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Abstract

We investigate plasmon excitations within a regular grating of double layered gold/insulator
nanoparticles in the infrared and visible spectral region. Provided a flat gold film as substrate,
strong coupling between the localized surface plasmon modes and their image like excitations
in the metal is observed. The interaction results in a strong red shift of the plasmon mode as
well as the splitting of the modes into levels of different angular momenta, often referred to as
plasmon hybridization. The diameters of the nanoparticles are designed in a way that the
splitting of the resonances occurs in the spectral region between 0.1 to 1 eV, thus being
accessible using an infrared microscope. Moreover, we investigated the infrared absorption
signal of gratings that contain two differently sized nanoparticles. The interaction between
two autonomous localized surface plasmon excitations is investigated by analyzing their
crossing behavior. In contrast to the interaction between localized surface plasmons and
propagating plasmon excitations which results in pronounced anticrossing, the presented
structures show no interaction between two autonomous localized surface plasmons. Finally,
plasmon excitations of the nanostructured surfaces in the visible spectral region are
demonstrated through photographs acquired at three different illumination angles. The change
in color of the gratings demonstrates the complex interaction between propagating and

localized surface plasmon modes.
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IR Infrared

VIS Visible

FWHM Full width at half maximum
FDTD Finite difference time domain
FPA Focal plane array

MCT Mercury cadmium telluride
LSP Localized surface plasmon
PSP Propagating surface plasmon



Introduction

What started with changing the color of glass thousands of years ago, led to a revolution in
biological and chemical sensing over the past view decades [1,2]. The strong interaction
between plasmons and surrounding molecules enabled the fabrication of sensors for zepto-
molar concentrations and even for single molecule detection [3,4]. Most recent sensing
techniques utilize surface enhancement of plasmon excitations induced on metal
nanostructures like Raman scattering, refractive index sensing, fluorescence- and infrared
spectroscopy [5-11]. One of the most widely studied types of nanostructures is two-
dimensional gratings of metal nanoparticles arranged on top of a dielectric spacer layer and a
supporting metal film [12-15]. This kind of nanostructure provides a very high grade of
reproducibility and pronounced plasmon excitations that lead to ultra-high enhancement
factors [5,16]. The combination of isolated metal nanoparticles with a mirroring metal film
provides three advantages. First, the isolated particles are well understood in their relation
between geometry and localized surface plasmon (LSP) frequency [17]. Second, the metallic
mirror allows transportation of propagating surface plasmons (PSP), which can be coupled
into the surface using a periodic grating of the nanoparticles. The third advantage is that the
continuous metal film enhances the dipole-dipole interaction between the individual

nanoparticles [12].

It has been shown that for small spectral differences between LSPs and PSP, the symmetric
lineshapes change into asymmetric Fano-resonances. These Fano-resonances alter the line
shape and effectively reduce the FWHM of the plasmon resonance, which can be used to
enhance the sensitivity in refractive index sensing [15]. In case the distance between the LSP
and the PSP resonance is approaching zero the resonances cancel each other out, called
anticrossing [12]. The metallic mirror underneath the grating causes a red shift of the LSP
resonance compared to particles directly deposited on a glass substrate [18]. According to
recent literature, the interaction between plasmon resonances and their image excitation in a
nearby metal film result in the phenomenon of plasmon hybridization [19-21]. Most
commonly the hybridization of plasmon resonances is analyzed for multilayered nanocups or
nanoshells and is characterized through the splitting of the plasmon modes into antibonding
and bonding modes, respectively [22]. Since plasmon modes can be understood in terms of
electromagnetic waves expanded into spherical harmonics, it is common to characterize them
according to their different angular momenta, like dipole excitation, quadrupole excitation,

and more [23]. Each of these excitations can interact with their image excitation when
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provided a metal film in near distance. The interaction splits each plasmon resonance in so
called bonding and antibonding modes [24]. In the following we will demonstrate
experimentally how mirror induced plasmon hybridization increases the complexity in the

eigenmodes of plasmonic structures in the infrared and VIS regime.
Material and Methods

