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ABSTRACT We accomplished a facile and scalable route to linearly stacked, one-dimensional metal nanowire assembly via soft
graphoepitaxy of block copolymers. A one-dimensional nanoscale lamellar stack could be achieved by controlling the block copolymer
film thickness self-assembled within the disposable topographic confinement and utilized as a template to generate linear metal
nanowire assembly. The mechanism underlying this interesting morhpology evolution was investigated by self-consistent field theory.
The optical properties of metal nanowire assembly involved with surface plasmon polariton were investigated by first principle
calculations.
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lock copolymer lithography is a cost-effective and
scalable nanolithography for the densely packed
periodic arrays of nanoscale features with typical
length scale of 5-50 nm, which is beyond the resolution
limit of conventional photolithography.1-7 Highly registered
nanoscale morphologies in block copolymer thin films
are achievable by directed assembly upon prepatterned
substrates.8-17 Those highly ordered morphologies are potentially useful diverse advanced applications including
magnetic storage media,18 memory devices,19 and waveguides.20 Nevertheless, further progress toward practical
device applications has been delayed due to the following
formidable challenges: (i) Substrate prepatterning must be
compatible to a conventional lithography for low-cost, highthroughput process. (ii) An overlay process should be allowed for complicated multilayered device architectures. (iii)
Various shapes of nanoscale features must be achievable for
device-oriented nanolithography.
Recently, we introduced soft graphoepitaxy as a novel
approach to address the above-mentioned requirements.21
Soft graphoepitaxy utilizes disposable photoresist confinement prepared by conventional photolithography (e.g., I-line
lithography) to generate the highly aligned, precisely registered ordering of block copolymer nanodomains. Furthermore, any trace of the photoresist confinement is completely
removable by a mild cleaning process after the pattern
transfer, which is crucial for further overlay processes. In this

work, we present the systematic development of soft graphoepitaxy to create linearly stacked, one-dimensional lamellar arrays. One-dimensional arrays of regularly spaced nanostructures offer great potential as building blocks for advanced
applications such as plasmonic waveguides,20,22,23 magnetic
logic gates,24,25 and magnetic data storage.26 We achieved
one-dimensional arrays of block copolymer lamellar domains by controlling the thickness of the block copolymer
film self-assembled within topographic confinement of disposable photoresist pattern. The micrometer scale photoresist patterns were prepared by conventional I-line lithography, while block copolymer assembly generated a 20 nm
thick lamellar stack within the confinement. Thus, the
pattern transferred morphology prepared by selective metal
deposition consisted of closely stacked highly anisotropic
metal nanowires with 20 nm width and micrometer scale
length. This approach enables scalable production of such
densely packed nanowire array via all parallel processing,
which has been rarely realized with other nanopatterning
approaches.27-29 Moreover, the mechanism underlying this
interesting morphology evolution of block copolymer thin
film is theoretically analyzed by the well-established selfconsistent field theory (SCFT). This theoretical method
provides a powerful tool for the quantitative analysis of
domain boundaries and the intermolecular dividing surface
(IMDS) where φPS ) φPMMA ) 0.5.
We created one-dimensional lamellar assembly as follows
(see Figure S1 in Supporting Information). A substrate
surface was neutrally modified to have an identical surface
tension for polystyrene (PS) and poly(methyl methacrylate)
(PMMA) components via polymer brush surface modification. This neutral surface modification induces surface perpendicular lamellar or cylinder nanodomains in polystyrene-
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FIGURE 1. Scanning electron microscopy (SEM) images of lamellar block copolymer thin films spontaneously assembled upon photoresist
trench patterns: (a) 80 nm thick block copolymer film showed lamellar domains aligned along photoresist trench walls (180 nm height); (b)
200 nm thick film showed undulating lamellar morphology; (c) 400 nm thick film showed one-dimensional lamellar stack array; (d) SEM
images of Au nanowire arrays replicating one-dimensional lamellar stack. Red scale bars correspond to 700 nm.

