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Abstract

This thesis presents the design, simulation, fabrication, and experimental analy-
sis of optomechanical nanoantennas for near-infrared (NIR) radiation detection
and translation into mechanical motion. Three antenna structures were developed,
corresponding to the fundamental A/2 and higher-order 31/2 and 51/2 resonant
modes. Each design integrates a plasmonic gold nanodipole at the tip of SizNy
microcantilevers, forming a NEMSTENNA (nano-electromechanical antenna) de-
vice. In the working principle two transduction pathways are present: the desired
opto-electromechanical (OEM) effect, where the induced feed-gap voltage gen-
erates an electrostatic force that deflects the cantilevers, and the parasitic opto-
thermomechanical (OTM) effect, where laser-induced heating produces bimetallic
bending.

Fabrication of prototypes was achieved by focused ion beam (FIB) milling
on commercial AFM cantilevers. Electromagnetic simulations confirmed strong
resonances at 1.55 pm, with induced voltages in the tens of millivolts and OEM
deflections in the tens-of-picometer range per mW of optical input. OTM deflec-
tions, however, were several nanometers under the same conditions, making them
the dominant static contribution. A figure of merit was defined as the ratio between
OEM and OTM displacements, and both simulations and experiments validated
the predominance of the parasitic thermal response.

To overcome these limitations, a new tuning-fork optomechanical antenna
with an integrated optical transmission line was proposed and analyzed. This
monolithic configuration eliminates the effect of out-of-plane OTM bending, and
significantly enhances OEM responsivity, with predicted deflections in the 10 nm
range for a few milliwatts of input power. This corresponds to responsivities
above 1 nm/mW, surpassing earlier prototypes and approaching or exceeding other
reported optomechanical detectors.

This work demonstrates the feasibility of direct light-to-mechanical transduc-



tion using plasmonic nanoantennas, provides a quantitative assessment of parasitic
photothermal effects, and introduces optimized designs that pave the way for faster,
more sensitive NIR optomechanical transducers. The results benchmark the NEM-
STENNA concept against state-of-the-art detectors and highlight design strategies

to enhance performance for future integrated photonic-NEMS systems.



Acknowledgements

I would like to express my heartfelt gratitude to all those who have supported me
throughout this thesis journey.

To my family — Baba, Maman, Hongxin, Benyamin, and everyone close to
me — thank you for always standing by my side, despite the distances, whether
inevitable or chosen. Your love and support have been a constant source of strength.

To my dear friends, both near and far, who have encouraged me through this
long academic adventure— your companionship has meant more than words can
say. Special thanks to those who made even the most stressful days lighter through
their presence. To my colleagues, advisors, and everyone I have had the privilege
to work with during this research: your insights, encouragement, and knowledge
have been invaluable. Thank you for being generous with your time, your feedback,
and your collaboration.

To the Ministerio de Ciencia e Innovacion under Grant No. PID2021-127840NB-
100 (MICINN/AEI/FEDER, UE), and the Ministerio de Ciencia, Innovacion y
Universidades under Grant No. PID2024-161603NB-100 (MICIU/AE1/10./13039/
501100011033/FEDER, UE) for the financial support of the research activities pre-
sented in this thesis.

To those involved in the experimental work, simulation support — I deeply
appreciate your contributions, which made this work possible.

To my mentors, Gabriel and Xavier, thank you for inspiring me to look beyond
what is visible and strive for what is meaningful. Your guidance has shaped not
only my thesis but also the way I approach science.

Thank you all, sincerely.






Contents

Abstract 5
7
List of Acronyms 21
1 Introduction 23
1.1 Limitations of traditional THz/NIR detectors . . . . . . . ... .. 24
1.2  MEMS/NEMS as an alternative detection paradigm . . . . . . .. 25
1.3 Terahertz optomechanical detectors . . . . . ... ... ...... 27
1.4 Optomechanical transduction mechanisms . . . . ... ... ... 29
1.4.1 Electrostatic transduction . . . . . . .. .. ... ..... 29
1.4.2 Radiation pressure transduction . . . ... .. ... ... 30
1.43 Optothermal transduction . . . . . . ... ... ...... 31
1.5 Other detection alternatives . . . . . . . . ... ... ....... 32
1.6 The NEMSTENNA solution . . . ... ... ........... 34

1.7 Application contexts: biomedical diagnostics, communication, and
PassSIVe SENSING . « . . ¢ v v v et e e e e e e e e 36
1.8 Thesisobjectives . . . . . . . ... . e 38
1.9 Summary of thesis publications . . . . . ... ... ........ 38
2 Methods 41
2.1 Computational methods and modeling techniques . . . .. .. .. 41
2.1.1 Electromagnetic modeling . . . . ... .......... 45



Contents

10

2.1.1.1 Boundary Conditions . . . . .. ... ......

2.1.1.2  Structure Excitation . . ... ... .. .. ...

2.1.2 Thermal Modeling . ... .................
2.1.2.1 Thermal Boundary Conditions . . . . . ... ..

2.1.3  Optothermal coupling equations . . . . .. ... .. ...
2.1.4 Mechanical modeling . . . . ... .............
2.1.4.1 Thermomechanical . . . . ... ... ......

2.1.4.2  Electromechanical . . ... .. .........

2.2 Fabricationmethods . . . . . . . ... .. ... ... ..
2.2.1 FIB-SEM nanofabrication system and imaging . . . . . .
2.2.2  Library of FIB milling procedures . . . . ... ... ...

3 Results

3.1 Designed structures . . . . . . . . .. .o e
3.2 Workingprinciple . . . . .. ... L
3.3 Fabricated prototypes . . . . . . . .. oo
3.4 NanoantennareSPoNSE . . . . v v v v v v v v v e e e e e

3.4.1 Sy versus Vg, as optimization variables . . . . ... ..

3.4.2 Nanoantenna resonant mode selection . . . ... .. ...
3.5 OTM response: parasitic optothermomechanical effect. . . . . . .
3.6 OEM response: opto-electromechanical effect . . . . . ... ...
3.7 OEM versus OTM comparison optomechanical transducers . . . .

3.8 Comparison with state of theart . . . .. ... ... .......

4 Conclusions and Future Work
4.1 Conclusions . . . . . . . . . e e
42 Future Work . . . . . . .. e
4.3 Scientific contributions of the author . . . . . .. ... ... ...
43.1 Publications . . . . .. ... ... ... oo
4.3.1.1 Journal publications . . ... ... .......

4.3.1.2  Conference proceedings publications . . . . . .

46
49
51
52
54
55
55
55
58
59
60



Contents 11

4.3.2 Conference contributions . . . . . . ... ... ... ... 105
4.3.3 Publications not directly related to the thesis . . . . . . .. 107
A Compendium Papers 123
A.1 Design and fabrication of an opto-mechanical antenna in the NIR
TANZE « + v v v e e e e e e e e e e e e e e e e e e e e e 125
A.2 Impact of the parasitic photothermal effect on the performance of
an optomechanical nanoantenna for NIR radiation detection . . . . 135
B Non-Compendium Papers 145
B.1 Analysis of the Photothermal Parasitic Effect on an Optomechani-
cal Antenna . . . .. ... L L 147
B.2 Plasmomechanical actuation at the nanoscale activated by NIR
radiation . . . . ... oL e 153
B.3 Tuning fork optomechanical NIR antenna with integrated optical
transmissionline . . . . ... ..o oL oo o Lo 169
C Library of FIB milling procedures 183
C.1 Nanodipole coupled to a micro or nanocantilever (Papers 1 and 3)
(ADMB2) . .o 185
C.2 Tuning fork NEMSTENNA with integrated optical transmission
line (Paper4)(B.3) . . . . . . . . . . 187
D Measurement setup 191
D.1 Measurement S€tup . . . . . . . . ..o .ot e e 193

D.2 Experimental setupelements . . . . .. ... ... ... ..... 194






List of Figures

1.1

2.1

2.2

2.3

MEMSTENNA: dipole antenna arms as cantilevers deflected by

incoming RF radiation [32]. . . . . .. .. ... ... .......

Operating frequency—object size domain map indicating the ap-
plicable physics modules in COMSOL MuctipHysics. The NIR
regime (highlighted in this work) lies in the transition between
the RF and Wave Optics modules, where full-wave electromag-
netic solutions are required (Wave Regime). In this study, the RF,
Electrostatics, Solid Mechanics, and Heat Transfer in Solids mod-
ules were combined to evaluate the opto-electromechanical (OEM)
and opto-thermo-mechanical (OTM) effects in the NEMSTENNA
device [73]. . . . . . e
Geometry of the NEMSTENNA device Paper 1 (A.1) showing the
excitation applied through a lumped port. The lumped port (indi-
cated by the red and blue arrows) was used to excite the antenna
structure and evaluate its optical and electromagnetic response in
the near-infrared (NIR) regime. . . . . . . . .. .. ... ... ..
Comparison of different PML (Perfectly Matched Layer) geome-
tries used for electromagnetic simulations: (left) spherical PML en-
closing a hemispherical scatterer, (center) cuboidal PML surround-
ing a block-shaped domain, and (right) cylindrical PML adapted
to a rotationally symmetric model. PMLs are employed to absorb
outgoing waves and prevent artificial reflections at the boundaries

of finite simulation domains [73]. . . . . . . . . .. ... ... ..

13



List of Figures

14

2.4 Background electric field, x component (V /m), of alaser Gaussian
beam focused on the gap of a nanoantenna structure. . . . . . . . .

2.5 Schematic top (a) and side (b) views of the proposed gold—silicon
nitride bilayer cantilever system. The free ends of the cantilever
form a dipole nanoantenna separated by a narrow gap. The structure
parameters are labeled as Larm1, Larm2, L1, L2, Wi, and W;. The
gold and Si3Ny layers have thicknesses of 35 nm and 140 nm,
respectively. . . . . .. L L

2.6 Focused Ion Beam—Scanning Electron Microscope (FIB-SEM)
system used for nanoantenna fabrication and structural character-
ization. The dual-beam setup enables high-resolution SEM imag-
ing and site-specific milling with ion beams, which is essential
for preparing and analyzing nanoscale structures. This system was
instrumental in prototyping and inspecting the critical dimensions
of the fabricated NEMSTENNA devices. . . . . .. ... ... ..

3.1 Schematic top and side views of the proposed first structure, in-
cluding nano-antenna and microcantilever (Paper 1)(A.1).

3.2 Lateral (a) and top (b) views of the second plasmomechanical
antenna (Paper 3)(B.2). . . . . . ... ... .. oL

3.3 Top and lateral view of the third optomechanical antenna (Paper
A(B.3). e

3.4 Maps of the current density (a-c) and z-component of the electric
field (d-f), for the first three detectable resonance modes observed
when dipole length is 300 nm (a,d), 810 nm (b,e) and 1361 nm
(c.,f) (Paper 2)(A.2). . . . . o e

3.5 Comparison of opto-thermo-mechanical (OTM) (a) and opto-electro-
mechanical (OEM) (b) transduction mechanisms. Both pathways
convert incident light into mechanical displacement, but rely on
different intermediate physical effects. . . . ... ... ... ...

3.6 Actuation principle of the optomechanical antenna (Paper 3)(B.2).

65

66

69
72



List of Figures

15

3.7 FIB based fabrication process steps of the proposed structure: (a)
Initial AFM microcantilever structure, (b) microcantilever flipping,
(c) local FIB milling thickness reduction, (d) local FIB milling
half nanoantenna definition and (¢) NEMSTENNA final build-up
(Paper )(A.1). . . . o oo
3.8 SEM images of a fabricated NEMSTENNA prototype after (a) step
c (see figure 3.7¢c) and (b) step d (see figure 3.7d) of the fabrication
PIOCESS. o v v v v e e e e e e e e e e e e e e e e e e e e
3.9 NEMSTENNA fabrication process: (a) Unprocessed microcan-
tilever structure, (b) microcantilever flipping, (c) thickness reduc-
tion in the nanocantilever and nanodipole area, (d) nanocantilever
and one arm nanodipole definition and (¢) NEMSTENNA final
build-up (Paper 3)(B.2). . . . . . . . . ... ...
3.10 SEM images from top (a) and lateral (b) perspectives of a NEM-
STENNA nanocantilever in the residual stress limit of slenderness
(Paper 3)(B.2). . . . . . . .
3.11 Fabrication steps for tuning fork optomechanical antenna (Paper
4)B.3). e

77

3.12 SEM images of a tuning fork optomechanical antenna (Paper 4)(B.3). 77

3.13 The frequency response of Sy; (a) and Vg, (b) obtained from
COMSOL simulation is shown for 8 different values of L and L,
around the optimum case. The laser power is set to 500 mW, and
the gap distance is gg = 10 nm (Paper 1)(A.1). . . ... ... ..

3.14 Vg, and E; vs. frequency and wavelength for different spot radius

(SR) for second proposed optomechanical antenna (Paper 3)(B.2).



List of Figures

16

3.15

3.16

3.17

3.18

3.19

3.20

Laser-induced mechanical responses of the NEMSTENNA can-
tilever. (a) Measured static deflection vs. time in the OFF—ON—-OFF
transients for 5.8 mW, 4.7 mW, and 3.7 mW IR laser powers [93].
(b) Measured dynamic oscillation amplitude (Zgynamic) vs. laser
modulated frequency for different IR laser powers (1.33 mW to 6
mW). . e e e e e e e e e e
Experimental and COMSOL simulated steady-state displacement
of the cantilever free-end in the out-of-plane direction, z, after
laser power OFF-ON switching transient for different laser powers
ranging from 1 to 7.5 mW. Spot radius is SR = 27.5 um and gap
distance is go = 10nm (Paper 2)(A.2) [89]. . . . . ... .. ...
Thermal response of the microcantilever under IR illumination.
(a) Simulated temperature and static displacement at the cantilever
free end as a function of IR laser power, with spatial maps of
temperature and displacement shown for the 5.8 mW case. (b)
Time-resolved temperature evolution at the cantilever tip for vari-
ous laser powers, showing faster saturation and higher steady-state
temperatures at increased IR power. . . . . ... Lo
Lateral displacement in the x-direction, d,, vs. laser power. All
simulations have been performed for a laser beam excitation with
A =1.55 pym and spot radius, SR = 8 um (Paper 4)(B.3) [91]. . . .
OEM and OTM displacements and their corresponding OEM/OTM
ratio as defined by the FoM as a function of the laser spot radii,
ranging from 8 to 27.5 um. Laser power is Pj, = 7.5 mW and gap
distance is go = 10nm (Paper 2)(A.2) [89]. . . . . . . . . . .. ..
OTM and OEM responses (left axis) together with the figure of
merit FOM = zopm/zorwm (right axis), as a function of spot radius
SR. Nanocantilever dimensions are /,, = 50 um, ¢, = 600 nm,

taun = 70 nm; and the laser power is 1 mW in all cases (Paper
3B2)[0]. . . e

94



List of Figures

17

D.1 Schematic of the NEMSTENNA characterization setup. Key com-
ponents include infrared laser (IRL), 4-quadrant photodetector
(4QPD), CCD camera (CCD), White light source (WLS), mi-
croscope objective (MO), red diode laser (RL), collimator (C),
optical fiber, (OF), and beam splitters (BS1/BS2). The Tektronix
MDO3024 oscilloscope handles analysis. . . . . .. ... ... ..






List of Tables

3.1
32

33

34

3.5

3.6

D.1

Comparison of three different optomechanical antenna structures. .
Geometry dimensions of the NEMSTENNA device corresponding
to Figure 3.1 used in COMSOL simulations (Paper 1)(A.1). . . . .
Dimensions of the optimal NEMSTENNA design corresponding
to Figure 3.2 (Paper 3)(B.2). . . . . . ... ... ... ...,
Geometry characteristics of tuning fork optomechanical device
corresponding to Figure 3.3 (Paper4)(B.3). . . ... .. ... ..
Definition of parameters used in the electrostatic force and capac-
1tance equations. . . . . . . . v v e e e e e e e e e e e
Responsivity values of some of the state-of-the-art optomechanical
transducers [90,91]. . . . . . . . ... o

Experimental setup elements used for NEMSTENNA characteri-

ZAtION. . . . . o o e e e e,

19

64






List of Acronyms

Acronym Definition

AC Alternating Current

AFM Atomic Force Microscope / Microscopy
COMSOL® COMSOL Multiphysics Simulation Software
CTE Coeflicient of Thermal Expansion

DC Direct Current

EM Electromagnetic

EMW Electromagnetic Waves

FDTD Finite-Difference Time-Domain

FEA Finite Element Analysis

FEM Finite Element Method

FIB Focused Ion Beam

IR Infrared

MEMS Micro-Electro-Mechanical System

NEMS Nano-Electro-Mechanical System
NEMSTENNA Nano-Electro-Mechanical System Antenna
NIR Near-Infrared

OEM Opto-Electro-Mechanical

OTL Optical Transmission Line

OTM Opto-Thermo-Mechanical

PML Perfectly Matched Layer

RF Radio Frequency

SEM Scanning Electron Microscope / Microscopy
TBR Thermal Boundary Resistance

VNA Vector Network Analyzer

21






Chapter 1

Introduction

Modern society’s growing demand for sensitive detection across a broad swath
of the electromagnetic spectrum [1, 2] has pushed the development of innovative
sensing technologies. In particular, the terahertz (THz, 10'? Hz) and near-infrared
(NIR, wavelengths 0.75-2.5 um) ranges have attracted intense interest [1, 3] due
to their unique application domains. The THz band, spanning roughly 1-20 THz,
offers myriad uses in spectroscopy, biomedical imaging, environmental monitoring
(e.g. gas sensing), security screening [4, 5], and is even envisioned as a frontier for
next-generation ultra-high-speed wireless communications [6, 7]. Likewise, NIR
optical frequencies underlie crucial technologies in telecommunications (fiber-
optic and free-space optical links around 1.3-1.5 ym) [8, 9], advanced imaging
and diagnostics in medicine, for example, NIR fluorescence and spectroscopy for
minimally invasive tissue analysis, [10—13], as well as remote sensing of chemicals
and pollutants [14-16]. Achieving efficient, fast, and low-noise detection in these
frequency ranges is therefore of great scientific and practical importance [17, 18],
enabling applications from real-time molecular spectroscopy to high-bandwidth
wireless data transfer. However, detecting THz or NIR radiation with high speed
and sensitivity at room temperature remains a notorious challenge [19]. Most
conventional detectors in these bands are thermal-based [20, 21]: they rely on the
heating of a material by incident radiation, and transduce this temperature rise into
an electrical signal. Examples include microbolometers, pyroelectric sensors, and
Golay cells. These devices typically suffer from slow response times (limited by
thermal time constants on the order of milliseconds) [22, 23], significant power

draw (requiring bias currents or chopping for readout) [24, 25], and often cryogenic

23



1.1. Limitations of traditional THz/NIR detectors 24

cooling for an acceptable signal-to-noise ratio in the THz range. Indeed, the need
to average over relatively long thermal response times means traditional THz
detectors trade off speed for sensitivity: room-temperature operation is generally
incompatible with simultaneously achieving high speed and high sensitivity using
these technologies [24, 25]. These performance limitations of conventional THz

and NIR detectors are reported in the next section.

1.1 Limitations of traditional THz/NIR detectors

The traditional infrared detectors (e.g. semiconductor photodiodes for the near-
infrared, 0.7—1.7 um) can achieve high speed, but they require specialized materi-
als (InGaAs, Ge) and active power, and their performance may degrade at longer
wavelengths or high temperatures. Thermal infrared detectors (microbolometers)
operate uncooled but suffer from slow response (millisecond-scale) due to ther-
mal time constants. These limitations motivate the exploration of novel detection
paradigms that bypass thermal or purely semiconductor-based conversion mecha-
nisms, aiming for higher bandwidth and room-temperature operation [26].

