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T
he development of ∼10 nm-scale
three-dimensional (3D) nanostruc-
tures over large areas is one of the

most important challenges in nanobiotech-
nology and opto-electronics due to the
electric/optical peculiarities of different
nanosized structures and material specific-
ity.1�11 High precise 10 nm-scale nanostruc-
tures with different shapes enable tunable
electronic/optical devices that can control
the intrinsic properties of target materials
by changing the structure and size. Sev-
eral approaches, which include nano-
imprint,12,13 soft-,14 edge-,15�18 colloidal-,19

interference lithography,20 the nanoskiving
method,21 electrodeposition,22 and focused
ion-beam (FIB)23 and electron-beam24 as-
sisted deposition, have been suggested to
fabricate 3D 10 nm-scale features. Recent-
ly, we introduced a new nanopatterning
technique named “secondary sputtering
lithography” (SSL),25�27 which enables the

fabrication of 10 nm-scale 3D patterned
nanostructures with high aspect ratios over
large areas by utilizing secondary sputtering
phenomena during ion-bombardment. Sec-
ondary sputtering phenomena entail parti-
cles of target material being etched and
emitted by accelerated Ar ions over a large
angular distribution. We have fabricated
many patterns on a 10 nm-scale, including
lines, hole-cylinders, cups, and triangular
tunnels. We have also applied∼10 nm-scale
line patternswith a high aspect ratio to align
liquid crystal molecules. High-resolution
patterning (∼20 nm) of indium-tin-oxide
(ITO) surface layers with a high aspect ratio
(∼10) was successfully carried out without
damage to the electrical/optical properties
of the ITO, and the patterned ITO could
function as a bifunctional conductive align-
ment layer for liquid crystal devices without
a conventional polymer alignment layer
fabrication process.
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ABSTRACT We introduce an advanced ultrahigh-resolution (∼15 nm)

patterning technique that enables the fabrication of various 3D high

aspect ratio multicomponents/shaped nanostructures. This methodology

utilizes the repetitive secondary sputtering phenomenon under etching

plasma conditions and prepatterned fabrication control. The secondary

sputtering phenomenon repetitively generates an angular distribution of

target particles during ion-bombardment. This method, advanced repe-

titive secondary sputtering lithography, provides many strategies to

fabricate complex continuous patterns and multilayer/material patterns

with 10 nm-scale resolution. To demonstrate the versatility of this method, we show induced vertical alignment of liquid crystals (LCs) on indium-tin-oxide

(ITO) grid patterns without any alignment layers. The ITO grid pattern fabricated in this method is found to have not only an alignment capability but also

electrode properties without electrical or optical damage.
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In the studies described below, we made technolo-
gically significant advances to our secondary sputter-
ing techniques: (i) We fabricated various∼10 nm scale
multidirectional complex patterns, such as grids and
connected Olympic ring-shaped hole-cylinders using
single line and single pillar shape master patterns by a
multistep SSL technique. (ii) We show that such
∼10 nm scale grid patterns can enable the home-
otropic alignment (vertical alignment) of liquid crystal
molecules. Homeotropic alignment of LC molecules
has been spotlighted recently for use in liquid crystal
display (LCD) devices due to the possibility of high
contrast and wide viewing angles, and polar angle (the
angle between the optic axis of LCs and the z-axis)
control of LC molecules is becoming more important
for LC-based future nanodevices.28�30 In addition,
alignment using physical geometric nanostructures is
considered a core technology for next-generation dis-
play devices, since the physical/chemical/thermal sta-
bility is high compared to a conventional chemical
method of alignment. (iii) Furthermore ∼10 nm scale
multicomponent patterns, consisting of two or more
kinds of material arranged alternately in some direc-
tion, can be fabricated using repetitive secondary
sputtering lithography. This is very important for po-
tential application in sensors, wave-guides, and micro-
electromechanical systems (MEMS), because one can
obtain a versatile circuit element through the simulta-
neous use of the unique chemical, optical, and elec-
trical properties of each component.

