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ABSTRACT: Plasmonic nanoparticle assemblies are a
materials platform in which optical modes, resonant
frequencies, and near-ﬁeld intensities can be speciﬁed by the
number and position of nanoparticles in a cluster. A current
challenge is to achieve clusters with higher yields and new
types of shapes. In this Letter, we show that a broad range of
plasmonic nanoshell nanoclusters can be assembled onto a
lithographically deﬁned elastomeric substrate with relatively
high yields using templated assembly. We assemble and
measure the optical properties of three cluster types: Fano-resonant heptamers, linear chains, and rings of nanoparticles. The
yield of heptamer clusters is measured to be over 30%. The assembly of plasmonic nanoclusters on an elastomer paves the way
for new classes of plasmonic nanocircuits and colloidal metamaterials that can be transfer-printed onto various substrate media.
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ranging from dimers and trimers to small aggregates were
assembled, and the yield for any particular cluster type was small
(few clusters per TEM grid). In addition, the clusters assembled
at random positions on a substrate, and the only way to identify
individual clusters was to examine the substrate over a wide area
using electron microscopy. For applications requiring the bulk
assembly of nanoclusters at precisely deﬁned locations, such as
the fabrication of a metamaterial, more sophisticated selfassembly techniques are necessary.
We assemble gold nanoshells on a patterned elastomeric
substrate by templated assembly. Nanoshells such as silica-core
gold-shell particles10 are suﬃciently spherical to support
controlled near-ﬁeld optical coupling between packed adjacent
particles. The templated assembly of these particles dramatically
improves cluster yields and enables the assembly of nonclosepacked structures, thereby expanding the scope of self-assembled
plasmonic engineering. We note the precedent of previous
studies in which clusters of large dielectric particles11,12 and small
metallic particles13−15 were assembled with a template assembly
process. However, resonances such as Fano-like resonances were
not observed in the latter because the particles were too small and