For instance, a Golay cell [27, 28], abroadband THz/IR pneumatic detector, has
a response time on the order of 10 ms [29, 30], and even optimized semiconductor
bolometers or pyroelectrics have cut-off frequencies only in the kilohertz range
[26].

Thus, widespread THz detection techniques are “slow” by the standards of
modern electronics, precluding their use in fast modulation or imaging beyond
video frame-rates. At the same time, many of these sensors are bulky, require
mechanical chopping or lock-in techniques, and cannot be easily integrated on-chip.
There is therefore a strong motivation to explore alternative detection paradigms
that can provide faster, more energy-efficient, and miniaturizable detection of THz

and NIR signals at ambient conditions.
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1.2 MEMS/NEMS as an alternative detection paradigm

One promising route involves leveraging micro- and nano-electromechanical sys-
tems (MEMS/NEMS) to directly transduce electromagnetic waves into mechanical
motion, which can then be read out electrically or optically. MEMS/NEMS-based
detectors offer several inherent advantages over purely thermal or electronic sen-
sors. First, they can be extremely fast: a miniature mechanical resonator can respond
on microsecond to sub-microsecond timescales (with resonance frequencies in the
kHz—MHz or even GHz range) [31], far outpacing the thermal RC constants of
bolometric detectors [26]. In such devices, the energy of the incident radiation is
converted to a mechanical response (displacement or vibration) without needing
to appreciably heat a bulk mass, thereby bypassing the bottleneck of heat diffu-
sion. Second, MEMS/NEMS transducers can be highly energy-efficient and even
passive. By designing the structure to be driven directly by the incident field (for
example, via an embedded charge or piezoelectric element), one can eliminate the
need for power-hungry amplifiers or bias circuits at the sensor node — the incoming
radiation itself powers the mechanical response [32]. This is especially attractive for
battery-powered or remote sensors (e.g. distributed environmental or IoT sensors),
where energy autonomy is paramount [33, 34]. Third, MEMS/NEMS fabrication is
largely CMOS-compatible [35-38]. These detectors can be realized using micro-
fabrication techniques on silicon or other substrates, allowing potential monolithic
integration with readout electronics and large-scale array deployment [37, 39]. The
small form factor and compatibility with integrated circuit technology open the
door to sensor arrays and pixellated cameras operating in frequency bands (like
THz) that are currently served by much bulkier instrumentation. These advantages
have inspired the development of a new class of opto-electro-mechanical antenna
detectors, sometimes referred to as “mechanical antennas” or MEMSTENNA de-
vices (from MEMS-antenna) in the radiofrequency community [32, 40, 41]. In
a pioneering work, Ruiz et al. introduced the MEMSTENNA concept at RF/mi-
crowave frequencies: they demonstrated a flexible half-wavelength dipole antenna
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in which the antenna’s two arms are free-standing microcantilever beams that bend

in response to incoming radio waves [32], as shown in Figure 1.1.

(b)

Figure 1.1: MEMSTENNA: dipole antenna arms as cantilevers deflected by incoming RF
radiation [32].

In that device, the capacitive coupling between the antenna and the cantilever
produces a mechanical deflection (static or dynamic) when the antenna intercepts
an RF signal, effectively performing envelope detection of amplitude-modulated
microwaves in a fully passive manner. Their prototype was capable of directly
converting an 0.8 GHz wireless signal into a DC nanomechanical deflection,
without any intermediate electronics [40].
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Beyond radio and microwave implementations, optomechanical detection con-

cepts have been extended into the terahertz regime, as described below.

1.3 Terahertz optomechanical detectors

The THz optomechanical detection approaches have been explored. Zhu et al.
developed an uncooled THz detector using an array of bi-material microcantilevers
coupled to a THz metasurface absorber [42]. Incoming THz radiation heats the
metasurface, causing the bi-material cantilevers (e.g. gold on SiN,) to bend via the
photothermal expansion effect. An optical readout measures the deflection of the
cantilevers as a proxy for the THz intensity. The device demonstrated a mechanical
responsivity of about 24.8 um/uW in deflection per absorbed power, showing good
agreement between design and experiment. This optomechanical responsivity is
high enough that even sub-microwatt THz powers produce tens of micrometers of
deflection, a large signal that can be readily detected. Such a detector can be used
as a pixel in a THz focal-plane array for imaging. Because it relies on photothermal
actuation, its response time is bounded by thermal diffusion (typically on the order
of milliseconds), but by microfabricating the cantilevers at microscale dimensions,
response times can be pushed into the sub-millisecond regime.

In another advancement, Li ef al. demonstrated an ultrafast THz optomechan-
ical detector by using a miniaturized mechanical resonator driven by a dielectric
(electrostatic) force [43]. Their device forgoes any deliberate thermal effect; in-
stead, the THz electric field directly polarizes a tiny high-permittivity mechanical
element, exerting an electrostatic force at the frequency of the THz field. By
designing the mechanical resonator to have a high natural frequency and by oper-
ating in a regime dominated by this instantaneous dielectric force, they achieved
detection bandwidths in the MHz range— orders of magnitude faster than bolome-
ters. This miniaturized optomechanical resonator was able to detect THz pulses
on sub-microsecond timescales, representing a significant step toward high-speed

THz instrumentation. Notably, Li ef al.’s approach is also compatible with room
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temperature operation and does not require any optical pumping or local oscillator,
making it a passive, chip-scale THz detector. Recent reviews have catalogued these
and other emerging MEMS/NEMS-based THz detectors that leverage microme-
chanical motion, indicating growing interest in marrying microfabrication with
THz sensing [43]. The general trend is that by introducing mechanical degrees
of freedom into THz detector design, one can in principle circumvent the “tera-
hertz gap” limitations of purely electronic or thermal detectors, achieving decent
sensitivity with dramatically improved speed at ambient conditions.

The key advantage of electrostatic transduction is speed: the force follows the
electromagnetic field almost instantaneously (limited only by the RC times of the
structure, which at THz/NIR are negligible), allowing detector response times
down to the nanosecond scale. Li et al.’s ultrafast THz detector [43] is an example
that relies on such a dielectric force (polarization of a nanoresonator by the THz
field) to attain MHz—GHz mechanical bandwidth.

Belacel et al. reported an optomechanical meta-atom detector for the THz
range, wherein a sub-wavelength metal metamaterial resonator (specifically, an
asymmetric split-ring resonator) was integrated with a nanoscale cantilever ele-
ment [26].

In their device, the free end of the split-ring acted as a flexible mechanical os-
cillator, so that incident THz photons induced currents and charges in the resonator
which coupled to the cantilever’s motion [26]. By optically reading out the can-
tilever displacement (via a laser probe), they demonstrated THz detection at room
temperature with dramatically improved speed compared to conventional ther-
mal detectors: the mechanical response bandwidth exceeded 10 MHz, far beyond
the cut-off frequencies of Golay cells, pyroelectrics, or even cryogenically-cooled
bolometers [26]. The detection mechanism was shown to be extremely fast (non-
thermal), arising from a nanoscale Coulomb force between oscillating charges —
a form of direct electromechanical transduction of THz radiation [26]. Optome-
chanical antennas have now been extended all the way to optical frequencies. In

this thesis, we propose a nano-optomechanical antenna operating in the NIR range
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[44]. Our device consists of a plasmonic optical nanoantenna patterned onto a
microcantilever. The plasmonic nanoantenna (with dimensions on the order of the
light wavelength) serves to concentrate and absorb the incoming NIR electromag-
netic radiation, while the cantilever transduces this optical energy into mechanical
deflection. The result is a NEMSTENNA (Nano-Electro-Mechanical System An-
tenna) device: an antenna that directly converts free-space optical radiation into a

mechanical motion signal.

1.4 Optomechanical transduction mechanisms

Understanding the physics of such NEMSTENNA transducers requires a grasp of
several light—matter interaction mechanisms. In general, three main transduction
pathways can contribute to optomechanical coupling in these systems: electrostatic
forces, radiation pressure, and photothermal forces. Notably, these mechanisms are
not mutually exclusive. In some detectors, more than one may occur simultane-
ously. Belacel et al. found that both a fast electrostatic force and a slower pho-
tothermal bending were present in their THz meta-atom detector; the photothermal
effect provided a phase reference but the primary signal at resonance was due to the
instantaneous Coulomb force. Careful device design can tailor which mechanism
dominates. The MEMSTENNA approach intentionally avoids thermal intermedi-
aries, favoring electrostatic transduction for speed [32, 40], whereas a bolometric
microcantilever like Zhu’s maximizes photothermal bending for sensitivity [42].
Understanding these forces is crucial for optimizing detector performance for dif-

ferent applications.

1.4.1 Electrostatic transduction

The electrostatic mechanism (sometimes termed Coulomb or capacitive coupling)
occurs when the incident electromagnetic wave drives oscillating charges or cur-
rents in a structure, leading to time-varying electric fields that exert forces on

charged or polarizable mechanical elements. In the THz meta-atom example [26],
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the intense field in the split-ring’s capacitive gap produced a periodic attraction
between the cantilever and the opposite side of the gap, effectively pulling the
cantilever with the THz field envelope. Because this force results directly from
the electric field interaction (with no thermal intermediary), its response can be
extremely fast — limited essentially by the inertia of the mechanical element and

the timescale of the driving field modulation, rather than by heat diffusion [45—47].

1.4.2 Radiation pressure transduction

The radiation pressure mechanism is another non-thermal coupling. Light carries
momentum, and when it is reflected or absorbed by a surface, a tiny mechanical
force is exerted (the pressure P = I/c for intensity /). At optical frequencies, radi-
ation pressure is the basis for laser trapping and manipulation of particles (as first
demonstrated by Ashkin in 1978) [48] and for cavity optomechanics laser light in
a resonant cavity can drive mechanical oscillations or cool the motion of mirrors
[49]. In principle, radiation pressure could transduce electromagnetic energy to
mechanics without any material absorption (unlike photothermal) and without re-
quiring an electrical charge (unlike Coulomb force). However, the force is typically
very small. For instance, even a laser with intensity / = 1 kW/cm? exerts a pressure
of about 3.3 x 107> N/m?. In macroscopic cavity optomechanical systems, mul-
tiple reflections or high optical power build-up can amplify this effect, enabling
significant mechanical coupling. In cavity optomechanics experiments [49], for
instance, laser light circulating in an optical cavity can exert sufficient radiation
pressure on a mirror or membrane to measurably shift its position or vibrational
frequency [50]. This effect has enabled quantum optomechanics demonstrations
such as laser cooling of a mechanical resonator’s motion to its ground state and
observation of radiation-pressure shot noise [26, 50]. However, radiation pressure
typically requires a high-Q optical cavity (to build up intracavity photon number)
or high-power lasers to be effective, which can be impractical for a simple sens-
ing device. In the context of THz/NIR nano-detectors, pure radiation pressure is

generally a secondary effect — the surface area of microcantilevers is small and
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the available intensities limited, so photothermal or electrostatic forces dominate.
Nonetheless, the principle of radiation pressure is relevant for understanding op-
tomechanical interactions and is actively used in precision measurement systems
(e.g. optical levitation, cavity cooling of MEMS) [51-53]. Future NEMS detectors
might conceivably exploit radiation pressure in specially designed photonic res-
onator structures, but so far most demonstrations [26, 41-43] rely on the former

two mechanisms, or a combination thereof.

1.4.3 Optothermal transduction

Finally, the photothermal mechanism (also called bolometric or thermoelastic
forcing) comes into play when the structure absorbs incident photons and heats up
unevenly, causing thermal expansion that in turn drives mechanical motion [54—
57]. Photothermal forces have been known to produce significant optomechanical
coupling, especially in devices where one part of the resonator is illuminated and
undergoes a temperature rise relative to another (creating differential stress or
bending) [26]. In fact, early optomechanical systems often observed photothermal
effects alongside radiation pressure, as heating usually accompanies absorption.
Photothermal actuation is generally slower than pure radiation pressure or electro-
static forces, being limited by the thermal relaxation time of the structure (often
micro- to milliseconds). Nonetheless, it can still reach MHz-scale bandwidth in
micro/nano structures with tiny thermal masses [26], and can augment the overall
responsivity of a detector. In a well-designed NEMSTENNA, one or more of these
mechanisms may be engineered to dominate. For example, a plasmonic nanoan-
tenna on a cantilever can leverage electrostatic forces (via charge displacement
across a gap) and radiation pressure (from light reflection), while minimizing pho-
tothermal lag by using materials and geometries with fast thermal dissipation. A
thorough understanding of all three transduction modes is essential for optimizing

the device performance.
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1.5 Other detection alternatives

It is instructive to compare the NEMSTENNA approach against other contem-
porary strategies for optical/THz detection, to highlight the advantages of our
proposed platform. One competing concept is the microwave rectenna — a direct
analog of a radio-frequency rectifying antenna, which aims to convert light to DC
electricity using a nanoscale antenna coupled to an ultrafast diode [58]. In theory,
arectenna could harvest or detect optical waves with very high speed (limited only
by the diode’s tunneling time) and without cooling [59-62]. However, in practice,
optical rectennas face formidable challenges. The extremely high frequency of
NIR/visible light (~200-400 THz) means that conventional semiconductor diodes
cannot respond — their junction capacitances and transit times impose cut-offs in
the few-THz range. Specialized nano-diodes such as metal-insulator-metal (MIM)
tunnel junctions have been explored to overcome this, but even these suffer from
impedance mismatches with the optical antenna and intrinsically low conversion
efficiency. To date, reported optical rectennas have achieved only minuscule power
conversion efficiencies (on the order of 1073) at NIR wavelengths [63, 64]. For
example, a recent plasmonic rectenna operating at 1.06 um demonstrated 0.001%
efficiency, whereas practical applications would demand efficiencies well above 1%
[65]. The shortfall is attributed to several factors: impedance and mode mismatch
between the nanoantenna and the diode, significant resistive losses in nanoscale
metals (due to the skin effect at optical frequencies), and sensitivity of the an-
tenna resonance to polarization and incidence angle. Overcoming these would
likely require complex nanofabrication (e.g. incorporating optical metasurfaces
for matching) and has proven very challenging.

Another approach, more traditional in the infrared regime, is the microbolome-
ter or thermoresistive detector. Uncooled microbolometer focal plane arrays are
widely used in thermal cameras for the mid-IR (8-12um) and can operate at room
temperature by measuring the change in resistance of a heated element (typically

a semiconductor or metal film on a membrane) [66—68]. While bolometers offer
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broad spectral response and high sensitivity (especially when thermal isolation
is maximized), they are fundamentally slow and power-intensive [67, 69, 70]. A
microbolometer pixel usually has a response time in the few-millisecond range
or worse, since it must reach a new thermal equilibrium when irradiance changes
[26]. Fast modulation or pulsed signals in the kHz—MHz range are essentially in-
visible to such a detector. Moreover, bolometers require constant bias current and
produce a small analog resistance change, necessitating active readout circuits (of-
ten with noise performance limited by 1/f noise). For THz detection in particular,
the highest sensitivity bolometric detectors (e.g. superconducting bolometers or
transition-edge sensors) still require cryogenic operation to reduce thermal noise,
which is impractical outside laboratory settings [71]. There have been experimental
demonstrations of metamaterial bolometers — placing lithographically patterned
resonant absorbers on a thermal-isolation membrane to enhance absorption at THz
or IR frequencies — but these devices, too, have typical response times on the order
of milliseconds [26] and do not solve the speed limitation. In summary, conven-
tional photodetection approaches at THz—optical frequencies either suffer in speed
(thermal detectors) or suffer in efficiency/interface (rectennas), and often lack the
ability to be truly power-autonomous.

Cavity optomechanics offers another perspective on light detection, one that
shares some conceptual similarity to NEMSTENNA in that it marries photon-
ics with mechanics [49]. Over the past decade, cavity optomechanical systems —
wherein a mechanical element (like a micro-mirror or membrane) is embedded in
a high-finesse optical cavity — have achieved spectacular feats such as quantum-
coherent coupling between phonons and photons, laser cooling of mechanical mo-
tion to near the quantum ground state, and even entanglement between mechanical
oscillators and light [26, 49]. These research breakthroughs, while scientifically
important, typically require elaborate setups: high-Q optical cavities aligned with
precision, low-noise lasers, and often cryogenic temperatures to suppress thermal
noise and achieve quantum regimes. For instance, laser cooling a micromechanical

resonator to its ground state has been demonstrated only in cryostat environments
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(dilution refrigerators or liquid helium temperatures) in combination with active
feedback or dynamical back-action from intense laser drive [50]. The necessity of
these conditions means that cavity optomechanical detectors are not yet practical
for real-world sensing applications that demand room-temperature operation and
simple, robust integration. Moreover, most cavity optomechanics experiments thus
far focus on narrowband interactions (tuned to a specific cavity resonance), rather
than broadband free-space detection. Integrating an optical cavity on-chip with
a mechanical sensor and bringing it to the level of a turnkey device remains an
ongoing engineering challenge, with issues such as optical alignment, temperature

stabilization, and fabrication complexity to contend with.

1.6 The NEMSTENNA solution

The NEMSTENNA approach intentionally forgoes cavity enhancement and in-
stead uses a nanoantenna to concentrate electromagnetic energy directly onto a
mechanical transducer. This cavity-free design sacrifices the ultra-high sensitivity
of a resonant optical cavity, but gains in simplicity, bandwidth, and the ability
to work passively at room temperature. Essentially, NEMSTENNA aims to har-
ness the light—matter coupling intrinsic to the antenna itself (via near-field forces
and absorption) to drive a mechanical response, thereby combining some of the
strengths of optomechanics (e.g. precision displacement sensing, high-speed capa-
bility) with the practicality of antenna-based detection (broadband operation, direct
free-space coupling). The considerations above underscore the need for a detec-
tor that can unify the desirable features of speed, sensitivity, room-temperature
operation, and low power, which current technologies struggle to provide si-
multaneously. The proposed NEMSTENNA platform is precisely motivated by
this gap. By integrating a plasmonic nanoantenna with a compliant N/MEMS
structure (a microcantilever), we create a one-to-one link between the electro-
magnetic field and a mechanical degree of freedom. The opto-electro-mechanical
(OEM) transduction in NEMSTENNA is direct: incident photons are converted
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to a force and displacement, without intermediate electronic conversion (as in
photodiodes/rectennas) and without relying on heat accumulation (as in bolome-
ters). This confers several key advantages. Speed: The detection is limited by the
mechanical resonator’s response time, which can be in the microsecond regime
or faster — orders of magnitude quicker than thermal detectors [26]. In fact, the
interaction can be quasi-instantaneous at the timescale of the optical field en-
velope, as demonstrated by the Coulomb-force-driven THz meta-atom achieving
> 10 MHz bandwidth [26]. Room-temperature, ambient operation: No cryogenic
cooling or vacuum environment is required — the NEMSTENNA uses materials
and designs compatible with ambient conditions, yet still attains high sensitivity
by concentrating field energy at the nanoscale and efficiently coupling it to motion.
Non-thermal mechanism: Because it does not hinge on a temperature change, the
device is immune to thermal inertia; moreover, it inherently circumvents thermal
noise sources that limit bolometer SNR at high frequencies. The principal noise
floor in an OEM detector is set by the Brownian (thermomechanical) noise of the
mechanical resonator and the readout noise, which at room temperature can still
be very low for high-Q microcantilevers (especially when observed over a narrow
detection bandwidth). Techniques from cavity optomechanics (like displacement
noise measurement near the standard quantum limit) can be leveraged to optimize
the readout sensitivity if needed, without fundamentally altering the passive nature
of the sensor. In summary, the NEMSTENNA platform represents a novel conver-
gence of nanophotonics, MEMS/NEMS, and optomechanics, aiming to provide
fast, sensitive, room-temperature detection of electromagnetic waves.

