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Spectral Tuning of High Order Plasmonic Resonances
in Multimodal Film-Coupled Crystalline Cavities

Upkar Kumar, Aurélien Cuche,* Jadab Sharma, Antoine Moreau, Gérard Colas des Francs,

Christian Girard, and Erik Dujardin

Sub-micrometric and ultrathin gold cavities sustain several high order planar
plasmon resonances in the visible to near-infrared spectral window that
open new perspectives for the realization of self-assembled metasurfaces or
integrated components for nano-optics. This article investigates in detail the
far-field spectral features of these multimodal crystalline gold nanoprisms,
deposited on either dielectric (glass) or metallic substrates (Au, Al) by dark-
field scattering spectroscopy. Relying on the computation of the plasmonic
density of states, the signature of each planar resonance is de-convoluted
from the experimental global response of single cavities as a function of the
cavity size and the substrate nature. The redshifting dispersion of each reso-
nance is extracted from this decomposition analysis and agrees with predic-
tions from a Green dyadic method based numerical tool. In addition, in the
presence of a metallic film, a characteristic redshift or blueshift of the global
response is observed for each cavity that results from a metal-specific redis-
tribution of the resonances. The fine spectral tuning of high order plasmonic
resonances achieved here reveals the potential of the metal-insulator-metal

allow for a strong confinement and
enhancement of the electromagnetic field
in subwavelength volumes along with
plasmon propagation in structures with
low dimensionalities.”l These appealing
properties have triggered the development
of biosensing,®?! energy conversion,**!
detectors,®! integrated optical compo-
nent for information transfer and/or pro-
cessing,”! or shaping of the phase front of
light.®9] Several applications rely on the
ability of the plasmonic nanoparticle to
efficiently scatter or concentrate the light
in a specific region of space at a given
energy. As a consequence, a constant
effort has been undertaken to control and
tune the plasmon resonance of subwave-
length plasmonic resonators or antennas
from UV to IR.'0M Strategies to adjust
the conditions of resonance or propaga-

gap geometry for a static modal engineering within ultrathin gold cavities.

1. Introduction

Metallic nanoparticles have been at the focus of numerous
studies owing to their ability to sustain plasmonic resonances
in the visible, which makes possible the control of light at the
nanoscale.ll! Plasmonic resonances in metallic nanostructures
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tion rely on the static'213 or dynamic(141¢
modification of the surrounding medium,
on the modification of the geometry,!”! the
size or the material of the metallic object itself,1%181 or on the
modification of the charge carrier density, for instance.l"!

A particularly efficient approach exploits the electromagnetic
coupling between a plasmonic nanoparticle and a thin metallic
film.2-26] The small nanocavity resulting from the metal-
insulator-metal (MIM) geometry gives rise to new longitudinal
and transverse plasmonic resonances in the gap along with a
spectral shift of the native resonance of the nanoparticle.?’-%]
The adjustment of the coupling strength by varying the dis-
tance between nanoparticles and the conductive plasmonic
film can be used to tune the surface plasmon (SP) resonance
wavelength.39-32l The MIM geometry, which is compatible with
operational device configuration, offers therefore a new degree
of freedom to control the modal plasmonic landscape and the
related scattering properties of the system.

While the optical response of subwavelength particles is well
defined and usually limited to one or two resonances in the
visible, sub-micronic 2D colloidal gold cavities sustain multiple
higher order plasmonic resonances that offer a much richer
multimodal plasmonic spectrum. Indeed, these highly crystal-
line and thin metallic cavities exhibit a single transverse mode
but several planar resonances of higher order than the dipolar
one in the visible and near-infrared.?>=¢l They result from
multiple interferences between degenerated high order SP
modes and yield optical near-fields that are strongly localized
at specific hot spots along the edges and at the center of the
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structures. As a consequence, these high order resonances
combine the advantages of localized field enhancement and
delocalized 2D remote connection between these electric
field hot spots. These versatile optical properties of ultrathin
plasmonic cavities position them as promising building blocks
for the development of 2D nanophotonic components for
optical information processing and transfer.?* Such develop-
ment of integrated components with clearly defined function-
alities requires an on-demand spatial and spectral tailoring
of the plasmonic resonances in the system. This concept has
recently been demonstrated for the control of the optical signal
transmission through the design of plasmon eigenstates.>’]
While weak electromagnetic coupling between two cavities
has been discussed as promising approaches,?®3% including
the coupling between a cavity and a resonant defect, the MIM
geometry appears as a more effective and more tunable config-
uration for an efficient spectral modal engineering and actua-
tion in these 2D systems.