In this work, we experimentally observe plasmon hybridization in the spectral region between
0.1 and 1 eV using infrared microscopy. Absorbance measurements are used to visualize the
plasmon excitations. The structure presented here contains regular arrays of flat cylindrical
gold nanoparticles with diameters ranging from 200 to 1500 nm. The particles are connected
to a 100 nm thick gold mirror via an insulating tantalum pentoxide nanoparticle of the same
shape and size, located directly underneath the gold nanoparticle (see Fig. 1a). As reported
previously, this arrangement of the spacer layer allows to perform electrochemical
measurements in addition to a primary optical setup [14]. The size of the particles is chosen in
order to tune the LSP resonance within the sensitive region of the infrared microscope,
ranging from the near- to the mid-infrared region. Due to the cylindrical shape of the gold
disks, the LSP resonances are independent from the polarization of the incident light. The
structures were fabricated by sputtering four continuous layers on a glass substrate under
argon atmosphere in the following order: 5 nm Ti adhesive layer, 100 nm Au, 30 nm Ta2Os
and 42 nm Au. The diameters of nanoparticles were defined using electron beam lithography,
and formed in a top-down approach using reactive ion-beam etching. The electron beam resist
deposits are removed afterwards through sonication in piranha solution (3:1 H2SO4:H>05). IR-
absorbance measurements performed with a dry-air-purged infrared microscope (Bruker
Hyperion 3000) coupled to a FTIR spectrometer (Bruker Tensor 37). Using a liquid-nitrogen
cooled mercury-cadmium telluride (MCT) detector, the spectra of each grating were
calculated as the co-addition of 300 scans. A 64 x 64 focal plane array (FPA) detector was
employed for spatially resolved measurements. Spectra were analyzed using the software

package OPUS 7.
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Fig. 1 a Scheme of two-dimensional arrays of Ta>Os/Au nanoparticles on top of a continuous
gold layer. b Infrared absorption spectra of a structure on glass support (black) and of the
same structure placed on a 100 nm thick gold layer (red), revealing the pronounced plasmon
hybridization. The spectra were taken from double layered nanoparticle stacks with a diameter
of 1500 nm having a grating constant of 2 um.

In order to analyze the hybridization on the LSP modes, we compared the absorption of a
nanoparticle grating placed on top of a glass slide without the continuous gold layer to the
same grating placed on top of a 100 nm thick gold layer acting as mirror for plasmon
excitations. An example of plasmon hybridization is shown in Fig.1b. The highest number of
hybridized plasmon resonances was found for the largest particles (d~1500 nm), which
exhibit the LSP resonance the energy of 0.18 eV, depicted in Fig.1b. While the substrate
without gold film (black line) shows a pronounced dipole resonance at the energy of 0.36 eV,
the according antibonding mode shows a strong red shift and is located at 0.18 eV. The
dimensions of the nanoparticles were chosen for the present study because the resulting
plasmon resonances are excited in the observable energy window (0.1 - 1 eV) of the infrared
microscope. LSP resonances of higher energies also provide the same amount of hybridized

plasmon resonances, but the microscope cut off all resonances with energies higher than 1 eV.

In the second part, we investigated the infrared absorption signal of gratings that contain two
differently sized nanoparticles. Smaller and bigger particles were mixed within a single
grating, see Fig. 2. The structures were fabricated according to the protocol mentioned above.
In order to analyze the interaction between two different LSP resonances, the diameter of one
size 1s varied from 200 - 1500 nm while the second diameter had a constant value of 475 nm.
The crossing behavior of the two LSP peaks was tested on a regular grating with a constant of
2 um, in arrays with a total size of 150 x 150 um. The absorbance measurements show that
the two individual LSP modes can overlap freely and therefore they can be brought into any
desired configuration of LSP resonances. This finding indicates that interaction between
different LSP resonances within a grating is weaker than the interaction between LSP and

PSP, where strong interaction leads to anticrossing of the resonances.



In order to demonstrate that our structures are not only optically active in the infrared but also
in the visible region, we arranged three arrays with different grating constants G and
nanoparticle diameters d. IR absorption measurements were performed for each grating using
the MCT and FPA detector in order to check the LSP resonances and the spatial quality of the
grating. Additionally, we took photographs of the gratings from different perspectives using a
Canon EOS-D60 camera with and an EF-S60mm /2.8 Macro USM lens. The change in color
of the grating demonstrates that multiple modes of PSP and LSP resonances can be found

within these gratings for the visible regime.
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Fig. 2 Scheme of two-dimensional arrays of differently sized Ta>Os/Au nanoparticles on top
of a continuous gold layer. G denotes the grating constant of the array i.e. distance between
the nanoparticles, and d indicates the diameters of the discs.

Results and Discussion

The plasmon modes of nanoparticles interacting with a metal surface hybridize to form
composite plasmon modes in a manner analogous to how atomic orbitals interact and form
molecular orbitals [20]. The LSP resonance of the double layered nanoparticles with a
diameter of 1500 nm placed on glass is located at 0.36 eV, as shown in the infrared absorption
spectra in Fig 1b. A 100 nm thick gold film positioned below same-sized particles leads to a
red-shift of the LSP resonance to 0.18 eV. Moreover, multiple resonances exhibiting higher
energies are induced through the introduction of the gold film. In agreement with the theory,
the plasmon resonances at 0.18 eV and 0.42 eV result from the hybridization of the dipole
plasmon moment of the undisturbed plasmon resonance, which is located at 0.36 eV [20,21].
Whereas the quadrupole moment was not within the detection limit of the infrared
microscope, the antibonding mode of the hybridized plasmon is assumed to be responsible for
the third order plasmon resonance, located at 0.66 eV. The FWHM of the LSP mode with the
lowest energy becomes lower through the hybridization, starting from 0.03 eV on glass to