etallic structures provide a bridge between electronics and
photonics at the nanoscale because of their ability to
support surface plasmons, which are oscillations of free electrons
that couple with electromagnetic waves. Surface plasmons come
in two ﬂavors: surface plasmon polaritons, which couple to and
propagate on the surface of metal ﬁlms, and localized surface
plasmons, which couple to metallic nanostructures. Selfassembled clusters of metal-dielectric nanoparticles provide a
foundation for the latter because they are a basis for tunable
plasmonic “molecules” that exhibit a broad range of resonances.1
Electric resonances generally exist in all plasmonic clusters and
can be tuned from the visible to infrared wavelengths in systems
by modifying the size and shape of individual particles and their
clusters.2 Nanoparticles arranged in equilateral trimer1 and other
ring-like conﬁgurations3 support magnetic dipole resonances
perpendicular to the plane of the ring, and tetrahedral particle
clusters support isotropic electric and magnetic resonances in
three dimensions.4 Fano-like resonances, which are characterized
by a narrow dip in the scattering and extinction spectrum due to
interference between two plasmonic modes,5,6 have been
experimentally measured in heterodimer,7,8 asymmetric quadrumer,9 and symmetric heptamer1 colloidal clusters.
In initial studies of nanoshell clusters exhibiting magnetic and
Fano-like resonances, clusters were assembled randomly by
capillary forces.1 With this technique, close-packed clusters
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To assemble particles onto the PDMS substrate, a
concentrated solution of silica-gold nanoshells in water (∼3 ×
1010/mL) is placed in an assembly depicted in Figure 1b. Here,
the droplet of particles is sandwiched between a glass slide and
the substrate, which ﬁxes the boundary of the droplet meniscus at
the edge of the glass slide. The substrate, which is mounted on a
motorized stage, is then moved slowly relative to the ﬁxed glass
slide, which draws the droplet meniscus across the substrate. As
this meniscus moves over a PDMS void, nanoshells at the
meniscus-substrate interface are pushed into the void by capillary
forces. To pack the voids as fully as possible with particles, two
additional parameters are controlled. One is the contact angle
between the droplet and substrate, which sets the direction of
capillary force on the nanoparticles (Figure 1b, inset). The
second parameter is the substrate temperature, which sets the
evaporation rate of the droplet at the meniscus. Droplet
evaporation is necessary because it leads to the accumulation
of nanoparticles at the meniscus−substrate interface19 (Figure
1b, dotted line).
To optimize the cluster assembly process, nanoshells are
assembled into cylindrical voids with diﬀerent assembly
parameters and cluster yields are examined using scanning
electron microscopy (SEM). The nanoshells here have an
average [r1, r2] = [63, 88] nm, where r1 and r2 are the inner core
and total shell radii, respectively, and they are functionalized with
a thiolated poly(ethylene glycol) polymer, which serves as a
dielectric spacer between the packed nanoshells.1 Heptamers are
chosen as the target cluster, and substrates are patterned with
cylindrical voids 140 nm deep and 580 nm in diameter to
geometrically conﬁne the assembled nanoparticles into heptamer
conﬁgurations. Upon scanning the diﬀerent assembly parameters, it was found that a droplet contact angle of approximately
25°, substrate velocity of 0.6 μm/s, and substrate temperature of
21 °C gave reasonably high heptamer yields. The contact angle is
set by ﬁrst oxygen plasma cleaning the PDMS, which makes it
hydrophilic, and then waiting for the contact angle to slowly
increase (time scale of hours). A representative SEM image of
clusters assembled with these parameters is shown in Figure 2a,
and many heptamer clusters are visible; a histogram of cluster
distributions, created by examining 205 clusters, shows heptamer
yields to be 32% (Figure 2b). The presence of smaller clusters
can be addressed by starting with higher particle concentrations,
better controlling the contact angle, and further optimizing the
substrate speed and temperature.
With the processing parameters above, clusters are assembled
on substrates comprising a range of void geometries, and optical
scattering measurements are performed on individual clusters
using a near-normal dark-ﬁeld illumination technique described
in ref 22. Here, a 50× IR-corrected microscope objective with a
numerical aperture of 0.65 is used to both focus incident
radiation on the sample and collect scattered radiation. Dark-ﬁeld
illumination is accomplished by using a beam blocker to prevent
incident light reﬂected from the substrate from entering the
spectrometer. With this scheme, the incident light angle is set to
20°. The reason why this technique is implemented, as opposed
to dark-ﬁeld schemes that utilize large incident angles,1 is to
minimize background generated by the PDMS substrate itself;
the PDMS substrates have small bubbles and dielectric inclusions
that scatter light, and the near-normal incidence scheme
minimizes the collection of light, which enhances the signal-tobackground ratio. This technique also minimizes the retarded
excitation of the nanoclusters, which leads to “cleaner”
spectra.22,23

their faceting prevented controlled and reproducible interparticle
near-ﬁeld coupling. It is also noted that template-assembled silver
aggregate clusters have been previously demonstrated to exhibit
magnetic Mie modes;16−18 however, these types of colloidal
aggregates have limited tunability and cannot be generalized to
support other types of resonances such as Fano resonances.
The assembly process is adapted from ref 19 and is
summarized in Figure 1. The ﬁrst step is the fabrication of the

Figure 1. Schematics of the templated assembly of nanoshell clusters.
(a) To create the PDMS substrates, a silicon master is fabricated:
electron beam lithography deﬁnes the post geometries on the wafer,
aluminum is deposited as an etch mask, silicon posts are dry-etched, and
the silicon is functionalized with a ﬂuorinated polymer to prevent PDMS
adhesion. A bilayer of h-PDMS and regular PDMS is then cured on top
of the silicon master, peeled oﬀ, and mounted to a glass piece. (b)
Nanoshells are packed into the PDMS voids by sandwiching a water
droplet with particles between the substrate and a glass slide and then
moving the droplet meniscus across the substrate. During this process,
particles are pushed into the voids via capillary forces (inset). The
substrate speed, temperature, and droplet-substrate contact angle are
controlled to optimize the clustering process.

