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ABSTRACT: The spectroscopic characterization of individual
nanostructures is of fundamental importance to understanding a
broad range of physical and chemical processes. One general and
powerful technique that addresses this aim is dark-field
microscopy, with which the scattered light from an individual
structure can be analyzed with minimal background noise. We
present the spectroscopic analysis of individual plasmonic
nanostructures using dark-field illumination with incidence nearly
normal to the substrate. We show that, compared to large
incidence angle approaches, the near-normal incidence approach
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provides significantly higher signal-to-background ratios and reduced retardation field effects. To demonstrate the utility of this
technique, we characterize an individual chemically synthesized gold nanoshell and a lithographically defined heptamer exhibiting
a pronounced Fano-like resonance. We show that the line shape of the latter strongly depends on the incidence angle. Near-
normal incidence dark-field microscopy can be used to characterize a broad range of molecules and nanostructures and can be

adapted to most microscopy setups.
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lasmonic nanostructures are the topic of a broad range of

fundamental and applied research because their optical
properties strongly depend on their geometry, material
composition, and local dielectric environment. As such, they
can be engineered to yield electric,’ magnetic,2 and Fano
resonances”" across the visible spectrum, thereby forming a
basis for designer optical materials. Applications include various
imaging and detection schemes. One example is localized
surface plasmon resonance sensing, in which the local presence
of a liquid,5 biological material,® or gas7 can be detected via
shifts in the plasmon resonance spectrum. In another example,
ensembles of particles with different geometries can be used as
multiplexed optical barcodes in biological labeling applica-
tions.” Coupled plasmonic structures have uses in various
field-enhanced spectroscopies such as surface-enhanced Raman
spectroscopy, where the detection and fingerprinting of
localized molecules are possible with a single nanostructure.'®
For many of these applications, it is essential to characterize
individual nanostructures; in this limit, detection schemes can
operate with nanoscale spatial resolution, the uniqueness of
different nanostructures in an ensemble can be exploited, and
bulk effects such as inhomogeneous broadening, orientation
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averaging of anisotropic particles, and array effects can be
eliminated.

Dark-field microscopy is a widely utilized tool for detecting
and characterizing nanostructures.*!' ™' In this technique, an
incident beam illuminates the sample of interest, and scattered
radiation from the nanoscale objects is collected by a
microscope objective and analyzed in a spectrometer. The
reflection of the incident beam from the substrate is not
collected by the spectrometer to minimize background noise. A
pinhole at the spectrometer entrance can be used in a confocal-
like design to ensure that scattered light from only a single
nanostructure enters the spectrometer. Typical commercial
setups employ dark-field objectives, which combine the
collection objective with the dark-field condenser. Here, the
incidence angle of the illumination beam is set to be larger than
the angle defined by the numerical aperture of the collection
objective. The beam is defocused, such that the illuminated area
spans the field of view (see Supporting Information). While this
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Figure 1. Schematics of two different dark-field spectroscopy configurations. (a) Dark-field setup with a large angle of incidence. One objective is
used to lightly focus polarized white light on the substrate while a second objective collects the scattered light. The inset indicates the electric field
orientations for s- and p-polarized incident light. (b) Dark-field setup with a small angle of incidence. Here, a single objective is used to both focus
white light on the sample and collect the scattered light. The incident beam is collimated, spatially filtered, and polarized before it is directed parallel
to the objective by a beam splitter. A beam blocker is used to prevent the reflected white light beam from entering the spectrometer.

technique is effective for many dark-field imaging applications,
it is inflexible in many ways: the incidence angle, the numerical
aperture of the collection objective, and the polarization of
incident light are fixed. It would be of general interest to
develop new dark-field microscopy techniques that circumvent
the need for specialized dark-field objectives and that provide
the means for new optical analyses.

In this study, we probe the optical properties of individual
plasmonic nanostructures using a dark-field illumination
scheme with near-normal incidence. This technique is
compared with a dark-field illumination scheme with large
incidence angle, which is more typical of standard dark-field
techniques. We show that the near-normal incidence approach
offers clear advantages over the large incidence angle approach
such as significantly higher signal-to-background ratio and
reduced retardation field effects. Schematics of both techniques
are presented in Figure 1, and they clearly employ dark-field
illumination because in both cases, the incident light beam
reflected from the substrate is not collected in the spectrometer.
Both techniques utilize ordinary microscope objectives to
collect the scattered light. The large incidence angle technique
has been used previously for single nanostructure studies,* and
sample illumination is achieved by polarizing and lightly
focusing radiation onto the substrate with a condenser objective
(Figure 1a).

