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Figure 1. a) Schematic of the apparatus setup. The tuning fork oscillation frequency was set as the reference
frequency of the lock-in amplifier. The tip/tuning fork system is arranged in order to operate in tapping
mode. The input of the lock-in amplifier was given by the amplified voltage difference between the bias

applied to the QCL and another, frequency synchronized, pulser. b) Acquisition scheme with the self-mixing

technique. The scattered light into the cavity yields a reduction in the bias applied to the QCL Vqc. oscillating
at the reference frequency of the tuning fork Vi. This is compared to the bias of a second pulser Vger before
being amplified.
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Figure 2. Topography a) and THz image b) of metallic features on SiO, substrate acquired with a step size of
200 nm. c) Optical micrograph of the region of interest showing the overlap between two metallic
evaporations, over a SiO; substrate (top left corner). The metallic region defined with optical lithography
(Ti/Au 10/500 nm) is reported in blue. The metallic area fabricated with electron beam lithography (Ti/Au,
80/20 nm) is indicated in green
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Figure 3. Topography a) and THz image b) acquired with 100 nm step-size of the metallic features shown in
Fig. 2. From the profiles extracted in the dashed area in b) it was possible to obtain an estimation of the
20 spatial resolution of the system c), calculated to be 78 nm, corresponding to > A/1000.
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Figure 4. Near field microscopy of a SEPHC QCL emitting around 2.85 THz. a) SEM micrograph of the QCL
top surface patterned with a triangular lattice of holes in a metallic surface for vertical emission. b)
Normalized E-field at 2.8 THz simulated with Comsol Multiphysics for THz light incident as depicted in a). c)
Topography and profiles extracted along the two acquisition directions d) THz scattered signal and the
corresponding profiles extracted.
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26 Figure 5. Plasmonic resonant antennas loaded with graphene illuminated with the E-field polarized along the
27 major axis of the antennas. a) Topography of the resonant elements with ~300 nm gap. b) Relative

28 extracted profile and SEM micrograph of the same element. c) THz signal and corresponding profile d)
29 showing a strong E-field enhancement in the gap region, in very good agreement with the simulations
30 obtained with the commercial software Comsol Multiphysics and reported in the inset.
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Abstract: We present a THz scattering near field optical microscope (s-SNOM) based on a quantum
cascade laser implemented both as source and detector in a self-mixing scheme utilizing resonant quartz
tuning forks as a sensitive nano-positioning element. The home-made s-SNOM, based on a resonant
tuning fork and metallic tip, operates in tapping mode with a spatial resolution of ~78 nm. The quantum
cascade laser is realized from a bound-to-continuum active region design with a central emission of
~2.85 THz, which has been lens-coupled in order to maximize the feedback into the laser cavity.
Accordingly, the spatial resolution corresponds to >A/1000. The s-SNOM has been used to investigate
a bi-dimensional plasmonic photonic crystal and to observe the plasmonic resonances supported by
coupled plasmonic planar antennas, showing remarkable agreement with the theoretical predictions. The
compactness, unique sensitivity and fast acquisition capability of this approach makes the proposed s-
SNOM a unique tool for solid-state investigations and biomedical imaging.

Keywords: Near-field microscopy, terahertz, plasmonics, photonic crystals, quantum cascade laser,
self-mixing detection