patterned substrate, which is accomplished by soft-lithography20
(Figure 1a). Here, a silicon master consisting of a series of posts,
which deﬁne the geometry of the voids on the substrate, is
fabricated. The substrate itself is created by molding and curing a
bilayer of hard poly(dimethylsiloxane) (h-PDMS, ∼2 μm thick)
and regular PDMS (∼200 μm thick) on the silicon wafer, during
which the silicon post patterns embed in the h-PDMS layer. The
h-PDMS layer is used because it supports pattern transfer with a
spatial resolution down to 50 nm, while the regular PDMS serves
as a ﬂexible elastomeric backing and improves the handling of the
brittle h-PDMS.21 The PDMS bilayer is then mounted on a glass
slide, which serves as a rigid and transparent support.
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Figure 2. Image of assembled heptamers. (a) Histogram of the distribution of clusters assembled on the PDMS template. Heptamers are assembled with
32% yield. The presence of many smaller clusters suggests that particle packing is limited by low nanoshell concentrations and that increasing these
concentrations can improve yields. (b) SEM image of an array of heptamers assembled on a PDMS template. The heptamers are circled; other types of
clusters also are visible due to the stochastic nature of the assembly process. The inset shows a detailed image of an individual heptamer and shows that
the cluster is close-packed.

Scattering spectra of an individual heptamer cluster are shown
in Figure 3, and the structure displays strong Fano-like
resonances near 1370 nm for two diﬀerent incident polarizations.
Theoretical scattering spectra, calculated using COMSOL for the
present scattering geometry, are also shown in Figure 3, and they
match well with the experimental plots. A detailed analysis of the
bright and dark modes responsible for the Fano interference can
be found in the Supporting Information. The matching Fano
minimum wavelengths in the spectra for the two diﬀerent
polarizations indicate that the cluster is close-packed: as
nanoshells ﬁll the voids and the water completely evaporates,
the nanoshells tightly pack together due to capillary forces.
Deviations between the theoretical and the experimental spectra
are likely due to slight asymmetry in the experimental cluster, due
to inhomogeneities in the nanoshell geometries. Unfortunately,
limitations to electron microscopy make it diﬃcult to precisely
identify nanoscale geometric aberrations in these clusters. Such
inhomogeneities will be addressed in future work by starting with
more uniform nanoshells for assembly, which can be achieved by
synthesizing nanoshells with more monodisperse silica cores and
by using techniques such as density gradient centrifugation to
purify nanoshell populations.24
The peaks near 800 nm in the experimental spectra are
reproduced in the numerical spectra and appear to be due to
scattering from the substrate void itself. The precise geometry
used in the simulations is that of a truncated ellipsoid, and its
geometry is detailed in Figure 4a. The experimental realization of
substrate voids with sloped, bowl-like walls is consistent with the
soft lithography process, during which imperfect silicon master
etching and mechanical relaxation of the elastomer after curing
can contribute to a noncylindrical void shape. The calculated
scattering spectrum of this void with no nanoparticles shows a
peak near 800 nm (Figure 4b), indicating that the void is
responsible for the peak in the heptamer spectra near 800 nm. To

