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Abstract: Dark field microspectroscopy is the primary method for the study
of plasmon modes of individual metallic nanostructures. Light from a
plasmonic nanostructure typically scatters with a strong angular and modal
dependence, resulting in significant variations in the observed spectral
response depending on excitation and collection angle and polarization of
incident light. Here we examine how spectrally dependent radiation patterns
arising from an individual plasmonic nanoparticle, positioned on a dielectric
substrate, affect the detection of its plasmon modes. Careful consideration
of excitation and collection geometry is of critical concern in quantitative
studies of the optical response of these nanoparticle systems.
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1. Introduction

Nanoscale metallic structures, particles, and complexes interact strongly with light due to
their collective electronic resonances, known as surface plasmons [1-4]. To study this class of
systems requires methods that can probe the interaction between light and nanoscale
structures with sufficient accuracy and detail to facilitate direct comparison between
experimental data and theoretical models [5, 6]. As plasmonic nanostructures of increasing
complexity are developed, some quite possibly with optical features beyond the classical
electromagnetic limit [7, 8], the need for experimental tools to probe these systems accurately
becomes critically important. Dark field microspectroscopy of individual nanostructures,
where scattered light from an individual nanoparticle or nanocomplex is detected with
spectral discrimination, currently provides a highly useful method to study, in detail, the
plasmon modes of these systems [5, 9-13].

In dark field microspectroscopy, the scattered field emitted into the angular cone of the
detection optics is frequently assumed to be representative of the total scattered field of the
nanoscale complex. However, some plasmon modes may not radiate efficiently into the
collection solid angle. This can result in significant deviations between the experimentally
measured spectrum and theoretically calculated plasmon modes. The presence of a substrate
may further alter the angular distribution of the scattered light from a nanoscale plasmonic
system, in a mode-dependent manner.

In this study, we examine the role of the collection and excitation optics in the detection of
plasmon modes from an individual plasmonic nanoparticle supported on a substrate. The
system studied is a single Au nanoshell deposited on a substrate with a high dielectric
constant (ZnSe). Previous studies have discussed the importance of the excitation angle [14,
15], and shown that the dielectric properties of a substrate can influence the properties of
individual plasmonic nanoparticles supported on their surfaces quite significantly [16-21].
Here we present a systematic study of several factors that contribute to the relative amplitudes
of the observed plasmon modes in experimental spectra: excitation angle of incident light, the
numerical aperture (NA) of the collection optics, even small, local irregularities at the
nanoparticle-substrate interface. These effects are generally applicable to the observation and
characterization of the plasmon modes of metallic nanostructures, whether fabricated
lithographically or by chemical means, and apply quite generally to the observations of
plasmon modes of individual nanostructures or nanoparticles.
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2. Methodology
2.1 Experimental sample preparation and measurements

Au nanoshells, spherical nanoparticles consisting of a dielectric core coated with a thin
metallic shell, were synthesized as previously reported [22, 23]. The silica cores, obtained
from Precision Colloid Inc., were measured to have an average radius of 62+5 nm using
transmission electron microscopy (TEM). Nanoshells of dimensions [r;, 1,]=[62, 95] nm,
where r; corresponds to the core radius and r, corresponds to the total nanoshell radius, were
fabricated. Polished ZnSe substrates were purchased from II-VI Infrared Inc. and patterned
with gold markers structures to facilitate easy identification of specific individual particles for
spectral and structural measurements of specific individual particles. Samples were prepared
by drop-casting a dilute solution of nanoparticles, suspended in ethanol, onto the ZnSe
substrate.