RESULTS AND DISCUSSION

Figure 1 displays a schematic illustration of the
fabrication procedure for a ∼10 nm scale, large-area,
gold grid, and multicomponent nanopattern which
was fabricated using our multistep secondary sputter-
ing approach. Various types of metal or semiconductor

templates can be prepared, provided that the different
target layers can be deposited onto a substrate. First, a
highly uniform gold layer (∼40 nm thick, target
material) was deposited using electron beam evapora-
tion onto a substrate coated with a ∼3 nm thick
chromium adhesion layer. After spin-coating polysty-
rene [PS (18 000 g/mol)], a PS prepattern with 500 nm
width is created by pattern-transfer using a PDMSmold
(Figure 1a). A gold line pattern with 15 nm width and
500 nm spacing is fabricated on the side surface of the
prepattern using secondary sputtering during ion-
bombardment (Figure 1b, see Figures S1 and S2).
Secondary sputtering lithography utilizes the second-
ary sputtering of particles of target materials, emitted
with a large angular distribution via accelerated Arþ

ion bombardment (Figure 1h). The gold line patterned
substrate is spin-coated with 100 nm thick polystyrene
[PS (18 000 g/mol)] to prepare the fabrication of an-
other SSL pattern, in which the PS is thick enough to
cover all of prefabricated gold line pattern. Then a
PDMS mold with topographic features is placed onto
the PS film perpendicular to the initial line pattern.
After heating at 135 �C for 60 min followed by cooling
to room temperature, the mold is removed from the
surface (Figure 1c). The thick PS layer that remains
on the bottom of the imprinted structure is etched
until the gold substrate is exposed to a high vacu-
um reactive ion etching (RIE) plasma that has de-
creased isotropic etching compared to low vacuum
RIE (Figure 1d). The gold layer was then etched and
deposited simultaneously onto the side surface
of the PS pattern by secondary sputtering during ion
bombardment, and ∼15 nm gold nanopatterns were
formed on the side surface of the PS pattern
(Figure 1e). This SSL line pattern was interconnected
with the initial fabricated line pattern in the same plane
(Figure 1e). The line pattern fabricated during the

Figure 1. Schematic illustration of the overall fabrication of high resolution (∼20 nm) complex 3D pattern by repetitive
secondary sputtering phenomenon (a�g) and representative images of the secondary sputtering lithography (SSL)
technique (h). (a) PS prepattern is fabricated on the target material deposited substrate from the PDMS mold and (b)
secondary sputtered particles are attached to the side surface of prepattern. (c) A thick PS layer is spin-coated on the
fabricated line patterned substrate, and (d) the PS layer that remains on the bottom is removed by RIE. (e) Again, the particles
of target materials are attached on the side surface of the prepattern by SSL. (f) The PS prepattern is removed entirely by RIE.
(g) Only a grid shaped pattern is generated by more etching.
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second process does not stack onto the initial line
pattern. After the PS residual layer in the gold pattern is
clearly removed by RIE, a ∼15 nm grid-shaped gold
pattern is fabricated on the square-shaped gold bot-
tom layer (Figure 1f). Finally, a grid-shaped gold pat-
tern is achieved over a large area after removal of the
gold bottom layer (Figure 1g). It is noteworthy that
multigrid patterns with different angles could be also
obtained by simply rotating the PS line pattern during
the second SSL process. In addition, amulticomponent
(or multilayered) pattern, consisting of two or more
kinds of materials arranged alternately in different
directions, can be fabricated by simply varying
the target materials deposited on the PS pattern
(Supporting Information Figure S6). We believe that
our method is a powerful tool to fabricate complex 3D
patterns composed of multiple shapes, sizes, compo-
nents, and layers.
Figure 2 shows scanning electron microscope (SEM)

images of various Au grid patterns over large areas
(macroscopic dimensions of several square centi-
meters) formed by the multistep secondary sputtering
lithography (SSL) procedure. The patterned gold line is
highly periodic with 15 nm width, 150 nm height, and
500 nm spacing (Figure 2a,b). The height and spacing
are determined by the prepattern size of the PDMS
mold, and the height of the gold line pattern was up to

