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Nanoelectromechanical modulation of a strongly-
coupled plasmonic dimer
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The ability of two nearly-touching plasmonic nanoparticles to squeeze light into a nanometer
gap has provided a myriad of fundamental insights into light-matter interaction. In this work,
we construct a nanoelectromechanical system (NEMS) that capitalizes on the unique, sin-
gular behavior that arises at sub-nanometer particle-spacings to create an electro-optical
modulator. Using in situ electron energy loss spectroscopy in a transmission electron
microscope, we map the spectral and spatial changes in the plasmonic modes as they
hybridize and evolve from a weak to a strong coupling regime. In the strongly-coupled regime,
we observe a very large mechanical tunability (~250 meV/nm) of the bonding-dipole plas-
mon resonance of the dimer at ~1nm gap spacing, right before detrimental quantum effects
set in. We leverage our findings to realize a prototype NEMS light-intensity modulator
operating at ~10 MHz and with a power consumption of only 4 fJ/bit.
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he plasmonic dimer, comprised of two closely-spaced

metal nanoparticles, has served as the prototypical system

to study near- and far-field optical coupling of plasmonic
structures'~%. The understanding and engineering of such cou-
pling is central to the design of metamaterials and nanophotonic
devices. Most notably, the overlap of the near-fields in closely-
spaced metal particles can be used to controllably hybridize
individual plasmon modes. This can lead to a desirable redis-
tribution of optical fields and an intense light concentration®7.
The extreme light confinement renders the dimer’s optical
response very sensitive to minute changes in gap size® and
facilitates the observation of a variety of intriguing quantum
effects?13. These findings naturally prompt the fundamental
questions to what extent fields can be concentrated and reso-
nances be tuned!4. Classical treatments predict singularities in the
achievable field enhancement and frequency shifts®1°, suggesting
an unparalleled opportunity to enhance light-matter interaction
and create tunable devices. However, theory and experiments
have also demonstrated that quantum mechanical tunneling of
charge across the gap eliminates such desirable singular behavior
when gap sizes are reduced to about 0.5 nm>1>16, Such gaps are still
at least 2 orders of magnitude smaller than the wavelength of light
and these works indicate that the fundamental size limit of electro-
optical modulators may need to be re-evaluated. Currently, the
highest performance modulators are many microns in size as they
leverage weak electro-absorption or electro-refraction effects and rely
on interferometric approaches to achieve switching. Because of their
large size, they are also very power hungry!’. However, new mate-
rials exhibiting unity-order index changes!1218-20 and new device
physics concepts employing plasmonics?!-23, electrochemistry?4-26,
and/or nanomechanics?’~2” are now opening new pathways for
scaling. The availability of low-power, electrically-tunable optical
elements with a deep-subwavelength footprint would have a trans-
formative impact on the development of dynamic metasurfaces3%-31,
optical communication!?, optical neural networks?2, and quantum
information processing>>.

Here, we design and implement a nano-electromechanical
system (NEMS) to dynamically modulate the gap of a dimer at
the ultimate, atomic scale (~1nm), which allows operation at
fundamentally-limited optical sensitivities and achievement of
low-power (~1 f]/bit), high-speed (~10 MHz) manipulation of
optical signals. To aid the design and verify the operation of this
modulator, we capitalize on recent advances in electron energy
loss spectroscopy (EELS). This technique measures the energy
loss probability of swift electrons as they interact with materials
and structures. It can be employed to map optical modes of
nanoscale plasmonic resonators with unparalleled spatial resolu-
tion and has provided valuable spectral information on the
optical resonances of static plasmonic elements!8-23, In this work,
we dynamically follow the modal hybridization of a single, dimer
element upon electromechanical actuation inside a transmission
electron microscope (TEM).

