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ABSTRACT Highly ordered metallic nanostructures have attracted an increasing interest in nanoscale electronics, photonics, and
spectroscopic imaging. However, methods typically used for fabricating metallic nanostructures, such as direct writing and template-
based nanolithography, have low throughput and are, moreover, limited to specific fabricated shapes such as holes, lines, and prisms,
respectively. Herein, we demonstrate directional photofluidization lithography (DPL) as a new method to address the aforementioned
problems of current nanolithography. The key idea of DPL is the use of photoreconfigurable polymer arrays to be molded in metallic
nanostructures instead of conventional colloids or cross-linked polymer arrays. The photoreconfiguration of polymers by directional
photofluidization allows unprecedented control over the sizes and shapes of metallic nanostructures. Besides the capability for precise
control of structural features, DPL ensures scalable, parallel, and cost-effective processing, highly compatible with high-throughput
fabrication. Therefore, DPL can expand not only the potential for specific metallic nanostructure applications but also large-scale

innovative nanolithography.
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lasmonics is the study of the optically active collective

oscillations of conduction electrons in metallic nano-

structures; such electron oscillations can provide an
efficient way for the localization and enhancement of the
electromagnetic field (light) below the diffraction limit.' ~*
The phenomenon of electron oscillations is of dramatic
technological importance for nanophotonics,”™'° nanospec-
troscopic imaging,''™'? and energy devices.'*'* Recently,
various metallic nanostructures including nanobowties,'®
nanorods,”®'” nanopyramids,'® nanorices,'? nanocres-
cents,*® and nanograils®' have been proposed to efficiently
localize the electromagnetic field below the diffraction limit
by various research groups. In particular, metallic nanostruc-
tures with sharp edges, for example, the tips of the wings of
nanobowties,** have attracted research interest, as the sharp
edges exhibit a much higher localized electromagnetic field,
compared to rounded edges.*>**

To date, these metallic nanostructures have been fabri-
cated predominantly by two different approaches: (i) direct
writing-based methods and (ii) template-based pattern trans-
fer methods. Direct-writing-based methods such as focused
ion beam (FIB) lithography,® electron beam lithography,?®
and multiphoton lithography?” have enabled the fabrication
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of metallic nanostructures with finely tuned structural fea-
tures including the sizes, gaps, and shapes associated with
these types of nanostructures. However, the impractically
low throughput of the serial direct-writing process is a major
obstacle to the large-area fabrication of metallic nanostruc-
tures. Metal transfer through a nanotemplate which can be
simply developed via nanosphere lithography (NSL),*%2°
interference lithography (IL),”° and soft lithography (SL)
have advantages, especially on account of the ability to
fabricate large-area metallic nanostructures in parallel, in
contrast to direct-writing-based methods: monolayered col-
loidal arrays (NSL), photoresist post arrays (IL), and PDMS
arrays (SL) can be used as a robust and useful template for
pattern transfers by selective metal evaporation and a
subsequent lift-off process. However, despite their useful-
ness, these techniques are limited to the fabrication of
specific shapes (for example, holes, lines, and prisms).
Recently, Whitesides et al. successfully fabricated various
metallic nanostructures such as nanorings, nanowires, and
curved nanorods by transferring epoxy slab possessing
patterned metallic structures to the substrate (Nanoskiving).
However, the process involved, for instance, the sectioning
of epoxy films with an ultramicrotome, is quite complicated
and challenging. Moreover, this process is not conveniently
available to general users.’”>°

Herein, we present a simpler method, termed “directional
photofluidization lithography” (DPL), as a new approach to
address the aforementioned limitations. The key idea of DPL
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FIGURE 1. Schematic illustration of directional photofluidization lithography (DPL): DPL consists of three main steps: (i) generation of pristine
photoreconfigurable polymer templates (PDO 3) by micromolding in capillaries (MIMIC) with solvent; (ii) the photoreconfiguration of PDO 3
line arrays by controlled light irradiation (single-beam irradiation and holographic interference pattern irradiation); (iii) gold deposition and
subsequent removal of templates by a lift-off process (rinsing with solvent).

is to use photoreconfigurable polymer arrays as a template
to mold metals instead of a conventional colloidal nano-
sphere, photoresist arrays, and PDMS arrays. In this method,
the optical manipulation of polymer arrays by varying the
polarization and irradiation time allows unprecedented
control of the structural features, including the shapes and
sizes. It also enables the creation of a sharp edge. Further-
more, the overall procedures of DPL ensure scalable, parallel,
and low-cost processing. Consequently, the photoreconfigu-
ration of a polymer template in combination with the thin
film deposition of metals enables high-throughput and large-
area fabrication of metallic nanostructures with precisely
tuned structural features. Below, we describe the fabrication
of large-area metallic nanostructures (square millimeters) of
gold nanowire and ellipsoid arrays by means of DPL to
demonstrate its versatility as a nanolithographic technique.
The optical properties of gold ellipsoid arrays are also
characterized and analyzed.

