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The absence of suitable equipment has long hindered traditional microwave characterization of nano-
antennas and their effective design at frequencies beyond several terahertz, limiting the exploration of
the myriad applications of plasmonic antennas by the microwave engineering community and
necessitating a paradigm shift in characterization methods. This work addresses this challenge by
introducing a novel approach employing electron energy loss spectroscopy (EELS) to characterize input
impedance and scattering parameters of plasmonic antennas from mid-infrared to optical frequencies.
Central to this method is a newly developed theoretical framework that links electron energy loss
probability with microwave scattering parameters, crucial for antenna design. We validated this approach
through a study of a single plasmonic dipole, finding a good correspondence between the measured EEL
spectra and our theoretical model, supported by our developed simulation model. Drawing upon this
correlation, we proposed an algorithm for the reverse procedure of extracting S-parameters and input
impedance from experimental EEL probability. Spatial profiles of input impedance and S-parameters for
a single plasmonic dipole were experimentally characterized across the broad frequency spectrum
ranging from 25 to 150 THz and compared with simulation results, revealing a robust correlation,
particularly at resonant frequencies. Our non-contact method could serve as an alternative approach to
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1 Introduction

Plasmonic antennas have proven effective for collecting and
delivering free-space electromagnetic (EM) energy in a variety of
applications, including sensing,"* spectroscopy,*” and energy
harvesting.*® Surface plasmon polaritons (SPPs), excited in
metallic structures, offer substantial field enhancements and
mode confinement beyond diffraction limits,'>** extensively
utilized at optical frequencies™*>*> and now extending to mid-
infrared>*”** (MIR) and even terahertz (THz) frequencies.>"*
Hot spot engineering for SPP modes can be employed to
enhance the incident field through easily fabricated and inte-
grated bowtie antennas, benefiting devices like metal-insu-
lator-metal diodes.®® The same strategy, applied to grid-based
antenna design, improves wave absorption efficiency, paving
the way for THz wave generation and infrared energy harvest-
ing.”»** In addition, nonlinear effects induced by plasmonic
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extending its capabilities to much higher frequencies, where VNAs are not available.

high field enhancement can improve quantum dot radiation via
the Purcell effect at optical frequencies.'>'® Furthermore, near-
field imaging techniques, such as scattering Scanning Near-
field Optical Microscopy (s-SNOM), exploit naturally occurring
plasmonic antennas formed by a conductive AFM tip in close
proximity to the sample, enabling near-field spectroscopy and
imaging."”

Given the promising applications of plasmonic antennas
across a broad frequency spectrum from THz to optical
frequencies, their experimental characterization is essential for
effective antenna design. Traditional microwave characteriza-
tion techniques, reliant on vector network analyzers and
anechoic chambers, are typically utilized at radio frequencies
but face limitations due to the lack of equipment beyond several
THz."*'*** Challenges also arise from probe parasitic effects
starting from sub-THz frequencies® and the complete absence
of RF probes at higher frequencies, making the conventional
microwave characterization approach impractical. Conse-
quently, researchers have begun to explore non-contact
methods as alternative approaches for antenna characteriza-
tion, moving beyond traditional microwave techniques.

Conventional far-field optical characterization methods,
primarily relying on photo absorption spectroscopy commonly
used in chemistry and semiconductor device analysis,*>* have
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been adapted for the study of plasmonic antennas of various
types**™” and devices integrated with antennas.”>*®* While these
methods serve well for resonance identification, they lack the
capacity to provide valuable information on microwave
parameters, such as input impedance, thereby falling short of
fully characterizing the antenna performance. Researchers have
turned their focus toward near-field characterization methods,
including s-SNOM* and Electron Energy Loss Spectroscopy
(EELS).* These techniques offer advantages over the mentioned
far-field techniques by enabling up to sub-nanometer spatial
resolution for near-field EM mode mapping in plasmonic
antennas,** providing enhanced insights into SPP modes
excited in antennas. While primary qualitative observations of
various effects, including SPP wavelength confinement at
antenna edges,*>* field enhancement,**?** and the loading
effect on spatial mode distribution,*” can be assessed, all these
methods still lack the capability to provide comprehensive
insights into essential microwave parameters, including S-
parameters and input impedance, pivotal for effective antenna
design.* It is noteworthy that recent attempts have been made
to quantify the input impedance of folded dipole antennas by
analyzing the SPP standing wave near-field measured in
a transmission line through s-SNOM.*“*> However, extending
this approach to a broader range of antennas is restricted due to
the strong dependence of near-field configuration on photon
excitation conditions® and near-field disruption due to oblique
wave incidence.*

In contrast, due to the localized excitation nature,**** EELS
circumvents the discussed limitations observed in s-SNOM for
antenna near-field mapping. Existing approaches for inter-
preting the experimental EELS near-field signal of plasmonic
antennas are traditionally linked to the Localized Density of
States (LDOS),*>353¢4> although this interpretation remains
a topic of debate.*® Alternatively, some methods consider the
EELS signal proportional to the induced electric field of the
antenna.*”*®* However, such frameworks are scarcely applicable
for the quantitative characterization of microwave parameters.
Consequently, despite the development of various optical
methodologies, conventional antenna design and its integra-
tion with other devices based on EELS characterization remains
questionable due to a notable gap in interpreting the EEL
spectra in terms of microwave parameters, such as S-parameters
and input impedance. In this regard, despite its instrumenta-
tion advantages, EELS remains in its nascent stage concerning
the microwave characterization of plasmonic antennas.

Therefore, in this study, we address this gap by introducing
a novel theoretical framework bridging microwave scattering
parameters and experimental EEL spectra. The electromagnetic
nature of the electron loss, as postulated in our work, enables
the establishment of the functional correlation between loss
probability observed in EELS and microwave S-parameters.
Furthermore, our framework involves the development of
a simulation model capable of calculating scattering parame-
ters under electron beam excitation conditions. Decent agree-
ment observed between our theoretical model, which employs
simulated S-parameters, and experimental EEL probability, as
validated through EELS characterization of the fabricated
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plasmonic dipole, allows us, for the first time, to propose an
algorithm for the reverse procedure of antenna input imped-
ance and S-parameters characterization using experimental EEL
probability. The frequency-dependent behavior and spatial
distribution of the experimentally characterized S-parameters,
which exhibit strong agreement with the simulation results at
antenna resonance frequencies, highlight the effectiveness of
our theoretical framework. This result, complemented by the
exceptional spatial and frequency resolution offered by EELS,
makes it a powerful tool for the microwave characterization of
plasmonic antennas spanning from THz to optical frequencies.