NA = 0.42

0.90

1.00

nanoparticle
substrate A

Fig. 1. Schematic of the nanoshell-substrate geometry. A dark-field objective collects light
scattered by the nanoparticle, here an isolated Au-Silica nanoshell, separated from a dielectric
substrate by a distance D, where D < 0 corresponds to a facet on the nanoparticle. Radiation
cones corresponding to the numerical aperture of four common objectives are shown (NA =
0.42, 0.65, 0.90, and 1.00). Experimentally, the dark field geometry allows excitation over a
narrow range of k vectors incident at an angle 6 onto the substrate; in simulations the
illumination is modeled as a monochromatic plane wave using the Fresnel equations to account
for the presence of the substrate.

Single particle scattering spectroscopy was performed using a custom-built dark field
microspectroscopy apparatus that allowed independent selection of the collection N.A. and
excitation angle. Briefly, a halogen white light source was polarized with a broadband
polarization cube, then focused onto the substrate at a particular incidence angle of 8 = 12° or
35° (Fig. 1). Scattered light was collected using a Mitutoyo 50x IR-corrected objective with
either NA = 0.42 or 0.65, dispersed in a Jobin Yvon grating spectrograph, and detected using
a silicon CCD array detector. The light was imaged onto a pinhole to select scattering from a
single nanoshell and suppress unwanted scattering from nearby, adjacent nanoparticles. The
broadband spectral background was suppressed by subtracting the scattered light from a
region of the substrate near the nanoshell from the raw particle spectrum. The final spectrum
was corrected for the spectral efficiency of the entire microspectrometer by normalization
with the scattering spectrum of a teflon white standard. Following optical characterization, the
samples were coated with a ~5-10 nm thick PdPt film and imaged using a scanning electron
microscope (SEM), where the nanoshells were identified using the gold marker pattern.

2.2 Simulations of single nanoparticle spectra

Spectra for a nanoshell supported on a dielectric substrate were calculated numerically using a
commercially available FEM package (COMSOL Multiphysics 3.5, RF module). The
nanoshell was modeled as two concentric spheres of radius r; and r, inside a spherical
simulation space surrounded by perfectly matched layers (PMLs) and scattering boundary
conditions to absorb scattered light. The refractive index of silica was used for the core (n =
1.42), with the shell layer of the nanoparticle defined using the empirically determined bulk
dielectric function of gold [24].
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The air/substrate boundary was defined as a plane offset from the particle origin by
(r,+D), where the distance D (Fig. 1) allows for either a gap between the particle and the
substrate (D > 0), or the introduction of a flat ‘facet’ on the nanoparticle (D < 0). The
substrate, in this work, was simulated using a constant refractive index of n = 2.6 to simplify
interpretation of the results. The real dielectric function of ZnSe varies across the visible and
NIR regions of the spectrum; however, for this system, spectra calculated using an empirical
dielectric function for ZnSe [25] were extremely similar to calculations performed with a
substrate with a constant dielectric. The similarity between these two approaches arises from
the relatively small deviations in the magnitude of the screening charges induced on the
dielectric surface as a function of wavelength. These charges are equivalent to an image of the
induced charge on the nanoparticle reduced by a factor of (e-1)/(e+1) [2], a factor which does
not vary significantly across the visible region of the spectrum for ZnSe.

The geometry, consisting of a single solitary particle adjacent to a substrate, is
cylindrically symmetric. However, under plane wave excitation, the full electromagnetic
solution has only a single mirror symmetry plane, defined by the k vector and the substrate
normal. This symmetry plane was exploited in the simulations by specifying a boundary
bisecting the simulation space and parallel to the k vector, and using either perfect electric
conductor (PEC) or perfect magnetic conductor (PMC) boundary conditions for S and P
polarized light, respectively. The use of symmetry reduced the number of degrees of freedom
by half, to ~150K-300K. The finite collection angle associated with a given numerical
aperture was included in the simulation by integrating the far-field scattering only over a
semispherical boundary with an opening half angle of sin_l(NA)/nair (Fig. 1). The near-to-far
field transform was performed using the Stratton-Chu formula [26]. More complex factors
arising from the use of high numerical aperture objectives were neglected, such as apodization
effects where collection efficiency can vary as a function of the angle of incidence and
polarization of scattered light [27].