Having established the operating principles and advantages of NEMSTENNA-
type detectors, it is instructive to consider the broad application contexts that

motivate their development.
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1.7 Application contexts: biomedical diagnostics, com-

munication, and passive sensing

The ability to transduce THz and NIR radiation into mechanical signals opens
up a wide range of applications, many of which motivate the development of
NEMSTENNA-type devices. Terahertz waves, for instance, have myriad uses in
imaging and spectroscopy. The THz band can penetrate certain non-metals and re-
veal spectral signatures of molecules, making it attractive for chemical sensing, se-
curity scanning, and medical imaging. However, the lack of fast, room-temperature
THz detectors has historically impeded THz technology deployment. The advent of
room-temperature optomechanical THz detectors [26, 42, 43] could enable real-
time THz imaging (e.g. for cancerous tissue differentiation or concealed object
detection) without cryogenics. For example, an array of THz MEMS meta-atom
pixels could form a passive camera to detect terahertz reflections/emissions from a
target, potentially useful in biomedical diagnostics (such as skin lesion analysis or
dental cavity detection where THz can discriminate water content). Similarly, THz
wireless communication is an emerging frontier for beyond-5G networks, promis-
ing extremely high data rates. Such systems will require detectors and receivers
operating at tens of GHz to sub-THz frequencies. Optomechanical detectors with
MHz-GHz bandwidth [43] might be integrated into receivers for short-range THz
links, especially if combined with on-chip optical readout. In the near-infrared
realm, applications in biomedicine and sensing are abundant. The NIR tissue
transparency window (approximately 700-1300 nm) is optimal for deep tissue
imaging because absorption and scattering in tissue are minimized. This has led
to the rise of NIR optical diagnostic techniques, including fluorescence imaging,
photoacoustic imaging, and optical coherence tomography, which can probe cen-
timeters into biological tissue. An NIR-responsive NEMS detector could be used
as a biosensor or imaging pixel that is activated by NIR light. For instance, Huang
et al. [72] demonstrated a biomimetic NIR photoacoustic nanoprobe for cancer di-

agnosis, in which indocyanine-green-loaded nanoparticles accumulate in tumors
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and provide enhanced photoacoustic imaging contrast. This illustrates the power of
NIR in biomedical diagnostics: by using NIR illumination, one can achieve deeper,
high-contrast imaging of pathological sites. A NEMSTENNA device could poten-
tially serve as a miniaturized photoacoustic sensor or an implantable optical sensor
that reacts mechanically to specific NIR illumination (for example, detecting the
presence of a particular dye or molecular marker that absorbs NIR).

Another context is wireless communication and remote sensing. Free-space
optical communication (FSO) often uses near-infrared lasers (e.g. 1550 nm) for
point-to-point links. Conventional photodiodes easily handle such signals, but in
scenarios where one desires a completely passive receiver (no electrical power
at the receiving end), a NIR NEMSTENNA could be intriguing. It could convert
the received optical communication signal into a mechanical vibration that can be
sensed without powering a diode. Such a passive optical receiver might find use in
environments with high electromagnetic interference or where electronics cannot
be used (for example, inside an MRI machine or in space applications with high
radiation). Additionally, the concept of remotely powering and reading sensors
via optical beams is attractive for the Internet of Things (IoT). A network of tiny
MEMS sensors spread in an environment could be interrogated by a scanning laser
that simultaneously powers them and reads their mechanical response, analogous
to how RFID tags are read by radio waves. Because NIR light can carry high power
density with eye-safe operation (at 1550 nm), one can envision delivering milliwatt-
level power to a MEMS device to actuate it, then monitoring its response optically.
A particularly promising application area is in biomedical implants and micro-
robotics. As noted, a NEMSTENNA device can be configured as a wireless nano-
switch or actuator controlled by light. For example, an implanted microstimulator in
the body could incorporate a NIR-driven MEMS switch that turns on in response
to an external NIR light (transcutaneously delivered), eliminating the need for

batteries or transcutaneous wires.
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1.8 Thesis objectives

This thesis is devoted to the design, modeling, and experimental validation of such
a platform operating in the NIR range. The main goals of the work include: (1)
Design optimization of the nanoantenna-cantilever structure, in terms of geometry,
to maximize the optomechanical coupling (i.e. maximize mechanical deflection
per incident optical power) while maintaining mechanical resonance character-
istics suitable for high-speed operation. We explore different antenna designs
and cantilever dimensions, taking into account plasmonic resonance behavior,
impedance matching, and mechanical stiffness/mass trade-offs. (2) Theoretical
modeling and simulation of the coupled electro-opto-mechanical behavior, pri-
marily using finite-element multiphysics simulations (COMSOL) to predict elec-
tromagnetic field distributions, photothermal effects, and the resultant mechanical
deformation. Both frequency-domain and time-domain analyses are employed to
understand the steady-state responsivity and the transient dynamics of the device.
Analytical models are also developed to capture the essence of the transduction
mechanism and to provide intuition for scaling laws. (3) Fabrication of prototype
NEMSTENNA devices. A relatively simple nanofabrication process is utilized,
starting from commercially available silicon nitride microcantilevers (like those
used in atomic force microscopy) and nano-patterning plasmonic structures onto

them via focused ion beam (FIB) milling [44].

1.9 Summary of thesis publications

This doctoral work has been carried out within the framework of four main re-
search papers, which together trace the development of an optomechanical antenna
operating in the near-infrared (NIR) range. The chronological progression of these
studies reflects the conceptual, experimental, and theoretical advances achieved

during the thesis.

* Paper 1: Design and fabrication of an opto-mechanical antenna in the
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NIR range (section A.1) — This paper presents the initial design concept
and nanofabrication methodology of the optomechanical antenna. The work
establishes the foundational principles for coupling optical and mechanical

modes in the NIR regime.

» Paper 2: Impact of the parasitic photothermal effect on the performance of
an optomechanical nanoantenna for NIR radiation detection (section A.2)
— This study investigates the influence of parasitic photothermal effects
on device sensitivity, combining experimental observations with theoretical

modeling.

* Paper 3: Plasmomechanical actuation at the nanoscale activated by NIR
radiation (section B.2) — This publication explores the actuation mecha-
nisms of an improved design of optomechanical antenna when excited by

near-infrared radiation, demonstrating the enhancement of responsivity.

* Paper 4: Tuning fork optomechanical NIR antenna with integrated optical
transmission line (section B.3) — The final paper presents an integrated
antenna system featuring an optical transmission line for efficient signal

extraction, representing the culmination of the thesis development.

These four publications form the research journey, from design and modeling

to fabrication, and characterization.






Chapter 2

Methods

This chapter outlines the multiphysics framework used to design and analyze
the proposed optomechanical antennas (NEMSTENNA). We employ the Finite
Element Method in COMSOL Multiphysics® to model four tightly coupled do-
mains—electromagnetic, electrical, thermal, and mechanical—chosen for their
relevance to resonance, absorption, heating, and deformation. Frequency-domain
Maxwell solutions (with PMLs and lumped ports) provide field distributions and
gap voltages; these drive heat generation used in steady/transient thermal analyses
with thin-film properties and interface resistances. The resulting temperature fields
and electrostatic forces are the input variables for mechanical simulations.

In this chapter, methods related to nanofabrication, FIB milling process are

also described.

2.1 Computational methods and modeling techniques

This section provides a comprehensive overview of the computational techniques
and numerical methods employed in this thesis to perform the analyses required
for evaluating the proposed NEMSTENNA devices.

Modelling was carried out in the near-infrared (NIR) spectral region, where
the free-space wavelength is on the order of one micrometer. According to the
frequency—size domain map (Figure 2.1), this regime lies at the transition between
the RF and Wave Optics modules (Wave Regime) in COMSOL Multiphysics,
which justifies the use of numerical solvers that fully account for Maxwell’s equa-

tions in this wavelength range. The modeling covers four main physical domains:

41
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electromagnetic, electrical, thermal, and mechanical. Each domain presents unique

challenges in terms of simulation strategy, numerical accuracy, and computational

efficiency.
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Figure 2.1: Operating frequency—object size domain map indicating the applicable physics
modules in COMSOL Muttipaysics. The NIR regime (highlighted in this work) lies in the
transition between the RF and Wave Optics modules, where full-wave electromagnetic so-
lutions are required (Wave Regime). In this study, the RF, Electrostatics, Solid Mechanics,
and Heat Transfer in Solids modules were combined to evaluate the opto-electromechanical
(OEM) and opto-thermo-mechanical (OTM) effects in the NEMSTENNA device [73].

The selection of an appropriate numerical technique depends primarily on two
fundamental factors: the nature of the physical problem and the geometry of the
structure. The nature of the problem refers to the governing physical laws and the
types of differential equations involved—whether ordinary differential equations
(ODEs), partial differential equations (PDEs), or equations that exhibit nonlin-
earity. These characteristics determine the stability, convergence, and numerical
complexity of the simulation.

Geometric features also strongly influence the choice of method. Some numer-
ical techniques are optimized for simple, periodic, or symmetric structures, such

as Finite-Difference Time-Domain (FDTD) for uniform grids. However, more ge-
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ometrically complex, layered, or irregular structures benefit from methods like
the Finite Element Method (FEM), which provides high adaptability and spatial

resolution.

In this work, modelling and simulations are categorized into four domains and

their corresponding COMSOL modules:

1.

Electromagnetic simulations performed in the RF module: Used to
model the propagation and confinement of electromagnetic waves in the NIR
regime. Since the characteristic feature sizes of the antenna are comparable
to the operating wavelength, a full-wave solution of Maxwell’s equations
is necessary. This enabled the calculation of the optical electromagnetic

(OEM) effect and the evaluation of field enhancement within the structure.

Electrical simulations performed in the electrostatics module: Imple-
mented to account for the static electric fields produced by DC bias voltages
applied to the structure. These fields play arole in tuning the antenna’s optical

response and establishing the conditions for optomechanical coupling.

. Thermal simulations performed in the heat transfer in solids module:

Incorporated to simulate the thermal response of the system due to opti-
cal absorption in the NIR. The resulting temperature distribution couples
with solid mechanics to describe the opto-thermo-mechanical (OTM) ef-
fect, which is significant for understanding thermal tuning and stability in

the device.

. Mechanical simulations performed in the solid mechanics module: Ap-

plied to evaluate the structural deformation induced by both electrostatic
forces and thermal expansion. Mechanical displacement and stress fields
were essential to quantify the optomechanical interaction and to predict

resonance shifts caused by nanoscale deformations.

Coupling between modules: The combination of these modules provided a

multiphysics framework that captures the interplay between electromagnetic,
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electrostatic, mechanical, and thermal phenomena in the NEMSTENNA
device. In particular, the OEM effect was evaluated through the coupling of
the RF and Solid Mechanics modules, while the OTM effect was obtained
through the coupling of the Heat Transfer and Solid Mechanics modules.
This approach ensures that both optical and thermomechanical contributions

to the device performance are consistently represented.

While the geometries under investigation in this thesis are largely rectilinear
and uniform, specific regions within the structures require high-resolution meshing

due to abrupt changes in the physical fields. For instance:

* In metallic regions, electromagnetic fields decay exponentially due to the

skin effect, necessitating fine meshing.

* At thermal interfaces with high thermal resistance, steep temperature gradi-

ents occur, requiring localized mesh refinement.

* In mechanical simulations, regions of constrained motion or structural dis-
continuities often experience high stress concentrations, demanding denser

mesh coverage.

The Finite Element Method is particularly well-suited for these scenarios
due to its capability for non-uniform, adaptive meshing, as well as its flexibility
in applying complex boundary conditions and material definitions. In contrast to
grid-based techniques like FDTD or Finite Volume Method (FVM), FEM allows
for more efficient and accurate resolution of localized physical phenomena.

The subsequent sections detail the modeling assumptions, meshing strategies,
solver configurations, material properties, and boundary conditions applied in each
domain. Where applicable, simulation results are validated through comparison

with analytical models or published literature to ensure fidelity and reliability.
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2.1.1 Electromagnetic modeling

In this work, we are interested in the design and analysis of optomechanical
antennas, which involve engineered electromagnetic structures capable of coupling
optical fields with mechanical motion. Understanding the electromagnetic response
of these structures is essential for tailoring their resonance behavior and optimizing
their interaction with mechanical modes.

To compute the relevant electromagnetic quantities, a time-harmonic solution
to the wave equation for the electric field is employed. Specifically, Maxwell’s

wave equation for the electric field is solved:

Vx(VxE)—kg(gr—ji)Ezo 2.1)
wEe(

where:

¢ E is the electric field vector,

* ko is the free-space wave number,

* g, is the relative permittivity of the medium,

* o is the electrical conductivity of the medium,

* w is the angular frequency of harmonic excitation,
* go is the vacuum permittivity.

The boundary conditions for solving Eq. (2.1) depend on the geometry and
intended functionality of the optomechanical antenna. Commonly used boundary

conditions include:

* Perfectly Matched Layers (PMLs): To absorb outgoing waves and simulate

open boundaries.
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* Scattering or Port Conditions: For launching and collecting waves, en-
abling the calculation of quantities such as reflection, absorption, and trans-

mission.

* Electric or Magnetic Walls: Applied where symmetry can be exploited or
to constrain specific field components.

All simulations are performed using the RF module in COMSOL Multiphysics®,
which utilizes the Finite Element Method (FEM) to solve the frequency-domain
Maxwell’s equations. This approach provides high spatial resolution near material
interfaces and supports the modeling of complex, dispersive, and lossy materials
[73].

This electromagnetic simulation framework provides the foundation for ana-
lyzing the optical behavior of the proposed optomechanical antenna structures,
including field localization, radiation patterns, and resonance characteristics criti-

cal to their coupled optomechanical functionality.

2.1.1.1 Boundary Conditions

The Lumped Port boundary condition is employed in simulations where the exci-
tation is applied across a small localized region, such as a feed gap in nanoantennas,
shown in Figure 2.2. This boundary condition is particularly advantageous when
the physical dimensions of the excitation region are much smaller than the operating
wavelength, and a full modal description is either unnecessary or computationally
inefficient.

In the context of optomechanical antennas, the lumped port is typically defined
between two metallic electrodes or across a nanogap within the antenna structure.
It acts as a localized source that injects power based on a specified voltage or
current, effectively mimicking the feeding mechanism of the antenna.

Using the lumped port allows for:

* Efficient simulation of input impedance and resonance characteristics,
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1o 5

Figure 2.2: Geometry of the NEMSTENNA device Paper 1 (A.1) showing the excitation
applied through a lumped port. The lumped port (indicated by the red and blue arrows) was
used to excite the antenna structure and evaluate its optical and electromagnetic response
in the near-infrared (NIR) regime.

* Accurate computation of reflection (S1;) coefficient.

* Enhanced control over the electromagnetic energy coupling into subwave-

length regions.

Perfectly Matched Layer (PML) is used to simulate open-space conditions by
preventing reflected waves from propagating back into the computational domain.
This boundary condition is especially useful when the simulation involves wave
propagation or radiation problems, such as electromagnetic waves emitted by an
antenna.

In the context of a PML, a hypothetical layer is introduced around the com-
putational domain to absorb the outgoing waves, ensuring that they do not reflect
back into the simulated environment, which would otherwise distort the results.
The PML is not a real material or boundary but rather a mathematical construct
designed to simulate a perfect radiation boundary.

In optomechanical antenna simulations, using PML allows the model to repli-
cate realistic far-field behavior, where waves radiate outward without interference

from boundary reflections.
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Figure 2.3: Comparison of different PML (Perfectly Matched Layer) geometries used
for electromagnetic simulations: (left) spherical PML enclosing a hemispherical scatterer,
(center) cuboidal PML surrounding a block-shaped domain, and (right) cylindrical PML
adapted to a rotationally symmetric model. PMLs are employed to absorb outgoing waves
and prevent artificial reflections at the boundaries of finite simulation domains [73].

PMLs are artificial absorbing materials surrounding the simulation domain
that are designed to match the impedance of the interior domain perfectly, thereby
eliminating reflections at the interface. Electromagnetic waves entering the PML
are absorbed exponentially without reflection, regardless of the angle of incidence
or frequency (within a certain bandwidth).

Figure 2.3 presents three common geometries for PML implementations:

Spherical PML (left): Often used in problems involving radially symmetric
radiation, such as scattering from nanoparticles or dipoles in spherical domains.
The curvature of the PML conforms to the natural propagation of outgoing waves.

Cuboidal PML (center): A more general-purpose geometry, commonly used
in Cartesian-based solvers. While easy to implement, care must be taken to ensure
sufficient thickness and grading for oblique incident waves.

Cylindrical PML (right): Best suited for axisymmetric problems such as waveg-
uides or structures with rotational symmetry. This geometry provides an efficient
trade-off between accuracy and computational cost in such cases.

In this thesis, PMLs are employed in the finite-element simulation of infrared
nanoantennas and optomechanical resonators to ensure realistic evaluation of ra-

diation patterns, resonance conditions, and energy absorption characteristics. By
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surrounding the computational domain with PMLs, back-reflections from domain
boundaries are minimized, improving the fidelity of the computed field distribu-
tions and resonance behaviors. In our optomechanical antennas simulations, we

have used spherical simulation setup.

2.1.1.2 Structure Excitation

In our laboratory, an infrared (IR) laser has been utilized for the excitation of
our optomechanical antennas. In order to model this excitation, we have been
using a focused Gaussian laser beam. For a focused laser beam, the paraxial
approximation of a Gaussian beam is often employed, governed by the paraxial
Helmholtz equation. This approximation assumes that the beam divergence is small
and is valid when the beam waist is significantly larger than the wavelength, i.e.,
wo > A.

The electric field distribution of a Gaussian beam under the paraxial approxi-

mation is expressed as:

3 wo x? . . x? ()
E(x,y,2) = Ey /Wexp [_wz—(y) _]ky_]kZR(y) +J > | (2.2)

where w(y) is the beam radius at position y, R(y) is the radius of curvature of the

wavefront, and 77(y) is the Gouy phase. These parameters are defined as follows:

2
w(y) = wo ( ) 23)
2
R(y) = (y-po) |1 ( 20 ) 2.4)
n(y) = tan” (y P 0) (2.5)
Yo = T (2.6)

where wg is the beam waist at the focus, pg is the focal position along the prop-
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agation direction y, and yq is the Rayleigh range, representing the distance over
which the beam remains approximately collimated.

In this work, the condition wy > A holds, making the paraxial approximation
a valid and accurate solution. However, in cases where wg < 4, i.e., for tightly
focused beams, the paraxial model becomes insufficient. In such scenarios, a more
accurate description involves plane-wave expansion methods that go beyond the
paraxial approximation and offer better precision for sub-wavelength beam waists.
Figure 2.4 displays the spatial distribution of the x-component of the background
electric field (E,) in units of V/m, of a Gaussian laser beam. The field distribution
reveals a strong confinement and periodic oscillation along the beam propagation
axis, characteristic of a well-collimated Gaussian profile.

The color map indicates a peak field intensity exceeding 8 x 10° V/m at the
center of the structure, where the nanoantenna feedgap is located. The alternat-
ing red and blue lobes represent regions of positive and negative electric field,

respectively, illustrating the wave nature of the field along the optical axis.
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Figure 2.4: Background electric field, x component (V/m), of a laser Gaussian beam
focused on the gap of a nanoantenna structure.
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2.1.2 Thermal Modeling

The temperature dynamic distribution in the proposed optomechanical antennas
is critical for estimating parameters such as energy consumption and the proper
functioning of the device, especially in terms of heat dissipation and thermome-
chanical effects. Dynamics of the temperature field is governed by the heat transfer

equation:

oT

DCPE

-V (kVT) =Q +q" (2.7)

where D is the mass density, C, is the specific heat capacity at constant
pressure, T is the temperature and k is the thermal conductivity of the material.
First term signifies the time derivative of thermal energy per unit volume, and the
second term represents the heat flux exiting the unit volume due to a temperature
gradient.