Results

Nanoscale electromechanical control over a plasmonic dimer.
Figure la, b show schematic and TEM images of a NEMS that can
dynamically tune the gap of a gold (Au) nanoparticle-dimer. The
device was fashioned inside a thin SisN, TEM window (Meth-
ods). The side-by-side arrangement of the particles allows con-
venient monitoring of the spatial and spectral properties of the
plasmonic modes at different gap sizes. Simulations of EELS
spectra (Fig. lc, d) for this structure illustrate how the inter-
particle coupling evolves with decreasing gap size. The EELS
simulations are performed with the Metallic NanoParticles
Boundary Element Method (MNPBEM) toolbox for MATLAB,

which solves Maxwell’s equations in the presence of an electron
beam (see Methods for details). The fundamental dipolar modes
of the individual nanoparticles couple to form two new eigen-
modes with different modal symmetry: the bonding dipole (BDP)
and the anti-bonding dipole (ADP) mode (see Supplementary
Note 1). For gap sizes below 10 nm, the interparticle coupling is
sufficiently strong to spectrally separate the two modes. The BDP
mode continues to red-shift, ultimately at astounding rates over
100 meV for each nanometer of movement. Based on their dif-
ferent modal symmetries, the BDP and ADP are most effectively
excited and probed in different spatial locations. This can be seen
in the simulated EELS maps for these modes of a fabricated dimer
(Fig. le) in the strong coupling regime (see Fig. 1f). This facil-
itates modal identification in experiments.

Figure 2a-c shows experimentally obtained EELS spectra at
different gap sizes and taken with the electron beam in three
different locations. In each location, the EELS signal provides a
direct, quantitative measure of the excitation efficiency of a
plasmon mode at a certain energy. With increased bias, we
continuously decrease the gap size from 33nm in the as-
fabricated device down to 0.9 nm. For the 33 nm gap, all three
EELS spectra show a peak at 1.56 eV, in agreement with the
simulated energy of the BDP. Increasing the bias to 30 V reduces
the gap to 21 nm. This red-shifts the BDP to 1.51 eV and causes
the emergence of a new peak at 1.68 eV where the ADP mode is
expected. Due to a mechanical instability in the cantilever system,
a jump in the gap size from 21 nm to 1.5 nm occurs for biases
exceeding 40 V (see Supplementary Note 2). As a result, the BDP
abruptly shifts by 0.30 eV from 1.51 eV to 1.21 eV. This sudden
transition occurs when the attractive electrical forces exceed the
restoring spring forces of the cantilever system, much akin to the
snap-to-contact seen in atomic-force microscopy. Importantly,
we find that in this near-contact state the Au particles are still
physically separated by a thin, lossy-dielectric spacer layer, as
demonstrated below. By increasing the DC bias, we can
controllably compress the spacer to further reduce the gap size
down to 0.9nm. In this regime, the BDP resonance energy
acquires a large shift of 0.15 eV from 1.21 eV to 1.06 eV as the gap
size changes by only 6 A, i.e. a remarkable sensitivity of 250 meV/
nm. A direct comparison of the EELS spectra taken for gap sizes
of 33 nm and 0.9 nm (inset to Fig. 2c) emphasizes that 30% of the
entire spectral shift seen in reducing the gap is acquired in the last
6 A of movement. The EELS spectra taken with the electron beam
in the gap region (Fig. 2b) shows the ADP resonance peak most
clearly. Decreasing the gap size from 1.5 nm to 0.9 nm gap size
also causes a small blue-shift of the ADP from 1.69 eV to 1.79 V.
The third resonance near 2.40 eV is identified as the anti-bonding
vertical quadrupole (AVQP) mode (see Supplementary Note 3),
which does not shift noticeably with gap size.