In the present work, we perform a comprehensive study of
the far-field scattering response of individual crystalline Au
prismatic cavities of different sizes ranging from 400 to 900 nm
as a function of the substrate. We first record the forward
scattering spectra of these objects on a dielectric substrate by
dark-field (DF) scattering spectroscopy. Then, we decompose
the global response into a series of redshifting longitudinal Lor-
entzian resonances thanks to a qualitative comparison with the
planar near-field plasmonic local density of states (SP-LDOS)
simulated with a Green dyadic method based numerical tool.
We extend our analysis by examining the spectral behavior of
these Au cavities deposited on 30 nm thin metallic films in
an MIM configuration. When the distance between the nano-
prisms and the thin films is kept constant, but the metal is
changed from Au to Al, we observe a characteristic global
blueshift, confirming the potential of the MIM nanocavity con-
figuration for an on-demand static spectral modal engineering.

2. Results and Discussion

2.1. High Order Plasmonic Resonances in Crystalline Cavities

Earlier studies on the near-field optical properties of such
objects have revealed the spatial distribution of the high order
resonances occurring in the plane of the cavity. These works
mainly relied on nonlinear photoluminescence microscopy>+-36l
or electron probes.3 Both approaches are based on the total
absorption or the partial loss of energy in a plasmonic channel.
The signal measured is therefore proportional to the SP-LDOS
in the cavity, which provides a local and near-field informa-
tion.?*#0 Yet, the coupling of these modes to the far field has
not been discussed in detail. When illuminating a single object
in the visible, several resonances are probed together; it is
therefore difficult to infer the contribution of each of them in
the intertwined far-field signal. DF scattering spectroscopy is an
all-optical technique that measures the purely scattered optical
signal associated with SP resonances in individual metallic
nanostructures (Figure 1). This simple and robust microscopy
has already been used for the characterization of MIM nano-
cavity geometries.[2423]
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Figure 1. a) DF scattering spectrum of a triangular gold nanoprism is
shown in black (lateral dimension 460 nm and thickness is about 20 nm).
The pink, red, green, and blue curves correspond to the Lorentzian
decomposition done on the experimental spectrum. The curve in dark
yellow color is the cumulative of the all the Lorentzian fitted peaks. Left
inset: Schematic diagram of the dark-field spectroscopy setup. White light
is focused on the sample and the forward scattered light is collected in
transmission. Right inset: SEM image of the sharp triangular gold nano-
prism deposited on indium tin oxide (ITO)-coated glass substrate from
which the experimental spectrum is recorded (the scale bar in white is
100 nm). b) SEM images of three different prismatic cavities (side length
is indicated in white).

Figure 1a shows the DF spectrum recorded on a gold cavity
with lateral size of 460 nm. The forward scattering intensity
exhibits the presence of two dominant overlapping peaks and
a low intensity plateau at longer wavelengths in a spectral
window ranging from 475 to 825 nm. This spectrum cannot
accommodate a single resonance as observed in small dipolar
spherical particles at similar energies. Assuming that SP reso-
nances can be described as damped harmonic oscillators driven
by the incident electric component of light,*!] we propose a
decomposition method based on the summation of Lorent-
zian functions to fit the experimental scattering spectra. This
approach allows the extraction of the characteristic parameters
of the individual resonance peaks potentially associated to the
high order SP resonances in the cavities, as illustrated by the
four colored Lorentzian curves in Figure 1a.

