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Gold nanoparticles (AuNPs) have been arranged on a
nanotemplate prepared on indium tin oxide substrate. This
template, consisting of circular areas of about 200 nm in
diameter hexagonally assembled with an interval of 450 nm,
was prepared by using an anodic porous alumina membrane
mask and vacuum ultraviolet light at 172 nm. The site-selective
immobilization of AuNPs was controlled with the electrostatic
affinity difference of AuNPs toward functionalized surface
characterized by self-assembled monolayer.

Procedures to arrange nanoparticles and functions of the
arranged nanoparticles have been widely investigated due to
their unique properties. In the application of nanoparticles,
assembly of nanoparticles on desired areas with high regularity
is essential.1,2 Organosilane self-assembled monolayers (SAMs)
have attracted considerable attention, because these readily alter
surface properties which are needed to manipulate functional
molecules on a predetermined area.3 The use of vacuum
ultraviolet (VUV) light of 172 nm in wavelength has been
proven a powerful tool for patterning organic thin films by
irradiating through a photomask.4,5 This method completes
patterning of the thin films only irradiating their surface through
a photomask without complicated photoresist processes such as
developing, etching, and removing, which are essentially needed
in a conventional photolithography and other advanced litho-
graphic methods such as nanoimprint lithography.6 Thus, by
VUV lithography, minute SAM patterns can be fabricated more
simply. In particular, Khatri et al. have reported 500 nm
patterning of SAM based on the VUV lithography.5 Considering
the short wavelength of the VUV light finer features down to
200 nm or smaller are expected to be printed on a sample
surface, if a proper photomask is available. Highly ordered
porous membranes, which are formed by anodizing Al in an
acidic solution, have attracted tremendous interest as the
mask, because those are good templates to fabricate fine
structures of submicron to nanometer scale.7,8 Thus, application
of the porous alumina mask to VUV patterning is of special
interest.

Here, we demonstrate VUV etching of a methyl-terminated
SAM using an anodic porous alumina membrane mask and the
fabrication of minute aminosilane SAM patterns on which gold
nanoparticles (AuNPs) are arranged by the self-aligned deposi-
tion. Indium tin oxide (ITO) was selected as a substrate material
due to its optical transparency and conductivity favorable for
future applications with plasmonic functions of AuNPs.

A methyl-terminated SAM was prepared on ITO (Kuramoto
Co., thickness: 150 nm, rms roughness: 0.4 nm, over 5 © 5¯m2)
surface by chemical vapor deposition (CVD).9 The substrate was
sonicated in ethanol and ultrapure water for 20min, respectively.
Furthermore, it was irradiated with VUV light at a wavelength of
172 nm in air for 20min. We confirmed that the substrate surface
became hydrophilic by measuring its water contact angle (near
0°). To prepare the octadecyltrimethoxysilane (ODS) monolayer,
the substrate was placed in a cylindrical Teflon container with
a glass vessel filled with ODS liquid under dry nitrogen
atmosphere. The Teflon container sealed with a cap was placed
in an electric oven maintained at 150 °C for 3 h. The sample was
sonicated in ethanol for 10min and blown dry with nitrogen gas.
The ODS-terminated ITO substrate was further kept in the Teflon
container for 1 h at 110 °C with trimethoxy(propyl)silane (TPS)
liquid to heal defects of the ODS monolayer. Again, the sample
was sonicated in ethanol for 10min and blown with dry N2. The
water contact angle of the substrate was found to be 104 « 1°.