2 Results and discussion

As previously discussed, before proceeding to the quantitative
experimental characterization of S-parameters, it is essential to
establish the theoretical background linking the experimental
EEL spectra with these microwave characteristics. For this
purpose, we initially analyze the conditions of the EELS exper-
iment carried out in this study as they define the assumptions
underlying our subsequently introduced theoretical framework.

Plasmonic antenna characterization can be performed
through EELS, typically integrated with the Scanning Trans-
mission Electron Microscope (STEM), as depicted by the
simplified schematic in Fig. 1a. Within STEM EELS, the electron
beam is generated and accelerated by the electron gun to ach-
ieve energy in the tens of kiloelectronvolts (keV). Following this,
the electron beam is focused onto a sample by a series of elec-
tromagnetic lenses to form a probe of sub-nanometer diameter
that defines the spatial resolution of the image. The electron
probe interacts with the sample, resulting in the elastic and
inelastic scattering of the electrons. These electrons are subse-
quently captured by the High-Angle Annular Dark Field
(HAADF) detector and EEL spectrometer, enabling the
recording of topographical and spectral images, respectively.
The Spectral Image (SI) provides insight into the spatial distri-
bution of spectra recorded at each electron probe excitation
position and is found to be useful for element analysis,*>* band
gap characterization,** and optical mode mapping.?>7>47133
To achieve the energy resolution of EEL spectra, defined by the
zero-loss peak (ZLP) width,*** sufficient for resolving the low-
loss plasmonic resonances at energies down to tens of milli-
electronvolts (meV), a monochromator is employed prior to
focusing.

In the context of plasmonic antenna response to the electron
beam excitation, the electron loses its energy through retarda-
tion by the self-induced electric field mediated through the
antenna, thereby resulting in the fraction of the electrons that
have lost the energy corresponding to plasmonic resonance
hwgpp, manifested as the resonance peak in the EEL spectrum.
This reduction of electron-antenna interaction to its electro-
magnetic nature, known as classical formalism,*****” is incor-
porated in our microwave interpretation. We further assume
that throughout the spectral image acquisition and beam
scanning, the incident electron beam maintains a consistent
state, implying energy resolution and probe size. This unifor-
mity in the electron beam state across each pixel allows us to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Interpretation of the experiment within the context of electromagnetic wave losses: schematic of the experimental setup (a), featuring

a Wien monochromator for achieving high energy resolution. The monochromator function is explained by the two ZLP peaks before and after
the monochromation process shown in two inset figures. The energy losses resulting from the electron interaction with plasmonic antenna are
captured by the spectral image acquisition, along with the topography image collected via the HAADF detector. Our approach (b), considering
the electromagnetic nature of the interaction between the electron and the sample, is employed to analyze the observed energy losses in the

experiment.

reduce our analysis to the immediate vicinity of the antenna. As
schematically illustrated in Fig. 1b, this region is where the
interaction between the electron and the near-field induced in
the plasmonic antenna occurs.

2.1 Microwave interpretation of EEL spectrum

The microwave characterization of plasmonic antennas through
the analysis of the experimental EEL spectra would be impos-
sible without properly defining the connection between the
microwave S-parameters and the EEL probability. In this
section, we first establish this link through the theoretical
interpretation of the electron energy loss induced by the plas-
monic antenna from the perspective of microwave analysis.

With the abovementioned assumptions, the interaction
between the electron beam and an antenna taking place in EELS
experiment can be reduced to those provided by a single elec-
tron, represented for simplicity as a gray sphere in Fig. 1b. This
approach has been extensively exploited in the literature.?**¢*
We will follow a similar approach. Coulomb electric field of the
electron moving along the z-axis with the velocity v = v.Z has
a continuous broadband spectral density E(r, w). The classical
analytical expressions of electric E(r, w) and magnetic Hg(r, »)
fields in frequency domain are given as follows:*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Here K,(x) is the modified Bessel function of the second kind of »-
th order; w is the angular frequency; R is the radial distance from
the electron; k = 1/4me, is the Coulomb constant; g.; and v, are
the electron charge and velocity respectively; vy, is the Lorentz
contracting factor defining the field modification due to electron's
relativistic speed. Although the spectral densities are broadband,
the electric field is relatively localized in space, meaning that
electron interaction will exponentially decay with a distance of R =
Veryr/w from the electron position.*®*® The orientation and
distribution of the electric field, illustrating its confinement to the
electrons' trajectory, are shown in Fig. 1b in red color. Moreover,
the transversal field decay rate itself is a function of frequency,
making the electromagnetic power density carried by the electron
(Pine in Fig. 1b) frequency dependent.

The verification that the fields in eqn (1) and (2) satisfy wave
equations® serves to claim that the electron's fields can be
regarded as an independent propagating field carrying power

Nanoscale Adv., 2025, 7, 2695-2708 | 2697
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along the electron's trajectory, as shown in Fig. 1b. Using these
premises, the field associated with the moving electron, or
electron beam, in frequency domain can be modeled as
a propagating transverse magnetic (TM) mode,***” sustained by
a specific medium enclosed within a radially symmetric wire
(depicted as an orange wire aligned with the electron’s trajec-
tory in Fig. 1b). Eventually, this mode interacts with both the
plasmonic antenna field E;’l}% and the support membrane in the
aloof configuration, wherein the electron does not directly
penetrate the metallic surface of the antenna. This interaction
induces the dissipation of EM power carried by the electron,
resulting in energy loss peaks at the resonant frequencies of the
antenna.

In light of perspective on the electromagnetic interaction
between the electron and antenna's SPP mode, we can formu-
late the probability density function through the total EM power
lost by the electron as follows:**>*

©
’

AE = J:o deP(1) = J dwhwiL(S@ -dA

0 Thw

- J: dwhwlge (0) 3)

with the EEL probability density function:

2 ' 2
FEEL(Q)) = %JA<SQ)>dA = %

Pexi(w) (4)
Here, P(t) is the power lost by the electron at the time instant ¢
due to SPP excitation in the antenna; (S,) is the averaged
Poynting vector of the EM mode propagating along the elec-
tron's trajectory; dA’ is an element of the surface A enclosing the
antenna and the electron beam (as indicated by the dashed
curves in Fig. 1b); and Pey(w) = Paps + Pgear 1S the extinction
power of the beam in frequency domain. The latter encom-
passes losses arising from both antenna scattering Pg..c and the
absorption P, (dissipation) losses of the SPP mode, as recently
evidenced™ in the analysis of localized plasmon scattering on
circular dimers and other Cathodoluminescence (CL) experi-
ments involving electron beam excitation of the antenna.***
However, CL experiments specifically focus on scattering
processes and fall beyond the scope of this work. This study is
centered on integral losses, which encompass both scattering
and absorption components.