Finally, Q and ¢” represent the volumetric heat injection and dissipated heat
flux (W/m?2), which will arise from optical excitation and thermal convection,
respectively. Although this equation is a well-known heat transfer equation for
macroscopic media, its applicability to modeling nanoscale material systems is
justified. Geometrically, when the thickness of a thin material film approaches the
mean free path of heat carriers, a strong boundary scattering effect significantly
reduces thermal conductivity. This phenomenon has been extensively described
and validated, particularly in the case of gold and Si3zN4 layers. Modified thermal
properties are essential for accurate modeling at the nanoscale, accounting for the
distinct geometrical features of thin films. For instance, based on conclusions by
Chen and Hui, the thermal conductivity of a 35 nm gold film is only 47% that of
bulk gold, and similarly, a 140 nm Si3Ny layer exhibits a thermal conductivity of
72% that of bulk SizN4. The significant deviation of thermal properties in sub-
micrometer devices is well-documented in the literature [74—76]. At the nanoscale,
Sultan et al. reported a thermal conductivity of 3—4 W /(m.K) for 500 nm thin

films in a temperature range of 77-325 K, Stojanovich et al. measured a thermal
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conductivity of about 2.1 W/(m.K) for 180 nm thick freestanding specimens, and
Bai et al. determined a thermal conductivity of 1.2-2.0 W/(m.K) for stoichiometric

silicon nitride films with thicknesses ranging from 37 to 200 nm [77, 78].

2.1.2.1 Thermal Boundary Conditions

In the numerical analysis of heat transfer differential equations, two categories of
boundary conditions (BCs) are considered: exterior BCs and interior BCs. Exterior
BCs are applied to the outermost boundaries of the geometric model and typically
encompass Dirichlet BC, Neumann BC, and BC for the material/air interface.
In the case of Dirichlet BC, the temperature at the boundary is fixed, denoted
as T=Tfix. A specific instance of the Neumann BC is the thermal-isolation BC,
expressed as 71.(—kVT) = 0, signifying that the normal derivative of temperature is

zero. Boundary conditions for the material/air interface are elaborated as follows:
ii.(=kVT) = h(T = Tp) + eo (T* - T;) (2.8)

The term on the left side represents the outward conductive heat flux, while on
the right side, the first term accounts for convective heat flux to the air environment,
and the second term represents radiation heat flux. In these expressions, # denotes
the outward vector normal to the boundary surface, h is the convective heat transfer
coefficient of air with a value of 5 W/(m?.K), and € signifies the surface emissivity.
The Stefan-Boltzmann constant is denoted as o = 5.67x1078 (W/m?K?).

For natural convection in air at large scales, typical values for h are in the
range of 5-10 W/ (mz.K ). However, in nanoscale devices, the convective heat
transfer coefficient (h) should be substantially higher. According to the scaling law
proposed in reference [79], the convective coefficient for air has been reported
as 100 W/(m?.K) when the scale is less than 100 um, representing a tenfold
increase compared to macro-scales [80]. This enhanced heat transfer coeflicient at
the nanoscale is attributed to improved convection heat transfer due to compressed
boundary layers at very small scales [80]. The assigned h values in the heat

transfer module for the Au/SiN boundary layers are elicited through extrapolation
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from reference [79], considering nano dimensions. The ambient temperature is
set at T=293 K. Interior boundary conditions are inherently continuous, with the

metal/dielectric interface treated as a continuous condition, described by:
ﬁ-(_kmelalVTmetal) = ﬁ-(_kdielectricVTdielectric) (29)

Moreover, at the interface, the temperatures Tinetar and Tyielectric are considered
equal, where kmea and £ gielectric represent the thermal conductivity, and Tiyeta and
Tgielectric denote the temperatures of the metal and dielectric, respectively. In the
analysis of a multilayer thin film structure such as NEMSTENNA, the impact of
finite thermal boundary resistance (TBR) should be taken into account. TBR is
defined as:

q= (L + hr) (T4 —Tp) (2.10)
Req

The heat flux g across the interface between materials A and B is governed by
the combined effect of thermal boundary resistance (TBR), represented by R, and
radiative conductance 4,. The term (T4 — T) denotes the temperature difference at
the interface. A finite TBR introduces a temperature discontinuity at the interface,
emphasizing its crucial role in thermal transport—especially in nanoscale systems.

Interfaces between different materials, such as metal and dielectric thin films,
can significantly influence heat transport, often dominating over the bulk thermal
properties of the individual layers [75]. The presence of TBR leads to a localized
temperature drop at the interface, a phenomenon first observed by Kapitza at the
boundary between solid and liquid helium in 1941 [81, 82]. Importantly, TBR
is generally considered independent of film thickness, underlining its persistent
impact in layered nanoscale architectures.

TBR originates from mismatches in vibrational (phonon) spectra between dis-
similar materials and is influenced by the product of their phonon densities of states
[75, 83]. At the Au/SiN, interface, where heat carriers must transition between

electron-dominated (metal) and phonon-dominated (dielectric) transport mecha-
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nisms, a pronounced thermal boundary resistance is expected. For instance, Jeong
et al. [75] reported a TBR value of 0.81 X 1078 m2K/W at the Au/SiN, interface,
as measured using the transient thermoreflectance (TTR) technique [84]. The con-
sideration of thermal boundary resistance (TBR) at the metal—dielectric interface
is essential in micro- and nanoelectronic devices, as it significantly affects the
apparent thermal conductivity of dielectric layers, especially when their thickness

is reduced to the nanoscale regime.

2.1.3 Optothermal coupling equations

This subsection investigates how the temperature distribution in the NEMSTENNA
structure is calculated from heat generated by optical absorption. The analysis
is based on a fully coupled simulation involving steady-state heat transfer and
frequency-domain Maxwell’s equations, aiming to capture thermal patterns under
optical excitation.

The heating mechanism in the structure arises from optical absorption gov-
erned by Maxwell’s equations, which in turn generate localized heat through
resistive (Joule) losses. The electric field distribution, obtained from the solution
of Maxwell’s equation, equation (2.1), serves as the input to the thermal model for
calculating the volumetric heat source.

The electric field E obtained from equation (2.1) is used to compute the
electromagnetic heat source Q., which represents resistive (ohmic) heating in
lossy materials:

1
Q. = Swe Im(s,)|E|? (2.11)

This expression quantifies the absorbed optical power density as a function
of the electric field intensity and the imaginary part of the material’s relative
permittivity at the laser frequency (193.41 THz in our case).

Under the assumption of continuous illumination, the thermal problem is mod-
eled in the steady-state regime using the heat conduction equation, derived from
equation (2.7):



2.1. Computational methods and modeling techniques 55

V. (=«kVT) = Q, +¢" (2.12)

where k is the thermal conductivity, 7 is the temperature distribution, q”
corresponds to thermal convection and Q. acts as the internal heat source.

Solving this equation enables the prediction of the temperature field in response
to localized optically induced heating.

2.1.4 Mechanical modeling

2.1.4.1 Thermomechanical

Thermal actuation, based on the fundamental property of materials to change
volume with temperature variations, is described here. Each material possesses
a coeflicient of thermal expansion (CTE), signifying a change in size with tem-
perature variations. The relationship between thermal expansion or strain, thermal

expansion coeflicient @, and temperature is provided below [85, 86]:

Eth = a’(T - Tref) (2.13)

In a cantilever structure composed of multiple materials, each having distinct
coefficients of thermal expansion (CTE) and layer thicknesses, the portion of the
beam with greater thickness—such as a 70 nm gold layer compared to a 35 nm
gold layer with the same CTE—undergoes bending and deflection. This effect
arises from the expansion strain caused by the increased thickness of the gold

layer, leading to thermal-induced deformation.

2.1.4.2 Electromechanical

The electromechanical performance of the proposed optomechanical antennas was
analyzed using a fully coupled finite element framework in COMSOL Multiphysics®
[44, 73]. The model integrates the Solid Mechanics, Electrostatics, and Electro-
magnetic Waves, Frequency Domain interfaces within a single multiphysics en-

vironment, enabling simultaneous simulation of optical excitation, electrostatic
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actuation, and mechanical deformation. The Moving Mesh method was employed
to dynamically track geometry variations in the nanoscale feed gap as the structure
deforms [73].

The antenna consists of a gold—silicon nitride bilayer cantilever system, whose
free ends form a dipole nanoantenna separated by a narrow gap, as shown in Figure
2.5.
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Figure 2.5: Schematic top (a) and side (b) views of the proposed gold-silicon nitride bilayer
cantilever system. The free ends of the cantilever form a dipole nanoantenna separated by
a narrow gap. The structure parameters are labeled as Larmi, Larm2, L1, L2, Wi, and W5.
The gold and Si3Ny4 layers have thicknesses of 35 nm and 140 nm, respectively.

The electromagnetic excitation and mechanical response were solved sequen-
tially but coupled through a common field variable representing the induced feed-
gap voltage.

The optical excitation was modeled through the Electromagnetic Waves, Fre-
quency Domain interface. Maxwell’s curl equations were solved in the frequency
domain for a Gaussian beam centered at 4 = 1.55 um (f = 193.41 THz), corre-
sponding to the near-infrared resonance wavelength of interest.

The feed-gap voltage was obtained through line integration of the electric field

/ E- dl' , (2.14)
gap

in the gap region [87, 88]:
Vo =
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and the resulting time-dependent voltage was expressed as

This voltage acts as the driving signal for the electrostatic coupling.
The Electrostatics module was used to determine the attractive electrostatic
forces induced between the two cantilever tips. The coupled equation set follows

Gauss’s law and the constitutive relation [73]:
V-D=p,, E=-VV, (2.16)

where D is the electric displacement, p, is the volume charge density, and V is the
electrostatic potential.

The feed-gap voltage V) obtained from the RF module was applied across
terminals defined on the facing surfaces of the antenna arms, while the opposite

terminals were grounded. The resulting electrostatic force was expressed as [44]:

8()A

[g0o—z1—22

Fee(1) = > > (Vosinwr)?, (2.17)

where A is the overlap area, g is the initial gap, and z; and z; are the displacements
of the cantilever tips. The oscillatory term at 2w averages to zero for optical

frequencies, leaving the quasi-static DC component [44]:

80AV02

4[go— z1 — 22]*

Fpc = (2.18)
This force was applied as a distributed surface load within the Electromechanical
Forces multiphysics interface, which automatically couples the Electrostatics and
Solid Mechanics modules through the Maxwell stress tensor formulation.

The mechanical deformation was computed using the Solid Mechanics interface

with Linear Elastic Material properties and geometric nonlinearity enabled. The
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governing equation in the time-dependent study was [73]:

6211 T
=3 =V-(F)T+F, F=I+Vu, (2.19)

where p is the density, u is the displacement field, and S is the second Pi-
ola—Kirchhoff stress tensor. Fixed constraints were applied at the anchored ends
of the cantilevers, and free boundaries were maintained elsewhere to allow natural
bending.

The Moving Mesh interface ensured that the computational mesh followed
the deformation, maintaining numerical accuracy when the gap size approached
nanoscale values and preventing element distortion [73].

The simulation framework can operate in two distinct regimes [89]:

1. Static (non-iterative) mode: the feed-gap voltage is computed once at the
initial geometry, and the resulting electrostatic force is applied to calculate
the equilibrium deflection. This mode is computationally efficient and valid

for small deformations or low optical powers.

2. Dynamic (iterative) mode: a two-way coupling updates the geometry af-
ter each mechanical solution step, re-evaluating the electromagnetic field
and the resulting voltage at the deformed configuration. This iterative loop
is essential when large deflections or strong nonlinear electromechanical

coupling occur.

2.2 Fabrication methods

The fabrication and structural characterization of the optomechanical antenna
structures were carried out using a dual-beam Focused Ion Beam—Scanning Elec-
tron Microscope (FIB-SEM) system (Fig. 2.6). High-resolution SEM imaging with
precise ion beam milling enables accurate patterning and inspection of sub-micron

features.



2.2. Fabrication methods 59

Figure 2.6: Focused Ion Beam—Scanning Electron Microscope (FIB-SEM) system used for
nanoantenna fabrication and structural characterization. The dual-beam setup enables high-
resolution SEM imaging and site-specific milling with ion beams, which is essential for
preparing and analyzing nanoscale structures. This system was instrumental in prototyping
and inspecting the critical dimensions of the fabricated NEMSTENNA devices.

2.2.1 FIB-SEM nanofabrication system and imaging

Prototypes for all optomechanical antenna designs were realized using a dual-
beam Focused Ion Beam/Scanning Electron Microscope (FIB-SEM) system. This
instrument combines a focused Ga™ ion beam for nanoscale milling with an elec-
tron beam for high-resolution imaging and alignment. The Ga* ion column was
operated at an accelerating voltage of 30 kV, with beam currents selectable from
just a few pA (for highest-resolution milling) up to several nA (for rapid bulk
material removal). Such a wide current range allowed each fabrication step to
be optimized for either precision or speed. The integrated SEM was essential for
non-destructive monitoring: it enabled precise alignment of milling patterns and

in-situ inspection of the structures after each milling step. For instance, during mi-
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crocantilever thinning (described below), the process was periodically paused to
collect SEM images, which helped monitor stress-induced bending and ensure the
milling was stopped before structural collapse. Final SEM inspections confirmed
the achievement of nanoscale feature sizes and structural integrity in all devices.
In summary, the FIB-SEM’s dual-beam capabilities — high-energy Ga* milling
and real-time SEM imaging — were key to fabricating these nano-optomechanical
antennas with sub-100 nm features and to overcoming alignment and metrology

challenges in the process.

2.2.2 Library of FIB milling procedures

1. Thinning and top metal removal: Flip the cantilever and use low-current
FIB milling to strip the 70 nm Cr/Au top coating and thin the SizN4 mem-
brane at the free end. This first step (FIB at 700 pA, fast scan) removes
the bulk metal and reduces SizN4 to 50 nm (achieving 5-10 nm vertical
resolution) (Papers 1 and 3)(A.1)(B.2)(see Appendix (C.1)).

2. Outline milling (large structures)(micro): Perform a high-current FIB
pass to sketch the antenna outline. In this coarse step the beam mills the
perimeter of the antenna shape, removing the surrounding film and isolating
the structure (Papers 1 and 3)(A.1)(B.2)(see Appendix (C.1)).

3. Outline milling (small structures)(nano): Reduce the FIB beam current
and aperture for fine-detail etching. By progressively lowering current (e.g.
from 3 nA) and slowing the scan, the antenna’s small features are defined
with 10 nm lateral precision (Papers 1 and 3)(A.1)(B.2)(see Appendix (C.1)).

4. Edge polishing: Optionally, perform a final low-current polish to clean
redeposition and smooth sidewalls of the milled features. A gentle FIB or
broad-beam polish removes residual debris and sharpens edges (as practiced
in related FIB nanofabrication) (Paper 4)(B.3)(see Appendix (C.2)).
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5. Feed-gap trench definition (low resolution): Coarsely mill the feed-gap
region to separate the two antenna arms. A first FIB cut (moderate current,
fast scan) creates a rough trench across the feedpoint, roughly defining the
gap area (Paper 4)(B.3)(see Appendix (C.2)).

6. Feed-gap trench definition (high resolution): Finally, refine the trench with
a high-resolution FIB pass. Using a fine (low-current) beam and multiple
passes, the feed gap is narrowed to its final width (few nm) for device
operation (Paper 4)(B.3)(see Appendix (C.2)).






Chapter 3

Results

This chapter presents the design, fabrication, and characterization of nanoelectro-
mechanical plasmonic antennas (NEMSTENNA) operating at 4 = 1.55 um. The
working principle is detailed by distinguishing the desired optoelectromechanical
(OEM) signal—driven by the feedgap voltage—from the parasitic optothermo-
mechanical (OTM) bending. COMSOL simulations quantify the electromagnetic
response (S11, Veap) and the resulting static deflections. Finally, we benchmark
responsivity against state-of-the-art, outlining a path toward OEM dominated op-

eration.

3.1 Designed structures

Three optomechanical antenna structures were designed and studied. All three
designs share the same basic concept: a plasmonic gold nanodipole antenna is
integrated at the free end of an N/MEMS structure, forming a NEMSTENNA
(micro/nano-electromechanical antenna) device. They differ primarily in the dipole
length and width, and the structure geometry configuration and dimensions of the
N/MEMS structure [44, 89-91]. Three distinct dipole antenna geometries were im-
plemented and integrated with nano/microelectromechanical system (N/MEMS)
structures. Each of the dipole antennas has lengths of approximately 0.8 um,
1.36 um, and 2.5 um, respectively, with each antenna patterned at the free end
of an N/MEMS structure to form an optomechanical device. For consistency, all
three devices employ a design, providing a uniform mechanical and electrical

platform across configurations. Specifically, each N/MEMS structure is made of

63
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a silicon nitride beam of length 200 ym and width 28 um (thickness 0.6 pum),
coated on two sides with thin gold layers (0.07 um/0.035 um thicknesses), and
incorporating a small capacitive transduction gap of 10 nm/100 nm. The optical
dipole antennas themselves share the same cross-sectional dimensions in every
design (each antenna is a gold nanostructure 80 nm/100 nm in width and 35 nm/70
nm in thickness), so that the only geometric parameter varied among the three
configurations is the dipole length. N/MEMS structures range from a simple tri-
angular microcantilever to a nanocantilever and a nano tuning fork, see Table 3.1.
By maintaining a constant cantilever platform and altering only the dipole antenna
length, the influence of the antenna’s resonant characteristics on light-matter in-
teraction and the resulting mechanical response can be systematically investigated

at the operating wavelength.

Table 3.1: Comparison of three different optomechanical antenna structures.

:I
Schematic L T
(Top view) Structure 1 Structure 2 Structure 3
F r_ .
Schematic
(Lateral view) 35 nm/70 nm 35 nm/70 nm 70 nm gold
gold thicknesses | gold thicknesses thickness

Dipole’s  length, | 0.8 um optimized | 1.36 um opti- | 2.5 um optimized
Laipole for S1; dB mized for Vg, for Vgup
Si3; N, thickness 140 nm 140 nm 600 nm

Paper and related
section

Papers 1 and 2
(A.1)(A2)

Paper 3 (B.2)

Paper 4 (B.3)
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Figure 3.1: Schematic top and side views of the proposed first structure, including nano-
antenna and microcantilever (Paper 1)(A.1).

Due to plasmonic effects in the metal, these physical lengths are somewhat
shorter than the ideal free-space multiples of 1/2 (e.g., the 1/2 antenna’s 0.8 um
length is about 0.77x the free-space half-wavelength at 1.55 yum) [89]. This short-
ening occurs because the effective wavelength of surface plasmons in the gold
nanostructure is reduced compared to the free-space wavelength. In all cases the
feed gap go —the separation between the two opposing antenna arms — was designed
to be on the order of 10 nm/100 nm. This tiny gap is a key feature enabling strong
capacitive coupling between the arms. Each structure thus consists of two facing
gold “half-antennas” (each on its own cantilever) forming a nanodipole with gap
go ~ 10 nm. Figure 3.1, Figure 3.2 and Figure 3.3 illustrate the three geometries,
highlighting differences in arm length and shape (A.1), (A.2), and (B.2).

Despite their geometric differences, all three designs follow the same operat-
ing principle and share similar materials (a gold layer on a Si3Ny cantilever). An
analysis of the current and electric field distribution shows that the 4/2 antenna
is the most compact, designed for the fundamental dipole resonance, whereas
the longer 31/2 and 54/2 structures support higher-order resonant modes. These
higher modes involve additional standing-wave nodes along the antenna length (as

evidenced by current and field distribution plots in simulation, e.g., Figure 3.4)(Pa-
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Figure 3.2: Lateral (a) and top (b) views of the second plasmomechanical antenna (Paper

3)(B.2).
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Figure 3.3: Top and lateral view of the third optomechanical antenna (Paper 4)(B.3).
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per 2)(A.2) [89].