The ITO substrate covered with a methyl-terminated SAM
was exposed to VUV light through with contacting an anodic
porous alumina mask on its surface to replicate the alumina hole
pattern through photoetching of the methyl-terminated SAM.
Figure 1 shows an FE-SEM image of the uniformly ordered
anodic porous alumina mask formed by Al anodizing in an
acidic electrolyte. The diameter and interval of the holes were
about 120 and 450 nm, respectively. The alumina membrane
thickness, that is, the depth of the holes, was about 200 nm.
Figure 2a shows the scheme for the VUV lithography of methyl-
terminated monolayer. The VUV lithography of the methyl-
terminated substrate was performed by using an excimer lamp
( = 172 nm). The distance from the lamp window to the
surface was maintained at 10mm during VUV patterning. The
sample located in a vacuum chamber of which pressure was
regulated at 103 Pa was exposed to VUV light for 200 s.

Figure 1. FE-SEM image of anodic porous alumina mask.
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After the patterning, the sample was sonicated with ethanol
to remove the alumina mask and pretreated by absolute toluene
for dehydration of its surface. Figures 2b and 2c illustrated the
AuNP assembly process. For depositing aminopropyltriethoxy-
silane (APS) on the etched area with VUV-generated active
oxygen, the dehydrated sample was exposed to vapor of APS
at 100 °C for 2 h. Subsequently the sample was sonicated in
toluene, ethanol, and ultrapure water for 5min each. The locally
amino-terminated sample was immersed in a Au colloidal
suspension (Sigma-Aldrich) which contains citrate-capped
AuNPs (º = 20 « 3 nm) for 2 h.

The change of the methyl-terminated surface after VUV
exposure was analyzed by phase imaging in the intermittent
contact mode atomic force microscopy as shown in Figure 3.
Circular areas with a slightly large phase lag can be recognized
in this phase image. The circular areas are hexagonally arranged
with an interval of about 450 nm identical to the interval of the
hole array of the alumina mask. This result indicates that some
chemical changes are induced on the methyl-terminated mono-
layer under the holes of the alumina mask due to VUV
irradiation. We assume this chemical conversion process as
follows: First, VUV light dissociatively excite atmospheric
oxygen molecules to form atomic oxygen. Ozone molecules are
formed as well through collision of oxygen atoms and oxygen
molecules. Second, these active oxygen species diffuse into the
alumina holes so that the methyl-terminated SAM surface is
oxidized. As reported previously, hydrophilic functional groups
such as OH and COOH are formed on the monolayer surface
and finally the SAM is etched away.10,11

Figure 4 shows an FE-SEM image of a AuNPs array
fabricated on the ITO substrate. We confirmed that AuNPs were

anchored on the predefined circular areas with precise position-
ing, while the remaining surface was almost unexposed to the
AuNPs. The distance of the AuNPs islands was about 450 nm,
which agrees well with the interval of the alumina mask holes.
This may be attributed well that APS molecules modified the
area etched with VUV-generated active oxygen. Namely, the
area was covered with an APS monolayer. The immobilization
of AuNPs originated from electrostatic interactions between
citrate-stabilized AuNPs and amino groups of the APS mono-
layer. In addition, the area of immobilized AuNPs was broader
than the hole diameter of porous alumina mask (120 nm). This
result indicated the diffusion of VUV-generated oxidants under
the masked area.

In conclusion, we have succeeded in the near-wavelength
patterning of the amino/methyl-terminated SAM on ITO by
VUV lithography using the anodic porous alumina mask. The
methyl-terminated SAM could be etched through the holes
smaller than the VUV wavelength. Moreover, the site-selective
immobilization of AuNPs on the etched areas was attained.
Since this photoetching as shown in Figure 2a was successfully
conducted through holes smaller than the VUV wavelength,
finer features in nanometer scales are expected to be fabricated
with the strong oxidants generated by VUV irradiation, regard-
less of the optical limit.
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Figure 2. Schematic illustration for the site-selective assembly of
AuNPs (a) VUV etching of the methyl-terminated SAM through the
anodic porous alumina mask, (b) the VUV-etched area is covered with
APS, and (c) assembly of AuNPs on the APS-modified area.

Figure 3. Phase image of tapping mode AFM on methyl-terminated
surface after the VUV irradiation.

Figure 4. FE-SEM image of immobilized AuNPs on predefined area.
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