The spatial integration in eqn (4) over the closed surface A
encompassing the electron beam and antenna can be reduced
to the elements surrounding the electron's EM mode, shown as
shaded circles designated as Port 1 and Port 2 in Fig. 1b. Indeed,
the losses contributed from considering lateral boundaries
(dashed curves in Fig. 1b) are associated with the radiated CL
field, which in regular EELS cannot be captured directly. From
the microwave framework perspective, these two segments
enclosing the beam before and after electron beam interaction
with a plasmonic antenna can be regarded as inherent wave
ports, where the EM mode carried by the electron beam is both
excited and collected. The extinction power can be quantified as
a power incident P;,,. from the top of the sample, reduced by the
back-reflected power (Port 1), and transmitted power through
the sample captured at the bottom side (Port 2). This notation
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finds explanation through scattering parameters, commonly
utilized by antenna designers and microwave engineers, as
follows:

Pexl(w) = Pinc(w) X (1 - |Sll|2 - |S21‘2) (5)

Here, S;; and S,; represent the scattering parameters resulting
from the beam interaction with the plasmonic antenna's SPP
mode and the substrate underneath. Eqn (5) unfolds the
contributions to power losses imposed on the electron beam
wave. The first term denotes the incident power carried by the
beam, while the second and third terms signify the reflected
and transmitted power, respectively. The schematic represen-
tation of these contributions is depicted by orange arrows in
Fig. 1b. Here we make a noteworthy remark that unlike the
regular two-port microwave characterization, wherein EM
feeding typically originates from the side of the sample, the
electron beam passes through the substrate. This feeding
configuration facilitates additional EM interaction with the
substrate, thereby contributing to the overall reflection and
absorption of the electron beam wave, irrespective of the
antenna response. As a result, the scattering parameters S, and
S,, presented in eqn (5) incorporate contributions from both
the antenna and the substrate background. Combining eqn (5)
with (4), we get the ultimate relationship linking the probability
density function, correlated with experimental EEL spectra, and
scattering parameters:

2
Thw

with the spectral density of the EM power Pj,.(w) carried by
a single electron:

Fepn(0) = ——Puc(w) x (1= |Sul = ISaf')  (©)

2 k2 qe*w?
Facl0) =5 D

w w w
X |:I<12 ( Rbeam) - KO ( Rbeam) KZ ( Rbeam):|
Vel YL Vel YL Vel YL

Examination of eqn (7) reveals that the equation exhibits
divergent behavior as the beam radius Rpeam approaches zero,
resulting in a singular EEL probability. This divergence stems
from the inherent singularity of the EM field generated by
a moving point charge [see eqn (1) and (2)]. However, as will be
further discussed, this issue can be addressed by modeling the
electron field as a plasmonic mode, sustained by a specific
medium within a wire of small radius Rpeam. By truncating the
integration in eqn (7) at this finite wire radius, the singularity
can be circumvented.

The simple relationship outlined in eqn (6) is a key result of
this study, allowing us to correlate the microwave parameters
with the EEL spectra and gain crucial insights into the main
characteristics of plasmonic antennas embedded in scattering
parameters. In comparison to other conventionally utilized
methods for interpreting EEL spectra, such as LDOS***>* or
effective polarizability,*****® our complimentary microwave
approach summarized in eqn (6) holds the advantage of being

J Re[Eq x H;Lr dr = 2=n €0 Roeam”
Rpbeam

(7)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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applicable for extracting S-parameters from the EEL signal, as
we will expound upon in subsequent sections.

Despite its advantages, verification of eqn (6) through
a comparison of the theoretical and experimental EEL spectra
requires the estimation of the scattering parameters produced
by antenna under specific localized electron beam excitation.
For this purpose, a simulation model must be developed, a task
that we address in the following section.

2.2 Simulation of scattering parameters under electron
beam excitation conditions

The preliminary assessment of S-parameters generated by
specific electron beam excitation for calculating theoretical EEL
probability presents a challenge. In this section, we surmount
this obstacle by introducing a comprehensive full-wave simu-
lation model to calculate the scattering parameters of a plas-
monic antenna under localized electron beam excitation.

Fig. 2a depicts the simulation model along with the spatial
distribution of the electric field, demonstrating the successful
excitation of a plasmonic dipole. The simulation has been
carried out by solving the wave equation in frequency domain
using COMSOL Multiphysics software. The model replicating
the EELS experimental conditions consists of a gold plasmonic
dipole with dimensions 2.58 pm x 100 nm x 35 nm, positioned
on a silicon nitride substrate with a thickness ¢z, = 100 nm.
The dielectric properties of both gold and silicon nitride were
taken from corresponding experimental data reported in the
literature.®>*® The excitation of the electron field TM-mode at
Port 1, designated as the “source”, is achieved by assigning
specific dielectric properties to the electron beam confined

(@) (b)
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within a plasmonic wire. Key parameters defining the beam's
dielectric properties include the initial beam energy Epeam,
governing the propagation constant, and the beam radius
Rpeam, determining the localization of the excitation (for elec-
tron beam properties calculation please refer to Section I and
Fig. S1 of the ESIt). We select the following two values based on
their optimal alignment with our experimental conditions: the
beam radius equals half the pixel size (Rpeam = 2.5 nm) of the SI,
and the electron energy is set at 80 keV, which corresponds to
our experimental conditions.

The electron beam field, with its transverse component
distribution shown as a colormap in Fig. 2a, excites the plas-
monic antenna through capacitive coupling, as evidenced by
the discernible near-field distribution in the antenna plane.
However, unlike conventional methodologies reported in the
literature,*”** our approach, as outlined by eqn (6), prioritizes
the analysis of antenna extinction power rather than focusing
solely on the induced electric field. From the power analysis
perspective, the lower wave port, labeled as the “detector”, is
utilized to capture the transmitted power |S,,|*> through the
sample, comprising the plasmonic antenna and dielectric
support. The remaining power is either absorbed Py, scattered
Pg.ac by the antenna, or reflected back towards the source port,
quantified by a reflected power |Sy4|.

The correctness of the electron beam mode excitation in the
plasmonic wire was validated by comparing the analytical
electron beam dispersion § = w/v,***>*” with the simulation
results, shown as red dashed and black solid curves in Fig. 2b,
respectively. Furthermore, a comparison of the radial field
distribution for analytical and simulated solutions was per-
formed for electric field components, as illustrated in Fig. 2c.