The forward DF spectra recorded on single gold cavities with
different sizes (a subset of examples is shown in Figure 1b)
were systematically fitted with multiple Lorentzian peaks.*!]
This fitting was done by an iterative sequence until a minimal
residue is reached. However, the parameter space defining
the fitting method (peak position, peak number, peak width,
and area) is large for such 2D systems, leading to multiple
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equivalent and valid fitting solutions. This convergence issue
can be settled by making specific hypotheses on several param-
eters related to plasmonic resonances. First, the full width at
half maximum (FWHM) of an SP resonance is mainly deter-
mined by the damping of the SP oscillations. This damping
is driven by two components related to internal and radiative
losses.[*2#3 Given the large dimensions of the gold cavities, and
their rather low symmetry, our first assumption is to consider
all these high order resonances bright with an equal radiative
damping. The internal contribution to losses is related to the
amplitude of imaginary part of the dielectric function Im(g).
The latter includes the different contributions involved in the
dephasing process in metal nanoparticles like electron scat-
tering into empty levels of conduction bands and electron—
phonon coupling. It also accounts for the interband transitions
that mainly occur for wavelengths below 600 nm in gold. The
evolution of Im(g) in the 500-850 nm spectral window (Aw) led
us to impose a decreasing of the FWHM of each peak of a given
structure as the peak’s central wavelength increases.

The second constraint has been set on the number of fitting
Lorentzian curves, N, and their initial spectral position, Ay.
For subwavelength nanoparticles, the few resonances occur-
ring in the visible can be efficiently numbered and separated.
It is therefore convenient to compare the experimental data to
the simulated scattering cross-section. For larger plasmonic
systems, the computation of the scattering cross-section fails
to reproduce the experimental data as shown in Figure 2a.
These discrepancies mainly originate from the size of the plate-
lets, and a more refined and complex approach is needed.*

a) b)
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Moreover, in the present case of experimental spectra with
multiple overlapping peaks (see Figure 1), the simulation of
the global response (scattering cross-section) provides limited
information on each single resonance.

In order to overcome these difficulties, we apply an original
method to infer the values of N and Ay. We systematically and
qualitatively compare the experimental scattering spectra with
simulated planar SP local density of states (SP-LDOS) py(r,®)
computed on the same spectral range A with the Green dyadic
method

pi(r,®)= 27[120) Im{S,.(r,r,0)+S,,(r,r,0)} 1)

with r = (x, y, z) being an arbitrary position in the metal and ©
the angular frequency. S, (r, r, ®) and S, (r, r, @) are the first
two diagonal components of the Green dyadic tensor S(r, r, )
calculated at the position r inside the metallic structure. The
planar SP-LDOS describes all the available planar states in the
cavity at a given position and energy, independently of the inci-
dent illumination. Once N and Ay have been estimated by this
numerical analysis, they are incorporated as a fixed parameter,
for N, and starting values, for the peak positions Ay. The itera-
tive fitting sequence is run with the peak positions Ay left free
to evolve until a converged fit to the full spectrum is obtained,
which fulfill the first constrain (FWHM evolution).

Figure 2a—d presents the DF spectra of four different Au
cavities with lateral sizes of 430, 565, 650, and 710 nm, respec-
tively. Each DF spectrum is presented with the total fit (orange