In comparing the EELS spectra obtained from the outer edges
(Fig. 2a, c) with those from the center (Fig. 2b), we note two
important differences. First, for gap sizes smaller than 1.5 nm the
BDP peak is strongly suppressed in EELS spectra taken from the
central region of the dimer as compared to the spectra taken at
the left/right outer edges of the dimer. Second, for gap sizes
smaller than 1.5 nm the ADP peak becomes more pronounced in
the spectra taken in the central region. Both observations can be
understood by considering the charge symmetries in the mode
profiles. To clarify this, we leverage the high spatial resolution of
EELS to map the spatial modal profiles at different resonance
frequencies. We compare the EELS maps—corresponding to the
excitation efficiency maps—for a 21-nm-gap size (Fig. 2d, e) with
those for a 0.9-nm-gap size (Fig. 2f, g). At a 21-nm-gap size, the
interparticle coupling is weak and the BDP and ADP modes
spectrally overlap. As a result, these modes cannot be mapped
independently and the spatial profiles taken at the relevant
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Fig. 1 Nanoelectromechanical system (NEMS) with a plasmonic dimer. a Schematic of the device showing how an external DC bias applied to Au
actuators can electrostatically pull two SisN4 beams together and reduce the spacing between two Au nanoparticles. b False-colored STEM image of the
fabricated dimer (white/yellow) and cantilevers (brown). White, dashed rectangle indicates the location of the dimer. Scale bar: 1pm. ¢, d Simulated EELS
spectra as a function of gap size for the electron beam incident on the left edge (c) and the center (d) of gold nanodisk dimer. We apply an increasing
1step (5 step) offset values to each of the left (center) EELS intensity spectra for improved visibility. The red and blue symbols indicate the location of BDP
and ADP modes, respectively. e Magnified false-colored STEM image of gold nanodisk dimer. The diameter and thickness of gold nanodisk are designed to
be 100 nm and 50 nm, respectively. Scale bar: 200 nm. f Simulated EELS spatial profile of BDP and ADP modes for the gap size of 2 nm. White dashed
contour extracted from STEM image (Fig. 1e) has been taken into account in the EELS simulation.
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Fig. 2 Evolution of plasmon resonances from weak to strong coupling. a-c EELS spectra as a function of the gap size while scanning the electron beam
over a rectangular region on the left (@), center (b), and right (c) part of the gold nanodisk dimer, as indicated by the orange-shaded regions in the inset
STEM images. The inset spectra in Fig. 2c directly compare the EELS intensity for 33 nm and 0.9 nm gap sizes. Overlaid red, blue, and gray circles and trend
lines indicate the peaks from numerically simulated eigenmode energies for the BDP, ADP, and AVQP modes, respectively (Fig. 2h). We offset each
consecutive EELS intensity spectrum by equidistant, 1-step-values for improved visibility. d, e Spatial EELS maps of the BDP and ADP modes for a 21-nm-
gap size. Scale bars: 50 nm. f, g Same EELS maps for a 0.9 nm gap size. Scale bars: 50 nm. h Evolution of the resonant photon energies of BDP, ADP, and
AVQP modes as predicted by eigenmode solutions. The shaded regions indicate the linewidth for each mode. The inset highlights the region in which the
BDP strongly red-shifts and the numerically calculated resonance sensitivity to the gap size for ~1nm.
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resonance frequencies appear similar. For the 0.9-nm-gap size, on
the other hand, the interparticle coupling becomes very strong
and this produces well-separated resonance frequencies. Here, the
local electron beam excitation efficiency is strongly governed by
the parity of the modes. Electrons incident near the center of the
gap tend to induce surface charges with identical sign, which
makes it improbable to excite the anti-symmetric charge
distribution across the gap that are characteristic for the BDP
and therefore results in relatively low signal from the gap region
in Fig. 2f. In contrast, the electron beam effectively excites the
symmetric gap charge distributions of the ADP resulting in the
comparatively large signal from the gap region in Fig. 2g.

We employ a numerical analysis of the dispersive behavior of
various modes in gold dimer structures®® (see Supplementary
Note 1) to verify our modal identification (Fig. 2h). The simulated
spectral position and dispersion with gap size are in good
agreement with measured spectra (Fig. 2a—c) for gap sizes from
30nm to 1.5nm. The simulated resonance frequencies of the
BDP mode start to deviate from the measured peak locations
when the gap size becomes smaller than 1 nm, showing a weaker
sensitivity (170 meV/nm). For such small gaps, the resonance
frequency is extremely sensitive to the exact shape of the particles.
Simulations reveal that fabrication-induced irregularities of the
nanodisk shapes and a non-uniform gold thickness affects the
plasmon coupling and can explain the enhanced sensitivity seen
in our experiments (see Supplementary Note 4). At smaller gap
distances quantum effects are known to turn red-shifts into blue-
shifts®»1>16 and this would reduce the modulation depth of a
modulator. As the focus of our current work is on modulation of
optical signals, we have not tried to further reduce the gap size
and instead directed our attention to achieving high-speed
modulation of optical signals.