The photoreconfiguration of polymer templates, the key
patterning step in DPL, is based on the directional photof-
luidization of azobenzene-containing polymer (abbreviated
as azopolymer) in which azobenzene molecules are co-
valently attached to a polymeric main chain. Specifically, an
azopolymer thin film can behave as a fluid under light
irradiation, and the direction of their fluidity strongly de-
pends on the light polarization. Additionally, the photoflu-
idization distance of an azopolymer can be controlled simply
by adjusting the light irradiation time. More importantly, the
irradiation of a spatially arranged light pattern, for example,
a light interference pattern, enables local manipulation of
the photofluidization of azopolymer templates, with allows
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the fabrication of metallic particles with sharp edges and the
efficient localization of the electromagnetic field.**>* There-
fore, this directional photofluidization allows us precise
manipulation of the movement and resulting shapes of
polymer templates to be molded in metallic arrays by
varying the light irradiation conditions of the light polariza-
tion, irradiation time, and geometries of the light pattern.

By way of demonstration, we fabricated both gold nano-
wire (route 1) and ellipsoidal particle arrays (route 2) by DPL,
as described in Figure 1. The DPL procedure consists of three
principal steps: (i) generation of pristine photoreconfigurable
polymer templates with rectangular lines by micromolding
in capillaries (MIMIC) with solvent; (ii) photoreconfiguration
of the polymer templates by controlled light irradiation
(single beam irradiation or holographic interference pattern
irradiation); (iii) gold deposition and the subsequent removal
of the templates by a lift-off process. Epoxy-based poly(dis-
perse orange 3), abbreviated as PDO 3, was used as a linear
azopolymer to be molded in the capillaries: the details of
PDO 3 are described in Figure S1 in the Supporting Informa-
tion. Details of MIMIC with the solvent®®>7 are also described
in Figures S2—5 in the Supporting Information.

Figure 2a displays the obtained pristine PDO 3 line arrays:
the low-magnification optical microscopic (OM) image clearly
shows the moiré fringes due to the uniformity of the PDO 3
lines over a large area (~1.8 mm?) (see Figure S6 in the
Supporting Information); in the inset of Figure S6 in the
Supporting Information, Fourier transform (FT) of the cor-
responding OM image further confirms the long-range order
within PDO 3 line arrays. The width and periodicity of the
resulting PDO 3 lines were 1.30 and 3.84 um, respectively.

DOI: 10.1021/nI903570c | Nano Lett. 2010, 10, 296-304



(@)

(b)

Light polarization (s-pol)
Grating vector of PDO 3 lines

0min 15 min

R

() II
I I. 4
=

25 min

17 min

[

700 nrm

FIGURE 2. Photoreconfiguration of polymer templates by single-beam irradiation and pattern transfer: (a) SEM image of PDO 3 line arrays
fabricated by MIMIC with NMP. (b) Schematic illustration of the process. (c) SEM images of photoreconfigured PDO 3 line arrays versus the
irradiation time. (d) SEM images of gold nanowire arrays versus the irradiation time. The width of the gold nanowire was reduced by at least
a factor of 1040%. The roughness of the pattern (line-edge roughness) was reduced by a factor of 475% (defined as the ratio of the initial
roughness to the final roughness) after photofluidization. Scale bars are (a) 25 um and (c, d) 2.5 um.