300 nm while the width was ∼15 nm. A thick PS layer
was spin-coated again onto the patterned gold line
substrate for the second SSL line pattern process. The
thick PS residual layer remaining on the bottom could
be etched by high vacuum RIE, revealing that the PS
line pattern was crossed with respect to the initial gold
line pattern on the same plane (Figure 2c). After ion-
bombardment (ion-milling) and RIE, gold grid patterns
featuring crossed lines with 15 nm width were created
in the same plane by a double-step SSL technique
(Figure 2d�f). The cross-sectional image in Figure 2c
shows that the two-directional gold lines intersect
each other and have 15 nm width, 250 nm height,
and 500 nm spacing. A number of 15 nmgoldwalls can
be clearly seen from a tilted SEM image (45�) due to the
considerable height of the line pattern (Figure 2e),
whereas the grid pattern looks so thin in a top-view
since it has∼15 nmwidth and a relatively wide spacing
of 500 nm (Figure 2f). Further, multigrid patterns
with different angles could be also obtained by
simply rotating the PS line pattern with any desired
angle during the second SSL process. For example, a
diamond-shaped grid pattern obtained with 45� rota-
tion at the second PS pattern step is shown in Figure 2g.
Further, 3-directional gold line patterns could be fab-
ricated with grid shapes in the same z-axis space
by repeating the SSL process three times (Figure 2h).

Figure 2. SEM images for fabrication of various representative gold grid patterns with high resolution (sub 20 nm) from a
line shaped pattern master with 500 nm width and 500 nm spacing by repetitive SSL of 15 nm single line patterns. (a,b)
Ultrathin gold line pattern with 15 nm width and 500 nm spacing fabricated by SSL over a large area and (c) PS line pattern
with 500 nm width and spacing fabricated in the direction perpendicular to the initial line pattern. (d�f) SEM images of
gold grid patterns including crossed two line patterns with 15 nm width in side view (d,e) and top view (f). (g) Grid pattern
including two directional line patterns overlapped at 45�. (h) 3-directional gold grid pattern formed by 3 applications of the
SSL method.
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Third and fourth steps can be performed to generate
more complex nanopatterns.
A variety of complex 3D patterns can be easily

fabricated using this method, provided that the com-
ponents, shapes, and sizes of PS patterns are controlled
by varying the fabrication conditions (Figure 3). For
example, large concentric ring-shaped patterns with
high resolution ∼15 nm width were fabricated from a
microsized concentric PS pattern (Figure 3c,d). The out-
ermost large ring patterned nanostructure we have
prepared thus far is 15 nm wide, 300 nm high, with a
2μmdiameter; the innermost ring is 15nmwide, 300nm

high, with a 400 nm diameter. By using the multistep
SSL technique, interconnected Olympic ring-shaped
gold patterns could be prepared in the same z-direction
(Figure 3a,b). In addition, interconnected line-concentric
ring merging patterned structures were fabricated
successfully from an identical microsized concentric
PS pattern (Figure 3e,f). We also fabricated different
sized and shaped nanopatterns from a single pillar
master pattern which was composed of different
feature shapes and dimensions on the substrate
(Figure 3g,h). The control of the RIE conditions and
PS thickness at each step of the SSL resulted in different