c) d)
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Figure 2. a—d) Experimental dark-field scattering spectra (black curves) from crystalline gold triangular cavities of size a) 430 nm (upper inset: simu-
lated scattering cross-section; lower inset: contribution of the transverse mode), b) 565 nm, c) 650 nm, and d) 710 nm, respectively. The spectra are
fitted with Lorentzian peaks (colored peaks). The orange curves are the sum of the individual Lorentzian peaks. Corresponding near-field SPLDOS
spectra calculated at one apex (in black) and middle of the edge (in red) of the nanoprisms are shown in (e)—(h). These positions are indicated by
a red and a black dot on the schematic cavity in the inset in (). The SP-LDOS maps corresponding to the main peaks are displayed in the inset for
each spectrum.
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curve) and the corresponding constituting Lorentzian peaks.
Interestingly, the overall scattering response of these four
objects, with noticeable size differences, occurs in the same
spectral window, with only slight modulations of this broad
peak as a function of the wavelength. The good agreement
between the experimental curves and the total fits shows that
our fitting approach based on a limited number of Lorentzian
peaks is satisfactory. In the lower inset of Figure 2a, we show
the weak contribution of the transverse mode (along the thick-
ness of the platelet). It is systematically dominated by the signal
from the planar resonances, which justifies to only compute the
planar density of states. Along with experimental data, the cor-
responding simulated near-field SPLDOS spectra are displayed
in Figure 2e-h. For each object, the mesh for the simulation
is adjusted to match the experimental geometry as closely as
possible. As stated in Equation (1), the planar SP-LDOS is com-
puted at a given position in the metal and therefore provides a
near-field and local information. The spatial distribution of the
high order resonances exhibits nodes and antinodes along the
edge of the cavities as demonstrated in former works on similar
prismatic systems.33383 Accordingly, we compute the planar
SP-LDOS in two specific positions, namely, the corner and the
middle of an edge (see the inset of Figure 2e), guarantying to
probe the whole spectral plasmonic landscape of the cavities.]*®!
The SP-LDOS spectra in Figure 2 show that the global shape of
the SP-LDOS, each displaying several peaks, and the DF experi-
mental spectra lie in the same spectral range. In addition, for
a given size, the converged fit shows that the position of the
individual Lorentzian peaks remains consistent with respect
to the SP-LDOS ones. Dashed black lines, aligned with the SP-
LDOS peaks, have been drawn on Figure 2 to emphasize this
correspondence.

A direct “quantitative” comparison of the simulated planar
SP-LDOS spectra with the experimental DF scattering spectra
should not be established because the former provides a local
and near-field information in the metal, with no clue on the far-
field coupling, while the latter is a spatially integrated measure-
ment in the far field. In particular, a redshift between near and
far-field spectra is expected. Yet, a “qualitative” comparison sug-
gests that several planar high order SP resonances are contrib-
uting to the forward light scattered by these plasmonic systems,
justifying the use of SP-LDOS spectra as guidelines for fitting.

Interestingly, the comparison between the Lorentzian
decomposition and the SPLDOS analysis can be used beyond
a simple guiding methodology. By computing the spatial distri-
bution map corresponding to each SP-LDOS peak, the order of
each resonance is inferred from the number of antinodes dis-
played. As shown in the insets of Figure 2e-h, every single peak
or shoulder in the spectra originates from a different resonance
order with a singular SP-LDOS spatial distribution. All of them
are characterized by an incremental number of antinodes and/
or an incremental number of maxima at the central core of the
prism as the energy increases. These resonances can thus be
easily followed from one cavity size to the next, drawing a clear
redshift of these high order planar SP resonances as the cavity
size increases. This observation is in good agreement with an
earlier work on the same gold system where, for a fixed wave-
length, an increase of the triangular cavity size leads to the
build-up of a new SP resonance of higher order.*>3”] Thanks
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to the consistent relationship between fitted and simulated
resonances, the Lorentzian peaks are correlated from one spec-
trum to the other, and a resonance order is attributed through
a color code as shown in Figure 2. It appears clearly that each
single experimental resonance is redshifting as the cavity size
increases, with new resonances emerging in the high energy
part of the spectrum. Our observations confirm that a threshold
value of the edge length increase (about 100 nm) is necessary
to accommodate a new resonance in the fit of the experimental
curve (see Figure 2e-g). For instance, between Figure 2g and
Figure 2h, the difference in size is not sufficient and the same
resonances are observed with a significant redshift.