The terahertz (THz) frequency range, 0.1-10 THz, lies in the millimetre and sub-millimetre wavelength
range of the electromagnetic spectrum and represents a fast-evolving research area. The increasing
efforts in THz science and technology are driven by many fields where such radiation finds applications,
mainly in communications, spectroscopy and imaging [1,2]. In particular, THz imaging is appealing in
several areas. In biomedical research field this non-ionizing radiation has been used for diagnostics, due
to its capability of discriminating between healthy and cancerous tissues [3]. Near-field imaging
techniques have great potential in many applications, ranging from the investigation of the optical
properties of solid-state and two-dimensional materials [4-6] to the excitation and direct retrieval of
plasmonic resonant modes [8-11]. In semiconductor physics, THz radiation has proved to be a viable
tool for inspection of integrated devices with sub-wavelength resolution [7]. It is well known that THz
radiation is sensitive to the doping level of semiconductor devices. Accordingly, it can be implemented
for the inspection and mapping of quantum objects even when covered by a dielectric layer, as an
alternative and/or complementary technique to photoluminescence techniques. The most commonly
used scattering near-field systems are based on modified atomic force microscopes or commercially
available instruments, and have proved themselves as efficient tools for the direct mapping and
excitation of resonant plasmonic modes in the mid-infrared spectral range [8-10]. Bi-dimensional
materials such as topological insulators [12] or graphene [13] are known to also support surface
plasmons in the THz range. Graphene has also been proposed as the basic building block of integrated
circuitry [14]. However, the direct excitation of surface plasmons is hindered by the wavevector
mismatch between the incoming radiation and the supported modes, and typically requires direct
patterning or prism-coupling schemes. Near-field microscope probes directly interact with the surface
of the object of study through evanescent waves, thus naturally overcoming the dispersion difference.
Near field microscopy thus provides a valuable tool for the excitation of all-plasmonic or hybrid devices.
The design of future THz integrated optoelectronic devices, such as amplitude [15-17], frequency [18]
and polarization [19] modulators, or detectors [20-22], based on metamaterial/plasmonic subwavelength
resonances, relies on the detailed analysis of the properties of a single unit, rather than on ensemble
averages, thus enforcing the need for a subwavelength inspection tool. Near-field microscopes operating
in the THz normally implement cumbersome and unstable gas lasers as sources, such as a CH;OH laser
pumped by a CO; laser [7,11]. Quantum cascade lasers (QCLS) [23] are a more compact, stable and

ACS Paragon Plus Environment

Page 6 of 17



Page 7 of 17

©CoO~NOUTA,WNPE

ACS Photonics

versatile source to be used in these arrangements. The use of QCLs in aperture [24, 25] and apertureless
[26] scanning near field optical microscopes has already been reported with a resolution > 1 um as a
proof of principle, without an efficient tip/surface feedback system. The self-mixing scheme represents
an elegant and powerful approach to THz detection [27-29]. Instead of using slow-responding and/or
cryogenic devices such as pyroelectric or Si-bolometer for detection, self-mixing is based on the
perturbation introduced by the radiation scattered into the laser cavity by the tip/surface system. By
monitoring the change in bias applied to the QCL, or the QCL power, it is possible to retrieve
information about the amplitude and phase of the scattered electric field. This approach presents many
advantages over conventional techniques. It allows a more compact scheme, by eliminating the need for
extra components. It is an extremely sensitive detection scheme which has been reported to be sensitive
to nW power levels [27], thus making it extremely suitable for the detection of intrinsically weak,
omnidirectional scattered signals. Finally, it is a fast detection scheme [29], since the ultimate limit is
given by the QCL laser dynamics, which typically take place on time scales of picoseconds. The quartz
resonant tuning forks (QTF) have been implemented in near field microscopy as an alternative to the
atomic force microscope cantilevers [30-32]. The resonances supported by these economic and compact
elements are based on the piezoelectric effect. Accordingly, a mechanical modification of the resonance
amplitude, frequency or phase translates into a current/voltage change which then provides the feedback
mechanism. Because of their high Q-factor and superior stiffness compared to cantilevers, the QTFs are
implemented together with sharp metallic tips as an efficient sensitive element in near-field microscopy
for the achievement of a constant distance between tip and surface. Their simple circuitry and the lack
of an optical illumination feedback system, as required by the cantilever approach, make them the most
favourable choice in cryogenic environments [33,34] or in imaging systems susceptible to being
optically perturbed.

Results and Discussion: Here, we report a THz s-SNOM system with a resolution of ~ 78 nm, based
on a self-mixing detection scheme and implementing QCLs emitting around 2.85 THz as the source
/detector. This home-made system has been used to image the plasmonic resonances supported by a bi-
dimensional photonic crystal triangular hole array [35] and the electric field enhancement supported in
the gap of a graphene/plasmonic antenna THz detector [21].