0.01 on the metal surface. Positions and FWHM values of three hybridized plasmon modes
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are collected in Fig. 3. For fitting of the resonances, a Cauchy-Lorentz distribution was
employed according to the description for surface plasmon excitations using damped
harmonic oscillators [25]. The limited energy window of the microscope only allowed the
observation of three resonances for diameters greater than 950 nm with grating constants of 2
um. The smallest diameters up to 525 nm lead to the appearance of a single resonance. These
plasmon resonances are direct observations of the self-sustained deformations of the electron
liquid [20]. Because the liquid is incompressible, the only result of such deformations is the
appearance on the surface of the nanoparticle [19]. The FWHM of the LSP modes and their
respective distances contain both image-like contributions and dynamic effects arising from
hybridization of the LSP from the flat cylindrical nanoparticles. First and second order
resonances represent the antibonding and bonding modes of the dipole interactions, while the
third order resonances represents the antibonding of the quadrupole excitation, respectively

[24].
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Fig. 3 Positions (black, left) and FWHM values (blue, right) of three hybridized plasmon
modes for different nanoparticle diameters in gratings with a grating constant of 2 um. The
three orders arise through the hybridization of the dipole and the quadrupole plasmon
exctitation.



To analyze the interaction between individual LSP modes of differently sized nanoparticles
within a single grating, the IR absorption spectra of single sized gratings are compared to
structures containing mixtures of sizes, as demonstrated in Fig. 4. Resonance positions of LSP
modes in the mixed grating do not change significantly from the single sized grating. This
finding is a good proof that the lithographic production is feasible for producing nanoparticles
with the same particle diameter for mixed and single sized gratings. The mixture in Fig. 4
shows the absorption of gratings containing particle diameters of 290 nm and 475 nm,
respectively. The drop in intensity and area of the plasmon resonances between gratings with
larger diameters (green) to smaller diameters (blue) is attributed to the drop in surface
coverage of the nanoparticles for each size [26,27]. For mixed-size arrays (red), the amount of
particles of each size is only one half compared to the same-sized structures resulting in a
drop in intensity of their LSP. Besides this intensity drop of the plasmon resonances, their line
shape is well preserved in the IR spectra. The LSP mode in the single sized gratings with the
smaller particles (d=290 nm) is located at 0.61 eV with a FWHM of 0.03 eV. In the mixed
grating, these resonances are located at the same position with the same FWHM, whereas the
maximum intensity drops from 0.16 a.u. to 0.076 a.u., corresponding to the fact that the
number of nanoparticles with this size is only half in the mixture. There is a tendency that the
FWHM is larger for plasmon resonances exhibiting higher energies, see Fig 3. Since these
high energy plasmon resonances are excited by smaller nanoparticles, the increased FWHM

can be explained by a higher relative error of the lithography procedure for smaller structures.
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Fig. 4 SEM images of the two-dimensional array with disc diameters of a 475 nm, b 475 nm
and 290 nm as well as ¢ 290 nm. d IR absorption spectra of the gratings with same sized and
differently sized nanoparticle stacks.

A systematic variation of the nanoparticle-diameters in the mixed-size gratings allowed
studying the interaction between the respective LSP resonances. The diameter of every other
nanoparticle (di) is kept constant at a value of 475 nm, while the diameter of the remaining
discs (d2) is varied in the steps of 200 nm, 290 nm, 350 nm, 400 nm, 475 nm, 525 nm 850 nm,
1225 nm and 1500 nm. In Fig. 5, the IR absorbance spectra of the different mixtures are
plotted, starting with the smallest particles on top and the largest particles at the bottom of the
figure. Whereas the smaller particles only show one LSP resonance, the mixture containing
particles with a diameter of 850 nm exhibits three resonances, two of which are attributed to
the individual response of the 850 nm particles. The mixtures containing the two largest
particles reveal four pronounced plasmon excitations, from which three are attributed to the
particle with the larger diameter in the mixture. The results show that neither the first order
nor the second order of the LSP resonances resulting from varied diameter d exhibits any
interaction with the resonance from the particle with constant diameter di, since the shape of

the resonances is not affected by the mixture and the resonances can overlap freely. Therefore
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Fig.5 IR absorption spectra of gratings with differently sized nanoparticles on top of a
continuous gold layer as depicted in Fig. 2. While d; was kept constant at 475 nm, d> was
increased from 200 nm (top) to 1500 nm (bottom). See text for details.
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such gratings can be used to create any desired configuration of LSP resonances. In contrast
to the earlier described interaction between LSP and PSP [12], the interaction between two
individual LSP modes allows to combine resonances which are located in close distance to
each other. Furthermore, gratings of rather large particles can potentially benefit from this
autonomous behavior of the resonance, when including small particles in the gap between the

