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ABSTRACT: Infrared resonators emerge as key elements of
infrared optical devices demanded for widespread applications.
Traditional resonators based solely on noble metals suffer from
considerable ohmic losses, limited tunability, and low
excitation efficiency of surface plasmons in the infrared region,
while the alternatives made of high-refractive-index dielectrics
encounter fabrication challenges and relatively weak optical
coupling. This work presents the experimental demonstration
of self-assembled plasmonic core—shell particle clusters
exhibiting pronounced and spectrally tunable resonances at
infrared, especially mid-infrared, wavelengths. It is shown that
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the reflection spectra of individual clusters are unique, which are determined by the number and configuration of the constituent
particles. Simulation results confirm the measured data and further reveal the origin of the spectral features. These findings pave a
new way for the development of complex resonators operating in the infrared region, leading to a substantial step toward
reconfigurable plasmonics and metamaterials with potential applications in sensing, imaging, spectroscopy, surveillance, and

energy harvesting.
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he use of subwavelength structures to achieve exotic

control of electromagnetic fields has stimulated the
blossoming of metamaterials and plasmonics over the past
decades." In particular, micro- or nanoscale building blocks can
resonantly interact with light waves in a predefined manner by
programmatically designing their structures and arrangements,
which have produced extraordinary properties and innovative
photonic devices. Metallic structures play a crucial role in
resonators operating in the visible and near-infrared (NIR)
region, predominantly because of their capability to support
surface plasmons.” The collective oscillation of free electrons in
metallic structures can couple efficiently with light waves, which
ensures strong light—matter interactions required for further
construction of metamaterials. However, using metal-based
elements as building blocks for metamaterials is accompanied
by several limitations, among which the most significant one is
the loss. Ohmic losses in metals exist across the entire visible
spectrum and remain considerable in the infrared region, while
the excitation efficiency of surface plasmons diminishes rapidly
as the wavelengths deviate from the visible. Consequently,
metals are not ideal platforms for NIR plasmonic devices and
are seldom used to implement resonators at mid-infrared
(MIR) frequencies.”* On the other hand, infrared optics has
found widespread applications in sensing, spectroscopy,
biomedical imaging, surveillance, energy harvesting, and so
forth.”> For instance, many biomolecules have their character-
istic vibrational and rotational modes located in the infrared
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region. Sensing devices operatin§ at infrared with high
sensitivity are in a pressing need.””

Recently, high-refractive-index semiconductors such as
silicon and germanium are proposed as alternative platforms
for infrared metamaterials and photonic devices.”'* In
addition to their low-loss properties when the photon energy
is smaller than the semiconductor band gap, the ease of exciting
magnetic resonances and opportunity of tuning the dielectric
constants by doping make them very attractive compared with
other materials. Nevertheless, there are two main drawbacks of
using semiconductors. First, the fabrication is challenging.
Although top-down processes are mature techniques to pattern
high-index semiconductors, the structures are fixed after
fabrication and the feature size is restricted to about 10 nm,
which respectively limit the structural tunability and optical
coupling strength. Bottom-up approaches such as self-assembly
have been demonstrated to achieve metallic colloids with high
precision and yield.H_16 However, for high-index dielectrics,
the preparation of regular and uniform micro- or nanoparticles
is very difficult. Laser ablation can create small amounts of
particles but lacks control of the particle size and rounded-
ness.'”""™" Chemically synthesized amorphous silicon par-
ticles show improved size uniformity, but they are still far from
being identical, hindering the acquisition of strictly symmetric
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Figure 1. SEM images of representative ensembles consisting of 2 ym (a) and 1 ym (b) core—shell particles on a gold substrate. Scale bars in (a)
and (b) are S00 and 200 nm, respectively. (c) Schematic of the FTIR single-particle spectroscopy. The incident infrared light beam is focused by a
36X Cassegrain objective lens on the sample. The reflected light is collected by the same lens and guided to an MCT detector. The rectangle
outlined by the red dashed line denotes the knife-edge aperture in FTIR, which allows us to select a single cluster for measurement.

clusters.'" Second, compared with their metallic counterparts,
dielectric particles generate less intense local fields and possess
weaker coupling when they are tightly packed.'”*° The former
issue limits the light—matter interaction strength, which is
critical in numerous applications such as sensing and
spectroscopy; the latter restricts the spectral tunability of the
cluster, because introducing additional particles into an existing
cluster will not cause significant changes to its optical
properties. Therefore, it is an important task to seek suitable
building blocks to develop infrared plasmonics and meta-
materials with notable spectral tunability.