The QCL fabrication and coupling to a Silicon lens is described in the Methods section. A schematic of
the experimental setup is showed in Fig. 1 a). The laser light is collimated and focused by two 2 inch
f/1 off-axis parabolic mirrors with ~30° incident angle. When the beam is illuminating the metallic tip,
a positive change in the laser power is detected. The apparatus is then arranged for the collection of the
scattered light. The self-mixing scheme used for the acquisition of the THz scattered light is reported in
Fig. 1 b). To amplify the small voltage perturbation on the laser bias Voc. caused by the scattered light
Vseart, it is first mixed with the bias of an identical pulser Vrer synchronized to the repetition rate of the
QCL fqc, kept fixed to 2 kHz. The voltage difference between the two pulsers Vi and V: in Fig. 1 a)
was kept as low as possible in order to use the minimum sensitivity scale on the lock-in amplifier, thus
minimizing the noise. The voltage difference has been magnified in Fig. 1 b) for clarity. The difference
in voltage is then amplified and fed to the lock-in amplifier which has the resonant frequency of the
tuning fork fis as reference. The tuning forks used had a typically resonant frequency of ~30 kHz. A
higher feedback in the laser cavity corresponds to a reduced bias measured on the QCL, as schematically
showed in Fig. 1 b) and experimentally presented in Fig. S1. A metallic tip with radius <50 nm is
mounted in tapping mode configuration. Further details on the set-up and the data acquisition procedure
are reported in the Methods section. A typical measurement example is showed in Fig. 2. This picture
reports a) the topography, b) the THz scattered image and c) the optical micrograph of the sample, which
consisted of metallic features over a SiO; substrate. The sample has two overlapping metallic areas
achieved with optical lithography, a vertical stripe (Ti/Au, nominal thickness 10/500 nm) and with an
electron beam lithography horizontal stripe (Ti/Au nominal thickness 80/20 nm). According to the
standard scattering theory, as presented in [36-38] the tip-surface system is modeled as a
spherical particle above a planar surface. The incident light induces a dipole in the tip which is
mirrored into the substrate, and the combined dipole-system irradiates with an effective
polarizability o given by Eq. 1:
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Where a=4na3(eup-1)/(etp +2), B= (€sur-1)/(&sub +1), a is the radius of the tip’s apex, z is the relative
distance between sample and substrate and &:p, sup are the dielectric constant of the tip and
substrate, respectively. Assuming a value for the real part of the dielectric constant &su, of 3.9 for
the SiO2 and of -10,0000 [39,40] for the Au features, an &, of - 40,000 [41] for the W-tip having
an apex radius of ~ 30 nm, the model predicts a reduced polarizability, hence scattering efficiency,
for a dielectric substrate with respect to a metallic one. The THz image presented in Fig. 2 b) shows
comparable values for the scattering signals on the SiO; and the thicker Au evaporation. According
to the polarizability values calculated using Eq. 1 and reported in Fig. S2 in the SI, the ratio
between the polarizability, and hence the scattering, yielded by the two different surfaces is ~1.3.
The THz signal recorded over the metallic evaporation obtained via ebeam lithograpy,
corresponding to the horizontal stripe, presents a significantly increased signal in comparison
with the thick metal evaporation area and the SiO; area. This is attributed to the increased
roughness, as also shown by the topography, and uniformity of this area. The induced dipole itself
and the tip radius have sizes comparable to the roughness and to the total thickness of this
metallic layer which might interact efficiently with the total scattering.

A second scan over the bottom area of Fig. 2 has been recorded with a 100 nm step-size and the
topography and corresponding THz signal are reported in Fig. 3 a) and b), respectively. Several
profiles have been extracted from the dashed area of Fig. 3 b), to measure the resolution, which,
as shown in Fig. 3 c), was calculated to be ~ 78 nm, by using the 10%-90% criterion. This
corresponds to a spatial resolution of ~1/1200, which is comparable to the resolution achieved
at these frequencies with a methanol gas laser [7], but obtained with an emitting source with <
mW emitting power and without the need of an extra detecting element. At the same time, this
system yielded an improvement of more than 10 times compared to similar near-field systems
implementing THz QCLs [24,25].