The morphology evolution of the block copolymer thin
films is demonstrated in Figure 1 (see Figure S2 in Supporting Information). The scanning electron microscopy (SEM)
images show the plane-view of lamellar domains spontaneously assembled within the trench walls of the photoresist.
Figure 1a shows that lamellae in the 80 nm thick film were
well-aligned along the photoresist trench walls of 180 nm
thickness. The trench side walls of the SU8 photoresist were
preferentially wetted by PS blocks, inducing the alignment
of neighboring lamellar domains along the trench walls. This
is the typical morphology directed by graphoepitaxy. When
the block copolymer film thickness (200 nm) was larger than
the height of the photoresist trench pattern (180 nm), the
alignment of lamellae was significantly deteriorated (Figure

block-poly(methyl methacrylate) (PS-b-PMMA) block copolymer thin films.30,31 Conventional DUV projection photolithography (I-line source; wavelength 365 nm; 9.5 mW/cm2)
was utilized to generate topographic confinement of a
negative tone photoresist on the neutral substrate. In this
work, SU8 was used as a negative tone photoresist to create
high aspect ratio topographic patterns with vertical side wall
profiles. A PS-b-PMMA (Mn 52K mol-1-52K kg mol-1; lamellar period L0 ) 48 nm) copolymer thin film was uniformly
spin-coated on the topographic pattern of the photoresist
and annealed at a high temperature (250 °C). Block copolymer thin films with thicknesses of 80, 200, and 400 nm were
deposited, while the thickness of the photoresist pattern was
maintained at 180 nm.
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terminate with half-cylindrical caps. In contrast, if lamellae
align across the trench pattern (θ ) 90°, Figure 2b), the grain
boundary morphology would be the twist grain boundary
as presented in Figure 2d. The twist grain boundary with a
twist angle of 90° is more difficult to imagine, due to its lack
of y-directional symmetry. Both PS and PMMA domains are
continuous in this morphology. The 90° twist occurs in a
way that the IMDS is similar to the well-known Scherk’s first
surface36-39 which is the solution for the minimal surface
problem connecting the twisted lamellae.
Previous researches on lamellar grain boundary morphology have suggested that the twist grain boundary generally
has a lower free energy than the T-junction because of the
smaller interfacial area and lamellar continuity across the
grain boundary.34,35,40 Nonetheless, those arguments have
been indirect and qualitative. In this work, we performed
the first quantitative comparison of the two morphologies.
We used the well-established self-consistent field theory
(SCFT)41-46 which models the symmetric (f ) 0.5) PS-PMMA
block polymers as Gaussian chains. In order to test wellsegregated block copolymers, χN ) 20 is used where χ is
the Flory-Huggins interaction parameter and N is the chain
length. The modified diffusion equation is solved using real
space Crank-Nicolson method with reflecting boundary
conditions in all directions. The system size in the x direction
is set to Lx ) 12L0 ) 19.88aN1/2, which is large enough to
guarantee that the effect of the T-junction or twisted boundary diminishes at the edge of the box (x ) ( 9.96aN1/2).
(Here a is the statistical segment length.) As a result, we
modeled a system with 90° tilted or twisted semi-infinite
block copolymer lamellar layers adjoining on the plane,
x ) 0.
Both T-junction and the twist grain boundary geometries
turned out to be at least metastable. Figure 2c shows the
detailed shape of the T-junction boundary, where the nonconnected edge is swollen to avoid the energy penalty from
high curvature interfacial morphology. In contrast, the twisted
boundary exhibits a smooth IMDS whose geometry is very
similar to the periodic repetition of Scherk’s surface (Figure
2c). The mathematically calculated Scherk’s surface is shown
in Figure 3b. It clearly shows the saddle-like surface smoothly
connecting the 90° twisted lamellae. The IMDS of the SCFT
solution is close to this prediction as shown in Figure 3a. It
turns out that the size of the transitional region is approximately 30% shorter than the true Scherk’s surface. This
result can be understood as follows. The symmetric block
copolymers preferring lamellae are forced to be packed in
the locally bicontinuous grain boundary, imposing additional
entropy penalty. By shortening the grain boundary size,
the entropy penalty can be reduced, while deviation from
the Scherk’s surface starts to increase the IMDS energy. The
SCFT solution is the result of the compromise between these
two effects.
The existence of the grain boundary imposes an energy
penalty in addition to the original bulk lamellar free energy.