Figure 3. SEM images for fabrication of multifeature shaped (a�f)/multisized (g,h)/multilayered (i) 3-dimensional nano-
structures, and false-colored SEM images and EDX data of multimetallic grid patterns with three different materials (j�l) and
photoimage of patterned substrate (below center of part i) by repetitive secondary sputtering lithography. (c,d) A concentric
ring shaped gold pattern with 15 nm width, 300 nm height, and ∼2 nm diameter. (a,b) Olympic ring-shaped gold pattern
where ring-shaped nanostructures were interconnected with each other in the same z-direction and (e,f) interconnected line-
concentric ring merging patterned structures. (g,h) The two types of sub-20 nm width hole-cylinder patterns with different
sizes in the same plane and (i) double layered nanopattern. (j�l) The SEM images of the grid pattern with 2 directions
composed of Au and Pt (j), Au and Cu (k), and the SEM image of the 3-directional grid pattern that is composed of three
different materials: Au, Pt, Cu (l).
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sizes of gold-hole cylinder patterns. Two hole-cylinder
patterns with different feature shapes and dimensions
were arranged regularly in a substrate plane: (i) 15 nm
width, 500 nmheight, and 450 nmdiameter (gray color
in Figure 3h) and (ii) 15 nm width, 230 nm height, and
460 nmdiameter (white color in Figure 3h). The smaller
hole-cylinder pattern was created with a 120 nm PS
coating and low vacuum RIE for 90 s, while the taller
hole cylinder pattern was fabricated with 300 nm PS
coating and high vacuum RIE for 210 s. We enabled
highly regular multilayered nanostructures by modify-
ing the multistep SSL process, in which the PS residual
layer was removed only until the top of the initial gold
line was exposed by RIE, not the complete substrate, in
the steps shown in Figure 1d,e. Then, gold deposition,
ion-milling, and polymer removal were carried out in
sequence, resulting in a double layer line pattern. A
perpendicular line pattern was fabricated above the
first line pattern with ∼150 nm height, showing the
stacking of the nanostructures (Figure 3i).
Importantly, this multistep SSL approach is very

useful for fabricating ∼10 nm scale multicomponent
nanopatterns by using the angular distribution of ion-
bombardment, in which two or more kinds of material
are arranged alternately in the designated direction
(Figure 3j�l). Indeed, multicomponent nanopatterns
with ultrahigh resolution can control the electrical/
optical properties and surface area of each material,
enabling important applications such as two resistor-
based biodetection, SERS-based biosensors, and nano-
electronics. We have fabricated multicomponent
line patterns with different directions in a substrate
surface by simply varying target materials with differ-
ent directions in sequence (Supporting Information
Figure S7). False-colored SEM images and their corre-
sponding energy dispersive X-ray spectroscope (EDX)
data show that the multimetallic grid pattern with a
platinum (Pt, horizontal direction (x)) line pattern, a
gold line pattern (perpendicular to Pt (y-directional)),
and a copper (Cu, diagonal direction) line pattern were
generated with high resolution (sub 20 nm) and high
aspect ratio by utilizing the multistep SSL approach
(Figure 3j�l). The spacing of adjacent parallel lines is
∼500 nm, which is consistent with the spacing of a line
master mold that has a 500 nm width and spacing
dimensions. The images of Figure 3j,k represent multi-
component patterns of Pt (x-directional blue line)/Au
(y-directional yellow line), and Au (y-directional yellow
line)/Cu (diagonal red line) in a substrate, respectively.
These were further identified by EDX. All of these
metallic line patterns were generated from a single
line-shaped master pattern. The below center area of
the photoimage in Figure 3l corresponds to the SEM
image of Figure 3l, that is, a line pattern with three
different components of Au, Pt, Cu and three different
directions. The overlapped areas explained above can
be controlled by varying imprinted angles andpositions.

To show the structural novelty and effectiveness of
ourmethod, we prepared a 15 nm scale ITO square grid
pattern with an aspect ratio of ∼20 for potential
applications in liquid crystal displays (LCDs), touch
screens, organic solar cells, and other opto-electronic
devices. The ITO grid pattern fabricated by our multi-
step SSL technique has several significant advantages:
it maintains electrical and optical properties, since the
patterning method enables us to fabricate high nano-
structures with ∼300 nm height from only 20�30 nm
etching of the ITO layer. Also, the patterned substrate
can increase the surface areawithout optical hindrance
due to high aspect ratio 15 nm pattern. We applied the
grid nanopatterned ITO substrate to vertically align
liquid crystal molecules, which is important for vertical
alignment (VA) mode LCDs in the absence of any
polymer alignment layers.
Figure 4a�c illustrates the overall procedure for the