The thickness of PDO 3 line was 1.3 um. We illuminated
PDO 3 line arrays with an s-polarized, spatially filtered, single
beam from a laser light source (488 nm, 35.5 mW/cm?,
Melles Girot) (see Figure S7 in Supporting Information): the
electric vector of the s-polarization is parallel to the grating
vector of a PDO 3 rectangular line pattern as shown in Figure
2b. Figure 2c shows scanning electron microscopy (SEM)
images of photoreconfigured PDO 3 lines as a function of
the irradiation time. Indeed, the spacing between the two
PDO 3 lines (the trench width of the PDO 3 lines) was
reduced with the light irradiation time as a result of the
directional photofluidization along the light polarization: the
initial 2.45 um spacing became ~230 nm after light irradia-
tion of 25 min. On the other hand, interestingly, the irradia-
tion of light with a polarization perpendicular to the grating
vector of PDO 3 line arrays (p-polarization) did not give rise
to photofluidization as shown in Figure S8 in the Supporting
Information.

The fluidic behavior of azopolymer under light irradiation
has attracted considerable interest since the phenomeno-
logical finding of surface relief gratings (SRGs): the SRGs were
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spontaneously generated by the irradiation of interferential
light pattern onto the azopolymer thin film, and the photoi-
somerization of azobenzene and the resulting polymer
migration are though to be closely related to the formation
of SRGs.”®*~*° In addition to the SRGs, Hubert et al. observed
the formation of two-dimensional hexagons, when one
beam is imaged onto the azopolymer thin film.*" It should
be noted that these photofluidization-induced formations of
surface reliefs showed the structural dependence on the light
polarization: the polarization of incident light considerably
influences on the degree of polymer migration and the
orientation of hexagons (parallel to the light polarization).>®~*!
These observations of polarization-dependent photofluidi-
zation of azopolymer thin film indicate that the photofluidity
of azopolymer is closely related to the photoisomerization
of azobenzene molecules and the resulting anisotropic align-
ment in the direction perpendicular to the light polarization.
Hence, their anisotropic alignment likely gives rise to aniso-
tropic photoinduced motion as well as anisotropic stress and
anisotropic intermolecular interaction.*' Indeed, to rational-
ize this anisotropic photofluidization of azopolymer, Juan et
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al. developed a statistical model based on the interaction
between fundamental molecular dipole and light and suc-
cessfully predicted the various polarization-dependent photof-
luidization phenomena.** Our results of the polarization-
selective photoreconfiguration of the azopolymer lines further
support the assumption that the directional photofluidization
of azopolymer is responsible to a large extent for the
photoinduced anisotropic alignment of azobenzene mol-
ecules with respect to the light polarization and the resulting
anisotropic motion. However, the underlying mechanisms
of the direction photofluidization of azopolymer have to be
further investigated for the better understanding.
Photoreconfigured PDO 3 line arrays by directional photof-
luidization can act as a nanotemplate to mold metallic
nanowire arrays. To demonstrate this, a chromium adhesion
layer (4 nm) and a gold layer (40 nm) were evaporated over
PDO 3 line arrays on a quartz substrate via e-beam evapora-
tion, and the PDO 3 templates were then removed by a mild
lift-off process. This process was carried out by rinsing with
acetone for 2 min and with NMP for 5 min in an ultrasonic
bath. As the glass transition temperature of PDO 3 is
relatively high (~120 °C), the photoreconfigured organic
template maintained its structural integrity during e-beam
evaporation even under high process temperature. Figure
2d shows SEM images of the obtained gold nanowire arrays
with a controlled width. Given that they consist of a linear
polymer with relatively low molecular weight (~4700, as
described in the Supporting Information), PDO 3 line arrays
can be completely removed by a simple solvent treatment,
as is evidenced from the lack of a structure-guiding PDO 3
pattern. The low adhesion properties of PDO 3 also can
trigger the removal of polymer template from the substrate
(quartz) without residue. The widths of the gold nanowires
were actually reduced as the spacing between the PDO 3
lines decreased: the initial 2.45 um width was reduced to
230 nm. The corresponding width of the gold nanowire was
commensurate with the spacing of the photoreconfigured
PDO 3 lines, and the total reducing factor was 1040 % . The
use of modified soft-lithographic techniques including me-
chanical compression, bending, and stretching also can
reduce the structural features efficiently, but the use of
mechanically modified PDMS for nanolithography suffers
from some problems associated with the sagging to the
PDMS mold during the mechanical contact with substrate,
especially in the high-resolution fabrication.*> On the con-
trary, DPL has advantages over the soft-lithographic tech-
niques on account of its unique ability to manipulate the
sizes of template by the remote irradiation of optical field,
and thus free from any problems that could be caused by
the mechanical contact. As a result, the photoreconfiguration
of a polymer template through directional photofluidization
allows unprecedented control of the dimensionalities of
nanowire even under high-resolution fabrication, which is
critical for numerous applications of nanolithography. More-
over, the gold nanowire arrays from the photoreconfigured
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FIGURE 3. Photoreconfiguration of PDO 3 line arrays by irradiation
of an interferential pattern: (a) Schematic illustrations of the process.
(b) SEM images of photoreconfigured PDO 3 line arrays (hole arrays)
versus the irradiation time. The unique characteristic sinusoidal
intensity profile of the interference light pattern leads to the
formation of a hole with a stream line which is similar in appearance
to an ellipsoid or a grain of rice. Scale bars are 5 yum (magnification
SEM of 60 min, 1 um).

