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Abstract — Tailored design of plasmonic nanoantennas typically involves electron beam lithography and eventually results in monolithic
structures over a transmission electron microscope grid window. This approach is suited to the rapid production of many such structures;
however, it requires several time-consuming steps and careful control of several factors. Here, we present the fabrication of plasmonic
waveguides using a combination of plasma focused-ion beam (PFIB) techniques and single-crystalline gold flakes with nanoscale
thicknesses. We dropcasted said flakes onto a silicon substrate with an oxide layer, deposited protective layers to shield the gold from
ion implantation, and then used standard FIB procedures to extract a cross-sectional lamella from the stack. This lamella was then attached
to a FIB grid via a micromanipulator and milled to the desired dimensions. The resultant structure was suspended over vacuum like a
cantilever, facilitating excitation and measurement of plasmonic properties through electron energy loss spectroscopy in a scanning
transmission electron microscope in aloof trajectories. Our results unequivocally demonstrate the fabrication of a stratified waveguide
with a nanoscale gold layer, and that this platform can produce strong plasmonic signals.
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1. Introduction

Scanning transmission electron microscopy (STEM) enables the positioning of an electron beam near metallic
nanostructures. Electrons passing quickly by an interface between a metal and dielectric can excite oscillations in the charge
density confined to such an interface, known as surface plasmon polaritons (SPPs) [1]. The corresponding energy loss can
be collected using electron energy loss spectroscopy (EELS) [2]. Raster scanning the beam position over a region enables
mapping of the spatial and spectral distribution of the plasmonic modal features [3-7]. These SPPs are of interest to several
fields, including optical circuit components, because SPPs can be confined to spatial regions in a metallic nanoparticle much
smaller than the corresponding free-space wavelength [7-11]. SPPs have also been shown to preserve entanglement when
excited by quantum light [12-19]. Fabrication of metallic nanostructures is often facilitated by electron beam lithography
[20], and the sputtering process of metals, atop substrates that are nearly transparent to the relevant wavelengths. These steps
can be time-consuming and leave the possibility for the substrate to interfere with the plasmon resonance and directly affect
the results. Importantly, it also usually results in the production of a single-layered structure (though these techniques can
laboriously be extended to multi-step lithography for multi-layered structures [21]).

Alternatively, plasma focused-ion beam (PFIB) instruments equipped with scanning electron microscopes (SEM), are
often used to lift-out cross-sectional slices from specimens as thin lamella [22]. PFIB-based ion-implantation, which could
affect the plasmonic response by influencing the electronic configuration of the outer surface, can be mitigated by the
deposition of protective layers over the surface prior to the lift-out process. We fabricated a stratified plasmonic waveguide,
suspended over vacuum via attachment to a FIB grid, and characterized the response of the structure to electron beam
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excitation via STEM-EELS. The structure studied herein was fabricated by dropcasting previously synthesized single-
crystalline gold flakes [23] onto a silicon substrate with a silicon oxide layer. Poly-(methyl-methacrylate) (950 PMMA)
was then spin-coated onto the surface at 6000 rpm for 90 s and baked at 175°C for five minutes. A 50 nm layer of
evaporated carbon was deposited over the PMMA to decrease the amount of undesired exposure to said layer. An 11
um gold flake was located, and then additional carbon and tungsten were deposited within the PFIB over the flake.
Tungsten deposition allows for more control in the milling rate. The lift-out was performed (see preparation in Fig. 1a),
and the resulting lamellar structure (5.9 pm x 6.5 um x 24.2 um) was attached to a FIB grid. Excess material was milled
to produce the desired structure geometry (Fig. 1b). The FIB grid was then mounted into a single-tilt holder for the Nion
HERMES electron microscope at the Canadian Centre for Electron Microscopy and investigated using EELS.
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Fig. 1: a) SEM image of the selected region of our composite system in preparation for lift-out, scale bar is 20 pm. b) High-angle
annular dark field (HAADF) image near the end of the completed structure, scale bar is 500 nm.

2. Results and Discussion

EELS maps displaying evidence of SPPs are shown in Fig. 2 for the first and second trajectories in Fig. 3. The
distribution of the loss signals in these energy ranges is lobular, showing expected signs of evanescent fields extending
into the surrounding vacuum. The lobes are indicative of standing waves formed by the SPPs [7,24] along the stratified
structure. The normal and tilted EELS measurements indicate the distribution of the plasmonic modes in space. Point-
spectra were collected near the end-facet and are shown in Fig. 3. There are at least seven distinct peaks, each
successively indicating higher order standing wave patterns, and each of reasonably high quality factor. The comparison
across the different tilts further suggests that the same modes are accessible in each of the analysed trajectories, and the
delocalization indicates that the modes are not confined entirely to the gold layer.

Our PFIB-based approach to the fabrication of plasmonic structures can produce nearly freestanding waveguides
supporting strong resonances. These have ultra-flat side facets, preferable to the typically slanted sidewalls of
lithographically produced structures. Readily controlled thicknesses and sequences of layers means that stratification
opens a broad design space for the creation of waveguides with chosen lateral dielectric environments. The way this
structure is mounted onto the FIB grid enabled tilts of 45 degrees (and slightly higher; not shown), which is more than
is normally possible with a standard TEM grid, perhaps enhancing the information which can be collected regarding the
3D photonic density of states around plasmonic structures, or other types of tomographic measurements [25-28]. This
could also allow for optimization of inelastic delocalization or evanescent characteristics for coupling between multiple
waveguides. Mounting the FIB grid along orthogonal orientations for two stage milling could enable three-dimensional
(3D) design for even more control in the fabrication of plasmonic structures, in a consistent, repeatable, and adaptable
framework.

3. Conclusion

In summary, we have developed a versatile methodology for the fabrication of suspended and stratified plasmonic
waveguides supporting higher order resonances. This technique provides an important framework for control of the
dielectric environment surrounding planar metallic components, and hence enables the direct tailoring of transverse
fields extending away from the structure. Our approach has wide ranging applications for nanophotonics research.
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Fig. 2: Maps of the total intensity of EELS signal collected in the energy ranges listed above each image, around the stratified
plasmonic waveguide, associated with a) 0° and b) 45° tilts. c) HAADF image collected for the same tilt as (b) with higher pixel depth,
scale bar is 1 um.
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Fig. 3: EELS signals collected as high-count point spectra near the end-facet of the stratified structure at the three tilts.
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