Core—shell particles consisting of a dielectric core and a
metallic shell are a promising solution. Such core—shell
particles can support sophisticated, hybridized plasmonic
modes as well as cavity modes.”’ >° When they are closely
packed into clusters, strong interparticle coupling occurs, giving
rise to complex near-field distribution and far-field scattering
patterns. With the existence of a reﬂecting2 substrate, the
interaction becomes even more intriguing.27_ ? In this work,
we chemically synthesize and perform self-assembly of SiO,/Au
core—shell particles (SiO,/Au denotes silica core with gold
shell) and systematically characterize their optical properties at
the single-cluster level. It is demonstrated that the self-
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assembled core—shell particles exhibit unique optical properties
in the infrared, especially mid-infrared region. Depending on
the number and configuration of the constituent particles, the
reflection spectra from the individual ensembles show distinct
spectral features. In other words, the optical properties of the
assembled clusters are sensitive to structural and geometric
changes, indicating a promising toolbox for infrared plasmonics,
metamaterials, and associated applications. We expect that
further improvement could be applied to achieve three-
dimensional assemblies and uniform resonator arrays over a
larger scale with the assistance of proper stimuli, such as
external electric or magnetic fields,**~* which would facilitate
future realization of reconfigurable plasmonics and metamate-
rials.

As the starting point, SiO,/Au core—shell particles were
synthesized using a chemical approach reported by Brinson et
al. with slight modifications (see Methods).”*™** The resulting
particles consist of a silica core sized 1 or 2 ym and a gold shell
of different thicknesses under control. The uniformity of the
particle size, roundedness, and surface smoothness ensures that
the assembled clusters will be highly symmetric, which in
contrast is still challenging for solid metallic and high-index
dielectric particles. It is also noted that although Au/SiO,
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core—shell particles, usually smaller than 100 nm in diameter,
have been extensively studied,***’ achieving MIR responses
requires large Au core sizes (at least some hundreds of
nanometers).”*® This is extremely challenging for chemical
synthesis and also nonsustainable and cost-ineffective for
practical applications. After the synthesis of SiO,/Au core—
shell particles, the self-assembly process was then conducted in
a relatively straightforward manner.”* In brief, a small droplet of
the core—shell particle suspension was pipetted on a gold-
coated substrate and dried slowly at room temperature. During
complete evaporation, the particles were assembled by capillary
force randomly into small clusters of different planar geo-
metries. Figure la and b show the scanning electron
microscope (SEM) images of some representative clusters
consisting of 2 and 1 ym particles, respectively. In addition to
single particles (monomers), other regular configurations
include dimers, trimers, quadrumers, chains of different lengths,
and by chance pentamers, heptamers, or larger ensembles (see
Figure S1 in the Supporting Information for more images). The
interparticle spacing within a cluster was tiny compared with
the particle sizes, not larger than 30 nm estimated from the
SEM images. On the other hand, the assembled clusters were
relatively isolated from each other. The typical distance
between neighboring clusters ranged from 10 um to some
hundreds of micrometers. Consequently, the scattering from a
cluster will not be affected much by nearby particles, allowing
us to characterize the optical properties of individual clusters.
From high-magnification SEM images (Figure S2 in the
Supporting Information) one can see that the surface
smoothness was quite good. Occasionally there were a few
cracks, pinhole defects, or excess nanoparticles, which are not
avoidable in the synthesis process.””** All these imperfections
are much smaller than the particle sizes and wavelengths and
hence have negligible influence on the overall optical
properties.