template showed a smooth edge line, as a result of the
uniform photofluidization of the PDO 3 lines and the mini-
mization of the surface energy, whereas rough line edges
were clearly observed in gold nanowire arrays derived from
a pristine PDO 3 pattern: the initial line-edge roughness was
reduced from 19 to 4 nm (a factor of 475%). From these
results of replications with high fidelity and reduced line-
edge roughness, we can establish that azopolymer can serve
as a useful nanotemplate for pattern transfers; thus, DPL
offers a very efficient fabrication method for nanowire arrays
with tunable dimensions that are essential for a wide range
of potential applications to photonic and electronic nano-
devices.***

To verify the versatility of DPL further, the hole arrays in
PDO 3 thin film were created by the localized directional
photofluidization of PDO 3 line arrays. In particular, the
localized directional photofluidization in this work was
induced by the irradiation of an interference light pattern.
In the interference pattern, the intensity of the light is
spatially modulated along the grating vectors of the interfer-
ence pattern;*® consequently, the irradiation of the interfer-
ence pattern onto the azopolymer could give rise to direc-
tional photofluidization selectively only in the bright regions
of the interference pattern. The use of an interference
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FIGURE 4. SEM images of gold ellipsoids: (a) Gold ellipsoids arranged over a large area with structural uniformity. (b) High-magnification SEM
image of a single gold ellipsoid. (c) Tips of a single gold ellipsoid. The radii of curvature are less than 25 nm (from 12 to 25 nm). Scale bars are

(a) 20 um (inset, 1 um), (b) 1 um, and (c) 250 nm.

pattern has several advantages over conventional photon-
irradiation through a mask: (i) the process steps for the
alignment of the photomask can be greatly simplified,
because the irradiation of the interfered beams enables
maskless patterning; (ii) the dimensionalities and geometries
of the interference pattern can be precisely controlled
through a simple adjustment of the beam parameters of the
incident angle, polarization, and the number of beams to be
mixed together; (iii) localized directional photofluidization
can occur periodically, allowing the fabricated holes in the
PDO 3 film to be arranged over a large area. In this work,
we used a one-dimensional (1D) interference light pattern
that was generated by interfering the two beams with
s-polarization, parallel to the gratings vectors of the PDO 3
line arrays (see Figure 3a). The employed incident angle and
intensity of the beam were 4° and 30.0 mW/cm?, respec-
tively. The calculated period of the interference pattern with
Bragg’s condition was 3.49 um. Here, the grating vector of
the interference pattern should be placed in a direction
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perpendicular to that of the PDO 3 line arrays to induce the
local photofluidization of the azopolymer, as described in
Figure 3a. Figure 3b shows the irradiation time evolution of
locally photoreconfigured PDO 3 templates. At the initial
stage of interference pattern irradiation (~20 min), continu-
ous PDO 3 lines with a dumbbell-like shape were clearly
observed. This results from the lateral protrusions (or direc-
tional creeping) of the PDO 3 lines according to the bright
regions of the interference pattern; this selective and direc-
tional photofluidization also occurred only along the light
polarization, precisely as in a one-beam irradiation process.
The corresponding period of localized photofluidization
(localized lateral protrusions) was well-matched with Bragg’s
condition. When the irradiation time increased from 20 to
60 min, a pair of protruding regions along the grating vectors
of the PDO 3 line arrays (marked by the orange dotted line
in Figure 3b) was found to have merged, due to the continu-
ing directional photofluidization. Accordingly, the spacing
between the PDO 3 lines in the bright regions of the
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interference pattern was eventually unobservable; instead,
holes arranged regularly over a broad area were produced,
as shown in Figure 3b. Interestingly, we observed that the
holes produced were ellipsoidal with sharp edges rather than
circular. The formation of these holes with a stream line is
attributable to the unique characteristic sinusoidal intensity
profile of the interference light pattern, unlike the intensity
profile developed by photon irradiation through the photo-
mask (see Figure S9 in Supporting Information). This gradi-
ent photofluidization along the grating vector of the inter-
ference pattern indicates that the degree of photofluidization
is also determined by the light intensity as well as by the
irradiation time; consequently, a sinusoidal protrusion of the
azopolymer occurs. Hence, localized directional photoflu-
idization using an interference pattern offers additional
flexibility in conjunction with the advantages of fabricating
regularly arranged hole arrays and controlling their shapes
toward an efficient localizing electromagnetic field.

