Experimental demonstration of propagating
plasmons in metallic nanoshells
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Abstract: In this paper, we show the experimental demonstration of
plasmon propagation in cylindrical metallic nanoshells which is coated, via
the electroless silver deposition method, on dielectric nanorods fabricated
by using the direct laser writing method. The experimental measurement
and the numerical analysis reveal the polarization sensitivity of the plasmon
modes within the nanoshells. We further characterize the fundamental
properties of these plasmon modes by exploiting their dispersive features
and explain the mechanism for the excitation of the plasmon modes by
identifying their radiative and nonradiative nature.
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1. Introduction
Metallic nanoparticles and patterned metallic nanostructures with certain geometries can
support resonant plasmon modes. In conductive nanoshells plasmons from inner and outer
surfaces of the nanoshells can couple and form hybrid plasmon modes [1, 2]. Localized
hybrid plasmon modes have been found in spherical metallic nanoshells with embedded
dielectric cores [1, 3]. Later, it has been shown that hybrid plasmon modes can also exist in
cylindrical metallic nanoshells [4, 5]. These plasmon modes can either be stationary or
propagating (having a nonzero propagating wavevector along the axis of the metallic
nanoshell cylinder) in nature [4, 5]. The existence of the stationary plasmon modes in
cylindrical metallic nanoshells has been experimentally demonstrated through the observation
of the enhanced optical absorption in three-dimensional hybrid photonic crystals stacked by
the nanoshell cylinders [6]. However, it is the propagating nature of the plasmon mode that
can play a key role in nanoscale waveguides, which is yet to be confirmed by experimental
studies. In fact, one of the potential applications of the propagating plasmons is the generation
of the ultrahigh nonlinear plasmonic waveguides with total energy confinement within the
cylindrical metallic nanoshells, as predicated recently [7].
In this work, as a key step towards the realization of metallic nanoshell plasmonic devices,
we report on the experimental confirmation of the propagating plasmon modes within
elliptical nanoshell plasmonic waveguides fabricated by the direct laser writing (DLW) and
electroless silver deposition method. We also support our experimental findings with detailed
numerical characterization. The plasmon modes within the metallic nanoshells are highly
polarization sensitive and here we successfully characterize the polarization sensitivity with
the excitations of linearly polarized (TE and TM) lights in the experimental measurements
and numerical calculations. Furthermore, our detailed theoretical analysis of the dispersive
properties reveals that the physical mechanism for the excitation of the propagating plasmons
within the experimental measurements is associated with the radiative nature of the plasmon
modes.
2. Experimental methods
The DLW fabrication method can be employed to fabricate subwavelength dielectric
nanowires in linear [6] and nonlinear materials [8]. The nanoshell plasmonic waveguides
studied in this paper comprise an array of dielectric nanorods coated by metallic nanoshells.
For the fabrication of the dielectric nanorods by DLW [9], a beam of femtosecond (~150 fs)
laser pulses at a repetition rate of 76 MHz and at a wavelength of 580 nm was focused into the
commercial liquid photoresist IP-L (Nanoscribe Gmbh) with an oil-immersion high NA
objective (Olympus, NA = 1.4, 100 × ). The dielectric nanorod array was written by the 3D
translation of the liquid photoresist mounted on a piezoelectric scanning stage (P562, Physik
Instrumente). The cross-section of the dielectric nanorods possesses an elliptical shape as the
optical intensity distribution in the focal spot of the high NA objective creates elongated
shape in the axial direction during the DLW fabrication. The nanorod array was supported by
two massive frames at the two ends of the nanorods of a length of 15 µm, as shown in Fig. 1.
A thinner frame was also fabricated at the middle of the dielectric rods for further mechanical
stability. The array had a periodicity of 3.0 µm to avoid the interaction between the rods.
We adopted an electroless silver deposition method to deposit a thin metallic coating
composed of silver nanoparticles on the dielectric nanorods surfaces. This deposition method
is based on the modified Tollens reaction [10]. The densely packed silver nanoparticles in the
electroless deposition have sizes in the range of 40 to 50 nm with a mean crystalline silver
diameter of 43 nm [10]. Hence, the effective thickness of the silver film is assumed as 37 nm.
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The silver nanoparticles in the film were well connected, assuring high electrical conductivity.
Figure 1 shows a scanning electron microscopy (SEM) image of an array of the fabricated
dielectric rods coated by a thin homogeneous silver film. These coated nanorods behave as
nanoshell plasmonic waveguides.