Fourier transform infrared (FTIR) spectroscopy was
employed to characterize individual clusters with different
numbers of core—shell particles and varying configurations.
Figure 1lc illustrates the schematic of the setup. Detailed
description and procedures for the characterization can be
found in the Methods section. Uncoated silica beads were first
measured as the control experiment. Figure 2a compares the
reflection spectra of four different 2 ym clusters on a gold
substrate, with the number of constituent silica beads increasing
from 1 (monomer) up to 7 (symmetric heptamer). As one can
see, in addition to the absorption from CO, molecules in air at
4.3 pum and from silica at 8—10 um, a broad reflection valley
appears at 1.5—4 um, caused mainly by light scattering.
However, instead of exhibiting any noticeable shifts, all the
spectral features (peaks and dips) line up well in the vertical
direction and simply become more evident with the increasing
number of particles. This is because the refractive index of silica
is relatively low, less than 1.5 below 8 ym. While the particle
size is comparable to the wavelengths, no resonance but only
limited local field distortion can be induced and the
interparticle coupling is weak. This leads to a focusing-like
effect at individual particles similar to the photonic jet, which is
responsible for the broad reflection dip. The overall scattering
from a cluster is simply the summation of those from its
constituents. We have performed full-wave simulations of the
reflection spectra, which show very good agreement with the
experimental results (see Figure S3 in the Supporting
Information for simulated spectra and field distributions). It
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Figure 2. (a) Reflection spectra of uncoated 2 ym silica clusters on a
gold substrate. Measured ensembles include a monomer (black), a
dimer (red), a symmetric trimer (blue), and a symmetric heptamer
(olive). (b) Reflection spectra of 2 um core—shell SiO,/Au clusters on
a gold substrate. The shell thickness is about 10 nm. Measured
ensembles include a monomer (black), a dimer (red), a symmetric
trimer (blue), a chain of three (cyan), an asymmetric quadrumer
(purple), an asymmetric pentamer (orange), and a chain of five
(green). Spectra are shifted vertically for clarity except for the
monomer. All the measurements were based on single-cluster FTIR
spectroscopy. The numbers given in the figure legend denote the
number of particles in each cluster.

should be noted that even for high-index dielectrics the optical
properties of a cluster are not strongly dependent on the exact
size, number, and aggregation states of the particles, at least
when the influence of the substrate is negligible.'”*” Although a
metallic substrate that functions as a mirror is believed to play
an important role in modifying the optical response of a single
silicon particle,””*® experimental studies on reflection from
clusters are still lacking, partially because of the challenges in
fabricating identical particles for symmetric structures.

The optical property becomes distinctly different for SiO,/
Au core—shell particles. Figure 2b presents the reflection
spectra of seven different single clusters in which the particles
are coated by a 10 nm gold shell. The gold shell thickness was
estimated by SEM at the location of pinhole defects. There are
several interesting characteristics in the spectra. First of all,
although the sharp dip at 43 pum by CO, absorption is
unavoidable in our experiments, the broad valley at 8—10 ym
by SiO, absorption disappears. This confirms the high quality
of the fabricated core—shells. Any marked cracks or defects on
the shell will allow direct illumination on silica, which results in
an observable absorption valley in the reflection spectra (Figure
S4 in the Supporting Information) and may affect the
resonances at shorter wavelengths. Second, compared with
the curves in Figure 2a, the reflection from coated particles is
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Figure 3. Optical properties of a 2 ym core—shell monomer on a gold substrate. The shell thickness is about 10 nm. (a) Comparison of measured
(red) and simulated (black) reflectance. In the simulation, a y-polarized plane wave was incident from the top with its electric field amplitude being
unity. Representative modes are denoted by the dashed lines. (b) Field intensity maps of the resonant modes and their correspondence to the
spectral features. Only one-quarter of the particle is shown because of symmetry. The electric (a,,) and magnetic (b;,) dipole modes show typical
ring-like magnetic and electric field distributions, respectively, whereas the electric (a,;) and magnetic (b,;) quadrupoles are indicated by the two
intensity lobes along the perimeter. (c) Electric field intensity distribution at 5.2 ym. The extremely weak field inside the particle and large field
intensity outside the particle in the y—z plane (right panel) suggest the occurrence of the electric dipole resonance in response to the y-polarized
incident field. (d) Surface charge density at 5.2 ym wavelength, which also manifests the excitation of the electric dipole resonance of the core—shell

particle.