The THz s-SNOM system was then used for mapping the plasmonic resonances supported by resonant
metallic features. A surface emitting photonic crystal (SEPHC) QCL [35] based on triangular arrays of
holes and emitting around 2.85 THz was chosen since its emission overlapped well with the s-SNOM
frequency. The interest in this sample, which was used as a passive element at room temperature, stems
from its patterned metallic top contact area, and the relative plasmonic resonances supported. A scanning
electron microscope (SEM) micrograph of the top contact of the SEPHC is shown in Fig. 4 a). The
patterned metallic surface of the QCL supports dipole modes, as shown in the normalized E-field
reported in Fig. 4 b) simulated with the Comsol Multiphysics finite element commercial software
following a procedure already explained in [16-17]. The simulated resonant plasmonic modes supported
at 2.8 THz have two distinct peaks along the direction of the incident E-field. Fig. 4 ¢) and d) report the
topography and the retrieved THz scattered signal acquired simultaneously together with the respective
profiles extracted along the two corresponding lines. The topography is consistent with the SEM picture
and the profiles acquired along the two directions, showing the ~0.6 um thick metal triangular lattice of
holes along the two directions. The image has been smoothed over 3 points and in some points the tip
lost contact with the surface, resulting in missing rows, which have been substituted with the first
neighbouring points. This operation did not affect the THz signal and also had marginal effects on the
topography, as shown by the original data reported in the additional data folder. Because of the lift off
the borders of the holes opened on the metallic surface present significant sharp ripples, as showed by
the SEM of the inset in Fig. 4 a) and correctly recorded by the topography in Fig. 4 ¢). The THz image
and the corresponding profiles, shown in Fig. 4 d), in contrast to the topography, exhibit an asymmetry
in the vertical direction with respect to the horizontal one. In particular, two annular peaks are evident
along the polarization direction, in good agreement with the simulations presented in Fig. 4 b). This is
consistent with the resonant plasmonic modes supported by the photonic crystal metallic structure.
However, due to the sharp metallic rim in the fabrication of the triangular hole array, the THz scattered
signal is also strongly influenced by the scanning direction. This can provide an additional signal which
is likely to be the predominant effect for this specific sample. Because of the irregular metallic border,
an increase in the vertical movement of the tip during the scan translates into an increased proximity of
the tip and consequently a stronger scattering signal compared to smoother scanning paths, as shown in
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the Sl in Fig. S2. This uniquely sensitive approach also allows the retrieval of dielectric/plasmonic
modes supported in buried resonant structures at these frequencies, such as the one shown in Fig. 5.

A plasmonic antenna array loaded with graphene was chosen as the object of investigation, similar to
the devices already investigated for the bolometric detection of THz QCLs in [21], but having a resonant
frequency centered around 2.9 THz. The single unit element of the array is composed of planar metallic
antennas of size 15x2 um?, fabricated on top of a SiO./Si substrate and shorted by graphene regions
with 3 pm?area. All the resonant elements are encapsulated in an Al,Oj3 dielectric film up to 100 nm
thick deposited by atomic layer deposition. In contrast to the previous device, this presents a smoother
metallic border, and the encapsulation with the dielectric layer of Al.Os; removed the possibility of any
other source of extra scattering. The gap between the two antenna arms is ~ 300 nm, as shown by the
topography image acquired with the s-SNOM, and the extracted profiles of Fig. 5 a) and b), respectively.
When the orientation of the incident polarization was along the main axis of the antennas, the THz
topography and the corresponding extracted profile, shown in Fig. 5 ¢) and d) respectively, presented a
strong E-field enhancement in the gap area. This is in very good agreement with the simulation obtained
for the normalized E-field by using Comsol Multiphysics software and reported in the inset of Fig. 5 d).
Conversely, when the polarization is perpendicular to the main axis of the antenna, a weak THz signal
is still observable at the boundary between the metallic antennas and the dielectric, as shown in the Sl,
but no resonant enhancement of the E-field is observed in the gap. It seems from the pictures acquired
in Fig. 4 and Fig. 5 that the system is capable of retrieveing the enhancement of the E-field supported
by resonant structures. Since the s-SNOM was operating in tapping mode, it should be more sensitive
to the vertical component of the E-field rather than to the in-plane component. According to the
simulation performed with Comsol multiphysics the two components should have comparable strength.
In the case on the resonant antenna of Fig. 5, we have not observed a dipolar mode corresponding to the
vertical component of the E-field, but this was attributed to the limited resolution of the system.
Operating the s-SNOM in shear-force mode rather than tapping mode might help in determining which
component is predominantly retrieved by this system. Demodulation at higher harmonics, which is a
common strategy to discriminate the contribution arising from the polarized tip and the illuminated
substrate, did not yield a significant improvement in these experiments, but mainly reduced the total
collected signal. This effect can be attributed to the limited frequency response of the electronics
implemented for demodulating the signal, or to the self-mixing detection scheme itself, which is a
strongly nonlinear process based on the amount of scattered photons fed back into the laser cavity.