150
2 + § e 1.0 |Sbekdj2
Py PolS11] max £ 125 0.5 ~ 08 2
& 100 :3: 4 Z
Port 1 (source) - 043 o SOLflemiE
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Fig. 2 Simulation procedure replicating EELS experiment: (a) full-wave simulation scheme featuring the results of the electric field in-plane
component perpendicular to the antenna axis (£, in this configuration) along with the depiction of the beam-antenna interaction with the
subsequent loss mechanisms. The dispersion relationship (b) and electric field components (c) of the electron beam excited at Port 1 (black
curves) and compared with the analytical solution (red dashed curves). The electromagnetic interaction between the simulated electron beam
and the plasmonic dipole is characterized in terms of S-parameters (d). Sy; and S,4, depicted in (d), are calculated at Port 1 and Port 2, respectively.
The extinction power calculated through S-parameters (e) can be further decomposed into two contributions, namely, absorption losses (red

solid curve) and scattering losses (red dashed curve).
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Both cases exhibit a perfect correspondence, except for the
electric field within the electron beam medium, which is out-
lined as a gray dashed region in Fig. 2c. The negligible radial
field component inside the medium is attributed to charge
screening defined by the properties of the plasmonic wire,
aiding in averting singularities in a full-wave simulation. The
electron field screening effect can be explained by the non-
uniform distribution of electron density in the beam cross-
section.**** Given our focus on the aloof excitation of the plas-
monic antenna by the electron beam, the interaction of the
electron field with the SPP mode transpires outside the beam
medium. Therefore, the simulated excitation can be regarded as
being generated by the real electron.

The advantage of this model over other full-wave simulation-
based approaches®®**% lies in its capability to directly calcu-
late the scattered parameters S;; and S, for any resonant system.
This versatility enables this method to provide the aloof excitation
of various resonant modes of electromagnetic nature, not limited
to plasmons, simultaneously providing the antenna engineers
with valuable S-parameters for microwave characterization.
Furthermore, this work marks the first instance where the S-
parameters of a plasmonic antenna are evaluated through simu-
lations under conditions inherent to electron beam excitation.

The results of the S-parameters calculated through the simu-
lation model for a dipole plasmonic antenna with a length of Lg;p,
= 2.58 pm, are shown in Fig. 2d. The extinction power, calculated
using eqn (5), is also shown in Fig. 2e as a black curve, revealing
four fundamental antenna resonances across range of 25 to 150
THz. Notably, these four resonances exhibit non-equidistant
spacing, particularly at lower energies, attributed to the disper-
sion of the dielectric function ez,p(w) of the silicon nitride
membrane.®” In the simulation model shown in Fig. 2a, the
plasmonic wire engages in electromagnetic interaction not only
with the antenna but also with the background. This background
interaction is indicated by an additional background slope in the
reflection coefficient |S5$%4|?, depicted by the dashed gray curve in
Fig. 2d. The background S-parameters response shown in Fig. 2d
is obtained by simulating the electron beam wave interaction
with the silicon nitride in absence of any resonance structure.
The monotonic increase of the background slope with rising
frequency is attributed to the increase in the electrical length
Btsup Of the electron beam as it traverses the dielectric of small
constant thickness %y, = 100 nm. This increase results in
constructive interference in the reflections from two interfaces of
the supportive membrane. Notably, this effect is predominantly
independent of the antenna performance and should be
excluded from the final spectra as a background.

We also would like to emphasize the mutual relationship
between the contributions of the scattering and absorption
losses to the overall extinction, as illustrated by the red curves in
Fig. 2e. This is important for analyzing radiation efficiency from
the perspective of antenna design. We can clearly see that the
scattered power is of the same order as the absorbed power due
to the plasmonic mode absorption. The only exception is for the
first fundamental resonance, where the loss tangent tan ¢ =
Im(egup)/Re(esup) Of the substrate is large,*® resulting in high
background losses Pyckg Shown by gray shaded region.
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In the preceding sections, we established the fundamental
theoretical framework required for the subsequent introduction
of the S-parameters extraction algorithm. By simulating both
the extinction power and S-parameters under electron beam
excitation, and applying the direct functional relationship
between the EEL spectrum and microwave S-parameters as
outlined in eqn (6), we can quantitatively evaluate the EEL
probability for a plasmonic antenna. The next essential step is
to validate this framework by comparing the theoretically
derived spectrum with experimental EELS data, thereby
demonstrating the feasibility of deriving the EEL spectrum from
the S-parameters.

2.3 Verification of the microwave interpretation for EELS
experiment

We now verify our proposed theoretical approach by conducting
a comparative analysis between experimental EEL spectra and
those derived using microwave interpretation. This verification
will substantiate the feasibility of extracting the S-parameters
from the experimental EEL probability function.

The plasmonic dipole with a length of Lgj, = 2.58 pm,
previously analyzed through simulations, where its resonances
were observed as peaks in the extinction coefficient shown in
Fig. 2e, was fabricated and experimentally characterized
through EELS. The fabrication stack-up, including the dimen-
sions of the plasmonic dipole and the supporting silicon nitride
membrane, is illustrated in Fig. 3a. The STEM-acquired topog-
raphy image of the fabricated dipole is presented in Fig. 3b.

s
B siN,

(a)

Fig. 3 Fabrication details of the plasmonic dipole antenna. (a) Sche-
matic of the fabrication stack-up, showing the dipole dimensions
(length = 2.58 um, width = 100 pum, thickness = 35 nm) and the
suspended membrane (100 pm x 100 um, thickness = 100 nm) sup-
ported by a silicon substrate. (b) High-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) image of the
fabricated plasmonic dipole.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Details regarding the fabrication procedure and EELS charac-
terization conditions are provided in Methods section.

To address the non-uniform spatial distribution of experi-
mentally observed spectra, characterized as standing wave
patterns of LDOS along the dipole,****% we select three distinct
spectra obtained at the edge, intermediate, and central posi-
tions along the dipole axis, as depicted in Fig. 4a—c, respectively.
Improvement of the signal-to-noise ratio in the experimental
spectra (represented by the black solid curves) was achieved by
averaging its response over a 16 x 16 pixel square, corre-
sponding to a spatial uncertainty of 40 nm in both directions
in the antenna plane. The simulated spectra, presented as red
dashed curves in Fig. 4a-c, were calculated using eqn (6), with
the S-parameters evaluated via the above-mentioned simulation
model for the identical experimental excitation positions illus-
trated in the inset. To account for the effect of EELS experi-
mental resolution, the simulated spectra were subsequently
convolved with the ZLP, following standard practice.?*>**

