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Figure 4. Typical examples of Raman phonon spectra of pentacene taken
with different microscope objectives, as labeled. The penetration depth
increases from the bottom to the top spectrum of the figure. For better
reference, full and dashed lines mark C and H lattice phonons, respec-
tively.

prevailing phase. All these samples were used for the experiments by
selecting individual microcrystals with an optical microscope inter-
faced to a Raman spectrometer (Jobin Yvon T64000 triple monochro-
mator) spanning the lattice-phonon region 10-200 cm™. The excita-
tion wavelength was provided by a krypton laser at 752.5 nm to avoid
pentacene fluorescence (either exciton-like or from impurities). The
incoming power was kept low to avoid crystal damage: the actual
power focused on the sample was about 1 mW. The spectra were re-
corded with the crystal placed on the microscope stage (Olympus
BX40), interfaced to the spectrometer, with 10x, 50x, or 100x objec-
tives, reaching a maximum spatial resolution of about 0.9 pm. Raman
mapping was automatically achieved after selecting the crystal area to
be sampled and the number of points to be checked. The point density
was chosen for each experiment according to the size of the crystal
and the microscope objective used.
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One-Dimensional Plasmon Coupling
by Facile Self-Assembly of Gold
Nanoparticles into Branched Chain
Networks**
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Christian Girard, and Stephen Mann*

The miniaturization of integrated optical devices is currently
limited by challenges associated with the design and imple-
mentation of extended planar structures capable of guiding
light at the subwavelength scale.l'”?! Among several approach-
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es, the controlled organization of metallic nanoparticles into
one-dimensional (1D) or two-dimensional (2D) periodic ar-
rays offers a promising strategy to tailor the flux of surface
plasmons.*”! To date, subwavelength optical guiding has only
been demonstrated for nanoparticle arrays produced by elec-
tron-beam lithography,[l"s] which enables precise organization
of the metallic dots but is currently limited to a spatial resolu-
tion of ca. 50 nm. Nanoparticle-based architectures with in-
creased spatial resolution and complexity should be possible
through bottom—up approaches, and in this respect, several
recent studies have used templates or interparticle coupling
agents to self-assemble preformed metallic nanoparticles, typi-
cally 10 nm in diameter. For example, close-packed 2D nano-
particle arrays can be prepared in the presence of templates or
coupling agents such as surfactants,’® inorganic crystals,[9] or
proteins.[m] Similarly, 3D architectures based on complemen-
tary interparticle interactions involving hydrogen-bonding
moieties,'"! DNA duplex formation,' or antigen—antibody!"?!
or streptavidin—biotin"*! recognition, have also been reported.
Alternatively, the synthesis of anisotropic nanorods can be
used to produce uniaxial higher-order structures by sponta-
neous self—assembly.[ls"lg] Although these approaches show
much promise, self- or directed-assembly of nanoparticle as-
semblies with high component anisotropy (nanowires) and
network connectivity remains uncommon at the present time.

The formation of highly anisotropic 1D nanoparticle arrays
and their associated collective vectorial properties are of
particular interest in nanoelectronics, optoelectronics, nanomag-
netism, and biosensor devices.™® Chains of metallic nanoparti-
cles have been prepared by physical confinement in ion-beam-
etched tracks in glass[m or porous anodic alumina,® and by
using linear macromolecular or supramolecular templates such
as phospholipids,®! polyelectrolytes,*2*! DNA 77 peptide
nanofibrils,***¥ tubulin,®” bacteriophage and tobacco mosaic
virus rods,“Mz] and carbon nanotubes.[** Alternatively, 1D
arrays can be produced, in the absence of templates, by sponta-
neous self-assembly of isometric nanoparticles with intrinsic
magnetic*’ or electric dipoles.®*>? In the latter case, linear as-
sembly is induced by partial removal of the organic stabilization
shell, which results in an increase in interparticle electric dipole—
dipole interactions due to ineffective screening of the semicon-
ductor CdTe crystal dipoles. Chains of metallic nanoparticles
have also been reported,[53'56] although the origin of the putative
dipole interactions and mechanism of chain assembly remain
unknown. Unlike semiconductor quantum dots, face-centered
cubic (fcc) metallic nanoparticles exhibit no intrinsic electric di-
pole. However, heterogeneities in surface charge and polarity,
associated for example with the non-uniform spatial distribution
of capping ligands on different crystal faces,**>® or nanophase
separation in mixed-ligand stabilization layers,[sg] are possible
driving forces for anisotropic self-assembly.