In the device discussed in Fig. 2, we could not further reduce
the gap size below 0.9 nm, even for an external DC bias of 100 V.
Comparing TEM images of the sample before (Fig. 3a) and after
the EELS measurements (Fig. 3b) clearly shows the presence of
new, material deposits inside the gap. Energy-dispersive X-ray
spectroscopy (EDS) confirms the presence of carbonaceous
material in the gap (Fig. 3c—e). It is well-established that such
deposits can form due to the electron beam induced deposition
(EBID) of adsorbed hydrocarbon molecules>3%. The optical
properties of the EBID material are those of a lossy dielectric and
have previously been obtained by spectroscopic ellipsometry>7

After EELS

a Before EELS b

c STEM image Aucontent € C content

IR

Fig. 3 Formation of a conductive, flexible gap bridge through EBID.

a, b TEM image taken before EELS (a), TEM image taken after EELS
(b). Scale bars: 100 nm. c-e STEM image of EDS inspect region (c), EDS
map for gold content (d), EDS map for carbon content (e). Scale

bars: 10 nm.

The properties are used in our optical simulations®”. The
formation of the thin dielectric spacer allows repeatable
mechanical tuning even at ~1nm gap size by preventing the
two nanodisks from touching and coalescing, which is essential
for light intensity modulation.

Realization of a nanoscale electromechanical modulator.
Capitalizing on the high sensitivity of the BDP resonance to gap
size, we aim to demonstrate an ultra-compact NEMS light-
intensity modulator. To this end, we created a new dimer device
that can offer a ~4 f]J/bit modulation energy according to our
electromechanical design (see Supplementary Note 5). Figure 4a
shows how we illuminate the dimer with a focused continuous-
wave (CW) laser. To achieve the largest possible modulation, we
again apply a voltage to allow the two particles to snap-to-contact
and achieve a situation where the particles are separated by a
mere 1.5-nm-thick EBID layer. We subsequently apply a time-
modulated bias to dynamically compress the gap and modulate
the scattered light from the particle pair. Figure 4b shows dark-
field light scattering spectra taken from this dimer before (blue)
and after (red) snap-to-contact. When the particle spacing is
30 nm, the overlapping BDP and ADP resonances produce a
broad scattering peak around 1.75eV, in agreement with the
simulated and experimental EELS spectra (Figs. 1 and 2). In
contrast, the spectrum taken after the snap-to-contact clearly
shows how the BDP has nicely separated from the ADP mode.
The spectral location of the BDP mode (1.23eV) is consistent
with an initial gap size around 1.5 nm before a bias is applied. In
this situation, we can exploit the high sensitivity of the BDP mode
to the particle spacing to achieve electrical modulation.

Upon application of a 5V sinusoidal bias at 13 MHz, we
observe a 5% scattering intensity modulation when we direct
1.27 eV photons to the dimer. This is quite substantial given that
the illumination spot size (~10® nm?) is significantly larger than
the geometrical area of the dimers (~1.6 x 10 nm2). We found
that the introduction of the EBID layer facilitated robust
operation for 7.8 x 10° switching events. Other research where
closely-spaced metallic nanostructures are placed on optical
waveguides®® or where particles are placed above a reflective
mirror3?40 show that stronger light-matter interaction can be
achieved in such geometries. Whereas these configurations are
less amenable to EELS studies, they open exciting opportunities to
achieve signal modulation with an improved modulation depth.

The time evolution of the modulated signal is plotted as the
magenta curve in Fig. 4c. To ensure, that the modulation is linked
to the excitation of the BDP mode, we also measured the scattered
light at a photon energy of 1.91eV, away from the BDP
resonance. At this frequency, no modulation was observed (gray
curve in Fig. 4c). To probe the ultimate operation frequency
limits of this modulator, we also simulated the properties of an
Au nanoparticle pair without the nitride beams and found that
resonance frequencies in the GHz range are achievable.