Generally, there is a very good correlation between the
simulated and experimental trends, with all resonance posi-
tions spanning from 25 to 150 THz (labeled as I-IV in Fig. 4a—c)
showing strong agreement across all three spatial excitation
points. This emphasizes the efficacy of result in eqn (6) in
accurately interpreting the antenna SPP dispersion within the
low-loss energy range through the evaluation of S-parameters.
In particular, good correspondence between simulation and
experiment is observed at the edge position (Fig. 4a). However,
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we observe a discrepancy between the experimental and simu-
lated amplitudes of the EEL probability function when the
electron beam feed departs from the dipole edge. This can be
observed for resonances II and IV at the center position Fig. 4c
and resonance III at the intermediate position (Fig. 4b), corre-
sponding to their spatial resonance points in the spectral
images shown to the left side of Fig. 4e. We refer such
a disagreement to the differences in the simulated and experi-
mental excitation conditions arising from the localization of the
electron along its trajectory, as indicated by comparison of the
left-side and central diagrams in Fig. 4d, respectively. On the
contrary, a similar amplitude misfit is not observed at the edge
position (Fig. 4a), which we attribute to the excitation not
aligning precisely with the spatial resonance due to the virtual
elongation of the dipole,*””® causing the SPP spatial resonance
to extend slightly beyond the physical edge of the antenna. This
rationale also explains the decrease in wavelength as the plas-
monic wave approaches the abrupt truncation.***

The observed discrepancy in amplitudes of EEL spectra, as
mentioned above, can be ascribed to the distinctiveness of the
experimental electron excitation, which is characterized by its
temporal and spatial localization in both transverse and longi-
tudinal coordinates. As illustrated in the left-side diagram of
Fig. 4d, prior to the interaction (¢ = t,), the electron wave packet,
appearing as a Gaussian shape, is localized in the upper plane.
The spatial confinement persists after the interaction (¢ = ¢, +
tinter), With the electron retaining its localization along its

Simulation

20/2

[1sutro

O\¢ stub: L

=)
o
@

o
8
(-A9) 531

Frequency (THz)

=)
g
o

Fig.4 Comparison between experimental spectra (black solid curve) obtained at the edge (a), intermediate (b), and central (c) positions along the
dipole with aloof probe excitation (shown in the inset) at the distance 40 nm from the dipole, simulated spectra computed via S-parameters using
egn (6) (red dashed curve), and corrected approach (red solid curve) accounting for single electron excitation facilitated through the feedback
scheme (d). The spatial distribution of EEL probabilities (e) along the dipole for all four resonances is presented as a color plot and contrasted with
results from the corrected approach (black curves). Spectral images corresponding to all four resonances are displayed to the left of (e), with the
region of profile acquisition outlined by a white dashed rectangle. The shaded areas in (a—c) demonstrate the standard deviation of the averaged
spectra over 16 x 16 pixels.
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trajectory despite experiencing energy loss equal to the plas-
monic energy fiwgp,. A significant deviation becomes apparent
when comparing the experimental and simulation diagrams:
while the experimental setup demonstrates localized electron
excitation, the simulation portrays a delocalized excitation along
the electron trajectory. This discrepancy leads to an upward wave
leakage, resulting in a reflected power characterized by the
coefficient |Sy;|*Pin, an observation of which in experiment may
appear counterintuitive. This stems from the fact that the energy
losses associated with the plasmonic energy excitation are
significantly smaller than the primary energy of the electron
beam /gy, < Ey (€., 0.2 eV < 80 keV). Additionally, owing to
the low current and the resulting large interelectron distance in
the monochromated beam,**** the electron-plasmonic interac-
tion can be well described as localized along the electron trajec-
tory, with electron longitudinal coordinates z varying at different
time instances (Fig. 4d). This deviation from our introduced
model, where the beam is assumed to be stationary and
uniformly distributed along the electron trajectory, is apparent.

To compensate for this parasitic effect, corrections were
implemented in the calculation of the extinction power in eqn
(5), accounting for the localized electron interaction at different
time intervals. In this adjustment, we assume that at the
moment of interaction, the upper half-plane of the wire (cor-
responding to coordinates z > z,,¢) no longer exists. As a result,
the power that would typically be reflected as |Sy,|” is redis-
tributed between the transmitted power along the remaining
lower part of the wire and the additional extinction power of the
antenna. In summary, this correction implies the introduction
of two virtual switching states for the electron beam, with its
upper part “turning off” once the electron reaches the interac-
tion region of the antenna to avert parasitic reflections. It is
pertinent to emphasize that this corrected approach does not
alter the simulation procedure outlined in the previous section.
Rather, it utilizes the same simulation results but employs
a corrected method for evaluating the extinction power.

From the perspective of frequency domain analysis, we per-
formed such modifications by revising the calculation of the
simulated extinction power, as illustrated in the central
diagram in Fig. 4d. The reflected power calculated from the
initial simulated results is redirected back to the sample
utilizing the virtual feedback network (shown in the right-side
picture in Fig. 4d), comprising an open-circuited /2 trans-
mission line stub. This configuration ensures infinite imped-
ance, mimicking the absence of a wire in the upper part.
Subsequently, the redirected back reflected power interacts
again with the antenna, resulting in an additional contribution
to the extinction power |Sy;|*Pey. This supplemental power
combines with the initial extinction power Pey, yielding
a modified expression of the extinction power:

1—[Sul” = |Su )

P () = Pine()
1— Syl

ext

(8)

A more detailed derivation of the corrected extinction power
in eqn (8) is provided in Section III of ESIL.{ The corrected EEL
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probability function, derived by substituting eqn (8) into the EM
definition of the EEL probability from eqn (4), is shown in
Fig. 4a-c. Notably, this corrected EEL probability (red solid
curve) exhibits a considerably improved correlation with the
experimental data compared to the uncorrected version.
However, a significant deviation at frequencies <50 THz
persists, which we attribute to the complementary excitation of
a phonon mode in a silicon nitride dielectric slab®* mediated by
the antenna and not captured by the experiment due to the low
signal-to-background ratio caused by the width of the ZLP.
Furthermore, the simulated spatial distribution of the EEL
probability along the antenna axis, represented by black curves
in Fig. 4e for all four resonances, demonstrates remarkable
alignment with the experimental data (colorful curve), empha-
sizing the effectiveness of our microwave approach. Impor-
tantly, these corrections do not alter the excitation conditions
employed in our simulation model; rather, they only modify the
extinction power calculation through eqn (8), which, as
demonstrated further, will be applied to perform the reverse
procedure of extracting S-parameters from the experimental
EEL spectra.