systematically lower, indicating stronger scattering. This is
further confirmed by the calculation of extinction cross sections
shown in Figure S5 in the Supporting Information. The gold
shell either shields the silica core in the long-wavelength region
by reflecting most incoming energy directly or forms a cavity in
the short-wavelength region by allowing fields to resonate
inside and then be re-emitted. Both processes strongly disturb
the local field distribution and substantially change the amount
of light collected by the detector, leading to complex spectral
features. Last but most importantly, each spectrum in Figure 2b
shows a unique line shape. The differences are less obvious on
the short-wavelength end (<4 ym) due to the close distribution
of the fine features but are noticeable in the MIR region. In
particular, not only the number of particles, but also their
configuration has a role in determining the positions of the
spectral minima and maxima. For instance, the spectra of the
trimer and the chain of three and of the pentamer and the chain
of five show clear differences. Similar phenomena were also
observed for clusters consisting of 1 ym core—shell particles in
the range of 4—8 um (Figure S6 in the Supporting
Information).

To understand the origin and evolution of the spectral
features, we have conduced full-wave simulations using the
commercial electromagnetic solver COMSOL Multiphysics.
Although Mie theory provides accurate and fast solutions to
analyzing the light scattering by spherical particles,"”**" it is
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difficult to apply the Mie theory in our case with simultaneous
occurrence of core—shell structures, complex aggregations, and
a reflecting substrate. In our simulations, plane waves at normal
incidence were used as the excitation, and the reflectance was
calculated from the total extinction cross section of the clusters
(see Methods for details). Figure 3a shows the measured and
simulated reflectance spectra of a 2 ym core—shell monomer.
Very good agreement can be found between the two curves,
especially for the peak and dip locations. Moreover, by checking
the field distribution at these frequencies, clear correspondence
can be established between the spectral features and the
resonance modes. Figure 3b plots the mode profiles of four
representative multipole resonances, corresponding to the
electric dipole (a,;), electric quadrupole (a,,), magnetic dipole
(by1), and magnetic quadrupole (b,,), respectively. Here the
labeling a,,,, and b,,, follows the convention in Mie theory, with
a and b indicating the electric and magnetic modes,
respectively, while the subscripts m and n accounting for the
number of electric field intensity maxima along the circum-
stantial direction in the hemisphere and along the radial
direction.” The origin of these modes, noting that all the lobes
are well confined in the silica core, is the cavity plasmons.”>*’
Although the refractive index of silica is relatively low and bare
cores cannot interact with light resonantly, the metallic shell
provides a large refractive index contrast, which helps confine
light inside the particles to form good resonators. At certain
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Figure 4. Optical properties of a 2 ym core—shell trimer on a gold substrate. The shell thickness is about 10 nm. (a) Comparison of measured (red)
and simulated (black) reflectance. In the simulation, a y-polarized plane wave was incident from the top. Representative modes are marked by the
dashed lines. (b) Field intensity maps of the resonant modes and their correspondence to the spectral features. The colored dashed lines in the
central panels indicate the position of the cutting planes for observing different mode profiles. Only half of the trimer is shown because of symmetry.
Compared with Figure 3, the electric dipole (a;;) and magnetic quadrupole (b,,) are still conspicuous and almost unshifted. The electric quadrupole
(a,,) becomes visible due to the interparticle coupling, while the magnetic dipole (b,,) diminishes. (c) Electric field distribution at 7 ym wavelength.
The intense field in the gap between two particles (left panel) suggests strong coupling between the electric dipole modes of the two particles. In
contrast, the third particle (right panel) is off-resonance. (d) Surface charge density at 7 ym seen from the dimer side (left panel) and from the top