Figure 3.4: Maps of the current density (a-c) and z-component of the electric field (d-f),
for the first three detectable resonance modes observed when dipole length is 300 nm (a,d),
810 nm (b,e) and 1361 nm (c,f) (Paper 2)(A.2).

By comparing the designs, one can note a trade-off: the smallest (fundamen-
tal) antenna tends to provide the strongest electromagnetic coupling for a given
wavelength, but the larger antennas (higher-order modes) were chosen to ease fab-
rication constraints (since a longer antenna is less sensitive to nano-scale length
errors and can be milled with slightly larger features [89]). The structural varia-
tions — in dipole length, width, and cantilever arm configuration — therefore allow
exploration of different resonant behaviors while using the same basic materials
and concept. A summary of key geometric parameters for the optimized designs
is given in Table 3.2, Table 3.3 and Table 3.4 (dipole lengths L, L, arm lengths
Larm, widths Wy, W5, etc.) [44, 89]. Each of these optomechanical antenna proto-

types was fabricated and tested as described below.

3.2 Working principle

The NEMSTENNA device converts incident optical radiation into mechanical de-
flection through two coexisting transduction mechanisms: an opto-electromechanical
(OEM) effect and an undesired opto-thermomechanical (OTM) effect. Figure 3.5
provides a schematic overview of the working principle.

When a laser beam at the design wavelength (1.55 ym in our case) is focused



3.2. Working principle 68

Table 3.2: Geometry dimensions of the NEMSTENNA device corresponding to Figure
3.1 used in COMSOL simulations (Paper 1)(A.1).

Parameter Value
Dipole arm length (L a1 /LAm2)*, um 0.72/0.75
Dipole arm width (w,)*, um 0.1
Dipole length (L;/L,)*, um 0.82/0.85
Dipole width (w;)*, um 0.1
Dipole gold thickness (g0)**, um 0.035
Dipole silicon nitride thickness (44)***, um 0.14
Cantilever length (I )**, um 200
Cantilever width (w.)**, um 28
Cantilever base width (wp,)**, um 184
Cantilever spring constant (k. )**, N/m 0.08
Cantilever silicon nitride thickness (¢4.)**, um 0.6
Cantilever gold thickness (¢p¢)**, um 0.07
Capacitive gap (g0)*, nm 10
Overlapping Area (A)*, um? 0.01

Dipole resonant wavelength/frequency (fgz), um/THz ~ 1.55/193.41
* From optimization at 1.55 pm.

** From [92].

*##* From SEM images.

Table 3.3: Dimensions of the optimal NEMSTENNA design corresponding to Figure 3.2
(Paper 3)(B.2).

Parameter Value  Units
Dipole length, L1 = L, 1360 nm
Dipole width, W 80 nm
Dipole—Nanocantilever connection width, W» 100 nm
Dipole gold thickness, tayd 35 nm
Dipole silicon nitride thickness, #si;N,.d 140 nm
Microcantilever length, /. 200 pum
Microcantilever width, w, 28 pum
Microcantilever base width, wy, 184 pum
Microcantilever silicon nitride thickness, #si;Ny.mc 600 nm
Microcantilever gold thickness, fAumc 70 nm
Capacitive gap, go 10 nm
Nanocantilever length, [,, 83 pum
Nanocantilever width, w,, 1 pum
Nanocantilever silicon nitride thickness, t,, 140 nm
Nanocantilever gold thickness, fayn 35 nm

Overlapping area, Aoverap = W1 - W2 800 nm?
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Table 3.4: Geometry characteristics of tuning fork optomechanical device corresponding
to Figure 3.3 (Paper 4)(B.3).

Parameter Value Units
Dipole arm length, (Larm1/LArm2) 10/ 10 pm
Dipole width, w; 0.09 pum
Dipole arm width, wy 0.18 pum
Dipole length, (L;/Ly) 2.5/2.5 pum
Dipole gold thickness, g a 0.07 pum
Dipole silicon nitride thickness, tq4,a 0.6 pum
Capacitive gap, go 0.01-0.1 um
o | ’ o/
Optical Energy Heat Thermal Displacement
Absorption Generation Expansion
(@
- | R | R |
Optical Energy Gap Electrostatic Displacement
Absorption Voltage Force
(b)

Figure 3.5: Comparison of opto-thermo-mechanical (OTM) (a) and opto-electro-
mechanical (OEM) (b) transduction mechanisms. Both pathways convert incident light
into mechanical displacement, but rely on different intermediate physical effects.
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onto the nanoscale dipole antenna, the oscillating electromagnetic field drives
localized surface plasmons and currents in the metal arms. This induces an alter-
nating voltage Vg,p across the feed gap of the antenna [44, 89, 93]. The two facing
antenna arms essentially form a nanocapacitor, so an ac Vg, (at the optical fre-
quency, on the order of 2x 10'4 Hz) appears between them. Typical induced voltage
amplitudes are on the order of tens of millivolts for moderate incident powers, as
estimated by full-wave simulations [44, 89]. Although Vg, oscillates at the optical
frequency, it can effectively produce a static force due to the nonlinear nature of
electrostatic attraction. The electrostatic force F.. between the charged antenna
arms is proportional to the square of the voltage (in a parallel-plate approximation,
Fee = ;, ‘fg V?). As a result, the rapidly oscillating Veap gives rise to a DC compo-
nent of force in addition to an ac component at twice the optical frequency. The
ac force oscillates far too fast for the mechanical structure to respond (frequencies
in the hundreds of THz), so its effect is negligible on the cantilever motion. The
DC part of Fee, however, continuously pulls the two antenna arms toward each
other. In essence, the optical excitation creates a steady electrostatic attraction in
the nano-gap — this is the desired OEM transduction pathway. The magnitude of

the DC force increases with the intensity of illumination (since Fee o< Vgap, and

p . .
absent in conventional elec-

ga
ox

oV,
trostatic MEMS transducers where Vg, is displacement-independent ( agap =0),
X

Veap scales with the incident field). The term

arises here due to the position-dependent voltage distribution. In the following,
the formulations of the above sentences have been provided in equations (Paper
4)(B.3) (3.1)-(3.5) [44, 89-91]:

Veap () = |[Viap| - cos (27 frrr?) 3.1)
10Cqa Vigap ()?
ee( ) = 5 )gcp ( gap( )) + = Cgap% = l'eeDC T Fee,ac(t), (3-2)
A
Coup = —20 (3.3)

g0 — 26x’
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2
10C 2 1 0 (|Vgap| )
37ax Vel 30—

gA O (|Vgap|2)

F ee,DC =

1 goA » 1
=-———1V + - , 3.4
4 (g0 — 26x)? Vel 4(g0o—20x)  Ox .
2
1 0Cgyp 2 1 0 (|Vgap| )
Feeac(t) = ZW |Vgap| cos (4m fnir?) + chapT cos (4r fir?) -

(3.5)

where the definition of symbols has been provided in Table 3.5:

Table 3.5: Definition of parameters used in the electrostatic force and capacitance equa-
tions.

Symbol Description

Veap (t) Time-dependent voltage applied across the nanoscale capacitor gap

[Veap| Amplitude (magnitude) of the applied voltage

INIR Optical driving frequency in the near-infrared (NIR) range

Coap Capacitance of the nanoscale gap between electrodes, Cgyp = gsO—I;x

£0 Permittivity of free space (8.854 X 10-12 F/m) ’

A Effective overlap area of the capacitor electrodes

g0 Initial gap distance between the fixed and movable electrodes (at equilibrium)

ox Mechanical displacement of the movable electrode from its equilibrium position

Fee(2) Total electrostatic force acting on the movable electrode

Fee.DC Static (time-independent) component of the electrostatic force

Fee ac () Time-varying (oscillatory) component of the electrostatic force at frequency
2fNIR

Cp

Rate of change of capacitance with respect to displacement (electromechanical

ox coupling coefficient)
a (lVgap |2) . PR .
o Spatial variation of the squared voltage amplitude across the gap

Under illumination, each cantilever experiences an inward pull at its tip (toward
the opposite arm), causing a slight deflection from its equilibrium position. The
direction of this OEM deflection is primarily in-plane (closing the gap) for the

two-cantilever design, as illustrated in Figure 3.6.
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Figure 3.6: Actuation principle of the optomechanical antenna (Paper 3)(B.2).

In parallel with the OEM mechanism, the device is subject to a parasitic
opto-thermomechanical (OTM) effect (Paper 2)(A.2) and (B.1). A portion of the
incident optical power is absorbed by the metal nanostructure and the cantilever,
which converts to heat. This leads to a temperature rise in the illuminated region,
which in turn causes thermal expansion of the materials. The NEMSTENNA
cantilevers are a composite of metal (Au) and dielectric (SizNy) layers with different
coeflicients of thermal expansion. When heated, the unequal expansion of these
layers induces bending via the bimetallic (thermomechanical) effect [89, 93]. In
our devices the metallic coating is only on one side (or significantly thicker on
one side) of the cantilever, so heating causes the free end to bend out-of-plane
(typically curling toward the side with the thinner or less expansive layer). This
bending constitutes the OTM response. Notably, the OTM deflection does not
require the presence of a feed gap voltage — it is purely a result of generalized
heating in the structure from optical absorption. Therefore, it is present whether or
not the antenna is resonant, and it adds to (or biases) the total deflection observed.
In the original vertical cantilever configuration, the OTM effect causes an out-of-
plane deflection (vertical bending of each cantilever) in the gap closing direction,
which is superimposed on the OEM effect, that also causes an out-of-plane gap
closing.

In summary, the NEMSTENNA'’s operation relies on direct light-to-voltage
conversion at the nanoantenna (a plasmonic/electromagnetic effect) followed by

voltage-to-force conversion (electromechanical). This primary OEM pathway pro-
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vides direct transduction of optical power into mechanical displacement, without
any intermediate electronics. However, simultaneously, the OTM pathway acts as
an indirect, thermal transduction that can mask or interfere with the OEM motion.
The overall static deflection of the device under CW (continuous-wave) illumi-
nation will thus be a combination of OEM and OTM contributions. In the ideal
case, with perfect thermal isolation or symmetric structure or tuning fork structure
(Paper 4)(B.3), the OTM effect would be negligible, and the device would purely
respond via the fast OEM mechanism. In practice, as we discussed earlier, the
OTM “parasitic” response is significant and must be understood and mitigated
[89-91, 93]. The next sections will quantify these two contributions (Sections
3.5 and 3.6) after first describing how the devices were fabricated and character-
ized (Section 3.3) and how the nanoantenna’s electromagnetic response behaves
(Section 3.4).

3.3 Fabricated prototypes

The NEMSTENNA structures were fabricated through a custom process utilizing
focused ion beam (FIB) milling on commercial microcantilevers [44, 92].

Figure 3.7, Figure 3.9 and Figure 3.11 outlines the key fabrication steps. Fig-
ure 3.8, Figure 3.10 and Figure 3.12 show SEM images of the proposed devices
at various stages. The starting material (Figure 3.7a) was an Atomic Force Mi-
croscope (AFM) cantilever: a SizN4 microcantilever of length /. ~ 200 ym and
width w,. = 28 um, coated in both sides with a thin Cr/Au film, with thickness
tau ® 35 nm (top) and 70 nm (bottom) [44]. The cantilever has a triangular tip
region, which we utilize as the site for the nanoantenna. In its original orientation,
the gold-coated side was on the bottom; therefore, as a first step the cantilever chip
was flipped upside-down on the FIB stage (Figure 3.7b) to allow milling of the 70
nm thick metal-coated face. Next, a localized FIB milling step (using a relatively
low ion current to preserve fine control) was performed to thin the cantilever’s free

end (Figure 3.7c). This involved rastering the Ga* ion beam over a small area (a
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(a) (b)

M c/au(zs mm top, 70nm bottom)

Wl sif,(600nm)
B Pyrex (500 um) - j

Lateral view Top view
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Figure 3.7: FIB based fabrication process steps of the proposed structure: (a) Initial AFM
microcantilever structure, (b) microcantilever flipping, (c¢) local FIB milling thickness
reduction, (d) local FIB milling half nanoantenna definition and (¢) NEMSTENNA final
build-up (Paper 1)(A.1).

few pm) at the tip to sputter away part of the Si3N4 and metal, effectively reducing
the thickness by about half [44]. The thinning creates a flat, thin membrane area
which will host the nanoantenna, and it also reduces the bending stiffness locally
— a thinner cantilever end is more compliant for out-of-plane bending and ensures
that subsequent milling can penetrate through the full thickness. In our proto-
types, the nitride thickness in the antenna region was reduced from the original
600 nm down to roughly 300 nm. We empirically found that thinning beyond a
certain point (below ~50% of original thickness) caused the cantilever to become
unstable and buckle, likely due to stress release in the bimaterial structure [44].
Thus, a controlled partial thinning was optimal to prepare the substrate for nanoan-

tenna definition. Figure 3.8a shows an SEM view of the cantilever tip after this
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Figure 3.8: SEM images of a fabricated NEMSTENNA prototype after (a) step c (see
figure 3.7c) and (b) step d (see figure 3.7d) of the fabrication process.

thickness-reduction step, where the milled region can be discerned.

In the subsequent step, the half-antenna pattern was milled into the cantilever
tip (Figure 3.7d). Using a finer ion beam (with a smaller aperture and reduced
current for higher resolution), we cut out the shape of one dipole arm. Essentially,
the FIB was used to etch away all the material around the intended antenna arm,
leaving behind a nanoscale gold-coated peninsula attached to the cantilever. This
peninsula is the “half-dipole”: a tiny rectangular patch of the Au/nitride bilayer
(on the order of 0.8 um long and 0.1 um wide) connected by a narrow stem (the
supporting arm) to the bulk of the cantilever. The milling defined both the outer
edges of this half-antenna and cleared the gap region at its end. Notably, milling
the gap entirely through the material effectively removes a slice of length from the

cantilever — in our case, approximately a 2 um segment was removed to isolate the
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Figure 3.9: NEMSTENNA fabrication process: (a) Unprocessed microcantilever structure,
(b) microcantilever flipping, (c) thickness reduction in the nanocantilever and nanodipole
area, (d) nanocantilever and one arm nanodipole definition and (¢) NEMSTENNA final

build-up (Paper 3)(B.2).

Figure 3.10: SEM images from top (a) and lateral (b) perspectives of a NEMSTENNA
nanocantilever in the residual stress limit of slenderness (Paper 3)(B.2).
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Figure 3.11: Fabrication steps for tuning fork optomechanical antenna (Paper 4)(B.3).

Figure 3.12: SEM images of a tuning fork optomechanical antenna (Paper 4)(B.3).
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half-antenna [44]. This leads to a slight shortening of the overall cantilever length
(about 1% in a 200 um beam), which in turn slightly raises its spring constant and
resonance frequency (calculated increase on the order of 2—-3% [44]). The same
procedure was applied to a second identical cantilever to create the complementary
half of the dipole antenna. Care was taken to make the two halves as similar as
possible in dimensions, though minor differences in milling (or initial cantilever
thickness) led to arm length mismatches on the order of a few tens of nanometers
(e.g., one half might be 0.72 pm and the other 0.75 pm, as in our optimized design
[44]). Figure 3.8b shows an SEM image after defining one half-antenna: the outline
of the nanodipole arm is clearly visible, and the narrow feed gap trench has been
cut (at this stage the gap is effectively open on three sides, awaiting the second half
to face it).

For the final assembly (Figure 3.7¢), an ex-situ step has to be done under an
optical microscope. One processed cantilever is carefully picked up and flipped (so
that its antenna faces upward), and then its tip is aligned opposite the tip of the other
cantilever (which faces downward). This is achieved using 3D nanopositioner: the
two chips are positioned such that the two half-antennas approach each other with
their flat faces confronting, separated by a tiny air gap. The chips are affixed on a
common substrate in this configuration. The result is a free-standing nanodipole
formed by two gold-coated nanostructures, one on each cantilever, with a gap
between them. In a later iteration, a similar approach was used to fabricate the
nanoantenna coupled to more compliant nanocantilevers, as shown in the Figure.
3.9 and Figure 3.10 (Paper 3)(B.2) [90]. To eliminate this manual assembly step
(see Section 3.6), a monolithic approach was pursued by fabricating both arms
on one chip in a tuning-fork geometry, as shown in Figure 3.11 and Figure 3.12,
(Paper 4)(B.3) [91].

Throughout the FIB fabrication, maintaining precision was critical. The effec-
tive milling resolution in defining lateral features was on the order of 10-20 nm
under optimal conditions. However, due to stage drift and charging of the insulating

nitride during milling, we observed pattern deviations up to about 50 nm [44]. This
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fabrication tolerance ~50 nm is significant relative to the 100 nm feature sizes of
the antenna, meaning the realized dimensions (arm length, width, gap) could differ
slightly from the intended design. Such variations translate into shifts in resonance
frequency or reduced coupling (discussed in Section 3.4). Using a more stable fab-
rication method like electron-beam lithography (EBL) on a wafer could reduce this
uncertainty to ~10 nm or less [44], but that would require integrating the nanoan-
tenna patterning into the original cantilever fabrication process. Our approach with
post-fabrication FIB was chosen for rapid prototyping, accepting a looser toler-
ance. Apart from lateral precision, the vertical milling had to completely penetrate
the 0.6 um thick cantilever to isolate the antenna arm. FIB milling at 30 kV with
stepwise reduced current achieved this, though redeposition of sputtered material
and sidewall tapering were observed. After fabrication, the prototype devices were
examined by SEM and optical microscopy. The SEM images in Figure 3.8, Figure
3.10 and Figure 3.12 confirm that well-defined nanoscale antenna structures were
obtained: the feed gaps and arm shapes are clearly resolved. The final device shows
two opposing gold pads at the cantilever tips, forming the dipole. The measured
arm lengths and widths from SEM match the design targets within the aforemen-
tioned ~50 nm uncertainty. The successful fabrication of these prototypes allowed

us to proceed with simulation of their performance, as described next.

3.4 Nanoantenna response

3.4.1 Sy versus V., as optimization variables

To characterize the electromagnetic behavior of the devices, we performed full-
wave simulations of the antenna’s reflection coefficient and feed-gap voltage re-
sponse. Syy vs. frequency and Vg, vs. frequency curves were obtained for each
design using a COMSOL Multiphysics RF model [44, 89]. Figure 3.13a illustrates
a representative S; spectrum for the nanoantenna, and Figure 3.13b shows the

corresponding induced voltage spectrum.
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Figure 3.13: The frequency response of Si; (a) and Vg, (b) obtained from COMSOL
simulation is shown for 8 different values of L; and L; around the optimum case. The
laser power is set to 500 mW, and the gap distance is gg = 10 nm (Paper 1)(A.1).

The reflection coeflicient S1; (in dB) indicates how much of the incident power
is reflected back from the antenna, and a deep notch in §;; signifies a strong
resonance where the antenna absorbs/accepts energy efficiently. As expected, each
antenna design exhibits a pronounced resonance at or near the design frequency.
For the Paper 1 dipole design (smallest antenna), the primary resonance occurs
around v = 193 THz (which is A = 1.55 um) [44]. At this frequency, S1; reaches
a minimum. In simulations, we achieved a return loss of about —22 dB in the
optimized case [44]. This deep S1 notch confirms a good impedance match at the
design wavelength when the geometry is tuned correctly. On either side of this
resonance, Sp; increases, meaning the antenna becomes reflective (off-resonance,
only a small fraction of the light is captured). The bandwidth of the resonance
(defined by the S; notch width) was on the order of a few THz in our design,
a relatively narrowband response, as is typical for a high-Q plasmonic dipole
[94-96].