The near-normal incidence technique is one that has been
previously used in applications such as particle trapping, but to
the best of our knowledge, it has not been used before for
nanoplasmonic spectroscopy. We also note the existence of a
complementary technique, dark-field forward scattering mi-
croscopy, which is suitable for systems utilizing transparent and
planar substrates.'"* In our scheme, the incident light is
collimated, polarized, spatially filtered, and aligned parallel
with the collection objective in a manner detailed in Figure 1b.
The spatial filter here controls the size and shape of the
incident beam and its incidence position on the back facet of
the objective lens. Upon focusing, this light illuminates the
sample with approximately s-polarization. A beam blocker is
used to prevent incident light reflected from the sample
substrate from entering the spectrometer, albeit at the expense
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of blocking some collected scattered radiation from entering
the spectrometer. As the collection objective also functions as
the condenser here, the incidence angle has an upper limit set
by the numerical aperture of the objective; this angle can be
tuned by changing the distance of the incident beam relative to
the axis of the objective. In the following experiments, we use a
collection objective with 50X magnification and a numerical
aperture of 0.65, and our incidence angles for near-normal and
large angle illumination are set to 20° and 70°, respectively.

To demonstrate the utility of our new approach, we first
investigate the optical properties of an individual gold nanoshell
on a ZnSe substrate (Figure 2). Nanoshells are chemically
synthesized silica—core gold—shell nanostructures, and their
resonances can be tuned across the visible and infrared
spectrum by varying their core—shell geometry.'> When placed
in a background of uniform dielectric constant, they have
polarization-independent optical responses; in other words,
their dipolar and quadrupolar modes are degenerate. However,
their optical responses become highly polarization dependent
when the particles are deposited on a high refractive index
substrate (n7,5. = 2.67 at 550 nm) due to the interaction
between their plasmonic modes and corresponding substrate
image charges.'*™'® As such, the formerly degenerate dipolar
and quadrupolar modes each split into new and different
orientation-dependent modes; furthermore, the presence of the
substrate can mediate the coupling and hybridization of these
dipolar and quadrupolar modes. A detailed discussion of these
modes and their coupling can be found in ref 17.

The s- and p-polarized nanoshell spectra are distinctly
different when excited at a large incidence angle (Figure 2a).
The s-polarized spectrum contains a broad electric dipole
peaked near 700 nm and a narrow electric quadrupole peaked
near 600 nm. The quadrupole mode is optically active and
clearly visible here because of the hybridization of the dipolar
(symmetry D,) and quadrupolar (symmetry Q;) modes'”*®
(see bottom inset). This hybridization is mediated by the
substrate, which supports image charges that are similar for
both of these modes (see bottom inset, red). The p-polarized
spectrum does not contain such a pronounced quadrupole
mode; however, its electric dipole mode is substantially
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Figure 2. Spectra of an individual nanoshell on a ZnSe substrate. (a)
TEM image (top inset) and spectra of a nanoshell for a white light
incidence angle of 70°. The nanoshell has an inner silica core diameter
of 125 nm and a gold shell thickness of 30 nm. The s- and p-polarized
spectra differ due to the highly polarization-dependent interaction
between the particle and substrate. The p-polarized spectrum is
denoted by a broad electric dipole peak of D; symmetry that arises
from longitudinal coupling between the nanoshell plasmon mode
(dark +/—) and image charges (red +/—) in the substrate (middle
inset). The s-polarized spectrum is characterized by a distinct and
narrow peak near 600 nm, which is an optically active quadrupole
mode that is visible due to substrate-induced quadrupole mode
hybridization with the dipole plasmon mode (bottom inset). (b)
Spectra of the same nanoshell for a white light incidence angle of
~20°. For all polarizations, the spectra are characterized by a strong
quadrupolar peak near 600 nm, similar to that in the s-polarized
spectrum in (a).

broadened. This effect is due to strong capacitive coupling of
the particle dipole mode with its image charges in the
substrate'” (see middle inset). The unpolarized spectrum is a
superposition of the s- and p-polarized spectra and contains
signatures of both the s-polarized quadrupole mode and
broadened p-polarized dipole mode.