Fig. 1. (a) SEM image of an electroless silver coated polymer rod array (b) Magnified view of
the silver nanoparticles coated polymer rods.

Experimental characterization of the reflection spectra of the nanoshell plasmonic
waveguides were performed by using a Nicolet Nexus Fourier-transform infrared (FTIR)
spectrometer with a continuum infrared microscope (Thermo Nicolet, Madison, Wisconsin,
USA). The reflective 32x NA 0.65 objective (Reflechromat, Thermo Nicolet) provided a
hollow light cone with an angle range of 18° to 41°. Though such a characterization setup
should be applicable for transmission measurement, the inability of the selectivity of the
electroless silver coating method led to the deposition of the silver film to the glass substrate
beneath the dielectric rod gratings and hence, restricted any transmission measurement by the
FTIR microscopy. Reflection measurements were instead carried out for linearly polarized
incident light.

Fig. 2. FTIR microscopy measurements for the reflection spectra with the two orthogonal
linearly polarized incident beams. (a) Schematic illustration of the cross-section of the
reflective FTIR microscope objective, symmetric around its axis (blue dashed line), depicting
the hollow light cone (18° to 41°). (b) The excitation scheme of the plasmon mode of the
nanoshell plasmonic waveguide for TE (electric fields perpendicular to the nanoshell cylinder
axis) excitation and TM (electric field parallel to the nanoshell cylinder axis) excitation (c) The
TE measurement shows a reflection dip at λ = 1.615 µm. The TM measurement does not show
such a phenomenon.
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Figure 2(c) shows that the reflection spectra for the TE measurement possess a reflection
dip at the wavelength of 1.615 µm. However, for the TM measurement no such reflection dip
was observed. We argue that the resonant reflection dip for the TE measurement is due to the
optical absorption caused by the propagating plasmons on the surface of the silver nanoshells,
which is supported by the theoretical calculation detailed in the next section. Some small
oscillations also appear in the measurement at the short wavelengths region (between 1.17 µm
to 1.35 µm) which are due to the noisy spectral response of the FTIR detector and do not
contribute to any significant physical insight.
3. Numerical characterization
To understand the experimental results, we investigated the propagating plasmon mode
characteristics of the cylindrical metallic nanoshell plasmonic waveguide with a
subwavelength linear dielectric core. The refractive index of the linear dielectric core was set
to 1.52 and the dispersive properties of the silver metal were expressed by the Drude model
with plasma frequency ωp = 1.37 × 1016s−1 and the collision frequency ωc = 8.5 × 1013s−1 [11].
Commercially available finite-element based eigenmode solver (COMSOL Multiphysics) was
used to extract the eigenmodes of the nanoshell plasmonic waveguide.

Fig. 3. (a) Calculated electric field distributions of the plasmon mode at λ = 1.619 µm for the
silver film coated dielectric nanorods with a core width of 220 nm, a core height of 550 nm and
a silver nanoshell thickness of 37 nm thickness. The white line illustrates the boundary
between the silver nanoshell and the air background. (b) Dispersion relation of the plasmon
mode of the silver film coated nanorods for the same parameters used in (a).

Figure 3(a) shows the plasmon mode characteristics within the nanoshell plasmonic
waveguide. The effective mode index neff (kmode/k0 [12]) is 0.50. The effective mode index
neff<1 states that the plasmon mode wavevector kmode is lower in magnitude than the free space
wavevector k0. The fundamental characteristics of such modes can be further understood from
their dispersion relations. The dispersion curves presented in Fig. 3(b) depicts that the
plasmon modes on the right hand side of the vacuum light line (with kmode>k0) are
nonradiative while the plasmon modes staying on the left side of the vacuum light line (with
kmode<k0) are radiative in nature. Thus these radiative modes with neff<1 can be termed as
leaky modes and can be excited externally.
The excitation scheme is demonstrated in Fig. 4(a). To excite the plasmon modes, the
incident wave polarization needs to match with the plasmon mode polarization. An incident
TE wave with the perpendicular incidence to the cylindrical nanoshell waveguide does not
contain any wavevector component along the waveguide axis to excite the propagating
plasmon modes (kmode ≠ 0); rather, it excites the stationary plasmon mode (kmode = 0).
However, an incident TE wave with an angle to the perpendicular direction provides
wavevector component kx (where kx<k0) along the nanoshell waveguide axis and thus can
efficiently excite the propagating plasmon modes with kmode = kx as shown in Fig. 4(a). For an
incidence with angle θ, the incident radiation contains a wavevector component kx = k0sinθ.
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The excited plasmon modes decay over their propagation lengths and thus create absorption
peaks of the incident radiations.