fabrication of LC cells with grid ITO patterned sub-
strates. As briefly explained, as the high resolution lines
with high aspect ratio cross each other, the increasing
elastic energy density overcomes the surface anchor-
ing of the line pattern, resulting in homeotropic align-
ment (see Supporting Information Figure S4). Figure 4d
shows atomic force microscope (AFM) images of a
highly periodic ITO grid pattern. White lines and dark
regions in the AFM image represent thin ITO line
structures and a flat ITO surface, respectively, confirm-
ing that highly uniform ITO grid patterns were suc-
cessfully created over the entire surface area (5 mm �
5 mm). Height profiles from the AFM image show the
generation of highly uniform thin walls that have a
height of ∼170 nm and aspect ratio of ∼12. The
conductivity of the ITO layer with the nanopattern on
its surface is not much different from that of the
pristine ITO layer due to the small decrease (∼30 nm)
in thickness during ion-bombardment. The sheet re-
sistance of the ITO layer before and after nanopattern-
ing are 8.2 ohm/square and 10 ohm/square. It is found
that the electric conductance of patterned ITO did not
decrease significantly, since the high aspect ratio ITO
grid pattern with ∼300 nm height can be made from
∼30 nm etching of ITO by the SSL technique (see
Supporting Information Figure S5). The photospect-
rometer results show that the transmittance of pat-
terned ITO layer (90% at 550 nm) is almost the same as
that of pristine ITO (90% at 550 nm). These results show
that the ITO grid pattern with high resolution and high
aspect ratio can be fabricated without decreasing the
electrical/optical properties of the ITO layer (see Sup-
porting Information Figure S5). We assembled the LC
cell in vertical alignment mode by using two pieces of
grid-patterned ITO glass in the absence of any polymer
alignment layer. First, a nematic LC in the isotropic
phase having negative dielectric anisotropy which
aligns orthogonal to the applied electric field was
injected into cells with a 2 μm gap. The assembled

A
RTIC

LE



JEON ET AL. VOL. 8 ’ NO. 2 ’ 1204–1212 ’ 2014

www.acsnano.org

1209

cells are inspected by a polarized optical microscope
(POM, Nikon, LV-100POL) equipped with a rotation
stage in the plane perpendicular to the direction of
light propagation. Figure 4e shows wide view POM
images of the vertical cell. In this sample, both sub-
strates possess 2D grid patterns with 15 nm width,
170 nm height, and 500 nm period in a 5 mm� 5 mm
area, asmarked in the figure. The yellow broken lines in
the central portion of the images correspond to the
patterned area of the substrate. As clearly seen in the
POM images, the texture in the patterned area has a
dark appearance (top image in Figure 4e) and retains
its dark texture upon rotation of the cell by 45� (bottom
image in Figure 4e), indicating that the optical axis
of LCs in the patterned area coincides with the direc-
tion of light propagation. We employed a Bertland lens
with a 100� objective to conduct conoscopic obser-
vations of interference patterns. The conoscopic inter-
ference pattern consisted of a centered black cross
superimposed on circular bands of interference
colors observed for homeotropic anchoring (inset of

Figure 4e). It has been well demonstrated that these
types of interference features arise from homeotropi-
cally alignedmolecules where the optical axis emerges
when observed by conoscopy. The interference pat-
tern remains the sameupon rotating the samples (inset
of Figure 4h), clearly showing that the optical axis of
the LC cell is normal to the substrate. On the basis of
POM and conoscopic observations, we confirmed that
the topographical anisotropy of 2D grid ITO patterns
can efficiently induce a good, uniform, and home-
otropic alignment of the LC director. From a series
of electro-optic experiments, we confirmed that the
homeotropic alignment of LCs in cell were changed
and retained when the electric field was on/off
(Figure 4f). This phenomenon shows our grid patterns
actually induce homeotropic alignment of LCs. Unfor-
tunately, the response time (rising time 30�40 ms and
60�70 ms) of our LC cell we obtained was 90�100 ms,
which is slower than the conventional vertical align-
ment LC cell based on polymer alignment layer. This is
attributed to low anchoring energy of our grid pattern