Discussion

We have demonstrated dynamic electromechanical tuning of a
strongly-coupled plasmonic dimer. EELS measurements with
in situ biasing reveal the modal dispersion and spatial distribution
of coupled plasmon modes at various gap sizes, enabling us to
clearly differentiate BDP and ADP modes as a result of strong
coupling. In the near-contact regime, the extreme tunability with
gap size (250 meV/nm) of the BDP mode was then used to realize
low-power, high-speed light intensity modulation. We anticipate
that our results open up a promising route toward dynamic
modulation of metasurfaces, chipscale optoelectronic switches,
and quantum plasmonic systems. In such systems, the EBID
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Fig. 4 Dynamic light intensity modulation in a nanoelectromechanical device. a Schematic of the light intensity modulation experiment. b Resonant dark-
field scattering spectra taken from the dimer when there is only a 1.5-nm-thick EBID spacer layer separating the two Au nanoparticles (red curve) and for
the case of a 30 nm spacing (blue curve). For clear comparison, two different offsets of 0.15 and —0.35 are applied to the red and blue spectra,
respectively. The magenta and gray dashed lines indicate the photon energies of the CW excitation on resonance (1.27 eV) and off resonance (1.91eV),
respectively. The triangular symbols indicate the resonance frequencies of each mode at 1.5 nm (red) and 30 nm (blue) gap sizes. ¢ Time-modulated
intensity signal from dimer with the 1.5-nm-EBID spacer as measured by time-correlated single-photon counting. Line plots indicate the averaged intensity
in each 4-ns-wide time bin (1000 data points within each 4 ns bin). To allow easy comparison, an offset of 8 kcounts is applied to the modulated intensity

for 1.91eV laser illumination.

materials can be replaced by designer dielectrics or molecules
with unique optical responses that can e.g. be deposited using
advanced chemical self-assembly approaches.

Methods

Electron energy loss spectroscopy simulations. The EELS simulations are per-
formed using the Metallic NanoParticles Boundary Element Method (MNPBEM)
toolbox for MATLAB*!42, The toolbox uses the boundary element approach to
solve Maxwell’s equations in the presence of an inhomogeneous dielectric envir-
onment and electron beam excitation. In order to accurately model the optical
response of our electromechanical dimer system, we import the experimental
geometry of the dimer as obtained from a TEM image analysis. From the high-
resolution TEM images, we trace out the top-view boundaries of our gold dimer
and import them into the MNPBEM toolbox. This 2D geometry is extruded to a
thickness of 50 nm (thickness of deposited gold layer) to construct a 3D object. The
Si;N, membrane is modeled using known literature values#344,

Sample fabrication. First, we deposit 60 nm of Si;N, on the rear side of a standard
200 pm x 200 um, 50-nm-thick Si;N; TEM membrane (Protochips: E-AELO1-LN)
using plasma-enhanced chemical vapor deposition (PECVD) to compensate the
intrinsic internal mechanical stress in the membrane. Next, we fabricate two 50-
nm-thick gold electrical actuator pads on the front side of the membrane using
electron-beam lithography, metal deposition, and lift-off. Then, we use focused-ion
beam (FIB) milling to pattern the gold-coated SisN, membrane into two free-
standing cantilevers with connected gold nanodisks on the center of a connection
bridge. In order to form separated cantilevers with a Au nanodisk, we flip over the
sample and cut the center of the connection bridge from the rear side. By doing
this, we get the sharpest gap features which would not be the case by milling from
the front side.

Electron energy loss spectroscopy (EELS)

Measurements. The EELS measurements and STEM imaging are performed with a
FEI Titan TEM equipped with a monochromator and probe corrector. The
microscope is operated in monochromated scanning TEM (STEM) mode at an
acceleration voltage of 300 kV, providing a spot size of approximately 0.5 nm and
an energy resolution of 0.1 eV (measured as the full-width at half-maximum of the
zero-loss peak). The microscope is equipped with a GIF Tridiem electron energy-
loss spectrometer and the Gatan DigiScan acquisition system. It can record an
entire EELS intensity map in 10 to 20 min, depending on the number of pixels. We
use a C3 aperture size of 30 um, a camera length of 38 mm, an entrance aperture of
2.5mm and a spectral dispersion of 0.01 eV per pixel in the EELS measurements.
In addition, we utilize the automatic drift and dark current correction function
included in the acquisition system. The individual EELS spectrum of the EELS
intensity maps (with pixel sizes typically of 2-2.5 nm) are recorded with acquisition
times of approximately 1 ms.

