J

A|CIS

COMMUNICATIONS

Published on Web 06/30/2010

Holographically Defined Nanoparticle Placement in 3D Colloidal Crystals

Yoonho Jun, Dongguk Yu, Matthew C. George, and Paul V. Braun*

Department of Materials Science and Engineering, Beckman Institute, and Frederick Seitz Materials Research
Laboratory, University of Illinois at Urbana—Champaign, Urbana, Illinois 61801

Received March 21, 2010; E-mail: pbraun@illinois.edu

Abstract: We demonstrate an optical interference-based photo-
chemical method for the high-resolution localization of nanopar-
ticles inside colloidal crystals or other porous structures. The
method specifically relies on photoinduced inversion of the
colloidal crystal surface charge to drive the localized deposition
of charged gold nanopatrticles. 4-Bromomethyl-3-nitrobenzoic acid
(BNBA) was used as a photocleavable linker, and dansylamide
was attached to BNBA to increase the absorption at 351 nm. Two-
beam interference lithography was used for high-resolution optical
patterning of the colloidal crystals; the resulting pattern was then
decorated with functional nanoparticles. The periodicity of the
pattern was 400 nm, and the width of the gold nanoparticle
decorated region was ~200 nm. Our strategy of using photo-
switching in a refractive-index-matched porous medium followed
by the attachment of nanoparticles to the photoswitched region
should be applicable to wide classes of charged nanoparticles.

Colloida crystals are formed by the three-dimensional (3D) periodic
stacking of typically submicrometer spheres® Other than defects
inherent in the assembly process (e.g., surfaces, vacancies, and stacking
faults),? they possess long-range periodicity with a characteristic |attice
constant imposed by the diameter of the colloida particle. Colloidal
crystals are a quite popular starting point for 3D photonic crystals
because of their ease of fabrication, optica tunability, and stability.
The optica properties of colloidal crystals or inverse opals, which are
replicas of colloidal crystals, can be manipulated through materias
sdection® 7 or introduction of defined defects.® *° However, incor-
poration of structure on alength scale different than that of the colloidal
crystal is possible only through serial optical direct-write strategies,®°
and these approaches, which have a minimum festure size defined by
the diameter of thefoca point, have great difficulty producing structure
on length scaleswdll below amicrometer. Tagging of acolloidd crystal
over large areas with functional materias (e.g., nanoparticles) in asite-
localized fashion on length scales well below a micrometer would
provide a number of interesting possibilities, such as al-optica
switching,™* spontaneous emission control of quantum dots,*® optical
metamaterials,*® and low-threshold lasing.** Here we demonstrate an
interference lithography approach to high-resolution patterning of
colloidal crystalswith functional nanoparticles. The method specificaly
relies on photoinversion of the colloidal crystal surface chargeto drive
the site-localized deposition of charged gold nanoparticles. The gold
dots are subsequently amplified using electroless deposition.

4-Bromomethyl-3-nitrobenzoic acid (BNBA) can directly be used
as a photocleavable linker>*® to generate localized photoinversion
of surface charges inside the colloida crystal. Photocleavage of this
molecule requires along exposure (~10 min) a 351 nm, even under
high laser powers, because of the very low absorption at this
wavelength. Conjugation of dansylamide to the BNBA greatly
increases the absorption at 351 nm, reducing the exposure time to ~60
s. Using this system, as outlined in Figure 1, we can achieve charge
inversion upon holographic UV exposure, followed by site-localized
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Figure 1. (8) Schematic of UV photoswitching of the colloidal surface charge
followed by selective gold decoration and amplification. (b, c) Cross-sectional
views of the UV intengity variations for the two-beam interference patterns
used in this study (red denotes high intensity and blue low intensity). In (b)
the intensity variation is parallel to the substrate, and in () it is perpendicular
to the substrate.

deposition of cationic gold nanoparticles and feature amplification by
eectroless gold deposition. Figure 1b,c shows cross-sectiond views
of theintensity variation of the two-beam interference patterns applied
in thiswork (see the Supporting Information for experimental details).
Thefind structures after eectroless gold deposition are either transmis-
sion (Figure 1b) or reflection (Figure 1¢) diffraction gratings, depending
on the initia laser beam arrangement.

Thesilicacolloidal crystals were formed on coverdips via convec-
tive assembly® using 500 nm diameter silica particles. Trimethoxysi-
lylpropylethylenediamine (TM SP-en) was attached on the silica surface.
BNBA formed an amide bond with TM SP-en in the presence of 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride. Dan-
sylamide was attached, and 4-bromoethane was added to quaternize
the dimethylamino end group. After quaternization, the overall surface
charge was positive (see the Supporting Information). The function-
dized colloidal crystd wasfilled with dimethylformamide (DMF, used
as an index-matching fluid) to reduce scatter during two-beam
interference pattern generation. Upon UV exposure, bond cleavage
occurred, exposing neutra adehyde groups (Figure 2¢). Because the
native surface charge of the silicais negative, the overal surface charge
switches from positive to negative upon loss of the positive quaternary
ammonium groups.