(right panel). Both confirm the strong dipole resonances in the dimer.

frequencies, optical fields that enter the cavity circulate along
the perimeter and constructively interfere with themselves after
each cycle.”” This is especially clear for high-order resonances.
From the field intensity maps, one can see that the a,;, b;;, and
b,; modes are quite strong compared with the field outside the
particle. Hence they are more pronounced in the spectrum.
The mode a,), in contrast, is much weaker and can hardly affect
the scattering in the far field. In our experiments, the b,, feature
was not clearly observable in the spectra of the monomer,
partially because of the relatively strong noise. With increasing
number of particles and proper aggregation states, b;; may
appear, such as in the chain of three (cyan curve in Figure 2b
and Figure S7 in the Supporting Information). Higher order
modes also exist at shorter wavelengths (Figure S8 in the
Supporting Information), while they are not the main focus of
this work. The optical cavity modes in core—shell particles may
offer unique avenues to lasing, photovoltaic, and sensing
applications. With a dye-doped dielectric core, individual core—
shell particles can be used for plasmonic laser or spaser
generation.””" By sculpting the gold shell (via etching or
milling), it is even possible to control the direction of laser/
spaser emission.”* In addition, integrated with upconversion
materials, the core—shell particles can increase the upconver-
sion efficiency for solar energy harvesting by enhancing either
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the excitation strength or the emission strength.”> The
abundant and widespread fine spectral features from cavity
modes are also useful for simultaneously detecting distinct
analytes with different infrared fingerprints. Adsorption of
target molecules on the gold shell could induce measurable
changes in the position and amplitude of the resonances.** In
these applications, the mechanism is distinctly different from
the platforms based on metallic core/dielectric shell nano-
particles, where signal enhancement results from the resonance
of the metallic core, while the dielectric shell functions as
spacers and binding sites of molecules.

The most evident feature in Figure 3a is the deep valley
centered at ~5.2 ym. The field intensity map in Figure 3c
reveals that it does not correspond to any plasmonic cavity
modes inside the particle. At longer wavelengths, even the 10
nm shell thickness is already comparable with the penetration
depth of gold. Therefore, instead of forming a cavity, the shell
interacts with light more like a solid gold particle (Figure S9 in
the Supporting Information), and the broad reflection valley
corresponds to the fundamental electric dipole resonance of the
particle, as indicated by the field intensity map in Figure 3c and
the surface charge density in Figure 3d. This also means that we
do not need Au/SiO, core—shell particles with a large Au core
to achieve the pronounced MIR resonance. The in-plane dipole
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moment is broadband and scatters light strongly in the plane
perpendicular to its own orientation, and only a small portion
of the energy can be collected by the detector on the top. In
addition, because the particle sits on a gold substrate, a mirror-
image dipole can be excited, which further enhances the
scattering.”” Consequently, a broad reflection valley occurs. In
contrast, for the same particle in free space or on a low-index
substrate, although more cavity modes can be excited, the
scattering at the fundamental electric dipole resonance is much
weaker (Figure S10 in the Supporting Information). Therefore,
the modification of the optical properties of particles by a
substrate is significant, and from a practical point of view, this
allows effective tuning of the resonances of given particles.*”
From Figure 3, it can also be seen that the local field at the
bottom of the particle is extremely intense because of the
vanishing gap size. This hot spot could be used in surface-
enhanced infrared absorption spectroscopy and cavity-
enhanced single-molecule coupling for various applications at
MIR frequencies.”**’