further probe the dependence of the spectra on the precise shape
of the void, simulated scattering spectra of the heptamer in the
bowl-shaped void and a perfect cylinder are compared, and they
are plotted in Figure 4c. Here, the spectrum of the heptamer in
the perfectly cylindrical void displays no peak near 800 nm; Mie
scattering from the void itself appears to strongly depend on its
exact geometry. Future research will focus on the precise optical
properties of voids of diﬀerent geometries and on the further
characterization of experimentally fabricated substrates.
Nanoshell rings with three, four, and six nanoparticles are also
assembled. Rings are of general interest because they support
magnetic dipole modes,3 which are excited by the magnetic
component of the electromagnetic ﬁeld and are the basis for
many metamaterial concepts. As discussed in ref 25, it is
preferable to assemble rings consisting of a larger number of
particles in the loop because in this limit, the magnetic dipole
response becomes “purer”: the magnetic mode here is actually a
magneto-electric hybrid mode comprising the magnetic dipole
and other electric multipoles. The relative contributions of these
electric multipoles diminish as the number of particles in the ring
gets larger. Physically, this eﬀect is related to the fact that the
magnetic mode can be approximately described as a ring of
electric dipoles, each supported by a particle and oriented
tangent to the ring. With fewer particles in the ring, the
cumulative charge distributions of these electric dipoles resemble
lower order electric multipolar ring modes (see ref 26 for
examples of such charge distributions). As the number of
particles increase, these charge distributions resemble higher
order electric multipolar ring modes (i.e., hybridization with
lower order multipoles is suppressed). Nanoshell trimers have
been previously assembled by random capillary forces,1 but four
and six particle rings are diﬃcult to randomly assemble without a
template because they are not close-packed structures. The sixparticle ring here forms by chance in a cylindrical void designed
5320
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Figure 4. Substrate void modeling and its eﬀect on spectra. (a) The
elliptical void geometry is deﬁned in the substrate (gray) by an ellipsoid,
shown in the cross-section (dotted curve). Its center is oﬀset above the
substrate by the distance d. The bottom of the void is subsequently
ﬂattened at the depth h. (b) Simulated scattering spectrum of an
elliptical substrate void with a geometry matching that used in Figure 3.
(c) Simulated scattering spectra of a heptamer in a cylindrical and
elliptical void. The parameters used in the simulation match those from
Figure 3.

Figure 3. Images and spectra of a heptamer cluster. (a) Spectra of a
single symmetric heptamer, assembled using the template geometry
featured in Figure 2a, displays an isotropic Fano-like resonance near
1350 nm. The polarization directions of the incident beams are deﬁned
in the SEM image. The scale bar in the SEM images is 200 nm. (b)
Numerical spectra of the heptamer agree well with the experimental
spectra in (a).

caused by light scattering from the PDMS substrate itself. Future
experiments will involve transfer printing these clusters to other
planar substrates, which would eliminate these substrate-based
issues.
Finally, linear chains of nanoshells consisting of one to four
particles are assembled in voids of varying length-to-width aspect
ratio, and their spectra are plotted in Figure 6. The experimental
and theoretical spectra agree well. Linear chains are of interest
because they function as highly tunable electric dipole antennas,
and longer chains are the basis for nanoscale energy transport.27
The spectra of all of these structures are characterized by a broad
dipole peak, and as the number of particles in the chain increases,
these peaks red-shift from the visible to near-infrared wavelengths. The primary reason why the electric dipole resonance
red-shifts with the particle number is retardation eﬀects, which
arise when the size of the system becomes comparable to the
excitation wavelength. The impact of retardation eﬀects on redshifting can be understood by examining simulations of
nanoparticle chains near the quasi-static limit. In this regime,
retardation eﬀects are minimized; here, the spectra of the chains
exhibit a signiﬁcantly reduced electric dipole red-shift as a
function of chain length.28 In addition to retardation, the
observed dipole red-shift is also due to increased capacitive
coupling within the chains. This phenomenon can be explained
by the nanocircuit model developed by Engheta and Alu,29 in
which subwavelength metal and dielectric features in a
nanostructure are modeled as nanoinductors and nanocapacitors, respectively. As additional particles are added to the chain,
additional capacitive interactions at the interparticle gaps are
formed. This capacitance is described by the strong attractive