Figure 4. Vertical alignment (VA) of liquid crystal (LC) molecules using grid patterned ITO glass for LC-based display devices
utilizing VA mode without an alignment layer. (a�c) The schematic illustration of the LC cell assembly using two-grid
patterned ITO glass and (d) AFM image of grid patterned ITO surface and its line-cut analysis. (e) Wide view polarized optical
microscope (POM) images for the vertical (homeotropic) alignment of LCmolecules by grid patterned ITO topography and (f)
POM images before and after applying an electric field to pristine and grid-patterned ITO glass.
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for LCs, leading to deterioration of falling time. How-
ever, it is expected that the anchoring energy can be
enhanced by fabricating more dense (line pitch) and
higher pattern structures. There are several papers by
Yokoyama and Noel Clark groups that report anchor-
ing of nematic liquid crystals on a two-dimensionally
grooved surface.31,35 Depending on aspect ratio
(width/depth ratio) of pattern, the surface can exhibit
bistable anchoring or homeotropic anchoring. When
the patterns arewide and shallow, the elastic distortion
of a liquid crystal adjacent to the surface leads to a
bistable distorted planar state with the average direc-
tor orientation along a diagonal of the square.32�34

Yi et al. demonstrated topographic-pattern-induced
homeotropic alignment of nematic liquid crystals by
using deep nanoscale arrays of square wells.31 Accord-
ing to their theory, the elastic energy density increases
as the spatial gradients of the director field increase
due to narrowwidth and deep depth of the well until it
exceeds the planar surface anchoring energy. At this
point, the bottom of the well goes homeotropic. The
homeotropic alignment induced by grid ITO line pat-
terns in our study can be understood in this way even
though the dimension is somewhat different. In addi-
tion, it should be noted that the quasihomeotropic
state suggested by their simulation results is consistent
with our POM observation. As shown in Figure 4, the
texture on patterned area is not completely dark,
indicating a spatial gradient of the tilt angle. On the

other hand, the nonpatterned area shows complete
extinction because there is no distorted nematic direc-
tor field induced by patterns.

CONCLUSIONS

In summary, we have described a valuable new
approach to the fabrication of high resolution
(∼15 nm) 3D patterns of multiple shapes, dimensions,
and materials, with a high aspect ratio over large
areas, using advanced repetitive secondary sputter-
ing lithography (SSL). SSL attaches target materials to
the side surfaces of prepatterned polymers fabricated
during accelerated Ar ion-assisted bombardment. In
developing beyond the previous SSL method, con-
tinuous and more complex patterns with 10 nm re-
solution were generated by combining the isolated
patterns from microsized single master mold pat-
terns. In addition, in the case of the SSL patterning
of commercial ITO layers, grid-patterned ITO glass can
simultaneously function as a LC alignment layer and
transparent electrode. It is expected that the 10 nm
scale 3D patterns with different materials and differ-
ent features/sizes enables a wide range of electrical/
optical applications of the technique to nanoelectro-
nics, energy devices, biosensors, and display devices.
Accordingly, the new lithographic method will serve
as a new technique for fabricating complex nano-
scale patterns with multiple shapes, dimensions, and
materials.

METHODS

Preparation of Mold Pattern. The PDMS mold was replicated
from a silicon master with a 600 nm depth. First, hard PDMS
which supports the structure of the master was produced bymix-
ing trimethylsiloxy-terminated vinylmethyl-siloxane-dimethyl-
siloxane copolymers, 2,4,6,8-tetramethyl tetravinyl-cyclotetrasilox-
ane, Pt-divinyl-tetramethylsiloxane, trimethylsiloxy-terminated
methylhydrosiloxane, and dimethylsiloxane copolymers. Then
spin coating of the mixture onto the silicon master was carried
out immediately after mixing at 2000 rpm, 25 s and procured for
10 min at 60 �C. Soft PDMS was then prepared by mixing the
PDMS prepolymer for 10 min at 60 �C. Then soft PDMS was
preparedbymixing thePDMSprepolymer (Sylgard184A/B=10:1,
Dow Corning) and then pouring the mixture onto the hard PDMS
layer. After bubbles came out from the mixture, it was cured at
80 �C for 2 h.