To confirm photocleavage, a transmission grating sample was
labeled with fluorescein-5-thiosemicarbazide (5-FTSC), which reacts
with aldehyde groups formed by the UV exposure, and imaged via
confocal microscopy (Figure 2). Under the 488 nm excitation used
for the confocal microscopy, emission was observed only from the
5-FTSC-labeled regions, as dansylamide has negligible absorption at
488 nm. Confocal microscopy images of plane and cross-sectional
views of a sample exposed using the two-beam interference pattern
intengity profile of Figure 1b are shown in Figure 2a,b, respectively.
The left and right panels of Figure 2c show the structure of the
molecules in the unexposed and exposed regions, respectively after
5-FTSC labeling. The periodic pattern of bright and dark planes
perpendicular to the substrate matches the interferogram. The fluo-
rescence is greatest in the center of each plane, and falls off to either
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Figure 2. (&) Plain and (b) cross-sectiond laser scanning confocal microscope
images (488 nm excitation, 500—540 nm detection) of a sample exposed using
the intendity profile shown in Figure 1b after 5-FTSC labeling. (c) Chemical
schematics of the surface chemistry (left) before UV exposure, (middie) after
UV exposure, and (right) after 5-FTSC labeling. Bright areas in (&) and (b)
correspond to the high-intensity region where photocleavage and subsequent
5-FTSC labeling occurred, and dark areas represent the low-intensity regions
still functionalized with the original dansylamide. As can be observed in the
cross-sectional image (b), the pattern was formed through the ~10 um sample
thickness.

side, indicating the expected relationship between the exposure dose
and photocleavage. The periodicity of this pattern is about 6 um, and
the pattern was formed through the sample thickness.

The charge inversion upon UV exposure enabled the high-resolution
localized deposition of postively charged gold nanoparticles. Inter-
ferometrically exposed samples were first immersed in the solution
containing the positively charged gold nanoparticlesfor 24 h and then,
to amplify the gold nanoparticles, a gold electroless plating solution
for 1—2 days. Figure 3a presents (top) schematic and (bottom) scanning
electron microscopy (SEM) cross-sectional images of the gold-
nanoparticle-decorated and amplified sample exposed asillustrated in
Figure 1b. The gold nanoparticle distribution and density closdy
matchesthe light intensity distribution, as shown in the high-resolution
imagesin Figure 3b, which were taken from the areas noted in Figure
3a. Thelong-range periodicity of this transmission diffraction grating
was demonstrated via optical diffraction at 532 nm (Figure 3c). DMF
was used as an index-matching fluid, so the diffraction spots were
exclusively aresult of the periodic metal nanoparticle distribution. With
a reflection grating geometry (Figure 1c), high-resolution patterning
could be demonstrated. Here the periodicity was 400 nm, and the width
of the gold-nanoparticle-decorated region was only ~200 nm (Figure
3d,e). These samples were also decorated with gold nanoparticles
following the same procedure as for Figure 3a. The red dots have been
added to the image to make the gold nanoparticles more distinct. The
original imageis shown in the Supporting Information, where asample
with a higher gold nanoparticle coverage is also presented.

In conclusion, we have demongtrated a versatile and unique method
for the high-resolution locdization of nanoparticles inside colloida
crystas or other porous structures. This method provides much higher
coverage of gold nanoparticles than direct-assembly approaches such
as volume holography,*” in which the interaction of the nanoparticle
with the patterning light source needs to be considered. Here the
nanoparticles are introduced after the patterning step, so the optical
activity of the nanoparticles does not have to be considered. Our
strategy of using photoswitching in arefractive-index-matched porous
medium followed by the chemica attachment of nanoparticles to the
photoswitched region is general and should be gpplicable to wide
classes of nanoparticles.
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Figure 3. (a) (top) Schematic of the expected gold nanoparticle distribution
and (bottom) low-magnification SEM micrograph of a cross section of agold-
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present across box (i), present only in the left portion of box (i), and absent
from the region shown in box (iii), closely matching the expected nanoparticle
distribution. (c) Transmission diffraction grating of arefractive-index-matched
nanoparticle-loaded colloida crystal upon illumination with 633 nm laser
radiation, demonstrating the periodic nanoparticle arrangement. (d) Low-
magnification SEM micrograph of a gold-nanoparticle-loaded reflection dif-
fraction grating. The boxed region is shown at higher magnification in (€). In
(), the gold nanoparticles have been colored red for ease of identification.
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