2.4 Experimental scattering parameters extraction from EEL
spectra

The robust correlation observed between the experimental and
simulated EEL spectra, as discussed in the preceding section,
enables the reverse procedure of extracting S-parameters from
the acquired experimental EELS data. This approach, intro-
duced below, unveils a novel technique for the microwave
characterization of plasmonic antennas from mid-infrared to
optical frequencies.

We developed an algorithm, depicted schematically in Fig. 5,
designed to perform comprehensive microwave characteriza-
tion of plasmonic antennas. This algorithm is capable of
determining the distribution of antenna input impedance and
S-parameters, akin to the model shown in Fig. 4d. The algo-
rithm operates on input data consisting of the EEL probability
function or, more generally, a spectral image containing the
spatial distribution of the EEL spectrum across the sample.
Subsequently, the algorithm transforms the EEL probability
function into the extinction power spectra, a process made
feasible by the established correlation between the simulated
extinction power, described by eqn (8), and the experimental
data. Following this step, the experimental signal can be effec-
tively treated as deterministic within the microwave framework.

The input impedance is extracted from the experimentally
obtained extinction power of the antenna using the trans-
mission line model (depicted within the dashed area in Fig. 5),
represented as a two-port network. This model serves to
describe the EELS experiment via microwave circuit parameters.
The characteristic impedances 785%™ and Z5°P, in this model
represent the impedance of the TM-mode carried by the elec-
tron beam in vacuum and the dielectric substrate, respectively.
The substrate here functions as the background, impacting the
overall amplitudes of the S-parameters outlined in eqn (8), as
discussed and illustrated through simulations in Fig. 2d. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Schematic representation of the algorithm for the extraction of
microwave parameters, including input impedance Zy« = 1/Yant S11
and S;; parameters, from the electron energy loss probability I'eg . At
the core of the algorithm lies the microwave interpretation of plas-
monic mode excitation in an antenna interacting with an electron
beam. The interpretation is facilitated by the microwave model out-
lined in the dashed frame. Within this model, the relationship between
the microwave parameters and the absorbed power of the beam can
be established through ABCD-parameters, encompassing the electron
beam interaction with both the background and the integrated
antenna-substrate system. The inset plots are primarily illustrative,
demonstrating the input (EEL probability) and output (S-parameters)
functions of the algorithm, with comparisons between simulated data
(black curves) and experimental results (colored curves).

extraction of S;; and S,; hereafter is performed for the entire
sample, including both the antenna and the background. The
latter is regarded as a transmission line with a length equal to
the membrane thickness ¢,,. The plasmonic antenna is rep-
resented as an admittance Z,,. = 1/Y,, connected in parallel to
the beam transmission line traversing through the sample. It is
noteworthy that the admittance encompasses the input
impedance of the antenna and the capacitance formed by the
gap between the antenna and the electron beam. This capacitive
coupling induces a red shift in the resonance spectra observed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in experiments when comparing near-field (electron) and far-
field (plane wave) excitation of the dipole.?**”7*

Following the described model, the antenna admittance can
be extracted from the extinction power using the following
expression:

[Pext((x), R) + Pbckd(w)] X |A|2Pbde(w) +4
4zgeam|g‘2(1 — Pext(w7 R) + Pbckd(w))

Re{ Yon(w,R)} =

- |4 Pocga ()
4deam|§|2(1 — Pex[(w,R) + Pbckd(w))

©)

Here the parameters 4 = A + B/Z5%™ + CZ5*™™ + Dand £ = A + B/
Z5%¥™ are analytically derived using the microwave ABCD
parameters of the background substrate,”” considering the
scenario where the antenna is absent (Y, = 0 in the trans-
mission line model). These parameters depend on the sup-
porting membrane thickness, beam propagation constant vy
in the dielectric, and characteristic impedances Z§®™ and
Z8"°. Eqn (9) has been derived through the analysis of the
extinction power using the ABCD parameters of the microwave
model depicted in Fig. 5 (see Section IV of ESIt for details).
Similar to microwave measurements with a vector network
analyzer (VNA), where a priori knowledge of the substrate is
essential for calibration substrate design,””* our algorithm
similarly depends on the a priori knowledge of the dielectric
properties of the background substrate, which we take from the
literature.®

Analyzing eqn (9), it becomes evident that merely subtracting
the background extinction power Pp.q from the power
measured for the entire sample Py, which is already achieved
by subtracting the ZLP from the raw EEL spectra and accounted
for in the equation, will not entirely eliminate the background
effect from the algorithm. Indeed, let us assume that there is no
power absorption while the electron beam wave is traveling
within the substrate, meaning Pp.q = 0 (this holds true at
frequencies >rbin 50 THz, as has been demonstrated in Fig. 2e).
In such a case, eqn (9) takes the following form:

1 Pei(w,R)

Re{ Yanl(w7 R)} - Z(t);eam ‘ﬂz(l — chl(w7R))

(10)

Analysis of eqn (10) reveals that even in the absence of
substrate losses, the solution for the antenna admittance Yy, is
still influenced by substrate properties embedded in £ in the
denominator. As a result, simply excluding background absor-
bed power will not result in complete independence in antenna
impedance calculation from the background.

As the antenna admittance is inherently complex, evaluating
both its real and imaginary parts via eqn (9) introduces ambi-
guity. However, this ambiguity can be circumvented by
considering solely the resonance frequencies of the EEL spectra,
where the input impedance of the antenna becomes purely real.
Under such conditions, eqn (9) offers an unambiguous method
for characterizing the antenna's input impedance through
experimental EELS data.

Nanoscale Adv., 2025, 7, 2695-2708 | 2703
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We demonstrate the efficiency of our algorithm by extracting
the input impedance of a plasmonic antenna, as shown in
Fig. 6a and b, from the experimental EEL spectra obtained at
two distinct coordinates: the edge (Fig. 4a) and the center
(Fig. 4c) of the plasmonic dipole. The input impedance is
normalized to the characteristic impedance of the electron
beam (Z5°*™ = 675 Q), which was derived from simulations, to
estimate the matching effect between the antenna and the
beam. To account for the energy spread induced by the ZLP
convolution with the true antenna response, we performed
additional calibration of the EEL spectra prior to executing the
algorithm by applying a correction factor to define the reso-
nance amplitude decrease. The calibration curve was obtained
by analyzing the dynamics of resonance peaks amplitudes with
varying ZLP widths (see Section V of ESIf for details).
Comparing the simulated (black solid curve) input impedance
results with those extracted from both simulated (red curve) and
experimental (blue curve) EEL probability functions using eqn
(9), it is evident that at the resonance frequencies (identified by
orange markers), the deviation between the theoretical

Standard full-Wave simulations
Extracted through algorithm using simulated spectra
Extracted through algorithm using experimental spectra