The particle was excited using a field satisfying the Fresnel equations for a plane wave
incident at an angle 6 above the substrate. This field definition, in the scattered field
formulation, results in extremely low scattered field intensities far from the particle and
allows a good approximation of an infinite substrate. In the case of an air (n = 1) substrate and
a large numerical aperture, this approach yields normalized spectra identical to those
calculated analytically using Mie theory.

3. Influence of numerical aperture and angle of excitation
3.1. Experimental spectra of nanoshells on a ZnSe substrate

Experimental spectra for nanoshells deposited on a ZnSe substrate exhibit two strong modes
when excited with S-polarized light, along with a weaker, more redshifted mode for P-
polarized excitation [16]. Briefly, a small nanoshell in a homogeneous medium has a single
dipole resonance, since higher order resonances cannot be excited in the dipole limit. Finite
size effects can allow higher order multipolar modes to be weakly excited, although the
quadrupole plasmon appears only very weakly in the scattering spectrum even for a particle
approaching 200 nm in diameter. When this particle is located adjacent to a substrate, the
substrate reduces the symmetry of the system and lifts the threefold mode degeneracy
associated with a symmetric particle in a uniform 3D medium. This effect can be understood
using a simple image dipole picture, where the induced charge on the particle interacts with
the induced image charges in the substrate. This reduction in symmetry results in
hybridization between plasmon modes of different orders, leading to significantly redshifted
mode energies and enhanced optical excitation of the quadrupolar plasmon mode. The dipolar
mode splits into two separate modes, each associated with either a transverse or axial
polarization of the electromagnetic field.
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Fig. 2. Experimental spectra for an [ry, 2] ~[62, 95] nm nanoshell showing scattering spectra
for P-polarized (red) and S-polarized (blue) incident light for two different objectives (NA =
0.42 and 0.65) and an excitation angle 6 = 12°. Spectra for an excitation angle of 6 = 35° are
also shown for a collection NA = 0.42 (black). Inset shows an SEM image of the nanoparticle
corresponding to these spectra.

When investigating the properties of this system with darkfield microscopy, the numerical
aperture of the objective has a strong effect on the amplitudes of the observed plasmon
modes. This is shown in Fig. 2, where the P-polarized spectra (left) and S-polarized spectra
(right) of the same individual nanoparticle are shown, for detection optics with two different
numerical apertures. For P-polarized excitation, the amplitude of the quadrupolar mode (A =
600 nm) decreases with increasing numerical aperture, relative to the dominant transverse
dipolar mode (A = 750 nm). The magnitude of this change is sensitive to local geometry of the
particle and substrate. For some nanoparticles, a weak axial dipolar mode also becomes
visible as a long wavelength shoulder at nominally 900 nm in the spectrum for the 0.65 NA
objective. In contrast, for spectra obtained using S-polarized light, the peak amplitudes exhibit
negligible variation due to changes in numerical aperture.

The amplitudes of the plasmon modes are also sensitive to excitation angle. When the
same particle is excited with a higher incidence angle, 8 = 35° rather than 12°, the spectrum
for P-polarized light changes significantly (Fig. 2, black line). The spectral features become
more resolved, and the transverse dipolar mode increases relative to the quadrupolar mode
amplitude. For spectra obtained using S-polarized light, the peak amplitudes exhibit only very
small changes as the excitation angle is varied.

While the spectra in Fig. 2 are normalized for clarity, changing the numerical aperture of
the objective strongly affects the absolute intensity of the collected light. For example,
substituting a 0.65 NA objective for a 0.42 NA objective more than doubles the absolute
amplitude of the measured spectrum. (The higher noise levels for spectra collected with the
0.42 NA objective are evident in Fig. 2 above 850 nm in wavelength. Increasing the
integration time on the CCD can partially compensate for the reduced signal associated with
low NA objectives.)