Here we report the preparation of extensive 1D arrays of me-
tallic nanoparticles in water using a facile method based on the
controlled ligand exchange of citrate ions adsorbed onto the sur-
face of spherical Au nanoparticles. We show that exchange of

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

surface adsorbed citrate with the ditopic molecule, mercap-
toethyl alcohol (MEA, 2-mercaptoethanol, HS(CH,),OH),
results in the formation of chain-like superstructures with topo-
logical features that are dependent on the extent of surface-
ligand substitution. Moreover, rather than depleting the stabili-
zation shell by solvent removal "> we progressively replace
the negatively charged citrate ions with covalently bound neutral
MEA molecules to produce a mixed-ligand surface layer. In so
doing, electrostatic repulsion between the Au nanoparticles is
progressively reduced and the stability of the electric dipole as-
sociated with charge separation on the nanocrystal surface is po-
tentially enhanced by spatial partitioning of the MEA and citrate
capping ligands. As a consequence, highly extended 1D nanopar-
ticle assemblies in the form of discrete chains, bifurcated and
looped chains, or interconnected chain networks are assembled
spontaneously as the concentration of surface-adsorbed MEA
molecules increases. Such complex networks constitute a unique
experimental opportunity to test optical waveguiding in subwa-
velength metallic structures. As a first step in this direction, we
show that both chains and networks exhibit strong coupling of
surface plasmons in adjacent non-contacting nanoparticles by si-
mulating theoretical far-field extinction spectra that accurately
reproduce the experimental absorption spectra.

Addition of an aqueous solution of MEA to a citrate-stabi-
lized Au nanoparticle dispersion at various MEA/Au nano-
particle molar ratios (r) typically produced a color change
from pale pink to pale blue. Fourier-transform IR (FTIR)
spectra showed the absence of a thiol stretching frequency at
2549 cm™, indicating that the added MEA molecules were ad-
sorbed onto the Au nanoparticles. In general, no bulk precipi-
tation was observed except for very high r values (r>10°), at
which macroscopic aggregates were formed after several days.
Figure 1 shows a representative transmission electron micros-
copy (TEM) image recorded from an air-dried suspension of
Au nanoparticles obtained at r=3000:1 and 24 h after addition
of MEA. The sample consisted of looped chains that were

Figure 1. TEM image showing region of a self-assembled nanoparticle
chain network obtained 24 h after adding MEA to a citrate-stabilized Au
sol at r=3000:1; scale bar=100 nm. Inset: High-magnification TEM im-
age showing organic material at the contact surface between two adja-
cent nanoparticles in the chain; scale bar=5 nm.
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1-5 um in length, and consisted of 80-380 isometric 13 nm
sized Au nanoparticles. The chains were one nanoparticle
wide and comprised bifurcated junctions with outgrowths that
were often interconnected to produce an extended branched
network. High-resolution TEM images revealed that adjacent
nanoparticles were often in close contact within the chains,
and covered by a uniform 1 nm thick layer of organic materi-
al, which appeared to bridge neighboring Au particles (Fig. 1,
inset). Energy dispersive X-ray analysis of the chains yielded
gold and sulfur peaks, indicating that MEA molecules were
associated with the chain-like arrays. Heating dispersions of
the chain networks at 70 °C for 2.5 h did not disrupt the 1D
superstructures. In contrast, probe sonication at 4 °C for long-
er than 5 min resulted in irreversible disassembly.

The influence of MEA concentration on the self-assembly
and topology of the Au nanoparticle chains was investigated
by optical spectroscopy and TEM using samples prepared at a
range of r values up to approximately 10'%1. For relatively
low concentrations of MEA (r<1500:1), no change in the
520 nm isotropic surface plasmon band associated with dis-
crete isometric Au nanoparticles was observed after mixing
the solutions for 24 h (Fig. 2a, curve i). In marked contrast, a
significant reduction in the intensity of the 520 nm band, as
well as a new absorption peak at 675 nm, was observed at
r=1500:1 (Fig. 2a, curve ii). Increasing the MEA concentra-
tion to r=3000:1 or 5000:1 further reduced the intensity of the
520 nm band, and produced a progressive increase in intensity
of the low energy band and spectral red-shift up to a value
of 705 nm (Fig. 2a, curve iii). The spectra were relatively un-
changed for further increases in r, although samples prepared
in the presence of a large excess of MEA (r>10":1) showed a
single broad band centered at 570 nm, and no restoration of
the 520 nm plasmon band (Fig. 2a, curve iv). TEM images
corresponding to the above spectral changes showed the pres-
ence of isolated nanoparticles or evaporation-induced isotro-
pic aggregates at r<1500:1 (Fig. 2b), short chains and discrete
nanoparticles at 1500:1 (Fig. 2c), complex chains of increasing
length, branching, and interconnectivity between 3000 (Fig. 1)
and 10000:1 (Fig. 2d), and condensed isotropic aggregates at r
values beyond r=10%1 (Fig. 2e).