1b). Interestingly, one-dimensional dot arrays appeared at
the interface with the trench sidewall, while the block
copolymer lamellae are undulated in the central region of
the trench. Meanwhile, when the block copolymer film
thickness was further increased up to 400 nm (Figure 1c), a
surprising morphology evolution occurred. Block copolymer
lamellar domains are oriented perpendicular to both the
trench sidewall and the substrate. This peculiar morphology
evolution of one-dimensional lamellar stack is hardly anticipated in a graphoepitaxial approach. As commented above,
the typical graphoepitaxy generates the lamellar alignment
along the trench side wall. Previously, there have been
several reports associated to the formation of a onedimensional “nanocylinder” array, where the orientation of
surface parallel cylinders is perpendicular to the structure
directing trench pattern. Those behaviors were attributed to
the flow induced orientation,32,33 which hardly occurs in the
film with thickness larger than the height of the photoresist
trench.34
Figure 1d shows Au nanowire array prepared by using
the one-dimensional lamellar stack morphology as a template. Oxygen reactive etching (RIE) was used to selectively
remove PMMA from the lamellar stack morphology and to
sufficiently reduce the remaining PS lamellar height (60-80
nm). Au nanowire array was prepared by Au deposition over
the entire area and subsequent lift-off of the block copolymer
film and photoresist trench pattern. Taking advantage of the
disposable photoresist pattern, a one-dimensional nanowire
stack that exactly replicated the block copolymer film morphology was created without any damage of underlying flat
silicon substrate. This pattern transferred morphology generated by a conventional lift-off process provides direct
evidence that the one-dimensional lamellar stack morphology is penetrating throughout the block copolymer film with
thickness of about 400 nm.
We investigated the mechanism underlying the onedimensional lamellar stacking with a theoretical approach.
We started from the three constraints that the final morphology must satisfy: (i) block copolymers form lamellae on both
patterned and nonpatterned region; (ii) on the trench region,
the lamellae align perpendicular to the substrate;30,31 (iii) on
the mesa region, the lamellae align parallel to the substrate.
Even with these strong constraints, we still have a variable
parameter: the angle (θ) between the photoresist trench side
walls and the IMDS of surface perpendicular lamellar layers.
The two most appealing candidates are schematically illustrated in Figure 2. If lamellae align along the photoresist
trench pattern (θ ) 0°, Figure 2a), the grain boundary
morphology between surface parallel and surface perpendicular lamellae would be the T-junction morphology, as
shown in Figure 2c. The T-junction morphology is conceptually easy to understand. If, for example, the trench region
begins with a perpendicular PS (red) layer, PS layers are
connected by T-shaped junctions at the pattern boundary.35
In this case, the PMMA (blue) layers are discontinuous and
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FIGURE 2. Two representative orientations of surface perpendicular lamellae assembled within photoresist trenches and the corresponding
grain boundary geometries. Lamellae oriented (a) parallel to the photoresist trench (θ ) 0°) and (b) across the photoresist trench (θ ) 90°).
(c) T-junctions and (d) twist grain boundaries calculated by self-consistent field theory (SCFT). Upper figures show the distribution of PS (red)
and PMMA (blue) components. The transitional region is colored yellow and green. The exact intermolecular dividing surface (IMDS) is visualized
in the bottom figures.

The energy penalty is quantitatively given in terms of the
effective surface tension associated to each grain boundary.
By comparing the free energy values of the two systems, we
find that the effective surface tension for the twist grain
boundary (θ ) 90°), γTGB ) 4.9 × 10-4aF0/N1/2 kBT, is less
than the half of surface tension for the T-junction (θ ) 0°),
γTJ ) 1.0 × 10-3 aF0/N1/2 kBT. This difference is large enough
to suppress the T-junction and, thus, strongly supports the
morphology evolution observed in Figure 1. The ultimate
stability of twist grain boundary was confirmed by the
calculations for other possible morphologies at intermediate
tilting angles (0° < θ < 90°). Those intermediate morphologies turned out to impose effective surface tensions between γTJ and γTGB. For the 80 nm thick film, polymers reside
only within the trench pattern, and hence the PS domain,
preferentially wetting the side wall lay parallel to the pattern
boundary. In contrast, the mechanism described above
dominates the 400 nm thick film, where a considerably large
© 2010 American Chemical Society

FIGURE 3. (a) The IMDS of twist grain boundary predicted by the
SCFT solution. (b) IMDS according to the Scherk’s minimal surface
model. Only 1/4 period of the block copolymer domain is shown in
the y and z direction. At x ) -∞ and x ) ∞, the IMDS is parallel to
the xy and xz plane, respectively.
3503