By further reducing all sources of noise, atmospheric perturbations, and placing the whole
apparatus in a nitrogen purged environment, the resolution is expected to improve to <30 nm, a
level capable of investigating low-dimensional objects, such as quantum dots or nanowires [42]. The
main limits of the current system are represented by the non-optimal isolation from vibrations, and by
the environment perturbations. The first issue prevents the system from reaching its full capability in
resolution, while the latter is instead responsible for the unwanted fluctuations in the reflected THz
signal due to the strong water absorption in the laser path.

This home-made s-SNOM system has advantages over modified atomic force microscopes, in
terms of compactness and versatility, thus presenting the possibility of use at cryogenic
temperatures. This would facilitate completely new scenarios, allowing the active manipulation
of the quantum properties of low-dimensional quantum objects, such as nanowires and quantum dots
(QDs). We aim to locally excite QDs or quantum molecules, by selectively injecting THz photons in a
photon-assisted tunnelling experiment where transport is enabled by intraband absorption in the
confined hole states of QDs, or in the electronic band for molecules. A plethora of new experiments can
then be pursued aiming to perform spectroscopy of confined electron-hole systems. Finally, the selective
injection of single THz photons could be used to trigger the emission of a single near-infrared photon
from a QD, thus providing a THz-to-Telecom bridge in a quantum communication system, and leading
to the realization of an integrated quantum photon converter. In conclusion, we have demonstrated a
THz s-SNOM based on the self-mixing technique using QCLs. A 78 nm resolution, corresponding to >
A/1000, was achieved with a QCL emitting around 2.85 THz. The sensitivitiy of this approach has been
further enhanced by partly suppressing lasing action and simultaneously increasing the collection
efficiency with an antireflection coated lens attached to a laser facet. The system has been successfully
implemented to retrieve the THz image of a photonic crystal lattice of triangular holes and to map the

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Photonics Page 10 of 17

plasmonic modes supported by planar antennas loaded with graphene. This represents significant
progress in the field of THz microscopy, and paves the way to unique investigations of semiconductor
guantum objects, bidimensional materials and biological samples.

Methods

QCL fabrication: the QCL was fabricated with a single plasmon waveguide, with a bound-to-
continuum active region emitting around 2.85 THz. In order to enhance the sensitivity of the system, as
well as the collection of the scattered light, a silicon lens was attached to the QCL [43] with an 18.5 um
thick antireflection parylene coating. The lens mounting had two primary aims; increasing the collection
efficiency of the back-scattered light, and increasing the cavity mirror loss, rendering the device more
similar to a quantum cascade amplifier [44]. By carefully attaching the lens to the facet of the laser using
a layer of PMMA (polymethyl methacrylate), the emission was strongly reduced but not fully
suppressed. A partially suppressed laser emission is needed in order to align the beam onto the metallic
tip. The voltage-light-current characteristics of the device with and without feedback are presented in
the SI. The laser was operated at the current density corresponding to the maximum emitted power. The
optical path was finely adjusted in order to have a maximal back-scattered signal into the cavity.