The results imply that spontaneous self-assembly of the Au
nanoparticle chain superstructure over a time frame of 24 h
is triggered specifically at a MEA threshold level of around
r=1500:1. The associated uniaxial coupling of the isotropic
surface plasmons results in a local field enhancement along
the nanoparticle chains, which produces the low-energy longi-
tudinal band observed in the UV-vis spectra. This band pro-
gressively increases in intensity and red-shifts towards a value
of 705 nm as the extent of chain assembly and network forma-
tion become enhanced at higher r values. However, assembly
of the linear superstructures is inhibited in the presence of a
vast excess of MEA, with the consequence that large isotropic
aggregates are produced in the colloidal sol. Such aggregates
are known to exhibit a plasmon resonance in the 540-580 nm
range,””! which is higher and lower in wavelength than the iso-
lated nanoparticles or 1D arrays, respectively.
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Figure 2. a) UV-vis spectra recorded 24 h after addition of MEA to
citrate-stabilized Au nanoparticles for r values of i) 1000:1, ii) 1500:1,
iii) 5000:1, and iv) 10'%:1. b—e) Corresponding TEM images taken after
24 h at rvalues of (b) 1000:1, (c) 1500:1, (d) 10*1, and (e) 10'%1. Scale
bars are 100 nm.

In order to elucidate the mechanism of chain self-assembly,
time-dependent optical spectra were recorded on samples at
specific r values. For example, Figure 3a shows time-lapse
UV-vis spectra of solutions prepared at r=5000:1. Within 3 h
of adding MEA, the 520 nm isotropic plasmon resonance
associated with the starting nanoparticle dispersion (Fig. 3a,
curve i) was reduced in intensity, and a low-energy shoulder
centered at 620 nm appeared (Fig 3a, curve ii). A continual
decrease in the 520 nm band was observed after 7, 24, 48, and
72 h, along with a progressive red-shift in the low-energy
shoulder peak to values of 630, 640, 670, and 705 nm, respec-
tively (Fig. 3a, curves iii-vi). No further changes in the
705 nm band were observed. Corresponding TEM images in-
dicated that mainly isolated nanoparticles were initially pres-
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Figure 3. a) Time-dependent UV-vis spectra of a Au nanoparticle sol re-
corded at various times after addition of MEA at r=5000:1. i) O h, ii) 3 h,
iii) 7 h, iv) 24 h, v) 48 h, and vi) 72 h. b—e) Corresponding TEM images
taken after various times at r=5000:1: b) 0 h, c¢) 3 h, d) 24 h, and
e) 14 days. Scale bars are 100 nm.

ent after addition of MEA (Fig. 3b), and that self-assembly of
short chains generally consisting of less than 20 Au nanoparti-
cles occurred within 3 h (Fig. 3c). With time, the chain-like ar-
rays increased in length and developed increasing numbers of
bifurcations and enclosed loops, such that extended networks
of interconnected nanoparticle chains were produced within
24 h (Fig. 3d). These superstructures remained unchanged
even for prolonged incubation times, such as two weeks
(Fig. 3e). The results were consistent with the slow unidirec-
tional self-assembly of Au nanoparticles in close contact, and
the progressive formation of a low-energy longitudinal surface
plasmon band due to strong uniaxial coupling along the linear
array. The wide range of different chain morphologies ob-
served in the extended networks accounts for the broadness
of the emerging longitudinal plasmon band and the absence
of isobestic points in the time-dependent spectra.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental optical spectra associated with the presence
of discrete Au nanoparticles, extended nanoparticle chains, or
condensed isotropic aggregates were theoretically simulated
(see Experimental). The simulated extinction spectrum of a
dispersion of isolated 13 nm diameter Au nanoparticles
(Fig. 4a, curve i) showed a single absorption peak at 520 nm,
which was in agreement with the experimental results (e.g.,
Fig. 3a, curve i). Similarly, the calculated spectrum of a dense-
ly packed (fcc) isotropic aggregate containing 245 nanoparti-
cles spaced 1 nm apart revealed a large broad absorption cen-
tered around 580-600 nm (Fig. 4a, curve ii), consistent with
previously reported spectra.l®] Moreover, the data confirmed
that the UV-vis spectroscopy and TEM results obtained for
samples prepared at r>10%1 (see Fig. 2a, curve iv and Fig. 2e,
respectively) were correlated and associated with the pres-
ence of large compact isotropic aggregates.