Applying the same assignment to the full set of fitted and
simulated data, a high order SP resonance dispersion can be
constructed. These data are gathered in Figure 3a,b where a
similar trend is observed for all the resonances in both fitted
and computed spectra. The resonances are associated to Fabry—
Perot behavior of the plasmonic cavity.*’! A possible improve-
ment of our approach would be the extraction of the wavevec-
tors (k) associated to the plasmon resonances in the SP-LDOS
maps, and their subsequent dispersion relation (k(cw)).

The full set of SP-LDOS spatial distributions associated to
the resonances available in these prismatic cavities is presented
in Figure 3c. These resonances display a quality factor between
7 and 15, which is in good agreement with the values reported
in the literature.[*!l This observation relates to our assumption
of an equal radiative damping for these high order planar reso-
nances. These computed spatial distributions are in excellent
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Figure 3. a,b) High order SP resonance dispersion. The spectral position
of a) the fitted and b) computed resonances is plotted as a function of

the cavity edge size. A similar color code is used in Figures 2 and 5. ) SP-
LDOS maps corresponding to the resonances with the same color code.
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agreement with the ones described as edge (from light blue
to pink) and breathing eigenmodes (dark red and dark green)
in similar prismatic geometries.[3**4% The experimental peak
decomposition provides an in-depth description of the set of
plasmonic resonances sustained by the platelets. It also gives
precious indications on their coupling to the far field, since
the signature of all the resonances identified in the SPLDOS
spectra is recorded in the far field, meaning that even the high
order contributions have a radiative behavior. The detailed spa-
tial and spectral mapping of the resonances as a function of the
cavity size found here is a useful guide for the targeted altera-
tion of one specific subset of resonances, for example, by local
etching as shown in ref. [38] and thus a rational engineering of
the plasmon modes in these crystalline nanoprisms.!*’]

2.2. Spectral Control of High Order SP Resonances in an MIM
Configuration

The same colloidal suspension of Au nanoprisms is deposited
on a semi-transparent (thickness of 30 nm) sputtered gold film
with a spacing layer of =3 nm. The spacer corresponds to a res-
idue of a cross-linked polymer that is not removed during the
cleaning steps and is always present below the colloid as dis-
cussed in a previous work (see the Experimental Section).

The MIM configuration has already demonstrated its
potential for the spectral tuning of dipolar and quadrupolar
resonances in subwavelength metallic particle.?>2° Figure 4a,d
shows two DF images recorded on the two different substrates.
The DF image on the ITO-covered glass substrate shown in
Figure 4a reveals an orange-red tinted scattering of the colloidal
cavities while the forward scattering of these objects recorded

www.advopticalmat.de

on the Au thin film appears to be shifted in the yellow and
green parts of the spectrum. This trend is quantitatively con-
firmed by a systematic acquisition of scattering spectra from
16 prismatic cavities on gold with similar sizes to the objects
discussed in the first section. A comparison between the two
systems is shown in Figure 4 for two different cavity sizes,
namely, 450 nm in (b) and (e), and 650 nm in (c) and (f). For
a given size, the total spectrum undergoes a blueshift of about
50 nm in all cases, demonstrating the strong effect of the
metallic film on the optical response of the platelets and the
potential of the MIM nanocavity geometry for modal control.

From the comparison of the spectra in Figure 4 recorded
either on glass or gold, it is difficult to infer if the global blueshift
of the whole spectra originates from the blueshift of each indi-
vidual Lorentzian component or whether significant intensity
redistribution occurs, possibly alongside a spectral shift. A spec-
tral blue or redshift of the plasmon resonance can be induced
by the static injection of charges in the resonant system.2047]
But the charge transfer by a tunneling mechanism is unlikely
considering the rather thick spacing layer and the absence of
applied bias on the metal film. A blueshift of plasmon modes
has already been reported in Au nanorods deposited on Au
thin film with respect to one deposited on glass in a previous
work.®l In that case, the electromagnetic coupling between the
particle and the film leads to the spectral shift. Depending on
the strength of this interaction, which is experimentally done by
changing the thickness of the spacer, the scattering spectra can
undergo blue or redshifts. In these studies, the subwavelength
size of the nanorod made possible an easy tracking of the spec-
tral evolution of the longitudinal and transverse resonances.