@ Resonance frequencies
© Resonance frequencies

Dipole edge

Dipole center

beam
0

Input impedance Z,,/zZ5%a™
o = N W d OO N
Input impedance Z,/Z

6F
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Frequency (THz) Energy (eV) Frequency (THz) Energy (eV)

Fig. 6 Microwave parameters derived via our algorithm utilizing
experimental EEL spectra (blue curve) acquired at the edge (left
column) and center (right column) of the plasmonic dipole in an aloof
configuration: input impedance Z, (@ and b) relative to the charac-
teristic impedance of the beam Z8%®™, reflection Sy; (c and d), and
transmission S,; (e and f) coefficients of the electron beam traversing
the sample. In comparison, the simulated microwave parameters and
those obtained through our algorithm with simulated EEL probabilities
are presented as black solid and red curves, respectively. The orange
markers correspond to the EELS resonance peaks identified as points
of minimal uncertainty of the algorithm. Blue shaded bars represent
the error in the extracted parameters at resonances, calculated using
the standard deviation from averaging 16 x 16 pixel segments of the
experimental spectra (refer to Fig. 4a and c.).
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predictions and the output of the algorithm is minimal. This
observation indicates that our algorithm performs most effec-
tively at resonance frequencies. The discrepancies observed
between the experimentally characterized and simulated input
impedances at non-resonance frequencies can be attributed to
the significant imaginary component of the antenna impedance
Zane (see Fig. S4 in ESIT), which our algorithm does not account
for, prioritizing the reduction of ambiguity.

In the final stage, the algorithm utilizes the transmission
line model, incorporating the already determined antenna
admittance Y, to calculate the scattering parameters.
According to our model, the reference planes of the two-port
network, used to determine the S-parameters, are positioned
immediately before and after the sample, comprising the
antenna and the membrane. The S;; and S,; parameters,
calculated from the experimentally characterized input imped-
ance, are depicted in Fig. 6c—f for the edge and center excita-
tions, respectively. The numerical values of the three extracted
microwave parameters at the resonance frequencies, which are
presented in Table 1, exhibit a good agreement with the simu-
lated results obtained through beam excitation. This agreement
is particularly notable for the S-parameters. The comprehensive
quantitative results of the algorithm, illustrated in Fig. 6, signify
a groundbreaking contribution to traditional microwave
antenna characterization at mid-infrared frequencies. This
advancement establishes EELS as a viable alternative to the
vector network analyzer, which is non-existent at such high
frequencies, thereby paving the way for conventional plasmonic
antenna design.

The input impedance and scattering parameters depicted in
Fig. 6 are fundamental microwave characteristics essential for
antenna design, offering invaluable insights into the operation
of plasmonic antennas from a microwave perspective. The
resonance frequencies observed in the EEL spectra at both the
edge and center coincide with an increase in S;; and a signifi-
cant reduction in S,; relative to their background values (as
represented by gray dashed curves in Fig. 6¢c and f). This
response can be analyzed through the two-port network anal-
ysis, where the incoming power is distributed along two path-
ways: one through the transmission line traversing through the
substrate towards the second port (EELS detector) and the other
through the antenna. The power absorbed by the antenna can
be described as follows:

! Zbeam
P“"‘(Zum):Pinc|1+Sll(Zam)\2Re{ 0 } (11)

ext Zant
Here, we discern two factors influencing the power absorbed by
the antenna. Firstly, the relative input impedance of the
antenna Z,n/Zo*™ should decrease as it approaches the EELS
resonance in order to satisfy the enhancement of the power in
eqn (11) absorbed by the antenna. This trend is observed in the
experimentally characterized input impedances at resonance
frequencies in Fig. 6a and c. In addition, we notice that the
input impedances characterized at the center position along the
antenna are lower compared to those at the edge, resulting in an
increased extinction power Pe, and, consequently, higher
amplitude of the EEL spectra (compare resonances II and IV in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Experimentally extracted and simulated microwave parameters at resonance frequencies

Simulated Experimental

Resonance Frequency (THz) Z;,/Zbeam S11 (dB) S,1 (dB) Z;/Zbeam S11 (dB) S51 (dB)

I (edge) 37.5 2.75 —13.74 -1.75 3.05 £ 1.10 —14.57 £ 1.62 —1.67 = 0.39
11 (edge) 71.5 1.68 —9.533 —2.29 2.37 £1.07 —9.89 +£ 0.77 —1.81 £ 0.59
1II (edge) 103.5 1.62 -7.01 —2.44 2.44 £ 1.7 —7.66 £ 0.53 —1.89 £ 0.67
IV (edge) 134.0 2.03 —6.12 —2.20 2.34 +£1.82 —6.29 £ 0.48 —2.04 £ 0.67
1I (center) 71.5 0.73 —6.85 —4.54 0.70 £ 0.31 —6.51 + 1.53 —3.65 £ 1.61
IV (center) 134.0 0.84 —5.45 —3.65 0.62 + 0.44 —4.62 + 0.93 —4.48 £ 1.50

Fig. 4a and c, respectively). Simultaneously, the reflection
coefficient Sy, is also influenced by the antenna input imped-
ance, with the lower impedance values leading to an increase in
S11, as evidenced by the peaks observed in Fig. 6¢ and d. In this
context, improving impedance matching to minimize the S;;
magnitude would make the antenna input impedance Z,,.
infinite, thereby reducing the entire two-port network to the
background scenario. This behavior extends to non-resonance
frequencies, where the significant imaginary part of the input
impedance does not contribute to absorption power.

It was demonstrated that our algorithm exhibits the least
uncertainty at resonance frequencies, where the antenna input
impedance is real. Additionally, it is evident that the microwave
parameters are expected to vary with the excitation coordinate
along the antenna, reflecting the spatial dependence of the EEL
probability (Fig. 4e). By applying our algorithm to each pixel of

Coordinate (um)

Coordinate (um) Coordinate (um)

the experimental spectral image, we can characterize the spatial
distribution of the microwave parameters, providing compre-
hensive insights into antenna behavior. This capability, facili-
tated by the non-contact EELS technique, allows for the
achievement of complete characterization with just one spectral
image acquisition, offering advantage over traditional vector
network analyzers. This advantageous feature can be applied,
for instance, to determine the optimal spatial integration of the
antenna with the device, thereby achieving improved
matching.*®

The spatial distribution of input impedance and scattering
parameters at four fundamental resonance frequencies along
the dipole in aloof configuration (at the same excitation posi-
tions as indicated by white dashed frames in the spectral
images under Fig. 4e) were characterized using our extraction
algorithm, as demonstrated in Fig. 7a-c. Comparison with

0.0

-8.0

0.0

-8.0

Coordinate (um)

Fig.7 The profiles of experimentally characterized microwave parameters (color plots) at the first four resonances of the plasmonic dipole: input
impedance Z, (a) relative to the beam characteristic impedance 753%™, Si; (b), and S»; (c) parameters. The microwave parameters obtained
through full-wave simulations are shown alongside as black curves. Regions of considerable discrepancy between experimentally characterized
and simulated impedances are depicted as gray points in (a—c), assisting in identifying areas with minimal uncertainty, illustrated as color spots in
the maps (d—f) for the above-shown parameters. The arrows denote the positions of the edges of the investigated dipole. The dashed area in the
dipole topography image (shown below (a)) highlights the region from which the microwave parameter profiles were extracted.
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corresponding simulated microwave parameters (shown as
black curves) reveals a strong correlation at spatial resonances,
defined as regions of high EELS signal intensities in the spectral
images (compare Fig. 4e with the results in Fig. 7a-c).