Dark field measurements of faceted colloid with similar diameters to the nanoshells used
here were performed with nearly identical results, as expected for nanoshells with thick shell
layers, where plasmon hybridization affects the spectra only minimally [28].
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Fig. 3. Simulated spectra showing NA dependence for an [r;, r,] = [62, 95] nm nanoshell
supported by a dielectric substrate (n = 2.6) for 6 = 12° and polarization either perpendicular
(P, red) or parallel (S, blue) to the substrate. The sensitive spectral dependence on gap
geometry is illustrated with a nanoshell (a) separated from the substrate by a 3 nm gap, with
Mie theory for the same nanoshell in air (gray), and (b) with a 3 nm facet (D = —3 nm) in
contact with the substrate. (i) quadrupolar mode at 565 nm, (ii) transverse dipolar mode at 695
nm, and (iii) axial dipolar mode at 900 nm in wavelength. For NA = 0.42, excitation with 8 =
35° is also shown (black lines). Spectra are normalized and offset for clarity.

3.2. Influence of nanoparticle-substrate geometry

In Fig. 3, simulations of the dark field spectroscopy of an individual nanoshell on a dielectric
substrate with the same properties as our experimental system are shown. In this series of
spectra, changes in the optical spectrum over a full range of NA values are investigated.
Independent of variations in numerical aperture, we observe a remarkably high sensitivity
in the spectra depending on the local geometry of the nanoparticle at the nanoparticle-
substrate interface. Spectra obtained for a spherical nanoparticle on a planar dielectric
substrate (Fig. 3, left) do not resemble, even qualitatively, the spectra of our system (Fig. 2).
However, by introducing a very small degree of nanoparticle flattening (D = —3 nm) at the
nanoparticle-ZnSe substrate interface, we obtain very good agreement between simulated
spectra (Fig. 3, right) and the observed experimental spectra (Fig. 2). Such a small
deformation, less than a 2% deviation in nanoparticle diameter, may easily result from
faceting of the multicrystalline shell layer of the nanoparticle (Fig. 2, inset). A similar series
of spectra are obtained for a spherical nanoparticle on a dielectric substrate with a small
equivalent (3 nm) indentation. The presence of a nanometer scale facet or depression at the
nanoparticle-substrate interface induces a redshifting of the transverse dipolar mode, and an
increase in the quadrupole mode amplitude from a weak spectral shoulder to the dominant
peak in the spectrum. Also, the axial dipolar mode at 850 nm strengthens significantly. In
general, the spectra are highly sensitive to the depth of this facet or deformation, which
suggests that nanoparticle-to-nanoparticle variability in the scattering spectrum may be due to
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these small structural variations. Interparticle spectral variation may be minimized by
introducing an index-matching oil to reduce the effect of the interface [12].

3.3. Influence of numerical aperture on scattering spectra

The numerical aperture of the collection objective can significantly modify the mode
amplitudes of the experimentally observed spectrum. In Fig. 3, a series of spectra show the
amplitude of the axial dipolar mode (A = 900 nm) steadily increasing with increasing
numerical aperture for P-polarized excitation, with the quadrupolar (A = 565 nm) and
transverse dipolar (A = 695 nm) peaks becoming increasingly spectrally resolved. This same
increase in numerical aperture induces a negligible effect on the S-polarized spectrum.

These trends arise from the radiation pattern associated with each plasmon mode. In Fig.
4, we examine the angular scattering distribution of each mode, within the solid collection
angles corresponding to each numerical aperture studied. For P polarized light, the
quadrupolar mode at 565 nm and the transverse dipolar mode at 695 nm both scatter light
vertically toward the objective, while the axial dipolar mode at 900 nm radiates at a small
angle above the substrate (Fig. 4(a)). Low NA objectives do not capture the scattered
radiation from the axial dipolar mode, resulting in the absence of this mode in low NA spectra
when that mode is excited. For S-polarized excitation (Fig. 4(b)), the apparent insensitivity to
objective NA results from the quadrupolar (565 nm) and transverse dipolar (695 nm) modes
radiating toward the objective in an extremely similar manner. For this polarization,
increasing the numerical aperture increases the overall amplitude of the spectrum, but does
not significantly modify the relative peak heights of the spectra.