In order to validate our numerical approach in an MIM
configuration and to test its accuracy, we first compute the
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Figure 4. a,d) Dark-field images of Au cavities on ITO-covered glass and Au thin film, respectively. Artistic views of the two configurations are shown
in the insets. DF spectra (black curves) of Au cavities on an ITO-covered glass substrate with lateral sizes of b) 450 nm and c) 650 nm fitted by Lor-
entzian peaks (orange curves). The total fit (sum of the Lorentzian peaks) is displayed as a purple curve. e,f) Similar to (b) and (c) for e) 460 nm and

f) 650 nm Au cavities on a 30 nm thick Au film.
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Figure 5. a) Simulated SP-LDOS spectra of a 60 nm Au nanosphere positioned 15 nm above a 45 nm thick gold film (black) or a silica substrate (red).
b,c) High order SP resonance dispersion. The spectral position of b) the computed and c) fitted resonances is plotted as a function of the cavity edge size.
The same color code is used as in Figures 2 and 3. Right inset: SP-LDOS maps corresponding to the resonances with the same color code (colored dots).

SP-LDOS spectra in a 60 nm gold nanosphere positioned
15 nm above either a glass substrate or a 45 nm gold film, as a
benchmark, following the geometry of ref. [31]. The plasmonic
response of the sphere is presented in Figure 5a. For such iso-
lated plasmonic resonances, a clear redshift is observed as dis-
cussed in the literature for similar systems.??’! To circumvent
the problem of overlapping resonances, we applied again our
SP-LDOS-assisted methodology for the fitting of the experi-
mental DF spectra on gold. We limited the numerical investiga-
tion to the four smaller prims because of the dramatic increase
of the generalized propagator computing time, which now
accounts for the presence of the infinite 2D metallic film.
Figure 5b shows the dispersion of the resonances identified
in the cavities in the MIM geometry. After computation of the
spatial distributions for each peak identified in the SP-LDOS
spectra, we applied the same color code as in Figure 3 (for cav-
ity-on-glass configuration) to the dispersion curves in Figure 5b
for MIM geometry. This numerical experiment confirms that
every single high order planar resonance is redshifted com-
pared to the reference on glass. Next, we use a simple linear
fit (colored dashed lines in Figure 5b) to extrapolate the spec-
tral positions of these identified resonances for the larger cavity
sizes in order to facilitate the fitting of the experimental spectra.
For this gold MIM geometry, we observed a systematic
50-100 nm redshift of the global maximum position of the
simulated spectra with respect to the experimental one that
exhibits a global maximum around 600-650 nm. Below 650 nm,
it has been more difficult to clearly identify the resonances.
Along with computing time constraints, some cavity vs. size
wavelength configurations have not been explored. It leads to
a shaded area in the lower half of the graphics in Figure 5b,c
where the position of the resonances in the SP-LDOS cannot
be accurately defined. Nevertheless, the assessment of the first
four resonances position allowed us to fix a value for Ay. We
then applied the iterative fitting sequence. A dispersion graph
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can be reconstructed for each fitted Lorentzian curve with the
same aforementioned color code. These results are presented
in Figure 5c. A similar evolution is observed for the four first
resonances between SP-LDOS and fitted peaks. It is worth
noting that the Lorentzian peak positions can be linked in the
same way in the shaded area of the graph. Although not related
to SP-LDOS maxima, these Lorentzian peaks draw resonances
with the same slope as the colored ones. It can be reasonably
attributed to high order planar resonances building up in the
cavity. Our analysis undoubtedly reveals a redshift of every
single planar resonance of the cavity in the MIM configuration,
which is counterintuitive regarding the blueshift of the global
spectra. An increase of the quality factor associated to the first-
order modes of a spherical nanoparticle has been observed in
an MIM geometry by reduction of the radiative damping.l*’]
This electromagnetic coupling, depicted as a hybridization
mechanism between the modes of the particle mediated by
the underlying film, leads to a subsequent narrowing of the
resonances. In our system, the Lorentzian fitted peaks associ-
ated to the high order resonances of the cavity do not show a
significant modification of the quality factor in comparison to
the particle-on-glass situation. Over the 16 sizes explored, the
quality factors extracted from the fits range from 7 to 14. These
values are statistically equivalent to the ones obtained on glass
and remain low.