As the incidence angle is reduced to the near-normal
configuration, the s-polarized, p-polarized, and unpolarized
spectra of the same nanoshell exhibit comparable line shapes
that each contain a strong electric quadrupole mode near 600
nm (Figure 2b), similar to the s-polarized spectrum from Figure
2a. This polarization independence and the presence of the
quadrupolar peak indicate that for all incident polarization
configurations, this illumination technique principally excites
the lateral modes of the nanoshell. This is consistent with our
expectation of near-normal incidence excitation, where the
electric field of the incident radiation is always parallel or nearly
parallel to the substrate surface.

We note that the signal-to-background ratio of the near-
normal measurements at visible frequencies is approximately
8:1 while the signal-to-background ratio of the large incidence
angle s-polarized measurements is only approximately 2:1 (see
Supporting Information for spectra). Much of this collected
background appears to be due to random multiple scattering
from the substrate. One of the reasons why the near-normal
incidence technique yields an enhancement in signal-to-
background is because in this scheme, the incident light gets
better focused on the substrate: with the lenses and fiber optics
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used here, the illumination spot size is ~20 ym in diameter (see
Supporting Information for discussion). On the other hand, the
large incidence angle scheme illuminates a spot size that is on
the order of square millimeters; this spot is larger because
beams with large incidence angles project over large areas on a
substrate and also because it does not use the 50X objective to
further focus the spot. With the near-normal incidence scheme,
the spatial extent of substrate illumination and subsequent
extent of background created by multiple scattering events can
be limited.

We also show that these two dark-field illumination
techniques can be used together to uniquely probe the optical
properties of more complex nanostructures. As a model system,
lithographically defined gold heptamer clusters are studied.
Heptamers are of general interest because they support Fano-
like resonances, which arise from interference between
subradiant “dark” modes and superradiant “bright” modes
and which are characterized by narrow minima in their
scattering spectra.”*'*~>* The heptamers here are fabricated
by electron beam lithography: the nanostructure pattern is first
defined in a layer of PMMA, metal is deposited (2 nm Ti/30
nm Au), and the excess metal is finally lifted off. The final
nanostructures consist of 150 nm diameter disks separated by
15 nm gaps. The individual heptamers are spaced 50 ym apart
to ensure the ease of single nanostructure spectroscopy. The
substrate is silicon with a 100 nm thick thermally grown oxide
layer; here, the oxide layer is sufficiently thick as to minimize
coupling between the heptamer plasmon modes and their
corresponding image charges in the high refractive index silicon
substrate.'” A scanning electron microscope image of an
individual heptamer is presented in the inset of Figure 3a.

It is noted though that, due to reflections of scattered light at
the silicon—silica interface, the detected signal comes from
multiple sources. The principal source is radiation that scatters
from the heptamer and goes directly into the detector. There is
also radiation that scatters into the substrate and gets reflected
from the silicon—silica interface. Some of this radiation goes
directly into the detector while the rest is rescattered by the
heptamer, both in the direction of the detector and in the
direction of the silicon—silica interface (which leads to
additional rescattering events). As such, the detected spectrum
is actually a combination of interfering sources. The effect of
this interference can be judged from spectra of the heptamer
with and without a silicon—silica interface (see the Supporting
Information). We see that with the silicon—silica interface,
small peaks in the spectra due to this interference become
clearly visible. We also note that this interference does not
strongly affect the Fano minima, as their positions do not get
strongly modified.

The s-polarized spectra of an individual heptamer are
measured with both illumination techniques and are plotted
in Figure 3a. We see that both spectra here exhibit clear Fano
resonances, with local intensity dips delineated by dashed lines.
Theoretical spectra are calculated using the finite-element
analysis program COMSOL, where the heptamer geometry,
silica—silicon substrate, and light collection geometries match
those of the experiment. These spectra generally match well
with theory (Figure 3b); however, the magnitudes of the Fano
dips are smaller in the experimental spectra than in the
theoretical ones, which is likely due to fabrication errors, the
quality of deposited metal, and the absence of the 2 nm thick
titanium adhesion layer in the simulations.
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Figure 3. Spectra of an individual lithographically defined plasmonic
heptamer. (a) Experimental s-polarized spectra of a heptamer
measured for two different incident angles of illumination. The Fano
minima are denoted by dashed lines. The inset shows an SEM image
of the nanostructure; the average disk diameter and interparticle gap
distance are 144 and 15 nm, respectively. (b) Theoretical scattering
spectra of the same structure above, where the sample geometry,
illumination angle, and radiation collection geometry are based on
experimental parameters. As in the experimental spectra above, these
spectra exhibit a change of the Fano minimum line shape as a function
of incidence angle.