Simulations of 1D superstructures based on the linear as-
sembly of increasing numbers of 13 nm diameter Au nanopar-
ticles into non-branched, non-looped linear chains produced
spectra that qualitatively reproduced the experimental results
and hence supported the TEM observations that the Au nano-
particle chains extend in length with time or increased con-
centrations of MEA. In agreement with previous results,®”
the simulated spectra showed a progressive decrease in the
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Figure 4. a) Simulated spectra of i) isolated Au nanoparticles, ii) compact
isotropic Au aggregate containing 245 Au nanoparticles, and iii) distorted
non-branched Au nanoparticles chain containing 17 Au nanoparticles.
b) Simulated spectra for various chain defects (loops (navy blue), "zig-
zags" (red), and Y-junctions (orange)) and superimposed simulated spec-
trum for a realistic chain (cyan). Corresponding topological arrangement
of defects are shown color-coded in the experimental TEM image (inset).
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intensity of the 520 nm peak as well as the appearance of
a longitudinal plasmon band of increasing intensity which
shifted to lower energy with larger numbers of nanoparticles
due to enhanced longitudinal coupling. However, compared
with the experimental spectra, the simulated longitudinal
band was narrower, and red-shifted only to 650 nm compared
with an experimental value of 705 nm. A higher level of re-
finement was achieved by incorporating topological distor-
tions in the chains in place of a strictly linear assembled super-
structure. The resulting calculated spectra of realistic chains
showed a minor 520 nm transverse band and a dominant long-
itudinal band at 700 nm (Fig. 4a, curve iii), and reproduced
all the main features of the experimental data obtained from
networks formed, for example, at =3000:1. Nevertheless, dis-
tortions in chain topography were not sufficient to accurately
simulate the observed broadness or asymmetry of the experi-
mental longitudinal band, as shown for example in Figures 2a
(curve iii) and 3a (curve vi). These features were, however,
effectively simulated by incorporation of loops, zigzags, and
bifurcations in theoretical models of the extended branched
chain networks. As shown in Figure 4b, experimental maps of
such topological features were identified within networks ob-
tained from TEM images (Fig. 4b, inset) and used in the di-
pole—dipole approximation (DDA) code (see Experimental)
to calculate the corresponding spectra for these components.
Taken together, superimposition of these deviations gave a
broader longitudinal plasmon resonance centered at 700 nm
compared with a simple distorted chain structure. Interest-
ingly, the spectra associated with Y-junction and zigzag de-
fects revealed single broad peaks at slightly higher energies
than 700 nm, whilst the spectrum arising from the loop do-
mains showed the presence of two bands around 680 and
770 nm. In each case, the transverse plasmon at 520 nm re-
mained virtually unchanged.

The results demonstrate that accurate representations of
the optical spectra of self-assembled 1D metallic nanoparticle
arrays can be computed by use of the DDA method. Various
topographical defects such as chain-length polydispersity,
nonlinearity, branching points, and looping can be modeled
and integrated to account for the statistical broadening of the
longitudinal plasmon band. Significantly, accurate simulation
of the energy of the longitudinal peak required a refractive in-
dex (n) for the surrounding media of 1.6-1.7, which is higher
than that of pure water. This was consistent, however, with
the presence of surface-adsorbed MEA and citrate ligands,
which have n values of ca. 1.5.