Acquisition procedure: the laser was mounted into the cryostat such that the E-field had a polarization
component along the tip shaft. The tuning fork with the metallic tip was mounted on a printed circuit
board connected with a piezoelectric motor stage arranged in the vertical z direction with 65 um travel
range and 0.13 nm minimum step-size. When the system is brought into close proximity to the sample
surface, the tuning fork resonance is damped and the frequency, phase or Q-factor can be used to close
the feedback loop and keep a constant tip/sample distance, typically between 30 nm and 100 nm. The
sample is then scanned in the xy plane by using two piezoelectric stages with 250 um travel range in
each direction and 0.4 nm minimum step size. For each xy position, measurements were recorded for
both the height of the tip, yielding the surface topography, and the signal from the lock-in amplifier,
corresponding to the THz scattered signal.
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THz nanoscopy of plasmonic resonances with a quantum cascade laser

Riccardo Degl’Innocenti, Robert Wallis, Binbin Wei, Long Xiao, Stephen J. Kindness, Oleg Mitrofanov,
Philipp Braeuninger-Weimer, Stephan Hofmann, Harvey E. Beere, David A. Ritchie

This article reports the realization of a near-field scattering optical microscope (S-SNOM)
operating in the terahertz frequency range based on resonant quartz tuning forks and on
quantum cascade lasers. The laser serves as both source and detecting element in a self-mixing
scheme. The microscope achieved a spatial resolution of > A/1000 at the emission frequency of
~ 2.85 THz. The s-SNOM system has been efficiently used to retrieve THz images with nm
resolution of bi-dimensional photonic crystal arrays and resonant plasmonic antennas loaded
with graphene, showing itself capable of mapping the electric field enhancement of the
supported modes.

This article represents a significant step forward in the physics of sustainability, since it can be
readily implemented for the investigation of a plethora of materials and their dielectric and
plasmonic properties in the terahertz range with nm precision, and with a uniquely fast and
sensitive detection scheme. Ultimately, this s-SNOM system represents a fundamental tool for
the design and study of more efficient functional detectors and modulators based for example
on novel materials, such as graphene or other 2D materials. Finally, once operating at cryogenic
temperatures, the s-SNOM will have the potential to directly investigate and manipulate low
dimensional quantum objects such as quantum dots. Accordingly, it can open new scenarios for
the research of fundamental states of matter and of novel quantum circuitry.
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A typical voltage-current-light (LIV) measurement of the laser used in this study, taken with and without
feedback provided by a gold mirror, placed at ~ 1 cm, is shown in Fig. 1SI. When the laser is focused onto
the tip, the change in power and bias was strongly reduced (~55%) but still detectable.
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Figure S1. LIV characteristics of the QCL used, taken with and without the feedback provided by a Au mirror placed
in closed proximity.
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Figure S2. Effective polarizability calculated for the different
substrates shown in Fig. 1 in the main text. Metallic substrates
tend to increase the effective polarizability in comparison with
dielectric materials.

The effective polarizability for the tip/sample system has been calculated according to the model provided
in Refs. [38-40]. The values of the polarizabilities obtained by using Eq. 1 at different relative distances
between tip and substrate z for a metallic and a dielectric substrate are shown in Fig 2SI. The ratio is also
reported for completeness in the inset.

Fig. 3SI presents the topography and relative THz image of the resonant plasmonic antenna device shown
in Fig. 5 in the main text, but having the incident E-field polarization perpendicular to the longer axis of
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the antenna. Both Figures have been acquired with a QCL repetition rate of 10 kHz. Even though in the
THz image it is possible to distinguish the borders between the metallic antenna arms and the surrounding
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30 Figure S3. Topography a) and corresponding THz image b) of the antenna device shown

31 in Fig. 5 in the main text. The profiles extracted show that there is no resonance in the

32 gap, as the polarization of the incoming radiation cannot excite the main plasmonic

33 resonance.

34 dielectric material, there is no E-field enhancement in the gap, in agreement with the simulation performed
with Comsol Multiphysics (not shown) which predicts a weak charge accumulation at the border between
the metal and the dielectric.
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