It is also worth investigating how the aggregation of particles
will change the optical properties. Figure 4a plots the measured
and simulated reflectance spectra from a 2 um trimer. At
normal incidence, its optical response is nearly isotropic and
insensitive to the polarization.”” The two curves again agree
with each other very well for wavelengths shorter than 5 ym,
where the resonance modes and spectral features show nice
correspondence. Compared with the spectra of a monomer in
Figure 3, interestingly, the interparticle coupling in a cluster
induces clear changes in the spectrum and the associated mode
profiles. The electric dipole mode (a;;) and magnetic
quadrupole mode (b,;) do not change much in position, and
the dipole peak is slightly broadened. Both modes are excited
almost equally in the three particles as in the monomer case.
Therefore, these two peaks appear more evident due to
stronger signals from the increased number of particles. In
contrast, the magnetic dipole (by;) is still difficult to recognize
in the spectrum. From the field distribution (data not shown),
it is found that the magnetic dipole mode cannot be excited
efficiently in the two particles forming a dimer, likely because
the shell is not thick enough to isolate the two particles as two
individual resonators. The electric quadrupole mode (a,;),
nearly invisible in the spectrum of a monomer, starts to emerge
in the trimer case. From the field distributions in Figure 4b,
although the internal field intensities in the dimer and in the
monomer are not equal, they are both stronger than that of the
external field and, thus, capable of disturbing the scattering
patterns and evident in the spectrum.

Provided the cavity modes are largely confined inside the
core—shell particles, the spectral changes from interparticle
coupling or mode hybridization is not very significant at short
wavelengths. On the other hand, the fundamental dipole
resonances of the particles, owing to the large mode volume,
can interact with each other and greatly modify the spectra in
the MIR region. By comparing the curves in Figures 3a and 4a,
it is apparent that the main dip of reflection is shifted from ~5.2
pum to ~8.3 um when the particles are assembled into a trimer.
The discrepancy between simulation and measurement in
Figure 4a is probably caused by the simplified modeling of the
normal incidence. At the major reflection dip, one can see from
Figure 4c that intense fields from the dipole resonances are
excited on the dimer side (left panel), while the adjacent
monomer appears off-resonance (right panel). Moreover, the
surface charge density shown in Figure 4d clearly reveals that
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the electric dipoles in the dimer are parallel, which are
superradiant, leading to the major reflection minimum. For
other geometries, the MIR optical properties are polarization-
dependent. In general, aggregation of particles a10n§ the
polarization direction leads to red-shifted resonances™ and
complex distributions of hot spots at the interparticle gaps and
particle—substrate gaps.”” As an example, a brief analysis on the
chain of three is presented in Figure S11 in the Supporting
Information, which shows qualitative agreement with the
experimental data. However, further identification of the
polarization-dependent features at the single-cluster level is
limited by the brightness of the light source and the sensitivity
of the detector. The configuration of the cluster determines in a
unique way how the dipole modes from each constituent
particle interplay with each other. Consequently, the reflectance
spectra in the mid-infrared region become highly tunable, as
shown in Figure 2b. It should be noted that the results
presented in this work are all based on unpolarized light at
near-normal incidence. We predict that with polarized
illumination the observation of not only conventional polar-
ization-dependent features but also some exotic topological
states is possible.”’ Furthermore, introduction of light at large
incident angles could excite more complicated features, such as
the magnetic resonance in trimers and Fano resonances in
larger clusters.”***

In summary, we report the experimental demonstration of
self-assembled plasmonic core—shell particle clusters for
infrared resonators. High-quality core—shell SiO,/Au particles
were synthesized using chemical approaches, which enables
assembly of highly symmetric clusters. Depending on the
number and configuration of the constituent particles, the
reflection spectra from single ensembles are unique. The optical
properties of the assembled clusters are very sensitive to
structural and geometric changes. By comparing the FTIR
single-cluster spectra with simulation results, plasmonic cavity
multipole resonances were identified for spectral features
between 1.3 and 4 ym. Moreover, we show that the complex
interplay between the dipole modes of each core—shell particle
gives rise to distinct line shapes in the long-wavelength range
(4—10 pm). These results manifest the use of plasmonic core—
shell particles as a promising toolbox for infrared resonators
and associated applications, such as sensing, imaging, spectros-
copy, and energy harvesting. We expect that further improve-
ment could be applied to achieve three-dimensional structures
and uniform resonator arrays over a larger scale, paving an
avenue toward future realization of reconfigurable plasmonics
and metamaterials.

