogo-
nal to the facets (Fig. 2B). Since the thickness of this film is less
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Schematic illustrations of preparation of highly ordered and oriented line pattern of block copolymer thin films on a faceted sapphire and on an

imprinted polymeric replica. PS-b-PEO (M, = 26.5 kg/mol) thin films are prepared onto these faceted substrates and solvent annealed with THF and water.

than 2 L, a monolayer of cylindrical microdomains was pro-
duced. The Fourier transform (shown in Inset) shows multiple
higher-order interferences, characteristic of the long-range lat-
eral ordering of the cylindrical microdomains. Micrographs iden-
tical to that in Fig. 2B were obtained over the entire surface
showing that the ordering was preserved. Identical results were
obtained for other BCPs like polystyrene-block-poly(2-vinylpyri-
dine) copolymer (PS-b-P2VP) (see Fig. S44), underscoring the
generality of our strategy.

Insight into the DSA of BCPs on the faceted surfaces was
obtained from density functional theory simulations for cylinder-
forming BCPs on neutral faceted surfaces. Results of the simula-
tions for different films thicknesses are shown in Fig. 2 C-F
(details provided in SI Text). As can be seen, the similarities
between the calculations and the experiments are striking. An im-
portant aspect of the assembly of the cylindrical microdomains is

Age

Direction

Ridge
Direction

Fig. 2. SFM phase images of PS-b-PEO (M,, = 26.5 kg/mol) thin films on the
faceted sapphire substrate, where the film thicknesses are 38.0 nm for (A)
and 47.6 nm for (B) and the solvent annealing times are 2 h. The Inset in
Fig. 2B is the Fourier transform of SFM image of Fig. 2B. The scale bars
are 200 nm. Cahn-Hilliard-Cook and Landau-Ginzburg simulated morpholo-
gies of cylinder-forming AB diblock copolymer films with a thickness of (C),
A =1.0L; and (E), A = 1.1 L; on the faceted pattern having a pitch size of
A=1.7 Ly, where L, is a domain spacing of cylindrical microdomains, 2z/q*.
Regions of high density of A and B block are colored opaque maroon and
translucent blue, respectively, and the saw-toothed substrate is represented
by purple color. The morphologies in (D) and (F) are the lower half of the films
of (C) and (E), respectively.
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that, immediately adjacent to the substrate, truncated cylindrical
microdomains form between the apices of the facets (highlighted
in Figs. 2D and 2F) that guide the first complete layer of cylind-
rical microdomains spanning the ridges (Figs. 2C and 2E). These
highly oriented microdomains are observed regardless of the
separation distance between adjacent apices guiding the next
layer of cylindrical microdomains and, coupled with the bending
modulus of the cylindrical microdomains, produce exceptionally
straight cylindrical microdomains. The short and long wavelength
waviness was characterized by determining the local tangents
of the microdomains and their deviation away from the overall
axes of the microdomains. This we term the slope error (see
Figs. S5 and S6). For the cylindrical microdomains oriented nor-
mal to the facet ridges, a slope error of 1.1° was found. Analysis
of previously published results on well-aligned cylindrical micro-
domains confined within a trench over very limited areas yields,
at best, a slope-error value of 1.5°, with more typical values of
3° being found (18-21): it is noted that we analyzed these data
based on the reported figures in the published papers. Conse-
quently, for the cylindrical microdomains self-assembling on
faceted surfaces, the entropic penalties associated with chain
packing and the incommensurability between the pitch of the
facets and period of the BCP, result in an orientation of the
microdomains normal to the facets.

The free energies of cylindrical microdomains oriented normal
(F,) and parallel to the facets (F))), in the strong segregation limit
(22), are the sum of three terms: F = F,, + Fp + Fg, where
Fy is the stretching energy of AB block copolymer, Fp the
A/B interfacial energy, and F is the surface/polymer interfacial
energy. F is given by

V3r(1 + \/f)?Fy [ 1 5 1 5
Fy = —4VL% [/‘_2 VAer +—(1 e [/Bdrz }

where F), is the bulk free energy of the cylindrical microdomain
morphology, f is the volume fraction of the minority block (A
block), V' is the volume of the film, [}, dr indicates an integral
over the volume of the a-domain (@ = A4 or B), and z is the short-
est distance from the 4 /B interface. Fg and Fg are given by:

(2B PLSwFy
AB T\ 27xf 14
23\ 2 L,F
FS — <ﬂ) l?b[Z(hASSAS +hAVSAV)

where S, is the a/f interfacial area (the subscripts S and V' de-
note the substrate and vapor, respectively), i,z = 743/74p and
Ahy = (YBa = Y4a)/7ap With a/f interfacial tension y,;. Here,
we consider the case Ahg >0 and Ahy, =0, i.e., the substrate
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preferentially interacts with the minority A block (Ahg = 0.1)
whereas the solvent vapor at the film surface is energetically neu-
tral for both blocks.