The above investigations demonstrate an unusual self-as-
sembly process in which highly anisotropic 1D arrays of iso-
metric Au nanoparticles are spontaneously assembled in the
absence of extraneous templates. Onset of chain assembly oc-
curs relatively abruptly at »>1500:1, suggesting that signifi-
cant levels of ligand exchange of citrate ions by MEA are
required to produce an attractive electric dipole moment
capable of overcoming the interparticle electrostatic repulsion
forces. We estimate that the monolayer coverage of each
nanoparticle with a mean surface area of 530 nm* (diameter

Adv. Mater. 2005, 17, 2553-2559 www.advmat.de
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d=13 nm) corresponds to approximately 2600 MEA mole-
cules, assuming an average coverage of 0.33 MEA molecules
per Au surface atom.® Consequently, chain formation is trig-
gered at a molar ratio below that needed for complete MEA
capping of each nanoparticle, suggesting that the presence of
a mixed citrate/MEA stabilization shell is responsible for the
generation of a permanent electric dipole moment on each
particle. Indeed, Stellacci and co-workers showed that mixed
self-assembled monolayers on metal nanoparticles sponta-
neously undergo microphase separation into domains.® In
our case, spatial partitioning of the neutral MEA and charged
citrate capping ligands could be driven by intermolecular
interaction between neighboring MEA hydroxyalkyl chains
and/or specific interactions of MEA head groups with a subset
of exposed crystallographic faces of the twinned Au nanopar-
ticles.’8 Our results suggest that such a segregation leads to
an anisotropic distribution of the residual surface charge and
that this extrinsic electric dipole formation is a prerequisite
for the uniaxial organization of the isometric Au nanoparticles
into short chains at r = 1500:1.5*°°! Further exchange of citrate
ions at higher MEA concentrations increases the extent of
chain propagation, and beyond a critical chain length the di-
polar interaction energy is decreased by introducing junc-
tions that create an extra entropy contribution.*”*! Branched
interconnected networks of spherical nanoparticle chains will
thus emerge naturally by anisotropic dipolar interactions as
reported previously for magnetic nanoparticles or amphiphilic
molecules.**®! Furthermore, interparticle cohesion within the
chains and networks could be reinforced by hydrogen bonding
between exposed hydroxyl moieties of the surface-adsorbed
MEA molecules,®® as well as between unbound thiol end
groups in the boundary layers that act as interchain crosslink-
ers, for example by disulfide bond formation. This situation is
observed in the later stages of chain growth, for example at
r=5000:1, when no isolated nanoparticles could be observed
by TEM, and the chains were resistant to limited periods of
sonication and exposure to temperatures above 50 °C. Inter-
estingly, extended chain networks are produced at r values of
10000:1, which corresponds to an approximately fourfold ex-
cess of MEA molecules required for theoretical monolayer
coverage, suggesting that competing equilibria between
bound and unbound MEA and citrate ligands extends the
range of conditions under which highly anisotropic super-
structures can emerge. Indeed, isotropic bulk aggregation did
not occur extensively until the r value exceeded 10%1, at
which all the citrate ions were presumably displaced and the
electric dipole moment reduced to zero.

In conclusion, we have shown that short chains and complex
networks of interconnected chains composed of Au nanoparti-
cles can be readily produced by controlled ligand exchange of
surface-adsorbed citrate ions with neutral MEA molecules.
Experimental optical spectroscopy and computer simulations
show that surface plasmons from individual non-contacting
nanoparticles are strongly coupled in the resulting 1D metallic
superstructures. The self-assembled architectures exhibit re-
markable thermal stability in water, and can be easily trans-
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ferred to various solid surfaces, thus providing a unique way
to fabricate complex sub-wavelength optical waveguides able
to transport electromagnetic energy below the diffraction lim-
it. 5567 We are currently pursuing efforts to demonstrate
such nanophotonic devices.

Experimental

Isometric Au nanoparticles, often in the form of {111} penta-tetra-
hedrally twinned nanocrystals, were freshly prepared by the standard
citrate reduction method [60] and diluted in milli-Q water to reach a
concentration of about 1.9 x 10" particles L™ (i.e., 3.1 x 107° M). The
average size of the nanoparticles was 13+2 nm. The colloidal gold so-
lution was mixed at room temperature with a 14.3 mM aqueous solu-
tion of MEA, such that the MEA:Au nanoparticle molar ratio, r, was
varied between r=1:2 and r =5 x 10'%1 by adjusting the added volume
of MEA solution. Aliquots were taken at regular intervals and air-
dried on carbon-coated copper grids for electron microscopy analysis
(JEOL 1200 EX, JEM 2010 TEM). Optical spectra were recorded on
Au nanoparticle dispersions using a PerkinElmer Lambda 25 UV-vis
spectrometer.