Using the same pattern transfer process as described in
the previous section involving the fabrication of gold nanow-
ires, we successfully transferred the obtained hole arrays into
free-standing gold ellipsoid arrays. The SEM image of the
gold ellipsoid arrays in Figure 4a shows that the individual
gold ellipsoids are highly ordered over a large area with few
defects and structural variation (the structural variation was
less than 25 nm). These observations confirm that DPL
enables the production of large-area metallic nanostructures
with controlled shapes and structural homogeneity. The
structural features of the obtained gold ellipsoids includ-
ing the length (x, the long axis of the gold ellipsoid), width
(v, the short axis of the gold ellipsoid), period, and gaps
between the sharp edges were commensurate with those of
the photoreconfigured PDO 3 pattern. We also found that a
magnified image of single gold ellipsoid (inset in Figure 4a)
reveals a smooth surface morphology and low line-edge
roughness (below 5 nm). More significantly, it should be
pointed out that the radii of curvature of the edge at the end
of the ellipsoid ranged from 12 to 25 nm (see Figure 4b,c):
contrary to the gold nanowires, some types of residue were
observed near a gold ellipsoid, possibly due to the trace of
solvent evaporation. These obtained values of radii of cur-
vatures are comparable to that done by e-beam lithography
or FIB. The nanoscale tips of these ellipsoids can concentrate
the electromagnetic fields efficiently; thus, this gold ellipsoid
with its sharp edges can be used as an optical antenna’*®
and as a nanostructure for SERS."'"'?

In the nanolithography, the ability to tune the pattern
dimensions is of practical significance for numerous applica-
tions. The dimensions (x, y) of the gold ellipsoid can be
precisely controlled by adjusting the irradiation time, as can
the gold nanowires. Figure 5 demonstrates the influence of
the irradiation time of the interference pattern on the
dimensions of the gold ellipsoid. Indeed, both the length (x)
and width (y) were simultaneously reduced as the irradiation
time increased, while the y/x ratios were almost maintained:
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FIGURE 5. Tunability of structural dimensions by varying the two-
beam irradiation time: (a) Plot of the structural dimensions and SEM
images of a gold ellipsoid versus the irradiation time. (b) Plot of gap
distances versus the irradiation time. Both the length (x) and the
width (p) of the gold ellipsoid were simultaneously reduced with the
irradiation time, while the y/x ratios remained almost unchanged
(from 0.08 to 0.10).

it ranged from 0.08 to 0.10. The gaps between the sharp
edges were increased as a result of the reduced length of
the ellipsoid. Furthermore, the radii of curvature of the tips
remained nearly unchanged, even under a structural reduc-
tion (variability in radii of curvature ranged from 12 to 25
nm across the samples). A common drawback of the control
of dimensions by varying the irradiation time of the interfer-
ence pattern, however, is the inability to tune the length (x)
or width (y), independently. The control of other process
parameters such as the incident angle of the beams and the
light intensity would address this problem, thereby providing
further flexibility to tune the dimensions of gold ellipsoids.