Fig. 4. (a) Schematic of the angle of incidence excitation of the propagating plasmon modes
with the parallel component kx of the incident wavevector k0. (b) Absorption peaks of the
incident radiation with different incident angles. (c) The dispersion relation for the plasmon
modes.

To confirm this we ran transmission/reflection calculations for the nanoshell plasmonic
waveguides based on the finite element numerical simulations with the commercially
available CST MWS software and record any absorption peaks within the spectra. The
incident wave was a TE mode and the angle of incidence was varied over a range. It can be
seen in Fig. 4(b) that absorption peaks arise due to the excitation of the propagating plasmon
modes by the external EM radiation with oblique incidence. For normal incidence (θ = 0) with
kx = 0, only the stationary plasmon mode is excited but for an oblique incidence (θ≠0) the
nonzero wavevector component kx matches the propagating plasmon wavevector kmode and
thus excites it. It should be noted that as we continuously increase the incident angle θ, kx
increases and excites the high frequency plasmon modes. For an incidence angle of θ = 30°,
the plasmon resonance occurs at the wavelength of 1.619 µm, with a plasmon mode effective
index, neff of 0.50 (neff = kmode/k0 = k0sin30°/k0). This exactly matches the effective mode index
of the plasmon mode calculated by the eigenmode solver at the wavelength of 1.619 µm as
shown in Fig. 3(a) and thus confirms the validity of our theoretical calculations.
Figure 4(c) shows the dispersion relation for the propagating plasmons with the
wavevector components kx extracted from the calculated spectral positions of the absorption
peaks for different incidence angles. The dispersion curve for the plasmon modes with kx<k0
exactly replicates the dispersive features of the plasmon modes at the left hand side of the
light line presented in Fig. 3(b) confirming their radiative nature. Furthermore, to confirm the
polarization sensitivity of the plasmon modes, we also ran simulations for TM waves with
oblique incidence. No such absorption peaks were observed. This is due to the fact that for the
oblique incidence with a TM wave, although the incident wave carries a wavevector
component kx along the nanoshell waveguide axis, it does not match the polarization of the
plasmon mode and hence does not excite this mode.
Now, to compare with our experimental results, we recall from Fig. 2(c) that a reflection
dip at 1.615 µm exists for the TE mode in the experimentally measured reflection spectra of
the silver coated dielectric rod array. As the measurement was carried out for an opening
angle of 18° to 41°, we assume that the mid spectral position for the absorption peak would
occur at the 30° angle of incidence. Indeed, it can be noticed from the theoretically calculated
results presented in Fig. 4(b) that for a 30° angle of incidence excitation of the propagating
plasmon mode, the optical absorption occurs at 1.619 µm. This is a good agreement between
the experiment and the theory. The slight deviation of the measured spectra from the
simulated results originates from the averaging effects of the measurements over the wide and
finite opening angle of the FTIR measurements and the roughness of the deposited silver film
consisting of the finite-sized silver nanoparticles. Furthermore, the supporting frame (3.0 µm
thick) fabricated at the middle of the grating sample and coated with silver as shown in Fig.
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1(a) can act as a scattering source and drastically weaken the reflection signal measured by
the FTIR microscope detector.
4. Conclusion
In conclusion, we have experimentally demonstrated the existence of the propagating plasmon
modes in cylindrical metallic nanoshells. It has also been demonstrated that the combination
of the DLW and electroless silver deposition methods is an effective way to realize nanoshell
plasmonic waveguides. Both the experimental and theoretical studies show that the
propagating plasmon modes within the nanoshell plasmonic waveguides can be excited by a
TE wave. These results are important steps towards the realization of the nonlinear nanoshell
plasmonic waveguides [7] which has potential applications in nonlinear optical switching [13,
14], plasmonic modulation [15, 16] and nano-lasers [17, 18].
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