When the antenna dimensions are altered, the S| resonance shifts in frequency.
A sensitivity analysis (Figure 3.13a, multiple curves) was conducted by varying

the dipole arm lengths L, L, by a small tolerance (£50 nm) to mimic fabrication
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imperfections [44]. The results showed that if both arms are slightly shorter than
optimum (by 50 nm each), the resonance frequency moves higher (to ~200 THz),
and the S;; notch at 193 THz becomes much shallower (around —9 dB) [44].
Conversely, if both arms are longer by 50 nm, the resonance shifts lower (to
~190 THz) and again the match at 193 THz degrades (S1; = —14 dB) [44]. Only
when the antenna is at the correct length (820 nm/850 nm arms in that example)
does the deep —22 dB notch occur precisely at 193 THz. This demonstrates that
a ~6—7 THz frequency shift (a few nanometers change in wavelength) can result
from a 50 nm fabrication error in length. In practical terms, it means the device
needs tight dimensional control to hit the desired resonant wavelength. Fortunately,
even in off-optimal cases the antenna still resonates — just at a slightly different
frequency and with reduced coupling efficiency. In later analyses, we generally
tuned our simulations to the actual fabricated dimensions (as measured by SEM)
to predict performance more accurately.

The larger antenna designs also show resonant behavior, but their fundamental
resonance occurs at a lower frequency since the dipole is physically longer. For
instance, the 51/2 designs (total length ~2.72 ym) (L=1.36 um) Paper 2 (A.2)
and Paper 3 (B.2) have their first (half-wave) resonance roughly around ~65 THz
(wavelength ~4.6 um, in the mid-infrared), which is outside our band of interest.
However, it also supports higher-order resonances: notably, a strong third-order
resonance appears near 1.55 um (this is by design, as 1.55 um corresponds to the
fifth half-wave mode for that length) (Paper 2)(A.2) [89]. In the COMSOL sim-
ulations, we excited the structure with a broadband source and observed multiple
peaks in |S;|: the n = 1 mode (fundamental) at longest wavelength, the n = 3
mode at shorter wavelength, and the n = 5 mode at the shortest (near 1.55 um). We
can thus identify the resonant peaks of these antennas with the standard half-wave
dipole modes: for example, current distribution plots (Figure 3.4) confirm one
current anti-node for the n = 1 mode, two for n = 3, and three for n = 5, with
intervening nodes, exactly as expected for a dipole of length equal to 1/2,3/2,5/2
of the effective wavelength [89]. Because of plasmonic shortening, the effective
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wavelength along the gold dipole is shorter, so the condition for resonance (in
terms of physical length) is slightly different than in a lossless RF dipole. In our
simulations, we quantified this by the ratio L,/ (4/2): which was about 0.77 for
the first mode, 0.69 for the third mode, and 0.70 for the fifth mode [89]. All these
resonant modes lie within reach of the 1.55 ym laser when we adjust geometry
accordingly.

The feed gap voltage response closely mirrors the S;; behavior. Figure 3.13b
(Paper 1) (A.1) and Figure 3.14 (Paper 3) (B.2) shows V¢, as a function of exci-
tation frequency, calculated by simulating a focused Gaussian beam illumination

and recording the potential difference across the gap [44].
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Figure 3.14: Vg, and E; vs. frequency and wavelength for different spot radius (SR) for
second proposed optomechanical antenna (Paper 3)(B.2).

At the antenna’s resonance, the local field in the gap is maximized, which
translates to a peak in Vg,,. In the first design (Paper 1)(A.1), Vg, reaches its
maximum at 193 THz, concurrently with the S;; dip [44]. For a given incident

power (say 10 mW), the peak V., was around tens of millivolts (e.g., ~80 mV
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in one simulation) at resonance, and it dropped off significantly off-resonance
[44]. This reinforces that the device is most effective when the antenna is tuned
to the laser wavelength. The tolerance analysis showed that if the antenna is
slightly detuned, the peak Vi, shifts in frequency along with the resonance. One
interesting finding was that in one detuned scenario (with arms slightly shorter,
pushing resonance above 1.55 um), the value of Vy,,, at the fixed 193 THz frequency
could actually increase a bit even though S| got worse [44]. This was attributed
to impedance mismatches: the free-space to antenna coupling vs. antenna to 50 €
port coupling can differ, meaning a slightly off-resonant antenna might generate a
higher open-circuit voltage even if it reflects more power. Nonetheless, the general
trend is that a well-matched resonance yields the highest V., available to drive

the mechanical motion.

3.4.2 Nanoantenna resonant mode selection

When comparing the three modes in the first design, for instance, (Paper 2) (A.2)
A/2 antenna produces the largest Vg, for a given illumination, because it has
the strongest near-field confinement when perfectly resonant (Paper 2)(A.2). The
higher modes (n = 3 and n = 5 at 1.55 um) produce a somewhat lower peak Vg,p
under the same power [89]. In our simulations, the 1/2 design had the highest
gap electric field and voltage, the 51/2 design was second, and the 31/2 design
was lowest (Paper 2)(A.2) [89]. For example, at 7.5 mW input power, one can
obtain a qualitative ranking: the n = 1 mode gave the strongest gap field, the n = 5
mode about 10-20% lower, and the n = 3 mode slightly below that [89]. This
is consistent with the fact that higher-order modes distribute the excitation along
a longer antenna, and thus the intensity at the gap is not as concentrated as in
the fundamental. Still, the 51/2 antenna’s performance was relatively close to the
A/2 case — a “small” sacrifice in Vg, (and return loss) in exchange for the easier
fabrication of a larger device (Paper 2)(A.2) [89]. Indeed, we deliberately chose
the 54/2 design for final optimization because its arms (1.36 gm each) were much

larger than the tiny 0.3 um arms of the A4/2 device, making it more robust to mill
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with FIB (Paper 2)(A.2) [89]. The trade-off was only a slight reduction in peak
Veap and a shift in resonance, which was acceptable (Paper 1)(A.1), (Paper 2)(A.2),
(Paper 3)(B.2) and (Paper 4)(B.3).

In conclusion, the nanoantenna electromagnetic response measurements (sim-
ulated) show that all three structures function as intended: each has a well-defined
resonant frequency where the reflection drops and a voltage is induced in the
gap. The resonant frequency and the effectiveness (depth of S;; dip, magnitude
of Vgap) are strongly dependent on the dipole length and precise geometry. These
simulation results set the stage for understanding the mechanical outcomes. In the
next section, we examine the opto-thermomechanical response — essentially how
heat from absorption causes deflection — followed by the opto-electromechanical

response, which is the direct mechanical actuation from the induced V.

3.5 OTM response: parasitic optothermomechani-

cal effect

When the NEMSTENNA is illuminated, a significant parasitic deflection arises
from opto-thermomechanical (OTM) transduction. This section describes the
OTM response based on our simulation studies and experimental observations
[44, 89, 90]. The OTM effect is essentially a photothermal actuation: absorption
of light causes heating, which induces thermal stress and bending in the bimate-
rial cantilevers. In our device, the free end of each cantilever bends out-of-plane
upon heating, much like a bimetallic thermostat strip. This parasitic bending adds
to the overall deflection but does not directly result from the antenna’s electro-
static force — rather, it comes from material expansion mismatch. We modeled the
OTM response by coupling electromagnetic, heat transfer, and structural mechan-
ics simulations in COMSOL [44, 89]. The RF simulation provided the distribution
of power dissipation (ohmic losses) in the device, which served as a heat source in a
thermal conduction simulation. The resulting temperature rise across the cantilever

was then fed into a mechanical model that calculates deformation due to thermal
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expansion. All relevant modes of heat transport were included: conduction within
the solid, convective and radiative cooling at surfaces, and even a thermal boundary
resistance at the Au—Si3Ny interface (though the cantilever is so thin that conduc-
tion dominates) (Paper 2)(A.2) and (B.1) [89, 93]. The temperature distribution
under laser illumination was found to be fairly uniform across the illuminated spot
on the cantilever, with a slight gradient along its length. Importantly, the presence
of the nanoantenna gap and tiny metal features did not significantly localize the
heat: simulations showed that whether we include the detailed antenna geometry
or approximate the tip as a continuous metal coating, the overall temperature rise
and profile remained almost the same [89]. This indicates that most of the optical
absorption occurs in the gold film over the broader area of the cantilever tip, not
only in the nano-gap region. In other words, the entire free end of the cantilever
warms up, so the photothermal bending behaves much like that of a uniformly
heated bimorph cantilever.

The mechanical deformation from this heating is driven by the material stack
asymmetry. Our cantilevers consist of SizN4 (thermal expansion coefficient asin =
3x 1079 K1) coated with Au (@ay = 14 x 1070 K~1). Moreover, in the fabricated
devices the top vs. bottom gold thickness can differ (one side might have, say,
70 nm Au vs. 35 nm on the other side) [89]. This asymmetry means one side of
the cantilever expands more than the other when heated, causing it to curl. In our
case, the thicker Au side experiences a larger expansion, so the cantilever bends
toward the thinner side [89]. The steady-state OTM deflection zotwm (out-of-plane
displacement at the tip) was computed as a function of laser power. It scales ap-
proximately linearly with power at low levels, since temperature rise is proportional
to absorbed power and deflection is roughly proportional to temperature for small
strains. For example, simulations predicted on the order of a few nanometers of
deflection for a 5 mW CW laser on a single cantilever [89]. To validate this, we
performed an experiment using a laser to directly illuminate one cantilever (one
half of the device, with the other half removed so that only OTM effect is present).

Using our laboratory setup, we measured the static displacement of the cantilever
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tip as the laser was turned on and off.

Figure 3.15a shows the deflection response over time when the laser is switched
on, and the magnitude of the steady-state displacement for various power levels.
The dynamic behavior of the NEMSTENNA microcantilever was characterized by
measuring its out-of-plane vibration amplitude (Zgynamic) as a function of frequency
under an intensity modulated IR laser source. As shown in Figure 3.15b, a clear
resonance peak is observed around 14.5 kHz, corresponding to the fundamental
mechanical eigenmode of the cantilever, yielding a quality factor of about Q ~ 46
(see Figure 3.15b).

In Figure 3.16, the experimental data (points) align very well with the COM-
SOL simulation (solid line), verifying that our thermomechanical model is accurate
[89]. For instance, at P;, = 7.5 mW (the maximum used in tests), the cantilever
deflected on the order of several nanometers due to heating. The response time was
observed to be on the order of milliseconds: the cantilever reaches about 90% of
its final deflection within a few ms of the laser being turned on, consistent with a
small thermal time constant (the cantilever’s thermal mass and cooling path yield
a fast response, which is beneficial for speed but still many orders slower than the
OEM effect which is quasi-instantaneous). In Figure 3.17a, the simulated steady-
state response of temperature and static displacement at cantilever free end are
illustrated, and volumetric maps are provided as inset for 5.8 mW IR laser power.
Figure 3.17b presents the time-dependent temperature response of the cantilever’s
free-end under pulsed IR laser illumination at different power levels. As shown,
the temperature rises rapidly upon laser exposure and gradually saturates toward
a steady-state value within a few milliseconds. The rate and magnitude of this
temperature increase are strongly dependent on the input laser power. For instance,
at 5.8 mW, the tip temperature reaches over 530 K in less than 5 ms, whereas for
lower powers such as 1.33 mW, the maximum temperature remains below 400 K.
This behavior reflects the balance between laser-induced photothermal heating
and thermal dissipation through the cantilever and substrate. The exponential-

like rise suggests a first-order thermal time constant characteristic, governed by
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Figure 3.15: Laser-induced mechanical responses of the NEMSTENNA cantilever. (a)
Measured static deflection vs. time in the OFF—ON-OFF transients for 5.8 mW, 4.7 mW,

and 3.7 mW IR laser powers [93]. (b) Measured dynamic oscillation amplitude (Zgynamic)
vs. laser modulated frequency for different IR laser powers (1.33 mW to 6 mW).
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Figure 3.16: Experimental and COMSOL simulated steady-state displacement of the
cantilever free-end in the out-of-plane direction, z, after laser power OFF-ON switching
transient for different laser powers ranging from 1 to 7.5 mW. Spot radius is SR = 27.5 um
and gap distance is gg = 10 nm (Paper 2)(A.2) [89].

the cantilever’s heat capacity and thermal conductivity. The calculated thermal
time constant 7 is equal to 0.533 ms, which corresponds to a cutoff frequency
of 1.66 kHz, which is in agreement with Figure 3.17b. The characteristic time
constant is defined as:

_ c,pd
T=p = (3.6)

Given the following parameters (Papers 2 and 3)(A.2)(B.2)[89, 90]:

Cp,au = 129J/kgK,
Pau = 19280kg/m?,
h = 10° W/m? K.

For Au and Si3N,4 materials, the effective specific heat and density are:

. 129x 35 + 700 x 600

“p 35 + 600

= 668.5)/kg'K
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_ 19280 x 35 + 3100 x 600
a 35 + 600

Then, substituting into the time constant formula:

*

o

= 3991.8 kg/m?

., cppid
TS
For d = 20 um:
7" =0.533ms

These results highlight the dynamic thermal response of the device, which is
critical for understanding both the transient mechanical deformation and thermal
limits of the NEMSTENNA during operation.

When the laser is turned off, the cantilever relaxes back to its original position
as it cools. No permanent deformation was seen for the power levels used; the
process is repeatable and purely elastic/thermal.

The magnitude of the OTM deflection is much larger than the OEM deflection
in static conditions. For example, at 7.5 mW, we measured several nm of OTM
bending versus, at most, tens of picometers of OEM gap-closing (as inferred from
simulation) [89]. This means that if one looks at the total out-of-plane displacement
of the cantilever under a continuous laser, it is almost entirely due to photothermal
effect.

In summary, the opto-thermomechanical response of the NEMSTENNA man-
ifests as a heat-induced bending of the microcantilevers, which is a slow (thermal
time-limited) and significant deflection under CW illumination. It has been thor-
oughly analyzed via multiphysics simulation and confirmed by experimental data
[89, 93]. The OTM effect, while useful for bolometric sensors, is undesirable
here because it overwhelms the fast OEM signal. Nevertheless, understanding
this parasitic effect is crucial for interpreting the device behavior and for guiding
modifications to improve the overall performance. The next sections focus on the
opto-electromechanical response (OEM) — the very small but instantaneous de-

flection due to the induced electrostatic force — and how it compares to the OTM
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Figure 3.17: Thermal response of the microcantilever under IR illumination. (a) Simulated
temperature and static displacement at the cantilever free end as a function of IR laser
power, with spatial maps of temperature and displacement shown for the 5.8 mW case. (b)
Time-resolved temperature evolution at the cantilever tip for various laser powers, showing
faster saturation and higher steady-state temperatures at increased IR power.
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effect and other state-of-the-art devices.

3.6 OEM response: opto-electromechanical effect

The opto-electromechanical (OEM) response is the core transduction mechanism
of the NEMSTENNA:.: it is the deflection driven by the electrostatic force Fee in the
antenna feed gap, arising from the induced V. In contrast to the OTM bending,
the OEM deflection is much smaller in magnitude but can, in principle, operate at
high speed (limited only by mechanical dynamics, not by thermal inertia). Here we
analyze the OEM response based on simulation results from papers [44, 89-91]
(A.1), (A.2), (B.2) and (B.3) plus discuss the achieved deflection amplitudes and
the inferred responsivity.

In the original two-cantilever designs (A.1) and (A.2), the OEM effect causes
each cantilever tip to bend inward, reducing the gap. The displacement can be
thought of as the two free ends moving toward each other symmetrically (each
covering half the gap closure). The mechanical stiffness of the cantilevers is very
low (spring constant k. ~ 0.08 N/m for the 200 ym long beam [44]), which means
even a tiny electrostatic force can produce a measurable deflection. However,
because the induced Vg, is on the order of 1072 V, the force is extremely small.
From a parallel-plate capacitor model, one can estimate Fe. ~ %Vz

gap
g ~ 10nm and overlapping area A ~ 1x107'3 m? (100 nm x 1 um scale). Plugging

for gap

Vaap ~ 0.05 V, we get Fe on the order of 10 pN. Indeed, our detailed simulations
yielded electrostatic force magnitudes in the low pN range per cantilever at a few
mW laser power. Such a force, acting on a spring of k =~ 0.08 N/m, produces a
deflection Ax = F/k on the order of 107'° m, which is 0.1 nm. The COMSOL
coupled simulations (RF + electrostatic + solid mechanics) are more precise: they
predicted a static OEM displacement (cantilever tip deflection due to Fe.) on the
order of 0.01-0.1 nm for laser powers in the 1-10 mW range [44, 89], in accordance
to the back-of-envelope calculation. In one reported scenario, a 10 mW illumination

produced about 0.05 nm of gap closure [44]. For the maximum 7.5 mW used
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in experiments, the simulation gave roughly zopm =~ 50-80 pm (per cantilever
tip) [89]. These numbers mean the gap (initially 10 nm) would shrink by only
~0.1%, which is indeed a very small motion. Nonetheless, displacements in the
tens-of-picometer range are within reach of sensitive detection techniques (e.g.,
interferometry or capacitive sensing). They also indicate a responsivity on the
order of 1072 nm/mW in this static configuration — i.e., each milliwatt of optical
power yields 0.01 nm of deflection.

Interestingly, later design study anticipates a higher responsivity (B.2) and
(B.3). In [90], we projected a responsivity of about 0.67 nm/mW for an optimized
NEMSTENNA at 1.55 um (Paper 3)(B.2). This figure was of the same order as
some existing optomechanical detectors [42, 97] and was considered a promising
value. If we were to modulate the light at the cantilever’s resonant frequency
(17 kHz) and read out the vibration amplitude, we could amplify the motion by
the Q-factor of the resonance (which for a cantilever in air might be on the order
of a few tens). That could potentially raise the effective responsivity by that factor,
bringing it closer to the nm/mW range in a narrowband detection scheme. In this
chapter, however, we focus on steady-state (or quasi-static) deflection under CW
illumination for simplicity.

We implemented an iterative simulation scheme in (Paper 2)(A.2)[89] where
the RF and mechanical solvers were run in a loop: after a small deflection, the new
gap distance was used to recompute Vg,,, which in turn gave an updated force. This
iteration converges to a self-consistent deflected state; see the end of subsection
2.1.4. At low powers, the difference between this iterative solution and a simpler
one-way calculation (assuming constant V,,,) was negligible. At the highest power
(7.5 mW), the iterative method yielded about 78 pm deflection vs. 64 pm in the
non-iterative method — roughly a 20% increase due to the positive feedback of
narrowing the gap [89]. This shows that the electromechanical coupling is in the
weakly nonlinear regime: the device does soften the gap (making Vg, rise slightly)
as it deflects, but not dramatically at these power levels. At even higher power,

one could imagine more pronounced self-enhancement, or even a static pull-in if
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the force overcame the spring restoring force (though our device is far from that
regime with only pN forces). The safe operation range has a large stability margin;
the gap would need to be reduced from 10 nm to on the order of 1 nm to approach
instability, which is far beyond the ~0.01 nm deflections we have.

A major advancement in enhancing the OEM response came from design evo-
lution. In arecent work (Paper 4)(B.3) [91], we introduced a monolithic tuning-fork
optomechanical antenna that achieves significantly larger OEM motion. Instead of
two separate cantilevers facing each other vertically, this design uses two much
shorter nano-cantilever beams connected at a base (forming a tuning fork), which
deflect laterally toward each other under electrostatic force. This lateral configura-
tion is inherently stiffer out-of-plane (to resist OTM bending) but very compliant
in-plane. Simulations of the tuning-fork NEMSTENNA showed that with a similar
optical drive (1.55 um laser), the lateral deflection could reach tens of nanometers
(Paper 4)(B.3) [91]. In fact, for a device with a 100 nm gap and 7.5 mW input, a
lateral displacement over 13.5 nm was predicted (Paper 4)(B.3) [91], as shown in
Figure 3.18.