larger particles.
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Fig. 6 a Two-dimensional map acquired with a FPA detector depicting the total IR intensity
of nanostructures with grating constants G: A=1200 nm, [=800 nm, T=1000 nm; diameters d:
A=650 nm, =450 nm, T=650 nm. The observed area of 2.1x0.9 mm features nanostructured
arrays with different particle diameters and grating constants. IR spectra of nanostructures
with b grating constant G=1200 nm and particle diameter d=650 nm, ¢ G=800 nm and d=450
as well as d G=1000 and d=650 nm, representing the nanostructured arrays indicated in a,
respectively.

In order to test the production quality of larger arrays in the mm scale, FPA infrared
absorption measurements were performed with a spatial resolution of 2.7 pum. For this
purpose, three different combinations of grating periods and particles sizes were fabricated on
the same surface. To ensure facile discrimination of the separate gratings, their overall shape
was chosen in the form of three different letters, which are A, I and T. The grating constants
and particle diameter combinations of the individual structures are A (G=1200 nm, d=650

nm), [ (G=800 nm, d=450 nm) and T (G=1000 nm, d=650 nm). The IR absorbance spectra of
11



the individual gratings are shown in Fig 6 b-d. It is clearly visible that different grating
constants strongly influence the relation between diameter and LSP resonance position. Fig.
6a shows a two-dimensional map acquired with a FPA detector, depicting the total IR
intensity of the surface. The letter T exhibits the highest total intensity (magenta) with first
and second order plamonic resonances and higher band intensities than the letter I (red). The

letter A, with only a first order plasmonic excitation features the lowest total IR intensity

(green).

200 pm

200 pm

Fig. 7 Photographs of a nanostructured surface consisting of three letters with a total area of
2.8 x 1.5 mm. Each letter is made of a gold nanoparticle array on top of a flat gold surface (A:
G=1200nm, d=650nm / I: G=800nm, d=450nm / T: G=1000nm, d=650 nm). The photographs
are taken under normal incidence using a white light source. Each picture shows the structures
illuminated from a different angle. The gold surface appears black, due to the near distance of
the camera and the mirroring nature of the flat gold film.

In order to demonstrate the plasmonic activity in the visible region we took several
photographs of the structure which was used for the FPA IR microscopy measurements.
Whereas the FPA spectra provide information about the infrared absorption of the structure,

the photos give insight into its plasmon resonances in the VIS regime. Fig. 7 shows
12



photographs from three different perspectives of this structure, which was illuminated using a
white light source. While the incident angle of the illumination is altered, all pictures are
taken under angles in close proximity to normal incidence to the surface. Due to the near
distance of the camera to the surface and the reflecting properties of the flat gold surface, the
100 nm thick gold film without gratings appears black in the pictures. Variations in the angle
of the incident light result in color changes in the appearance of the nanoparticle gratings,
which is attributed to multiple plasmonic modes in the VIS regime resulting from the
interaction between LSP and PSP resonances. These plasmonic resonances in the VIS regime
are predominantly governed by the grating constants, whereas the position of the plasmon
excitations in the infrared is primarily determined by the stack diameter. The pictures
visualize the complex optical properties of such nanoparticle gratings, and show their strong

dependence on the angle of both the illumination and observation.
Conclusions

In conclusion, regular gratings of double layered nanoparticle stacks have been fabricated
using a sputter machine, e-beam lithography and reactive ion etching. The approach provides
the highest grade of reproducibility and offers easy control and uniformity in the size
distribution of the particles. We observed plasmon hybridization by comparing nanostructures
arranged on substrates providing a supporting gold film to substrates without a gold film. In
accordance to theoretical predictions, the plasmon mode with the lowest energy is strongly
red shifted, representing the antibonding mode of the interacting dipole excitations. Moreover,
multiple plasmon excitations arise due to the interaction of the dipole and quadrupole plasmon
excitations in the gold nanoparticles. Arrays containing single diameters as well as mixtures
of diameters within a single array are studied using infrared microscopy. The resulting
absorption spectra were discussed in terms of localized surface plasmon excitations.
Alternating diameters of nanoparticles within a single array reveal that there is no interaction
between the corresponding LSP modes, which allows autonomous tuning of each resonance.
Due to plasmon hybridization and the interaction between LSP and PSP modes the structures
show pronounced plasmon excitations in the infrared as well as in the visible regime.
Therefore, the platform provides versatile options for designing sensors that combine different

spectral regions.
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