B METHODS

Synthesis of Core—Shell SiO,/Au Particles. We followed
the protocol reported by Brinson et al. to synthesize core—shell
SiO,/Au particles.”® In brief, as-purchased plain silica beads (1
and 2 pm) were washed carefully and dispersed in ethanol at a
proper concentration. 3-Aminopropyltriethoxysilane (APTES)
was used to modify the surface of the beads. Gold nanoparticles
of 1-2 nm were prepared according to Duff et al. and attached
to the modified silica beads, serving as seeds or nucleation sites
for later shell formation. After mixing the resulting particles
with aged chloroauric acid planting solution (mixed with
potassium carbonate), subsequent reduction of gold ions was
conducted by adding a certain amount of formaldehyde. The
attached gold nanoparticles first increased in size and then
began to coalesce on the surface of the silica cores, eventually
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forming a complete gold shell. Typical shell thicknesses ranged
from 10 to 15 nm for 2 um particles depending on the gold ion
to silica bead ratios, which were measured at the edges of a
surface cut made by ion beams (Figure S12 in the Supporting
Information). The surface roughness, apart from occasional
cracks, pinhole defects, and attachments of excess nanoparticles,
was sub-S nm estimated from SEM images (Figure S2 in the
Supporting Information). The synthesized core—shell particles
were washed immediately for storage and self-assembly.

Bright-Field Reflection FTIR Measurements. FTIR
measurements were performed using a Bruker Vertex 70
spectrometer combined with a Hyperion 1000 microscope. The
IR light was generated by a globar source and then focused on
the sample surface by a 36X Cassegrain objective (NA = 0.5),
which shapes the incident light beam to be half of an annulus in
cross section, corresponding to incident angles ranging from
~18° to 30°. Reflected light was collected by the same objective
and guided to a mercury—cadmium—telluride (MCT) detector.
In order to measure the reflection from a single ensemble, a
knife-edge aperture in the conjugate image plane was carefully
adjusted to define a rectangular area that contained exclusively
the cluster of interest. Depending on the signal-to-noise ratio
(SNR) as well as the number and configuration of the particles
in the clusters, the size and shape of the aperture varied,
roughly from 100 to 400 um?”. Focusing was carefully tuned to
maximize the signal intensity. For each measurement, the
sample was scanned at least 2500 times with a 4 cm™ spectral
resolution and a proper amplification. This scheme can
effectively suppress undesired noise and increase SNR. The
reference measurement in a sample-free area was carried out
immediately after each sample measurement, while all the
settings including focusing, knife-edge aperture size, scan times,
and resolution must remain unchanged. Reflectance was then
calculated by normalizing the sample spectrum to the reference
spectrum. All measurements were based on unpolarized
illumination.

Simulations. Finite element method (FEM) modeling was
done by using the COMSOL Multiphysics 4.4 RF module. The
scattering (reflection) spectra of different clusters on a gold
substrate were calculated. In the simulations, the incident light
was launched from the top as a linearly polarized plane wave,
and the reflectance R was obtained from the extinction cross
section 0, via the formula R = 1 — o6,,,/A. Here A is a constant
corresponding to the knife-edge aperture size. Although the
equation and the above settings do not fully reflect the real
configurations used in the experiments, which prevents perfect
match between the simulated and measured spectra, they serve
as a very good approximation that captures the right physics
and manifests most spectral features.””” When applicable,
symmetry planes were used to reduce the size of the simulation
domain. The interparticle spacing was chosen as 20 nm. Smaller
gaps will not cause noticeable changes in the spectra but lead to
heavier meshing loads. Considering the very large core—shell
aspect ratios, the particles were modeled as solid silica spheres
with transition boundary conditions (TBCs), which mimic gold
shells of finite thicknesses. The validity of this simplification
was confirmed by comparing the reflection from a 2 ym trimer
with TBCs and that from a trimer of the same cores but coated
by a uniform 50 nm gold shell. The results showed
quantitatively excellent agreement throughout the frequency
range of interest. The permittivity of gold was taken from the
Ra.kléq ;:'lata,52 and the refractive index of silica was from Kischkat
et al.”
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