(@l p

=

i |
(b) S - NA = 0.42
E@jﬁ—@E /\\ | 0.65

™~

565 695 900 A =565 nm 695 nm 900 nm

0.90
1,00

t T

Wavelength (nm)

Fig. 4. Scattering spectra and radiation patterns for a [r;, 2] = [62, 95] nm nanoshell with a 3
nm facet supported on a substrate (n = 2.6) and either (a) P-polarized or (b) S-polarized
excitation. Radiation diagrams show the far-field radiation on a hemispherical surface centered
on the nanoparticle (normalized for clarity), with horizontal lines indicating the lower
integration boundary for each simulated NA.

3.4. Influence of excitation angle on simulated spectra

The relative intensities of the plasmon modes in the scattering spectra also exhibit a sensitive
dependence on excitation angle (Fig. 2). This dependence is examined in a series of
simulations of single nanoparticle spectra for an excitation angle § = 5° to 55°, where the
numerical aperture of the collection optics is maintained at a constant value (Fig. 5).

The scattered light spectrum for P-polarized excitation depends critically on excitation
angle. The axial dipolar mode is strongly excited only at low angles of incidence. Even when
excited, however, this mode only appears in the spectra when large NA objectives are used in
the collection optics (Fig. 5(a)). The quadrupole mode also shows a significant change in peak
amplitude as the excitation angle is changed; this behavior was observed experimentally (Fig.
2). In our series of simulations, we observe that the range of excitation angles where the
quadrupole mode is smallest occurs in the vicinity of Brewster’s angle (8 = 21°), where
reflections from the substrate are minimal and the particle is therefore excited with a more
homogeneous field. We find that this behavior occurs for both small and large NA in P
polarization (Fig. 5(a)).
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In the case of S polarized excitation, the amplitude of the transverse dipolar mode
gradually increases relative to the quadrupolar mode with increasing excitation angle (Fig.
5(b)). Only spectra for one NA (0.42) are shown for S polarization, since changing the
numerical aperture of the objective did not result in significant modifications of the peak
amplitudes (Fig. 3). For larger excitation angles, the quadrupolar mode recovers and, as
required by symmetry, the S and P polarized spectra begin to converge.

NA = 0.42 NA = 1.00 NA = 0.42
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Fig. 5. Simulated spectra for a [62, 95] nm nanoshell with D = -3 nm showing the effect of
incidence angle for (a) p polarized light for NA = 0.42 and 1.00 and (b) s polarized light for
NA = 0.42. Spectra are normalized for clarity.

5. Summary

Experimental scattering spectra of individual plasmonic nanostructures depend sensitively on
excitation and collection angles, and may not be equivalent to a complete spectrum including
all scattered light. We have shown here, both experimentally and in simulations, that the
numerical aperture of the collection objective significantly affects the spectra of a supported
nanoshell, where the interaction with the dielectric substrate gives rise to multimode behavior.
More generally, a restricted collection angle can influence the spectra of all complex
plasmonic structures, even in homogeneous media, due to an unequal sampling of radiation
from multiple modes [5]. As a result, even spectra collected using immersion oil may be
modified by the limited collection angle of the objective.

With the increasing technological significance of nanoscale plasmonic structures, and the
corresponding importance of accurate single structure characterization, understanding the
effects of excitation and collection optics on the dark field spectra of these systems becomes
increasingly important. However, while spectral peak amplitudes may be sensitive to
experimental geometry, the mode energies themselves are an intrinsic property of the
nanoscale system. Given an objective capable of sampling scattered light from all modes of
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interest, dark field microscopy offers a robust method for probing the plasmonic properties of
individual nanostructures.
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