Even accounting that this is the sum of both arms moving (say each arm moves
6.5 nm inward), this is orders of magnitude higher than the 0.06 nm we had with
the original design. The key reasons for this improvement are: (1) a much lower
effective spring constant in the lateral direction for the nano-scale tuning fork
beams, (2) a larger initial gap (100 nm) that, while reducing V., somewhat, allows
more travel range without pull-in and also reduces capacitance loading, and (3)
incorporation of an optical transmission line so that the induced voltage is applied
effectively along a length of the beam, augmenting the force (the design in [91] has
the antenna integrated with a coplanar strip line that runs along the beams, so the
electrostatic attraction acts over an extended area, not just at the tip). The result is
a dramatic boost in OEM actuation: responsivity in that system can be estimated
around ~ 1.8 nm/mW (since 13.5 nm at 7.5 mW scales to 1.8 nm/mW), which far
exceeds our initial prototype (Paper 1)(A.1) and (Paper 3)(B.2).

In summary, the OEM response in our initial NEMSTENNA prototypes is a
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Figure 3.18: Lateral displacement in the x-direction, d,, vs. laser power. All simulations
have been performed for a laser beam excitation with 4 = 1.55 um and spot radius,
SR = 8 um (Paper 4)(B.3) [91].

small but quantifiable displacement that directly follows the optical excitation. It
is the fastest part of the response (in principle, the cantilever can respond up to its
resonant frequency, thousands of times faster than thermal effects). The deflection
amplitudes are on the order of 10—100 pm per mW in the static regime for the
first designs and 13.5 nm for 7.5 mW, translating to a maximum 1.8 nm/mW-scale
responsivity. While this is modest, it is within the realm of other experimental op-
tomechanical detectors, and importantly, it can be potentially amplified (through
resonance or design improvements). Our findings from papers [44, 89-91] col-
lectively show that the concept works (light generates an electrostatic force and
mechanical motion), and that there is room to optimize this effect. Table 3.6
(Paper 3)(B.2) [90] in the next section will place these numbers in context with
existing technologies. The challenge ahead lies in boosting the OEM signal while
suppressing the OTM background.
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3.7 OEM versus OTM comparison optomechanical

transducers

To compare the opto-electromechanical (OEM) and opto-thermomechanical (OTM)
effects, we define a figure of merit (FoM) as the ratio of the OEM deflection to the
OTM deflection under the same conditions, i.e. FoM = zogm/zor™m, Which quan-
tifies how “clean” the electromechanical signal is [89]. For a broad illumination
(laser spot radius ~ 27.5 um covering the whole cantilever), this FoM was found to
be much less than 1 —typically on the order of a few 10~3~10~? depending on power
— indicating that the parasitic thermal bending is roughly two orders of magnitude
larger than the useful motion [89, 93]. Using COMSOL Multiphysics simulations
and experimental validation (Paper 2) (A.2), the OTM deflection at Pj, = 7.5 mW
was approximately zorm = 25 nm, while the corresponding OEM displacement
was Zogm ~ 50 pm, giving a ratio of about 2 x 1073 for the largest laser spot radius.
As the laser beam is focused more tightly onto the nanoantenna (reducing the spot
radius from 27.5 ym to 14 ym and 8 pum), the OTM component drops drastically
to a few nanometers (zotm ~ 3 nm at 14 ym and = 0.7 nm at 8 um), while the
OEM deflection increases due to the enhanced optical power density at the feed
gap (zogm = 0.06—0.15 nm). Consequently, the FoOM improves nearly two orders
of magnitude, reaching ~ 2 X 10722 x 107!, as shown in Fig. 3.19 [89].
However, further analysis (Paper 3) (B.2) revealed that for very small spot
radii (< 4 um), the OTM contribution starts increasing again due to enhanced
localized heating, eventually reducing the FoM. In that work, the refined dual-
cantilever NEMSTENNA structure exhibited an optimum at SR = 4 um with
a maximum FoM = 0.04 (Fig. 3.20), which is roughly one order of magnitude
below the FoOM ~ 0.2 obtained in the previous design (Paper 2) (A.2). This
difference arises because, although the NEMSTENNA’s nanocantilever geometry
significantly enhances the OEM displacement per optical power (responsivity
~ 0.67 nm/mW versus ~ 0.007 nm/mW in the previous version), the associated

mechanical compliance also makes it more sensitive to thermally induced bending,
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Figure 3.19: OEM and OTM displacements and their corresponding OEM/OTM ratio as
defined by the FoM as a function of the laser spot radii, ranging from 8 to 27.5 um. Laser
power is Pj, = 7.5 mW and gap distance is go = 10 nm (Paper 2)(A.2) [89].

thus maintaining a similar or even lower OEM/OTM ratio overall.

Overall, focusing the beam can increase the FoM by roughly a factor of 2-3
in the current configuration, but the OTM response remains dominant in all cases.
This highlights a key design imperative: to truly capitalize on the faster OEM
mechanism, the parasitic OTM effect must be reduced as much as possible—either
through structural design or optimized measurement conditions. Possible mitiga-
tion strategies include (i) localizing the laser illumination to the nanoantenna feed
region rather than the entire cantilever, (ii) introducing structural symmetry (e.g.,
equal gold thicknesses on both sides or symmetric bimetallic layers) to cancel
uniform thermal bending, and (iii) employing differential operating modes, for in-
stance tuning-fork configurations as discussed in (Section 3.6) to cancel common-
mode thermal expansions. Implementing these optimizations would suppress the
slow, large-amplitude OTM response while preserving or even enhancing the fast
OEM actuation, thereby improving the FoM and overall detector performance for

NIR optomechanical applications.
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Figure 3.20: OTM and OEM responses (left axis) together with the figure of merit
FoM = zogm/zorM (right axis), as a function of spot radius SR. Nanocantilever dimensions
are [,, = 50 pum, t, = 600 nm, ta, , = 70 nm; and the laser power is 1 mW in all cases
(Paper 3)(B.2) [90].

3.8 Comparison with state of the art

We now compare the performance of our NEMSTENNA optomechanical antenna
to other state-of-the-art optomechanical transducers. Key metric of interest is
responsivity (displacement or signal per optical power). It should be noted that
the NEMSTENNA is a novel type of detector, so direct one-to-one comparisons
are not easily available; however, we can benchmark against devices with a similar
purpose, direct detection of NIR radiation via mechanical means. A benchmarking
analysis based on the responsivity, defined as R = 0x/Plaser, Was carried out
to evaluate and compare the transduction performance of our optomechanical
antennas including tuning-fork optomechanical NIR antenna, with that of state-
of-the-art optomechanical transducers [26, 44, 64, 89-91, 98—100]. The results of
this analysis are summarized in Table 3.6, where the responsivity R is provided.
At the optical communication wavelength of 4 = 1.55 um (f = 193.55 THz), our



3.8. Comparison with state of the art 98

recent design (Paper 4)(B.3) exhibits a responsivity of R = 1.8 nm/mW, showing

a clear improvement over our previous designs [44, 89, 90].

Table 3.6: Responsivity values of some of the state-of-the-art optomechanical transducers

[90, 91].

R (= zoEM/ Plaser) Units Frequency Wavelength Reference

1.8 nm/mW 193.55 THz 1.55 ym (Paper 4)(B.3) [91]
0.67 nm/mW 193.55 THz 1.55 ym (Paper 3)(B.2) [90]
6.7-1073 nm/mW 193.55 THz 1.55 um (Paper 2)(A.2) [89]
10-3 nm/mW 193.55 THz 1.55 um (Paper 1)(A.1) [44]
0.49 nm/mW 2.6 THz 115 pum [26]

24.8 - 100 nm/mW 324398 THz  92.6-75.4 um [98]
3-10% nm/mW 2.5 THz 120 pum [101]

1.5 - 102 nm/mW 2.5 THz 120 um [100]

In addition to higher responsivity, the present tuning-fork architecture offers
a remarkable improvement in immunity to parasitic thermal effects compared to
earlier optomechanical antenna designs [44, 89, 90]. In previous cantilever-based
structures, both the signal and the parasitic optothermal responses occurred along
the same vertical direction (z-axis), leading to partial masking of the desired
mechanical signal. In contrast, the current tuning-fork configuration introduces a
geometric and mechanical decoupling of these two effects: the optomechanical
signal manifests as a lateral displacement along the x-axis, while the thermally
induced bending due to the Au/SizNy bilayer occurs along the z-axis. As a result,
the thermal contribution does not interfere with the measured displacement ox,
substantially improving signal fidelity and measurement accuracy.

Other optomechanical devices employing a similar transduction principle
demonstrate comparable responsivity values but typically operate at much lower
EM frequencies (around 2.6 THz) [26]. On the other hand, when comparing our
device to optothermal transducers, i.e., devices based on an optically induced heat-
ing effect combined with a bimetallic mechanical bending, more than one order of
magnitude responsivity enhancements are found with respect to the present work
[98, 100, 101]. However, it is important to note that optothermal mechanisms inher-

ently produce slower temporal responses and narrower bandwidths due to thermal
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diffusion limits. In contrast, the direct optical-to-mechanical (OEM) transduction
mechanism exploited in our design enables significantly faster response times and
wider operational bandwidths, making it a superior approach for high-speed NIR
detection applications (Paper 4)(B.3).

In summary, NEMSTENNA offers high-speed, passive, frequency-selective
detection with a mechanical output. Its performance in terms of responsivity is
competitive with other experimental optomechanical detectors and THz MEMS
sensors, but it currently suffers from a large parasitic thermal background and a
non-scalable fabrication. The footprint is moderate, and with new designs (like the
tuning fork) the complexity can be reduced. The approach is advantageous when
one desires to avoid electronics at the sensor or when operating in regimes where
traditional sensors are too slow or not feasible. On the other hand, for mainstream
optical sensing (e.g. telecommunications or imaging), substantial improvements
in sensitivity and manufacturing would be required to make this technology a
viable alternative. Our ongoing work addresses some of these issues, aiming to
combine the fast, wide-band response of direct electromechanical transduction
with improved responsivity (through mechanical amplification and better antenna
design) and reduced thermal interference (through design/material changes). We
believe that by leveraging the strengths of plasmonic field enhancement and MEMS
tailoring, future optomechanical antennas could complement or even surpass cer-
tain state-of-the-art sensors in niche applications, especially where conventional
electronics reach their limits.

Finally, we emphasize that while the NEMSTENNA'’s performance is not yet
superior to all existing detectors in every metric, it introduces a new platform com-
bining plasmonics and NEMS. The results in this chapter demonstrate the viability
of this platform and provide a detailed understanding of both its capabilities and
challenges, setting the stage for future improvements that could leverage the best

of both electromagnetic and mechanical domains.






Chapter 4

Conclusions and Future Work

4.1 Conclusions

In this thesis, we introduced a novel near-infrared optomechanical nanoantenna
(NEMSTENNA) capable of converting 1.55 um light directly into mechanical
motion. We establish the underlying optoelectromechanical (OEM) transduction
mechanism and perform comprehensive design, simulation, fabrication, and ex-
perimental analysis to characterize the device’s operation. The main achievements

and findings of this work include:

* Concept and principle of operation: We developed and demonstrated
a novel near-infrared optomechanical nanoantenna (NEMSTENNA) device
capable of converting near-infrared (NIR) light directly into mechanical mo-
tion. The underlying physical mechanism was established: incident NIR light
excites plasmonic modes in a gold dipole antenna, generating a localized gap
voltage (Vgap) that induces electrostatic attraction and mechanical deflection.
This phenomenon constitutes the optoelectromechanical (OEM) effect. In
addition, a competing optothermomechanical (OTM) effect, arising from

photothermal absorption and bending, was identified and analyzed in detail.

* Design and simulation: Plasmonic gold dipole antennas were designed and
integrated on compliant silicon nitride (SizN4) microcantilevers, optimized
for resonance at the 1.55 ym telecom wavelength. Comprehensive COM-
SOL Multiphysics simulations were conducted, coupling electromagnetic,

thermal, and mechanical domains. The simulations revealed a pronounced

101
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antenna resonance at the design wavelength, a deep S;; notch correspond-
ing to a lower mode, and strong field confinement in the ~10 nm-100 nm
feed gap, which induced a significant Vg,p, voltage of the order of 10-100
mV, and electrostatic stress. Three different NEMSTENNA geometries were
investigated to evaluate resonance tunability, fabrication tolerances, and me-

chanical response.

* Fabrication: The nanoscale optomechanical antenna structures were real-
ized using focused ion beam (FIB) milling on gold-coated silicon nitride
(Si3Ny) cantilevers. The fabricated nanocantilevers exhibited a low spring
constant (~ 107! N/m), ensuring high mechanical compliance suitable for

optical actuation.

* Parasitic optothermomechanical (OTM) effects: Strong static deflection
was observed under illumination experimentally and in simulations, which
was attributed to photothermal heating of the gold/SizNy bilayer. The me-
chanical response exhibited a slow thermal time constant of the order of
0.533 ms, consistent with heat diffusion and bending mechanisms. Thermal
simulations and experimental calibration confirmed that the OTM effect is

dominant in the current device configuration.

* Performance analysis and figure of merit: A figure of merit (FoM =
zZoeM/zotm) Was defined to quantify the balance between direct OEM and
parasitic OTM effects. The current prototypes achieved a FoM =~ 0.04,
indicating that the OTM effect remains approximately 20—50 times stronger
than the OEM effect. Despite the dominance of thermal effects, the best
device, a tuning fork optomechanical antenna, demonstrated a maximum
static responsivity of 1.8 nm/mW, comparable to other NIR optomechanical

transducers reported in the literature.

* Benchmarking and comparative evaluation: The NEMSTENNA s dis-
placement responsivity was benchmarked against state-of-the-art NIR op-

tomechanical detectors, showing competitive values. Both simulation and
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fabrication data confirmed that improved gap control and reduced absorption

can substantially enhance the dominance of the OEM effect.

In conclusion, this thesis successfully established a proof-of-concept for di-
rect NIR optomechanical transduction and clarified its fundamental limitations.
By mitigating OTM effects, enhancing OEM forces, integrating on-chip optical
delivery, and adopting scalable fabrication approaches, NEMSTENNA devices
can evolve into fast and fully integrated NIR actuators. The results presented here
provide both a solid foundation and a roadmap for the continued development of

plasmomechanical transducers [44, 89-91].

4.2 Future Work

Future research should focus on overcoming the identified limitations and enhanc-

ing overall device performance. The following directions are proposed:

* Minimizing photothermal bending: Future design modifications should
aim to minimize photothermal bending. Possible strategies include em-
ploying symmetric or athermal cantilever stacks, using thinner or lower-
absorption metals, incorporating thermal isolation slots, or designing nar-
rower and thinner cantilevers to improve heat dissipation. Additionally, ap-
plying surface coatings could further reduce optical absorption. The overar-

ching goal is to decouple heating effects from mechanical deflection.

* Enhancing the direct OEM signal: To strengthen the direct OEM re-
sponse, smaller feed gaps (go — few nm) could be implemented to increase
electrostatic forces quadratically, though such fabrication presents technical
challenges. Driving the cantilever dynamically at its mechanical resonance
(in the kHz range) could amplify the OEM motion through the Q-factor
resonance while filtering out slower thermal responses. Furthermore, al-

ternative antenna geometries, such as bowtie or multi-gap configurations,
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may enhance field concentration and transduction efficiency. The ultimate

objective is to increase the figure of merit (FoM = zopm/zorMm) beyond unity.

* On-chip optical delivery: Integrating on-chip delivery of NIR light via
waveguides or fibers would eliminate free-space alignment losses and im-
prove optical efficiency. Such integration would also enable scalable ex-
citation of NEMSTENNA arrays, advancing practical device packaging,

reliability, and robustness.

* Transition to CMOS-compatible fabrication: Transitioning from FIB-
milled prototypes to lithographic, CMOS-compatible fabrication processes—such
as electron-beam or nanoimprint lithography with MEMS materials—would
enable wafer-scale production and array-level fabrication. This approach
would allow integration with on-chip electronic readout and control systems,
ultimately leading to fully integrated optoelectromechanical NIR detection

chips.

4.3 Scientific contributions of the author

The work presented in this thesis has resulted in several peer-reviewed journal

publications and international conference contributions.

4.3.1 Publications

4.3.1.1 Journal publications

1. D. Khosh Maram, X. Borrisé, J. J. Garcia-Garcia, R. Ruiz, X. Cartoixa, G.
Abadal, “Design and fabrication of an opto-mechanical antenna in the NIR
range,” Micro and Nano Engineering, vol. 23, p. 100241, Elsevier, June
2024.

DOI: 10.1016/j.mne.2024.100241
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In this study we present a novel device for the direct transduction of optical radiation in the near-infrared region
into mechanical actuation, which is based on a plasmonic optical nanoantenna integrated in a microcantilever.
We propose and demonstrate the feasibility of a simple fabrication process consisting in the nano-tailoring of a
commercially available Atomic Force Microscope (AFM) cantilever by means of the Focused Ion Beam (FIB)

milling technique. Furthermore, the comprehensive analysis of the device performance characteristics included
in this work reveals the different sensitivity values of these characteristics to the fabrication process tolerances of
the most relevant geometric design parameters.

1. Introduction

The concept of MEMSTENNA, a term derived from MEMS (Micro-
Electro-Mechanical Systems) and antenna introduced in previous works
by R. Ruiz et al. [1-3], has demonstrated to enable direct transduction
from the electromagnetic domain in the radiofrequency range to the
mechanical domain, within the feed-gap of radiofrequency antenna
structures. In such MEMSTENNA devices, both static and dynamic
actuation is remotely achieved, so that capacitive MEMS structures are
mechanically excited without any reliance on a local power supply. An
extension of the MEMSTENNA concept to the 1-10 THz frequency range
was proposed previously by C. Belacel et al. [4] as a novel THz detector,
whose operating principle is also based on the direct transduction from
the electromagnetic domain to the mechanical domain. Unlike other
THz bolometric detectors based on MEMS structures, such as clamped-
clamped beam resonators [5], clamped-free beams with an absorbing
metasurface [6] or clamped-clamped beams driven by dielectric forces
[71, direct transduction allows to enhance the THz detector frequency
response at room temperature, since thermal domain is not present in
the transduction mechanism. Other examples of electromagnetic to
mechanical direct transduction are found in the optical range. In cavity
optomechanical systems, for instance, direct light matter interaction,
which is in the basis of atom cooling foundational works [8], is used to
amplify to the self-sustained level or to cool-down to the ground state
the vibrations of a mechanical oscillator [9]. In most of the cases, cavity

* Corresponding author.
E-mail address: daniyal.khoshmaram@uab.cat (D.K. Maram).

https://doi.org/10.1016/j.mne.2024.100241

optomechanical devices consist of Fabry-Perot interferometers built
using highly reflective MEMS membranes [10], but more complex
structures such as wine glass mode NEMS resonators [11] or suspended
photonic crystals [12] have demonstrated to show quantum effects
related to photon-phonon interaction.

On the other hand, optical nanoantenna technology [13,14] emerged
as a promising alternative to semiconductor detectors [15] and photo-
voltaic energy harvesting transducers [16-18]. However, here again,
slow time constants of the thermal mechanisms involved in bolometric
detection schemes [19] limits the frequency response of these optical
nanoantenna detectors, and optical rectenna configurations based on the
combination of an optical nanoantenna and a fast integrated rectifier are
limited by the impedance mismatch of the antenna and the diode
rectifier [20].

In the present study, we propose to extend the MEMSTENNA concept
to the near-infrared (NIR) optical frequency range, in order to keep the
advantage of direct transduction in terms of frequency response [1-3],
namely to get a faster response of the device and a wider frequency
bandwidth than traditional bolometric based detector of radiation,
which are based in a slow opto-thermally induced mechanical actuation
effect. We name the novel device with the new term NEMSTENNA,
denoting the fusion in this case of a plasmonic optical nanoantenna [21]
with a MEMS structure. A NIR NEMSTENNA has applications beyond the
optical sensors field as the fast transducer of a wide bandwidth NIR
detector, in, for instance, the actuators area. Here, for example, the NIR

Received 17 November 2023; Received in revised form 23 February 2024; Accepted 2 March 2024

Available online 4 March 2024

2590-0072/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).