Finally, to investigate the optical response of gold el-
lipsoids, the amount of optical scattering was measured
using an optical microscope with dark-field illumination
(visible to near-infrared) and Fourier-transform infrared
spectroscopy combined with a microscope (infrared). The
details of the experimental setup and optical characteriza-
tions are described in Figures S10—11 in the Supporting
Information. Panels a and b of Figure 6 show the far-field
optical scattering spectra of gold ellipsoids with different
dimensions controlled by varying the light irradiation time
and light polarization. In general, such rodlike metallic
nanostructures exhibit significant reflectance at the wave-
length position where surface plasmon resonance occurs,
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and their optical responses strongly depend on the dimen-
sions of the structures and the light polarization. The strong
resonance features are clearly visible in the scattering
spectra, i.e., from 600 to 1075 nm (Figure 6a, transverse
mode) and from 2.8 to 7.4 um (Figure 6b, longitudinal
mode), showing the trend in the red shift of the maxima as
the size of the gold ellipsoids increases: a shoulder observed
around 8 um for the longitudinal mode can be attributed to
the structural variation caused by the inherent nature of the
fabrication process (for example, noise in the photon or
scattering). Furthermore, the scattering peaks corresponding
to the longitudinal polarization are sharper and more pro-
nounced as compared to the transverse mode, possibly due
to lower optical loss of gold at longer wavelengths as well as
the highly anisotropic shape of the resonator. Meanwhile,
in both the transverse and longitudinal modes, there are no
significant variations in the scattering for the samples with
different dimensions. Interestingly, we also observed the
peaks around 1200 nm. At this stage, the nature of the peaks
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near 1200 nm is not clearly understood. However, it is likely
that these peaks are not related to the surface plasmon at
least, as evidenced from independence of the peaks on the
dimension of structures. We conjecture that the peaks near
1200 nm can be originated from the diffraction due to the
periodicity of the arrays, but their underlying mechanism
of these peaks has to be studied in more detail. To confirm
that these strong scattering features (from 600 to 1075 nm
and from 2.8 to 7.4 um) are indeed coupled to the surface
plasmon resonances, a numerical analysis the surface plas-
mon resonances was conducted using a finite-difference
time-domain (FDTD) method with Yee’s discretization
scheme.*®*” The lateral sizes of the computational domain
were chosen to be equal to the periods of the fabricated
sample (two beam irradiation for 90 min), and a periodic
boundary condition was adopted (further details are de-
scribed in Figure S12 in the Supporting Information).*®
Perfectly matched layers terminate the domain in the verti-
cal direction at 2 um.*® The computational domain is dis-
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cretized in 2—4 nm steps. Mirror symmetries are exploited
to reduce the computation by 2- or 4-fold when possible. The
FDTD analysis of far-field optical scattering spectra of
the gold ellipsoids is shown in panels c and d of Figure 6.
The simulation results showed resonance features similar to
the experimentally measured optical scattering. The slight
differences in the resonance position and sharper peaks
compared to the experimental measurement can be ex-
plained by the structural variation and the factors neglected
in the FDTD simulation. From the near-field profiles of the
gold ellipsoids (Figure 6, panels e and f), we confirm that
the resonance peaks described in Figure 6a and 6b cor-
respond to the transverse and longitudinal surface plasmons
of gold ellipsoids, respectively.

In conclusion, this work is based on the use of a photo-
reconfigurable template as a novel strategy for the patterning
of nanoarchitectures. By taking advantage of the directional
photofluidity of azopolymer, DPL allows nanotemplate shape/
size to be precisely controlled. It is therefore anticipated that
the newly proposed method will provide an efficient route
to well-registered nanoarchitectures. As proof of its versatil-
ity as a nanolithographic technique, we fabricated gold
nanowire and ellipsoid arrays. In particular, the sinusoidal
intensity profile gave rise to the formation of a hole with a
streamline, which is very difficult to fabricate with other
lithographic techniques. Moreover, as the photoreconfig-
urable template can be easily removed by a mild cleaning
process, most metallic nanostructures, replicating a photo-
configured polymer pattern with controlled shape/size, can
be transferred onto a substrate with high structural fidelity.
More importantly, DPL also can be applied to the other types
of polymer templates for a nanolithography as well as line
arrays used in this study. Especially, the colloid arrays with
photofluidity can expand the potential of colloidal or nano-
sphere lithography in terms of the control of colloidal shapes
and resulting transferred nanoarchitectures by a simple light
irradiation. This work is underway in our research group and
will be reported in a forthcoming paper. Upon these points
of view, it represents very important progress toward the
development of more advanced nanolithographic tech-
niques. We believe that DPL offers a very significant op-
portunity for the fabrication of novel nanostructure arrays
and their potential application to nanodevices.
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