We point out a few discernible differences between these two
experimental spectra. One is that the large incidence angle
spectrum contains a series of small peaks that are absent in the
near-normal incidence spectrum. Some of these peaks arise
from the direct coupling of the incident field to these dark
modes, which is due to retardation effects.?® The excitation of
dark modes with this mechanism has been previously studied in
other plasmonic structures such as rings,”” where dark
quadrupole modes were excited with large incidence angle
illumination. This occurs because as the angle of incidence
becomes large, the electric field across the nanostructure is no
longer uniform and, as such, can directly couple to multipolar
plasmon modes. The “peak” near 950 nm includes a magnetic
dipole peak superimposed on the broad electric dipole peak of
the cluster. This mode arises due to the large magnetic field
component of the incident wave pointing out of the heptamer
plane, which induces a circulating current.
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One other difference between these spectra is that the Fano
minimum in the large incidence angle spectrum has a smaller
magnitude (relative to the peak near 800 nm) and is blue-
shifted relative to that in the near-normal incidence spectrum.
This is peculiar because the bright and dark plasmonic modes
causing Fano interference are the same in both cases; the
change of incidence angle must be modifying the interference
between these modes. The explanation that we propose is that
at large incidence angles, incident radiation directly couples
into the dark mode by retardation, similar to its coupling into
other heptamer dark modes as discussed earlier. As such, this
new excitation condition modifies the relative phase of the dark
and bright modes and therefore the Fano line shape.

To further elucidate these effects, it is useful to recall that the
Fano minimum appears at the frequency f, when the total
phase shift from the energy transfer process lI) — IB) — ID) —
IB) is 180° out of phase with II) — IB), where II) is the incident
white light source and |B) and ID) represent the bright and dark
mode states, respectively.”’ Phase shifts arise because these
modes, which can be modeled as classical oscillators,”®*° couple
with each other near their resonances, thereby incurring a
frequency-dependent phase response during each coupling
event (i, IB) — ID) and ID) — IB)). When retardation is
introduced, the Fano minimum condition is modified and

Ret

occurs when the pathways II) — IB) and II) — IB) T ID) —
IB) are 180° out of phase. Iy, represents the incident retarded
field excitation. The dark mode now gets excited by both the
bright mode and the incident retarded field, which together
yield a combined phase response at f; that is phase advanced
compared to before (with no Iy,). Now, to satisfy the Fano
minimum condition, this phase-advanced dark mode response
must be compensated; this is accomplished by exciting the dark
mode at frequencies blue-shifted from f;, because phase
response (ie, phase delay) increases with frequency in a
classical oscillator. The result is a blue-shift of the Fano dip. It is
noted that, within the frequency range of the narrow-band dark
mode, the phase response of ID) — IB) is effectively fixed and
does not change with the introduction of Iy due to the broad
line width of the bright mode.

In conclusion, we have presented the dark-field spectroscopy
of individual plasmonic nanostructures using nearly normal
incidence. Together with more conventional large-angle
incidence dark-field microscopy, it is possible to realize the
dark-field illumination of a nanostructure with nearly arbitrary
incidence angle. Large-angle and near-normal illumination each
yield particular traits. Large-angle illumination can be used to
probe the dark modes of nanostructures, as excited by
retardation, and be used to excite longitudinal modes and
magnetic modes with p-polarized incidence light. With near-
normal incidence, retardation effects are minimized, and there
exists the potential for enhanced signal-to-background. This
technique also eliminates any excitation of modes perpendicular
to the substrate, so that no polarizer is required for the
characterization of structures with in-plane symmetry. Both
techniques can be used together to perform new types of
optical analyses, and in this study, Fano resonances are probed
in gold heptamers. In the context of Fano structures, it would
be of interest to probe systems of different geometries, sizes,
and symmetries®”*° with these techniques in future study.
While plasmonic systems are examined here, these techniques
are general to analyzing scattered radiation from any nanoscale
source. We believe that these techniques will have broad
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implications in scattering spectroscopy, and their ease of setup
and use of basic microscopy components will make them
readily adaptable to most microscopy systems and setups.
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Details pertaining to the experimental setup, signal-to-back-
ground analysis, and substrate effects. This material is available
free of charge via the Internet at http://pubs.acs.org.
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