DOI: 10.1021/nl101637f | Nano Lett. 2010, 10, 3500-–3505

FIGURE 4. Numerical simulation of the optical properties of hierarchical metal nanowire assembly. (a) SEM images of Au nanowire arrays
replicating one-dimensional lamellar stack. (b) Birefringent reflection spectrum. The solid and dashed lines show the reflection of the linear
polarized light in x and y directions, respectively. (c) Normalized nearfield profile of y component of magnetic fields on the horizontal plane
3 nm above the wire. From the top, the wavelength of the incident light is 2308, 1607, and 1304 nm, respectively, corresponding to the peaks
A, B, and C in the spectrum above. (d) Far-field scattering profile. The scattering strength is plotted in a logarithmic scale. Concentric lines
indicate angle from the normal direction.

area of grain boundary between surface perpendicular and
surface parallel lamellae resides above the photoresist trench
pattern. The morphology observed for the 200 nm thick film
is in the transitional regime.
We investigated the optical properties of hierarchical onedimensional Au nanowires prepared from soft graphoepitaxy. The hierarchical metal nanostructure can be regarded
as a meta-grating. As a typical example, the structure with
alternating 800 nm wide nanowire assembly channels and
400 nm space is considered (Figure 4a, Figure S3 in Supporting Information). The Au nanowires constituting 800 nm
channels are 21 nm wide, 16 nm high, and 800 nm long
and the gap between wires was 21 nm. Since the 42 nm
period of nanowire assembly is far below optical wavelengths, the nanowire assembly channel itself is considered
a metamaterial with highly anisotropic effective medium
properties. Consequently, the overall hierarchical nanowire
assembly can be conceptually interpreted as a parallel
grating made of metamaterial channels, placed on top of the
silicon substrate. The 1200 nm period of the grating suggests
that it should exhibit distinctive diffraction patterns, if the
light beam below 1200 nm wavelength is normally incident.
The anisotropic nature of the nanowire assembly channels,
however, imparts different diffraction properties depending
on the polarization of the incident beam. For the incident
light linearly polarized parallel to the nanowire, the electric
field cannot easily penetrate the deep-subwavelength gap
between the wires and, thus, the medium exhibits metallic
qualities. In this case, the appearance of surface plasmon
polariton modes can be predicted. These modes can be
© 2010 American Chemical Society

excited by incident plane waves and propagate parallel to
the nanowire orientation. For the orthogonal polarization of
the incident beam, these SPP modes would be inactive and,
therefore, the reflection spectrum does not show corresponding peaks.
The qualitative prediction of optical properties given
above was confirmed by numerical simulations based on the
first principle, finite difference time domain method.47,48
The optical properties of gold were taken from tabulated
data.49 The simulation volume was meshed into 2 nm
resolution in the wire axis and out-of-plane directions and 1
nm resolution in the channel direction, inside and in the
immediate vicinity of gold wires. Far from the nanowires, a
larger mesh size is used to reduce computational load. Parts
b-d of Figure 4 illustrate the results. The reflection spectrum
in Figure 4b depends on the polarization of the incident light,
as expected. For the x-polarized light, the spectrum reveals
several discrete peaks, corresponding to different resonance
modes in Figure 4c. This demonstrates that the incident
wave can efficiently couple to these surface plasmon polariton modes. The far-field scattering pattern in Figure 4d taken
at 800 nm wavelength exhibits three peaks: at θ ) 0° and θ
) (42°, where θ is the angle from the normal direction of
the substrate. This result is consistent with the expected
diffraction pattern from a grating with 1200 nm period.
Taken together, the anisotropic diffraction properties of
hierarchical metal pattern have been anticipated.
We have demonstrated soft graphoepitaxy of block copolymer to create one-dimensional, linearly stacked metal
nanowire arrays. The morphology of block copolymer thin
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films was determined by their tendency to form twist grain
boundary and thereby minimize the free energy. Accordingly, they are controllable by changing the relative thickness
of block copolymer films with respect to the height of
disposable topographic confinement. We note that our soft
graphoepitaxy is greatly advantageous for pattern transfer
and further overlay process, since the structure directing
photoresist pattern is readily removable by a mild cleaning
process. The optical properties of a hierarchical gold nanowire assembly prepared from the soft graphoepitaxy of thick
block copolymer films have been investigated by first principle calculations. Highly anisotropic optical properties
coupled with a surface plasmon polariton and the diffraction
originating from the parallel grating configuration are
anticipated.
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