For a BCP film on a faceted surface with two facet angles
(6, = 17.6°, 6, = 32.4°), the free energy per chain (in units of
bulk free energy) was calculated (Fig. 3) as a function of A (in
units of L,) when the substrate is selective for the A block and
A =1.1L,. When 1/L, < 1.5, orienting the cylindrical microdo-
main parallel to the ridges is favored. F| is a minimum, as would
be expected, when A/L; = 1.0. When 1/L, > 1.5, F|| shows an-
other minimum at 4/L,=1.7. The noninteger value arises from
the elastic penalty due to the diagonal confinement of the micro-
domain lattice by the faceted surface. F, is less dependent on
A/L,, since the cylindrical microdomains can relieve the packing
frustration by orienting the cylinders across the valley of the facet,
where the film thickness is maximum. If ¥, < F), orientation of
the cylindrical microdomains normal to the ridges is thermo-
dynamically favored. When A/L, is small (1/L, < 0.84), incom-
mensurability between A with L, forces the microdomains to
orient normal to the ridges and when A/L, > 1.2, (applicable to
our study) perturbations to the lattice by large corrugations (in
amplitude and pitch) cause the orthogonal orientation to be more
favored irrespective of pitch. Since there is a distribution of pitches
on the faceted surface and 1/L, > 1.23 for all the pitches, the
orientation of the cylindrical microdomains is insensitive to the
pitch of the facets (see Fig. 2B), identical to the experimental
results in Figs. 24 and 2B. If a solvent is used that is selective for
the major component, orientation of the microdomains normal to
the surface, as seen in our previous studies (23), is favored.