Experimental optical spectra associated with the presence of dis-
crete Au nanoparticles, extended nanoparticle chains, or condensed
isotropic aggregates were successfully simulated by calculations based
on the self-consistent solution of the electrodynamic response of indi-
vidual nanoparticles subjected to a combination of incident and scat-
tered fields generated by neighboring metallic particles [62]. The di-
pole—dipole approximation (DDA) method was applied by modeling
each gold nanoparticle as a 13 nm diameter sphere bearing a single di-
pole and spaced from adjacent particles by 1.0 nm, in accordance with
the TEM data. Gold dielectric functions were taken from the litera-
ture [68]. Simulations of the extinction spectra associated with chain-
like superstructures were initially based on modeling non-branched,
non-looped linear arrays with increasing numbers of nanoparticles
while maintaining the polarization of the incident electric field paral-
lel to the chain axis [3]. Extinction spectra of complex branched net-
works of arbitrary shape were investigated by introducing in our
DDA code the actual nanoparticles positions extracted from TEM im-
ages of several samples.
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Multiscale Nanopatterns Templated
from Two-Dimensional Assemblies
of Photoresist Particles™*
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Photolithography has been used to fabricate multiscale pat-
terns, which are commonly required for various integrated mi-
crodevices. While photolithography precisely transfers multi-
scale patterns, the feature size of these patterns is restricted
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MATERIALS

by diffraction-limited resolution scales. Consequently, shorter-
wavelength light, such as deep ultraviolet (DUV) or extreme
ultraviolet (EUV), must be used to reduce the minimum fea-
ture size to the submicrometer scale. However, this still
requires expensive lithography devices.!!! As an alternative
route, template-induced lithography using self-organized col-
loidal particles,[z] block copolymers,m emulsions,[4] and self-
assembled monolayered molecules”® has been developed for
simple and cheap nanometer-scale pattern formation.

Colloidal lithography (CL) uses self-assembled arrays of
colloidal particles as sacrificial masks, and various functional
materials are deposited through the interstitial pores between
the particles. For example, the deposition of metals (Co, Ge,
Au, Ni, and Ag) or dielectrics (titania, silica, and silicon), in
the form of hierarchically patterned arrays, has been demon-
strated for various applications, including surface plasmon
resonance sensors, catalysts or catalytic supports, photonic
crystals, and information-storage devices.”™% To date, CL has
been used to produce arrays of nanometer-scale “unit atoms”;
the size and shape have been manipulated by annealing the
colloidal particles,[&‘(’b] by angle-resolved deposition,m and by
multiple layering of particles.!®! However, CL has been ap-
plied only for creating periodic patterns on a single-feature
scale, mainly with p6mm symmetry resulting from two-dimen-
sional (2D) close-packing of colloidal particles. Therefore, it is
still necessary to develop a practical CL for fabricating multi-
scale nanopattern-based devices such as combinatorial cata-
lytic supports,[g] photonic crystal waveguides,[l()] and interfero-
metric biosensors embedded in microfluidic chips.'!!

For multiscale patterning by CL, a facile strategy is needed
either to arrange colloidal particles in spatially designed pat-
terns or to use colloidal particles of several different sizes.
However, it is practically impossible to achieve hierarchical
self-organization of polydisperse particles in regular patterns.
Meanwhile, self-assembly in a pre-patterned substrate, or
field-assisted assembly can be applied for selective deposition
of colloidal-particle arrays.m] Recently, a more direct method
has been successfully demonstrated by Jiang et al. using a self-
assembled template of spherical colloids, which contains
photocrosslinkable monomers at the interstices, and a subse-
quent photolithographic process."* This approach is practi-
cally advantageous in that it is not only compatible with con-
ventional semiconductor-fabrication processes, but it is also
able to transfer well-defined complex patterns. Here, we re-
port an alternative photolithography-assisted CL with photo-
crosslinkable colloidal particles (hereafter, referred to as
‘photoresist particles’)."*! In the present method, the colloidal
solution was used as prepared, without exchanging the solvent
medium with a photopolymerizable monomer solution. The
overall strategy is depicted in Scheme 1. First, the photoresist
particles with a photoinitiator were deposited and self-orga-
nized into a 2D array on a silicon substrate. Following this, in
the photolithographic process (UV exposure and post-ex-
posure baking) carried out with designed masks, localized
domains of the photoresist—particle array were crosslinked se-
lectively on a micrometer scale. At the same time, the photo-
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