However, this interpretation of the physical origin of the
fitted peaks does not account for the contributions of plasmonic
gap modes. For instance, in film-coupled nanoparticles, strong
cavity resonances due to the excitation of a gap-plasmon along
the cavity and film faces are expected.l?®]

We therefore solved the dispersion relation of the struc-
ture using a complementary numerical tool optimized for the
modeling of wave propagation in multilayer systems.l” We pre-
sent on Figure 6 the computed profiles of the real part of the
magnetic field for the modes supported by both configurations

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) Simulated profiles of the real part of the magnetic field associated to the plasmon bound to the upper air—Au (red curve) and lower Au-glass
(black curve) interfaces at A = 600 nm on a 400 nm wide prism. b) Similar as (a) for the upper plasmon in the MIM configuration. The growing oscil-
lations of the field signal that the mode, computed by solving the dispersion relation for the structure, is leaking in the substrate. c) Close-up profiles
of the real part of the magnetic field of the upper plasmon and longitudinal gap plasmon in the MIM configuration.

(prism on glass in Figure 6a and on gold in Figure 6b,c). Com-
puting the wavevector of the different modes (and the effective
index n = k,/k,) allows unambiguously identifying which mode
is responsible for the resonances presented in Figure 3. For a
lateral size of the prism of 400 nm and a wavelength of 600 nm,
the effective index around 1.02 of the upper surface plasmon,
shown in Figure 6a, is the only one compatible with the
number and characteristics of the resonances. We can conclude
that only the upper bound high order plasmonic resonance is
probed in our study, which is consistent with the discussion
in Section 2.1. Interestingly, the gap-plasmon resonance (blue
profile in Figure 6¢) presents a wavevector (with an effective
index of Re(ng,) = 11.46) which is tremendously higher than
the wavevector of the incoming photons. In addition, the imagi-
nary part of the effective index is also high with a value of 0.82
(propagation length of 120 nm)—which has to be compared
to the value of the upper bound plasmon of 1.02 (propagation
length of =5 um). Such a strong damping, correlated to the
momentum mismatch, prevents the excitation of the longitu-
dinal gap plasmon at these wavelengths.’!l Consequently, the
gap resonance does not contribute to the far-field signal.

Our results indicate that the MIM geometry is able to spec-
trally shift the high order resonances of these ultrathin cavi-
ties. One possibility to control the amplitude of the shift is by
adjusting the thickness of the insulator layer that tunes the
strength of the film—particle coupling. Alternatively, keeping
the polymer spacer constant, we vary the nature of the metal
and its associated plasmonic response. DF scattering spectra
are recorded from Au cavities deposited on a substrate coated
with a layer of 30 nm of aluminum. The normalized DF spectra
for three cavities of sizes 450, 600, and 725 nm are presented
in Figure 7a—c on two different substrates—Al (blue) and Au
(black), respectively. The plots show a systematic blueshift of
the global scattering response when the gold film is replaced
by aluminum. A similar blueshift has also been predicted for
silver nanocubes deposited on thin gold and silver films.??8l
The modal decomposition allowed by the SP-LDOS analysis
reveals that, unlike the Au-Au MIM configuration, not only the
global DF response is blueshifted, but also every single high
order resonance. The shift of two of these resonances, extracted
from the SP-LDOS spectra, is displayed in Figure 7d. It shows
a blueshift of merely 60 nm when an Al film is used instead of
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Au. With these results, we demonstrate that the choice of the
metal below the gold cavities is an efficient mean for tuning
the resonant conditions of the cavity in the MIM configuration,
which makes possible an on-demand spectral tuning of the
high order planar resonance at work in these cavities.