On the other hand, the input impedance significantly devi-
ates from simulated values at non-resonant points, as depicted
in gray in Fig. 7a, due to the reasons analogous to those dis-
cussed earlier in the spectral response analysis. Furthermore, at
these non-resonant spatial coordinates, the input impedance
can exceed the electron characteristic impedance Z5%™ by
roughly tenfold. From a microwave perspective, such high
impedance resembles an open-circuit in the two-port network,
resulting in a background EEL spectrum devoid of meaningful
signal from the plasmonic antenna. In this sense, we can
establish a criterion for minimal uncertainty in spatial micro-
wave parameters characterization, stipulating that only spatial
coordinates where the input impedance Z,, < 4Z5°*™, which
corresponds to the error in |Sy;| = —3 dB, should be considered
reliable. This threshold approximately delineates the EEL
spectrum corresponding to the background signal. With these
constraints, we conduct spatial mapping of the input imped-
ance and scattering parameters S;; and S,q, as represented in
Fig. 7d-f, respectively, illustrating their dynamics along the
plasmonic dipole. In these maps, we discern that only the
localized regions, centered around spatial resonances, genu-
inely identify the areas of minimal uncertainty in the microwave
parameters characterization. However, we clearly see that even
when considering the points of least certainty, the transmission
coefficient S,; matches perfectly with simulations along all the
spatial profiles (Fig. 7c), also capturing the variation of the peak
intensity along the dipole identifying the wavelength compres-
sion effect,*>*> when approaching the edge.

Quantitative spatial mapping of microwave parameters can
play a pivotal role in understanding the characteristics of the
antenna. Thus, at all spatial resonances, the antenna input
impedance value closely matches with the beam characteristic
impedance Zj®™ = 675 Q, as captured by the map in Fig. 7d.
This result indicates the occurrence of “open-circuit” resonance
along the plasmonic dipole,** where the current is minimized,
leading to significantly higher input impedance compared to
the standard 50 Q port impedance typically utilized in micro-
wave characterization. Consequently, voltage reaches its
maximum at these coordinates, resulting in electric field
enhancement around the dipole.***® This observation demon-
strates a correlation between the scattering parameters and the
near-field of the antenna, which exhibit similar spatial
distribution.*

3 Conclusions

This study presents a novel application of Electron Energy Loss
Spectroscopy for the microwave characterization of input
impedance and S-parameters in plasmonic antennas over
a broad frequency range, from mid-infrared to optical
frequencies. We have developed the comprehensive theoretical
framework to establish the functional relationship between the
experimental EEL probability and microwave scattering
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parameters via the extinction of electromagnetic power carried
by the electron beam. The strong correlation observed between
experimental spectra and those derived from simulated S-
parameters, evident across a broad frequency range and various
localized excitation positions, as exemplified by the plasmonic
dipole case, proved possible the development of a reverse
algorithm. This algorithm performs the extraction of S-param-
eters from the experimental EEL probability by utilizing a two-
port network representation of the EELS experiment. The effi-
cacy of the proposed method has been demonstrated through
the characterization of input impedance and S-parameters
frequency response, along with their spatial distribution for the
plasmonic dipole. Through comparative analysis of experi-
mental and simulated results, we established the constraints
defining points of minimal uncertainty in microwave charac-
terization across spatial and frequency domains. Furthermore,
this study delves into the physical insights gleaned from the
quantitative characterization of the plasmonic dipole through
EELS, highlighting the value and utility of the developed
method. Establishing a solid link between the microwave
parameters and EEL probability offers promising prospects for
utilizing EELS as an alternative to a vector network analyzer,
which is not available at mid-infrared to optical frequency
range. We believe that this contribution holds great promise for
antenna engineers focusing on providing reliable plasmonic
antenna solutions at such high frequencies.

4 Methods

4.1 Sample fabrication

The electron beam lithography and lift-off process has been
adopted from*® to fabricate the dipole. The plasmonic dipole
was fabricated on commercially available TEM silicon nitride
membrane with a thickness of 100 nm (TED Pella, Inc.). AR-P
6200.04 resist (Allresist GmbH) was spin-coated onto the
silicon nitride membrane at 6000 rpm for 60 seconds and baked
for 3 minutes at 150 °C to achieve a resist thickness of around
80 nm. Subsequently, the plasmonic dipole pattern was exposed
using a Crestec CABL 9000C electron beam lithography system.
The exposed sample was developed using AR 600-546 developer
for 1 minute, followed by treatment with Oxylene and Iso-
propanol for 5 and 30 seconds, respectively. Following devel-
opment, a 5/35 nm layers of Ti/Au were deposited using the e-
beam evaporation technique. The lift-off was performed using
AR 600-71 resist remover. Schematics of all fabrication steps are
provided in Fig. S2 of ESL}

4.2 STEM-EELS characterization

The fabricated dipole was characterized using FEI Themis Z
microscope operating at 80 kV in STEM mode. To achieve high
energy resolution, a Wien monochromator was employed, with
its excitation voltage optimized to achieve a FWHM of the ZLP of
60 meV (Fig. 1a). Spectra acquisition was carried out in a micro-
probe configuration, where spherical aberrations
compensated through the Cs correction. The SI was acquired
around the plasmonic dipole with a step size of 5 nm and

were
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a dwell time of 6 milliseconds. EELS spectra were recorded
using a Gatan K3 energy filtered camera with a dispersion of
0.003 eV per channel.

Data availability

The code for converting EEL spectra to microwave parameters
can be found at https://github.com/inghades/
MiCharEL_Matlab with https://doi.org/10.5281/
zenodo.15000562. The version of the code employed for this
study is version 1.0.
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