Pickett et al. considered the orientation of lamellar microdo-
mains on a sinusoidally rippled substrate (24), while Kim et al. (3)
investigated substrates lithographically patterned with trenches
where the interfacial interactions were balanced. In both cases,
the lamellar microdomains oriented normal to the pattern. Frus-
tration effects near the boundary of the trenches, which are
regions of high stress for chains oriented parallel to the trench
walls, were argued to be responsible for the BCP orientation. The
orientation of BCP cylindrical microdomains was also controlled
by graphoepitaxy, where the lithographically patterned trenches
guided the self-assembly of the BCPs parallel to the confining
walls (25). In our studies on cylinder-forming BCPs on faceted
substrates, where the minor component interacts preferentially
with the substrate, the origin of the orientation of the micro-
domains is fundamentally different. The triangular grooves,
characteristic of the faceted substrate, impose severe packing
constraints on the BCP chains which lead to the orientation of the
microdomains normal to the facets.
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Fig.3. The free energies per chain of cylinders parallel to the facets (red line:
F)) and orthogonal to the facets (blue line: F.) as a function of pitch for the
BCP films with {f=0.25, A/L; =11, 6; =17.6°, 0, =32.4°, hys =00,
Ahgs = 0.1, hyy = 0.0, Ahy = 0.0.}. The free energy and the pitch are normal-
ized by bulk free energy and L, at bulk, respectively. The black filled circles
represent the transition point between two different cylinder orientations.
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Experimentally, the orientation and grain size of the BCP
microdomains can be characterized using Voronoi diagrams and
Moiré patterns derived from SFM images (26, 27), but only the
local ordering over areas <20 x 20 pm?. Grazing incidence small
angle X-ray scattering (GI-SAXS) was used to assess the lateral
ordering and orientation of the microdomains from the nano-
scopic to macroscopic length scales (23, 28). Fig. 4 shows the
GI-SAXS patterns of a PS-b-PEO thin film corresponding to
the sample in Fig. 2B. The incident angle was fixed at 0.18°, which
is above the critical angle of the BCP, so that the X-ray beam
penetrates the polymer film and the projection of the X-ray beam
onto the surface is >0.100 x 1.00 cm?. By orienting the incident
X-ray beam, Bragg rods are observed at scattering vectors with
magnitudes of n(L,/2x), where n is an integer, as shown in
Figs. 44 and 4B. No scattering from the facets was observed, so
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Fig. 4. GI-SAXS patterns of PS-b-PEO thin films on the faceted sapphire sub-
strate. (A) The X-ray beam follows the (1 0) lattice line. From this point, the
sample stage is rotated to 2° (C) and 4° (E). The line profiles of scattering as a
function of the scattering vector in (B), (D), and (F) are corresponding to (A),
(C), and (E), respectively. g, is the in-plane scattering vector. (G) Plot of the
integrated intensities of the first-order reflection as a function of rotation
angle. These data were used to calculate the orientation parameter with re-
spect to the normal of the ridge direction. (H) Schematic representation for
defining rotation angle, ¥.¥ is defined as the angle between the direction of
the X-ray beam and the direction of cylindrical BCP microdomains.
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that the ridge and cylindrical microdomains direction are not the
same and, as discussed later, are orthogonal, in agreement with
theory and simulations. The beam stop occluded the specularly
reflected beam (see Fig. S7 for the GI-SAXS pattern when the
ridges of the facets are parallel to the direction of the X-ray
beam). From these data, L, = 34.9 nm, the same as seen in the
bulk. When the sample is rotated by only 2° (Fig. 4C), the (1 0)
reflections broaden and weaken by an order of magnitude. With
another 2° rotation, the intensity decreases by more than two
orders of magnitude (Fig. 4F). Fig. 4B shows the 1D profile of
Fig. 44 along g, (in the plane of the film) where multiple orders
of scattering are seen from this monolayer of highly aligned
cylindrical microdomains. The dependence of the scattering on
the rotation angle of the sample with respect to the plane of in-
cidence of the X-ray beam (Fig. 3G and 3F) yields an orientation
parameter, f, (see SI Text for calculating f in the case of 2D
objects in a thin film) where, for perfect orientation of the micro-
domains, f = 1.0 and, for random orientation, f = 0. Here, f is
found to be 0.99, characteristic of single grain of unidirectionally
aligned cylindrical microdomains. It is noted that only the size of
the single crystalline substrate limits the area over which this line
pattern can be achieved.

Developing a simple way to generate such highly aligned
cylindrical microdomains on substrates that are flexible, inexpen-
sive, and easy to prepare is highly desirable for applications ran-
ging from flexible displays to roll-to-roll processes. Poly(butylene
terephthalate) (PBT) was used to replicate the faceted sapphire
surface with high fidelity (29). A solution of PS-b-PEO (M, =
26.5 kg/mol) in benzene was spin-coated onto the PBT replica
and solvent annealed with THF and water. The X-ray beam can
pass through the PBT, so transmission SAXS was used to char-
acterize the ordering (see Figs. S8 and S9).

The diffuse scattering arises from the PBT substrate (see
Fig. S8) and for a solvent-annealed 47.6 nm thick PS-b-PEO film,
reflections are observed (indicated by the arrow in the Fig. S8C,
gi=0.185nm™') at scattering vectors with magnitudes of
n(,L/2x), where n is an integer. First and second order reflec-
tions (n = 1 and 2) are evident and, by measuring the scattering
for extended times, up to the fifth order reflection (n = 5) can
be observed, reflecting the high degree of lateral ordering.
The narrow azimuthal angular spread of the reflections are char-
acteristic of a single grain of unidirectionally aligned cylindrical
microdomains over the area illuminated by the X-ray beam
(1.0 x 0.7 mm?). From the azimuthal-angle dependence of the

Fig. 5. 2D Transmission SAXS results of PS-b-PEO thin film on the faceted
PBT replica. Ten different areas are randomly selected from the annealed
BCP thin film on the replica, which size is over cm?. The director angles where
the intensities corresponding to g* are maximum and the calculated orienta-
tion parameters corresponding to 1 to 10 are indicated.