This concept could be pushed further by acting on the other
degrees of freedom of the MIM system (gap width and refrac-
tive index).’>>3] Yet, such exhaustive study is beyond the scope
of this work.

3. Conclusion

In conclusion, the detailed forward scattering response of
planar gold prismatic cavities with sizes ranging from 400 to
900 nm has been systematically investigated by dark-field
scattering spectroscopy. The global dark-field spectra were
decomposed by multipeaks Lorentzian fitting thanks to a
qualitative comparison with near-field SPLDOS spectra. This
analysis demonstrated that each planar mode observed in the
simulation can be bound to a single peak in the intertwined
experimental spectra, and experiences a redshift as the cavity
size increases. Our all-optical approach allows the reconstruc-
tion of the full plasmonic landscape for these planar reso-
nances. By changing the dielectric substrate for a metallic film
(Au or Al), in an MIM configuration, we demonstrate that a red
or blueshift of the global and/or single resonances is obtained.
This strategy allows for an efficient modal engineering in these
cavities in an MIM geometry. Our work opens the door to the
spectral control of the plasmonic landscape associated to these
2D cavities, which might find some application in the design of
plasmonic planar components and metasurfaces.>*%°]

4. Experimental Section

A suspension of crystalline Au nanoprisms was obtained by reduction of
Au precursors by polyvinylpyrrolidone (PVP) by a one-pot method at room
temperature. These nanoprisms were 20 nm + 3 in thickness and with
lateral dimensions ranging from 300 nm to 1.5 um.®*l This suspension
was then drop casted and dried onto 10 nm ITO-coated glass substrate to
obtain Au nanoprisms with high aspect ratio. The nanoprisms were then
subjected to 5 min oxygen plasma to remove PVP from the surfaces. While
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Figure 7. a—c) Normalized DF scattering spectra of gold nanoprism of sizes a) 450 nm, b) 600 nm, and c) 725 nm on two different metallic
substrates—30 nm thick gold film (black) and 30 nm thick aluminum film (blue). d) Spectral position of two resonances as a function of the substrate
nature (blue: aluminum,; black: gold; cyan: ITO/glass). The spatial distributions corresponding to the two resonances are shown in the inset.

the upper surface was thoroughly cleaned from all organic adsorbates,
the O, plasma did not fully remove the PVP at the interface between the
nanoprisms and the substrate. In the gap, PVP was partially cross-linked
leading to an =3 nm thick, organic-filled spacing.’® The single particle
dark-field scattering spectroscopy was performed using a custom-built
dark-field spectroscopy setup where a halogen white light source was
focused using a Nikon dry dark-field condenser (NA: 0.8-0.95) onto the
sample (see Figure 1a). Scattered light was collected in transmission
(diascopic) configuration using a 40X Nikon objective with NA: 0.72. The
light was focused on to conjugate image plane where a pinhole (50 um)
was placed to select scattering from a single nanoprism (it corresponds to
a collection area with a diameter of 1.25 um around the selected object)
and to remove unwanted scattering from nearby adjacent nanoparticles.
The broadband spectral background was removed by subtracting the
scattered light from a region of the substrate near the nanoprism from
the raw particle spectrum. The final spectrum was corrected from the
spectral efficiency of the entire spectrometer by normalization with the
scattering spectrum of the halogen lamp. The experimental and fitting
errors are discussed in the Supporting Information.
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Supporting Information is available from the Wiley Online Library or
from the author.
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