Post-processing of EELS data. To minimize the impact of monochromator drift
during EELS acquisition, each EELS spectrum in the EELS data matrix is nor-
malized to the zero-loss peak. Afterwards, the zero-loss peak of each EELS spec-
trum is removed using a Lucy-Richardson deconvolution algorithm, which
sharpens the EELS data by increasing the energy resolution by a factor two
approximately. We determine the number of deconvolution iterations following the
procedure introduced in a previous work#>. Briefly, a Voigt function is fitted to the
zero-loss peak of the summed EELS data matrix (creating one spectrum for the
entire matrix) in the energy range —1 to 1 eV. We implement a stopping criterion,
which terminates the deconvolution algorithm when the change in the recon-
structed spectrum is less than 2%. This criterion leads to between 15 to 20
deconvolution iterations. Equipped with a Voigt zero-loss profile and a fixed
number of iterations, we perform the deconvolution algorithm on each spectrum in
the EELS data matrix. The resonant EELS intensity maps shown in this paper
depicts the summed EELS signal in a 0.10 eV spectral window centered at the
resonance energies. The EELS signal from inside the nanoparticles are noisy and
therefore removed in the map depictions. To detect the pixels inside the nano-
particles, we perform image analysis using the Image Processing Toolbox in
MATLAB.

To show that our results are independent of the chosen data analysis method,
we have also removed the zero-loss peak without using deconvolution techniques.
We tested two additional methods to reconstruct the zero-loss peak: (i) the
reflected-tail method, where the negative energy part of the zero-loss peak is
mirrored around the zero-energy point to reconstruct the zero-loss peak, or (ii)
fitting of a power-law function in the energy range 0.4 to 0.8 eV to reconstruct the
background signal. Both of these approaches provide similar results to the
deconvolution approach, but the latter is superior in terms of energy resolution and
noise reduction.

Energy-dispersive X-ray spectroscopy (EDS). The energy-dispersive X-ray
spectroscopy (EDS) measurements are performed with the same probe-corrected
FEI Titan TEM as the EELS measurements. The microscope is operated in non-
monochromated STEM mode at an acceleration voltage of 300 kV and is equipped
with an Oxford INCAXx silicon drift detector. The EDS acquisition is performed in
the 0-20 keV spectral range with a pixel time of 0.5 ms, providing a frame time of
131.1s (512 x 512 resolution). Typically, 20 frames are acquired for accurate ele-
mental quantification. To enhance X-ray detection, the sample is titled 15 degrees.
The data acquisition and analysis are performed using the INCA software platform.

Optical characterization

Confocal dark-field spectroscopy. We use a confocal microscope (Nikon C2 Plus
confocal microscope) with a dark-field module. The light from a tungsten-halogen
lamp illuminates the sample through a dark-field condenser and a 100x objective
lens (Nikon LU Plan Fluor 100x BD). The scattered light from the gold nanodisk
dimer is collected by the same objective lens and the signal is transferred by an
optical fiber connected to a spectrometer (SpectraPro, Acton 2300i). We use a Si
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array detector (Princeton Instruments, Pixis 1024) for the visible range measure-
ments and an InGaAs array detector (Princeton Instruments, 7498-0001) for the
near-infrared range measurements.

Time-resolved light modulation measurement. For the light intensity modulation
experiments, we focus a 980 nm CW laser onto the Au dimer with a 100x objective
lens (Nikon LU Plan Fluor 100x BD). The scattered light is collected by the same
objective lens and fed into a confocal optical fiber which is connected to a Si
avalanche photodiode (Micro Photon Devices). 13 MHz, 5V, 50% duty cycle
voltage square wave generated from a synthesized clock generator (SRS, CG635)
actuate the dimer structure as well as trigger the time-correlated single photon
counting module (PicoQuant, PH 300). The signal is sampled by a total of 7.8 x 10°
pulse trains. The data are averaged by binning every 4 ns.

Data availability
The data that support the plots within this paper and other findings of this study are
available from the corresponding author upon reasonable request.
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