Hong et al.

scattering in Fig. 5 (1-10) (see also Fig. S9), an orientation func-
tion of 0.98 £ 0.005 was obtained. By enlarging the area near the
beamstop, streaks arising from the facets are observed (indicated
by the arrow in the Fig. S8D, g,,*) where the direction of the
streaks is orthogonal to BCP patterns. This unequivocally shows
that the cylindrical microdomains orient normal to the ridges.
By translating the sample in the beam, multiple exposures were
taken with identical results where, to within the accuracy of the
translation, the orientation was preserved, as shown in Fig. 5.
These results indicate that the PS-b-PEO film consists of a single
grain of unidirectionally aligned cylindrical microdomains or-
iented parallel to the surface that covers the entire surface.

For large-scale roll-to-roll-type and nanoimprint processing,
the unidirectional line pattern must be transferable. Using a line
pattern from PS-b-P2VP on the faceted sapphire substrate, the
films were exposed to ethanol, a preferential solvent for P2VP
that swelled the P2VP microdomains. Removal of the ethanol
resulted in reduction of the density of the cylindrical micro-
domains. Reactive ion etching produced a block copolymer film
with trenches having a center-to-center distance of L,. This
trench pattern served as a master. A thick film of siloxane pre-
cursor was coated onto the master where, by thermal annealing,
capillary force drew the siloxane precursor into the trenches. Sub-
sequently, the siloxane precursor was crosslinked, forming a flex-
ible, crosslinked siloxane master. After peeling the crosslinked
siloxane mold from the template, a unidirectionally aligned line
pattern was transferred with high fidelity (see Fig. S4B). This
master mold can then be used as a secondary master for subse-
quent pattern transfer to the surface of virtually any polymer.

In summary, we have demonstrated a simple route to produce
unidirectionally aligned line patterns from the DSA of BCPs on
both hard and soft faceted substrates over arbitrarily large areas.
The short and long wavelength waviness, inherent to cylindrical
BCP microdomains in the bulk, were suppressed in a thermo-
dynamically robust manner. A high fidelity pattern transfer to an
imprint mold, i.e., a secondary master, was demonstrated. These
films are ideal platforms for the fabrication of magnetic storage
media, polarizing devices, and arrays of nanowires.

Materials and Methods

Polystyrene-block-poly(ethylene oxide) copolymer (PS-b-PEO) (20 Kg/mol
for PS and 6.5 kg/mol for PEO) and polystyrene-block-poly(2-vinylpyridine)
copolymer (PS-b-P2VP) (40 Kg/mol for PS and 18 kg/mol for P2VP) were
purchased from Polymer Source Inc. and used as received. The facets are pro-
duced by thermally annealing a single crystal surface of sapphire, cut along
the M-plane (a crystallographic plane that is unstable at elevated tempera-
tures), at 1500 °C for 24 h in air (30, 31). The surface reconstructs to form
stable crystal facets, resulting in a saw-toothed topography over the entire
surface, where the orientation of the facets is in register with the underlying
single crystal. Thin films of block copolymers (BCPs) were prepared by spin-
coating solutions of PS-b-PEO and benzene onto the substrates where the
film thickness was controlled by adjusting the concentration of solution
and the speed of spin coating. Solvent annealing was performed in THF
and water vapor environment. A preswelling of the BCP film in water vapor
was performed to prevent dewetting during the solvent annealing. This was
followed by a solvent annealing in THF and water vapor to generate
well-developed nanostructures. The poly(dimethylsiloxane) elastomer used
in this work was prepared from Sylgard 184 (Dow Corning Corp.). A liquid
prepolymer and curing agent were mixed together and the mixture was
allowed to cure onto BCP template. Grazing incidence small angle X-ray
scattering (GI-SAXS) measurements were performed on the beamline 7.3.3
at the Advanced Light Source in the Lawrence Berkeley National Laboratory.
The X-ray beam was delivered onto the sample at an angle above the critical
angle of the polymer film (a. = 0.16) but below the critical angle of the pla-
nar sapphire substrate (o, = 0.28) (see Supporting Information for the effect
of roughness of the faceted substrate on GI-SAXS measurements). 2D trans-
mission X-ray scattering measurements were also performed on the beamline
7.3.3 at the Advanced Light Source at the Lawrence Berkeley National
Laboratory. The wavelength of X-rays used was 1.23984 A, and the scattered
intensity was detected by using 2D charge-coupled device (CCD) camera hav-
ing 2304 x 2304 pixels.
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