Preparation of Interconnected Complex 3D Gold Pattern by Repetitive
Secondary Sputtering Lithography. Anarray of line shapes (pitch size,
500 nm; height, 600 nm; area, 5 mm� 5 mm) and circle-shaped
pillars (diameter, 500 nm; height, 600 nm,) in silicon was pre-
pared with e-beam lithography. A highly uniform gold layer
(30 nm gold/2 nm Cr) was deposited on a silicon wafer by
e-beam evaporation. The gold coated substrate was coated
with 1�8 wt % polystyrene (PS, 18 000 g mol�1, Sigma Aldrich)
in toluene for 45 s at 3000 rpm. Then the cured PDMSmold with
topographic features was placed onto the polymer film. After
heating at 135 �C for 60 min and cooling to room temperature,
the mold was removed from the surface. After removing the
replicamold, a PS nanopatternwas formed on the substrate and
acted as a framework during the ion-bombardment process.
The PS prepattern was removed by reactive ion etching (RIE)
using a mixture of O2 (40 sccm) and CF4 (60 sccm) plasma at a

chamber pressure of 20 mTorr and a power density of 80 W.
Then the gold layer was simultaneously etched and deposited
onto the side surface of the PS pattern using secondary
sputtering during ion bombardment, and 10 nm gold nanopat-
terns were formed on the substrate. To make a second 3D gold
pattern by second secondary sputtering lithography, the gold
patterned substrate was coated with 8 wt % polystyrene (PS,
18 000 g mol�1, Sigma Aldrich) in toluene for 45 s at 3000 rpm.
The PS concentration is relatively high since the spin-coated PS
thickness should be thick enough to cover the initial gold
pattern completely. Then the cured PDMS mold with topo-
graphic features was placed onto the polymer film perpendi-
cular to the initial line pattern. After heating at 135 �C for 60min
and cooling to room temperature, the mold was removed from
the surface. After removing the replica mold, a PS nanopattern
was formed on the substrate and acted as framework during the
etching process. In order to anisotropically etch the thick PS
layer without decreasing of width of PS, the thick PS prepattern
was removed by high vacuum reactive ion etching (RIE) using a
mixture of O2 (40 sccm) and CF4 (60 sccm) plasma at a chamber
pressure of 20mTorr and a power density of 80W. Then the gold
layer was simultaneously etched and deposited onto the side
surface of the PS pattern using secondary sputtering during ion
bombardment. PS residual layers in the gold pattern were
clearly removed by RIE O2 100 sccm.

LC Cell Fabrication Using Patterned ITO Substrates. Electro-optic LC
cells were fabricated by assembling ITO glass possessing ITO
square grid patterns. The cell thickness was controlled using
microbead spacers, and the cells were sealed by a UV-curable
adhesive (NOA 63, Norland Product Inc., Cranbury, NJ). The
fabricated empty cell was placed on a temperature-controlled
hot plate (FP82HT Mettler Toledo Korea, Seoul, Korea), and 5CB
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was loaded by capillary action at 40 �C in the isotropic phase.
After the filling process, the cell was cooled to room tempera-
ture at a rate of 2 �C min�1.

Characterization. SEM (Sirion FE-SEM, FEI, NNFC in KAIST)
images were obtained by the collection of secondary electrons
produced by bombarding the sample with an acceleration
voltage between 3 and 10 kV. Surface topological measure-
ments were performed under ambient conditions using
a commercial AFM (SPA400, Seiko, Japan) equipped with a
100 mm � 100 nm scan head. LC alignment was probed using
polarized optical microscopy. Electric conductance and optical
transmittance of the patterned ITO substrate were measured
using a probe station (4200-SCS Keithley, Keithley Instruments,
Inc., Cleveland, OH) and UV/vis absorption spectroscopy
(92-570, JASCO, Tokyo, Japan) was used to determine optical
properties.
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