for heptamers; higher yields of these clusters can be achieved by
fabricating substrate voids with ring-like shapes.
The spectra of all three ring types are presented in Figure 5 and
feature a broad electric dipole peak that is isotropic in the plane of
the clusters. These spectra match well with those numerically
calculated. The six particle ring features a narrow peak near 800
nm, which is similar to that in the heptamer spectra and which is
due to scattering from the substrate voids. The isotropy of these
spectra is consistent with the group symmetries of the rings: all of
these clusters have Dnh symmetry, where n is the number of
particles in the ring, and structures with this symmetry generally
support isotropic in-plane dipole resonances when n is 3 or
greater.25
This peak broadens as the number of particles in the rings
increases largely because bigger rings have larger dipole
moments, which leads to faster radiative decay and subsequent
line width broadening. An additional contribution to the
apparent broadening of the scattering resonances arises from
the appearance of a magnetic resonance. A detailed numerical
analysis of the quadrumer, presented in the Supporting
Information, shows that a magnetic dipole mode at 1390 nm
can be directly excited by an incident light source at 20° and that
its intensity is enhanced by the presence of the dielectric void
substrate. Magnetic dipole measurements with a cross-polarizer1
were attempted on these nanostructures, but unfortunately,
magnetic dipole peaks could not be resolved because of noise
5321
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Figure 5. Images and spectra of nanoshell rings. Spectra and SEM images of (a) three particle, (b) four particle, and (c) six particle rings are presented for
diﬀerent polarization orientations of the incident light. The number of particles in the ring is determined by the size of the circular void. All of these
clusters display isotropic in-plane electric dipole resonances due to their high degree of symmetry.

nanocircuits integrating phase elements,32 optical antennas,
waveguides, ﬁlters, and other optical components.
The assembly of plasmonic materials speciﬁcally on
elastomeric substrates supports features not found in conventional lithographically deﬁned nanostructure engineering. One
feature is the possibly to stretch and reconﬁgure the plasmonic
nanostructures on the substrate surface by stretching the
elastomer,33,34 which can lead to a new regime of mechanically
tunable optical materials. Another feature is the transfer printing
of clusters onto other arbitrary substrates. These printing
techniques have been developed for single nanoparticles14 and
for other semiconducting and dielectric microstructures,35 and
they provide a route to integrating self-assembled plasmonic
structures with other types of materials.
In conclusion, we have shown that the self-assembly of
nanoparticles on a templated substrate is an eﬃcient method for

Coulomb interaction between free surface charges on adjacent
particles and is characterized by a large ﬁeld intensity, or hot spot,
within these gaps.30 This enhanced total capacitance contributes
a red-shifting of the nanoshell chain electric dipole.
The ordered assembly of plasmonic nanoclusters on substrates
provides a foundation for a broad range of new applications. One
is the bulk assembly of magnetic and Fano-resonant clusters and,
more generally, the construction of self-assembled metamaterials. What is particularly exciting is the potential to assemble
three-dimensional structures such as tetrahedral clusters,11 which
are building blocks for isotropic magnetic and negative-index
materials,4 and new types of waveguides.31 It is also noted that
the substrate patterning is not limited to periodic features but can
include arbitrary patterns, and as such, this assembly technique
can be applied to construct new types of self-assembled optical
5322
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Figure 6. Images and spectra of linear chains of nanoshells. The chains
are assembled by using substrate voids with diﬀerent aspect ratios. As the
number of particles in the chain increases, the electric dipole resonance
peak experiences a red-shift due to enhanced capacitive coupling
between the nanoparticles in the cluster and to retardation eﬀects. The
theoretical spectra of these nanoshell chains show the same red-shifting
behavior.

the large-scale fabrication of nanoparticle clusters. By varying the
size and shape of the voids in the template, it is possible to control
the geometry of the individual clusters and thus to engineer
speciﬁc optical modes such as magnetic and Fano resonances. By
combining the top-down fabrication of substrates with the
bottom-up assembly of nanoclusters, new hybrid materials can be
created with exciting potential in a wide range of optical materials
engineering applications.
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Simulation parameters, heptamer cluster analysis, and quadrumer cluster analysis, Figures 1S-2S. This material is available
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