D.K. Maram et al.

NEMSTENNA can be used as the basic element of a nano-switch or a
nano-relay actuated remotely by a NIR control signal. Since the IR ra-
diation can be used as the control switch-on and switch-off signal but at
the same time as the power means, NEMSTENNA would enable a
wireless and batteryless switch/relay nanodevice. A switch/relay with
these characteristics can benefit by its reduced dimensions and power
autonomy to be integrated, for instance, in implanted microsystems
where the use of batteries becomes an issue. In following, this study has
been outlined. In section 2, we present the NEMSTENNA device layout
and the transduction mechanisms involved in the operation principle.
Section 3 covers the fabrication process and presents results concerning
the geometry characterization of the fabricated structures. In Section 4,
we delve into a sensitivity analysis of both S;; resonance and gap
induced voltage vs. frequency conducted using COMSOL, along with
discussions on NEMSTENNA deflection and gap voltage induction
within varying gap distances.

2. Device structure and working principle
2.1. Opto-mechanical antenna structure

Our proposed device structure consists of a NIR optical dipole
nanoantenna (A = 1.55 pm) integrated in one of the metal sides of the
free-end of two Au-coated silicon nitride triangular microcantilevers, as
shown in Fig. 1. The dipole nanoantenna geometry is defined by its two
components' length and width (L;, Lp, W) as well as the dimensions of
the supporting arms (Larm1, Larm2, W2) which connect the dipole com-
ponents to the microcantilevers. Notice that the cross shape is a geom-
etry that allows to define the dipole in one direction (the polarization
direction of the IR linearly polarized beam) and the supporting arms
connected to the dipole in the feed-gap area in the perpendicular di-
rection, in order not to interfere the dipole behaviour. The SizN4
thickness in the nanoantenna area is also considered as a design
parameter. Both components of the nanoantenna are parallelly placed at
a gap distance in an overlap area in the feed region of the antenna,
defining a transduction capacitance that will electrically load the
nanoantenna (Fig. 1).

2.2. Opto-mechanical antenna working principle

The working principle of the opto-mechanical antenna hinges upon a
well-defined transduction chain. Specifically, when the nanoantenna is
exposed to a resonant radiation source (a NIR laser with Ayg = 1.55 pm
—fnir = 193.41 THz-, for instance), a voltage denoted as Vg, is induced

.Au (35 nm)

Wi~
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within the feed gap region of the antenna. This induced voltage stems
from the interaction between the incident radiation and the plasmonic
optical nanoantenna, and is an ac voltage with the same frequency of the
exciting radiation (fyjg = 193.41 THz), as described by the following
equation:

Vgap = V()'Sin(leRt) (1)

Using Eq. (2) [22,23], we can calculate Vg, from the electric field in
the feed gap region by the integration of this electric field E along the
gap distance.

Vep = — / EdTl )
8gap

Subsequently, this voltage Vgap will induce an electrostatic force.
This force will be applied at both components of the nanoantenna dipole
in the gap region and, eventually, it will produce their mutual attraction
(see Fig. 2). Remarkably, this electrostatic force exhibits a nonlinear
relationship with the voltage Vgap as shown in Eq. (3) [2]:

£0AV?
Fee :#"2, 3)
2(g0—z —22)

where A is overlapping area, ¢ is the air dielectric constant, Vg, is the

NIR laser OFF

__ﬁ

NIR laser ON

Fig. 2. Actuation principle of the opto-mechanical antenna.

NIR optical N

nanoantenna

Fig. 1. Schematic top and side views of the proposed structure including nano-antenna and microcantilever.
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induced voltage within the gap area, g is the gap distance, z; and z; are
the deflections of each one of the beams and F,, is the electrostatic force.
This nonlinearity leads to the emergence of a DC component of the force,
which can be obtained by combining Egs. (1) and (3):

€0A
F, = 072~(V0sin(wzv11ef) )?
2(g0 — 21 — 22)
€AV2 {1 1 }
=0 - —cos(oygt) &
2(g0 — 21— 22)2 22

Thus, the first term in the right side of Eq. (4) corresponds to the DC
component of the force:

€0A Vg

__ ()
4(80 — 21— Zz)z

Feepc =

This resultant DC component of the electrostatic force is applied
within the overlap region of the antenna structure and consequently it
also induces a mutual attraction between both microcantilevers at their
free ends, since they are mechanically attached to the nanoantenna
through the connection arms.

The second term in the right side of Eq. (4) corresponds to an ac
component of the force at a frequency twice the radiation frequency
(2-0nN1R), that will not induce any significant mechanical vibration on the
microcantilevers, since both the excitation force (hundreds of THz) and
the natural vibration frequency (tenths of kHz) of the microcantilevers
are orders of magnitude different.
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3. Fabrication process

The fabrication process of the optical nanoantenna is carried out on
the free end of tipless Atomic Force Microscope (AFM) microcantilevers,
which are commercially available [24]. These cantilevers, characterized
by their triangular geometry, as shown in (Fig. 1 and 3a), serve as the
fundamental starting point for the subsequent nanoantenna integration.
The structural material is 600 nm thick silicon nitride (SisN4) with a 70/
35 (top/bottom) nm thick Cr/Au coating layer. The V-shape structure is
geometrically defined (Fig. 1) by the base width, wy, arm length, 1. and
arm width, w,, and is supported by a Pyrex anchor. Nominal resonance
frequency and spring constant are 17 kHz and 0.08 N/m respectively.
After turning upside down the microcantilever (Fig. 3.b), the first step
involves the local removal of the 70 nm Cr/Au layer and the subsequent
thickness reduction of the silicon nitride (SigN4) layer in a limited area at
the free end of the cantilevers (Fig. 3c), by means of the FIB (Focused lon
Beam) milling nanolithography. In this first FIB step, the ion beam is
scanned using a low Ga' beam current (700 pA) and a fast scan speed (1
s/scan) to avoid the redeposition of material and get a sort of brushing
effect on the cantilever surface. A systematic calibration of the etch rate
in previous conditions gives a value of around 33 nm/min which is
translated to a resolution of the SigN4 vertical etching process of 5-10
nm. However, as SigNy thickness is reduced below 50 nm, the structure
starts to be unstable and bending collapse is finally produced, probably
due to residual stress of the Au layer. So, 50 nm is a reliable lower limit
of the Si3Ny thickness. After that, FIB milling is also employed to pre-
cisely define the structure of one of the nanoantenna's components. This
is achieved through the complete removal of both the SizNy4 layer and
the underlying bottom 35 nm thick Cr/Au layer (Fig. 3d). In this second

(a)

M c/au(350m top, 70 nm bottom)
B i, (600nm)
B Pyrex (500 um)

e

Lateral view Top view

(b)

-_>

(c)

D -

(d)

-__)

(e)

o —

e

>

Fig. 3. FIB based fabrication process steps of the proposed structure: (a) Initial AFM microcantilever structure, (b) microcantilever flipping, (c) local FIB milling
thickness reduction, (d) local FIB milling half nanoantenna definition and (e) NEMSTENNA final build-up.
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FIB step, higher beam currents (3 nA) and slower scan speeds (10 s/scan)
are used to enhance the etching throughput. However, in this case, these
values, together with the beam aperture, are progressively reduced in
order to increase the lateral etching resolution as we approach the final
lateral dimensions of the antenna structure. In standard conditions, the
fabrication tolerance associated to the lateral milling resolution would
be around 10-20 nm. However, this value is increased to a maximum
level of 50 nm due to lateral drifts and fluctuations of the suspended
cantilever structure which is subjected to the charging effects of the
SisNy4 layer. Alternative nanofabrication techniques as e-beam lithog-
raphy (EBL), that would tighten the fabrication tolerance to 10 nm or
below, would only be applicable if the antenna fabrication steps were
included in the whole cantilever fabrication process.

FIB process implies an approximately 2 pm reduction in the canti-
lever length, translating into a 1% length reduction in this case, which
consequently produces an increase of 2.8% in the spring constant and
1.8% in the resonance frequency. This process is repeated to define the
second nanoantenna component in the very end of a second AFM
microcantilever. Once the two components of the NEMSTENNA have
been fabricated, one of them is flipped upside down and both are
carefully placed, each bearing its nanostructured tip, in close proximity
to each other (Fig. 3e) to complete the nanodipole antenna of the
NEMSTENNA device. SEM images of Fig. 4 show the structural details
and dimensions of a fabricated prototype of NEMSTENNA along its
fabrication process described above. In particular, the transformation of
the AFM microcantilever free end after silicon nitride thickness reduc-
tion (Fig. 4.a, corresponding to step c in Fig. 3), as well as the half
nanoantenna definition (Fig. 4.b, corresponding to step d in Fig. 3) are
shown.

Fig. 4. SEM images of a fabricated NEMSTENNA prototype after (a) step c (see
Fig. 3.c) and (b) step d (see Fig. 3.d) of the fabrication process.
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4. Results and discussion
4.1. Simulation conditions

After demonstrating the fabrication of a NEMSTENNA structure, we
have carried out an optimization process to tune the nanoantenna to the
A = 1.55 pym wavelength. Besides, we have performed a detailed sensi-
tivity analysis of the most important NEMSTENNA characteristics to the
dispersion of the fabrication parameters, to elucidate which are the most
critical parameters that could mainly affect the performance of future
fabricated devices.

To obtain a good prediction of the transduction response of the
NEMSTENNA needed to optimize its performance and analyse its
sensitivity to the fabrication tolerances, we have modelled and simu-
lated the NEMSTENNA using COMSOL multiphysics simulation setup.
Specifically, to follow the phenomenological sequence described in
section 2.2, we have first modelled and simulated the optical nano-
antenna part of the NEMSTENNA by means of the COMSOL multi-
physics RF module to obtain, among other parameters, the nano-
antenna voltage in the feedgap, Vg,p. Next, we have coupled the RF
module to the electrostatics and solid mechanics through this nano-
antenna feed gap voltage, to obtain the mechanical deflection of the two
microcantilevers, as the main simulation output. On the one hand, RF
simulation conditions are characterized by the definition of a lumped
port or a Gaussian laser beam as excitation sources, depending on the
analysed output magnitude. Thus, to obtain the S;; frequency response
of the nanoantenna, lumped port excitation is needed, whilst a gaussian
beam excitation is more convenient to calculate the feed gap voltage.
Geometry characteristics and material properties used in the simulations
are provided in Table 1 and Table 2, respectively. Values reported in
Table 1 are mainly obtained from the microcantilevers datasheet [24],
from SEM images shown in Fig. 4 and from the nanoantenna optimiza-
tion to 1.55 pm wavelength process described below. Among the prop-
erties reported in Table 2, the most important, and not specified there,
are the permittivity vs. wavelength (e,()), which are inferred from [25],
and correspond to Johnson and Christy (for Au) and Luke et al. (for
SigN4) experimental data. The simulation procedure involves con-
structing a 3D model of the NEMSTENNA design and considering a
perfect match layer (PML) boundary condition [26] as an outer layer of
the simulation box. In addition, the NEMSTENNA is surrounded by air
including the gap area. Furthermore, a high mesh refinement has been
taken into account in the gap area [22]. For the focused laser beam the
paraxial approximation of a Gaussian beam has been used, and the laser
power and beam radius are between 10 mW and 500 mW and 27.5 pm,
respectively.

Table 1

Geometry dimensions of the NEMSTENNA device used in COMSOL simulations.
Parameter Value
Dipole arm length (Laymi/Larm 2)*, um 0.72/0.75
Dipole arm width (wz)*, um 0.1
Dipole length (L;/Ly)*, um 0.82/0.85
Dipole width (w;)*, um 0.1
Dipole gold thickness (tza)**, um 0.035
Dipole silicon nitride thickness (tq)***, um 0.14
Cantilever length (I.)**, um 200
Cantilever width (w.)**, um 28
Cantilever base width (wp)**, ym 184
Cantilever spring constant (k.)**, N/m 0.08
Cantilever silicon nitride thickness (tg.)**, um 0.6
Cantilever gold thickness (tg.)**, um 0.07
Capacitive gap (go)*, nm 10
Overlapping Area (A)*, |.1m2 0.01
Dipole resonant wavelength/frequency (fy), um/THz 1.55/193.41

* From optimization at 1.55 pm.
™ From [24].
" From SEM images of Fig. 4.
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Table 2
Material properties used in our NEMSTENNA COMSOL design and modelling.

Parameter Air Gold Silicon Nitride
Young Modulus E, (Pa) - 79 x 10° 250 x 10°
Poisson's ratio v - 0.44 0.23

Density p, kg/m> 19,300 3100

Relative permittivity &, 1 & (1) & (1)
Electrical conductivity o, (S/m) 0 45.6 x 10° 0

To examine the NEMSTENNA deflection in a steady-state response,
the study started with the RF design module and it ended using elec-
tromechanical forces multiphysics (including coupling between solid
mechanics and electrostatics physics). First, nano-antennas, located on
the tip of the cantilevers, were excited using a Gaussian laser beam to
generate the Vg, induced voltage. Then, this calculated voltage was
employed as an input for the electromechanical forces multiphysics
approach, integrating solid mechanics and electrostatics physics. To
simulate the system, a dynamic approach was taken, utilizing a moving
mesh within the simulation box that housed the NEMSTENNA in an air
environment, which prevented non-convergence issues. Convergence
was achieved using COMSOL segregated solver for observing stationary
steady-state responses, while accounting for geometric nonlinearity in
the simulation.

4.2. Optimization and tolerance analysis

4.2.1. Design of the optimum nanoantenna

Prior to the tolerance analysis, we have designed the nanoantenna to
optimize Sy; at 1.55 pm (193.41 THz). In this process, L1, L2, Larmi,
Larm2 and W1—W, are taken as free parameters for optimization, while
SigNy thickness is supposed to be 140 nm, as observed in SEM images of
Fig. 4. The gap distance is initially fixed to go = 10 nm. Thus, deepest S1;
notch is achieved for L; = 820 nm, Ly = 850 nm, Laym1 = 720 nm, Layma
=750 nm and W; = W3 = 100 nm as shown in Fig. 5a (bold blue curve).
It is worth to note that the nanoantenna design is not optimized in terms
of receiving efficiency, since the large mismatch between the illumina-
tion spot area (2.4~10’9 mz) and the nanoantenna aperture (1‘6~10’13
m?) implies that only the 1.6-1073% of the radiated power is harnessed
by the nanoantenna. In future applications, such an efficiency can be
improved by arraying several nanodipoles in parallel, to extend in the
transversal direction the effective area of the device.

-2
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4.2.2. Tolerance analysis of the nanoantenna

Once the optimum dimensions have been found, an analysis of the
fabrication tolerance effects on the S;; vs. frequency curves has been
also carried out. In this analysis, we have considered 50 nm as an upper
limit of the geometry tolerance, which is given by the resolution of the
particular FIB milling process we have used. The results of this analysis
are summarized in Fig. 5a. As it can be observed, if L; and Ly optimum
values are deviated simultaneously along the same direction by 50 nm,
which corresponds to the two worst cases, the S;; notch is produced at
190 THz (L; + 50 nm and Ly + 50 nm) or 200 THz (L;-50 nm and L,_50
nm), as shown in the dark cyan and gray curves in Fig. 5.a, respectively.
Alternatively, if we suppose that the excitation radiation cannot be
tuned to the nanoantenna resonance and its frequency is fixed to 193.41
THz, then a change in S;; from —22 dB (optimum L; and Ly) to —9 dB
(L1-50 nm and L,-50 nm) or — 14 dB (L1 + 50 nm and L, + 50 nm) will
be produced at the excitation frequency.

Given the relevance of the feed gap voltage, Vyap, in the transduction
mechanism of the NEMSTENNA, we have also analysed the fabrication
tolerance effect on this magnitude. The results of this analysis are por-
trayed in Fig. 5b, which are obtained by taking a radiation power of 500
mW, as considered a moderately high limit of experimentally achievable
laser source. As expected, we first notice that the optimum Vg,, vs.
frequency curve has its peak at the same frequency that maximizes S;, i.
e. the design frequency 193.41 THz. In other words, both Sy; and Vgap
get their maximum simultaneously. Also as expected, we find that the
effect on Vg, of L and L, worst case deviations is like the effect
observed in Si3. In this case, however, voltage Vg, is increased to 100
mV (20 mV up from the optimum 80 mV value), which suppose an
improvement, when deviation on L; and Ly is in the reduction direction
(L1-50 nm and L>-50 nm). Such an increase of Vgap, which does not
correspond to an increase of the S;; notch depth, is probably produced
because the matching between the dipole impedance and the free space
impedance is better than the matching between the dipole impedance
and the 50 Q of the port used to calculate S;;. In the other worst case (L1
+ 50 nm and Ly + 50 nm) voltage is reduced to 40 mV. From this
analysis we can derive a maximum sensitivity value of 0Vgp/dL1 o =
—0.4 mV/nm at f = 193.41 THz.

On the other hand, we have been also interested in analysing the
sensitivity of Vg, to the Si3Ny4 layer thickness in the nanoantenna. The
resulting data of this analysis are shown in Fig. 6, which are obtained for
500 mW of laser power. As it can be observed, Vg, is almost insensitive
to SigNy thickness variations between 350 nm and 600 nm, but presents

1 20 T T T T T T T T
—v—L;-50 nm, L,-50 nm
/. ——A=—1L,-50 nm, L,
=—0—1L;-50 nm, L,+50 nm
—%—L,, L,-50 nm
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—b>—L,, L,+50 nm
—+—L,+50 nm, L,-50 nm
L;+50 nm, L, 7
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2\ ¥
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Fig. 5. Frequency response of S;; (a) and Vg, (b) obtained from COMSOL simulation, for 8 different values of L; and L, around the optimum case. Laser power is

500 mW and gap distance is go = 10 nm.
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a maximum sensitivity of Vgap/0tsizng = —0.16 mV/nm around 200 nm.
On the other hand, according to the curve of Fig. 6, the optimum SigNy4
thickness that maximize Vg,, is around 125 nm, which is above the
7 lower fabrication limit of 50 nm.

920

—0— 500 mW Laser power -

* } 4.2.3. Tolerance analysis of the NEMSTENNA opto-mechanical response
< 70 \ ] Finally, afi i i i i -
y, after coupling RF, electrostatics and solid mechanics mod
E \ 7 ules in a multi-physics setup, we have calculated the feed gap voltage,
- 60F 0\ _ Vgap, and the microcantilever deflection induced by the electrostatic
a ) force in terms of the cantilever free end displacement, for different
> 9 initial gap distances and for three different laser powers: 10 mW as the
50+ 0\0\ b maximum power achievable in our experimental setup in the DUT
°‘°~o-o_ ® _ (Device Under Test) position, 100 mW as an intermediate value and 500
-°“°'°"0-o mW as the upper limit of experimentally achievable power. This
] calculation has been carried out for the optimum case (L;,Lp), for the
7 upper deviation case (L; + 50 nm and Ly + 50 nm) and for the lower
30 L 1 I 1 1 L deviation case (L;-50 nm and Ly-50 nm). The corresponding family of

10 200 300 400 500 600 curves are shown in Fig. 7.a, Fig. 7.b and Fig. 7.c, respectively.

. . In accordance with the findings outlined in section 4.2.2, the appli-
S13N4 thickness (nm) cation of a laser beam with a power of 0.5 W and a wavelength A = 1.55
pm, yields a Vg, of 84 mV within the nanoantenna feed gap, as depicted
in Fig. 7.a, for an initial gap go = 10 nm. In these conditions, the induced
free end displacement of the cantilevers is around 0.02 nm, which is
unpractical since it is too close to the detectability limit. Notably, while
it is apparent that in the lower deviation case (L;-50 nm, L,-50 nm) a
higher gap voltage can be generated, 110 mV at f = 200 THz and 100 mV
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Fig. 6. Vg,; vs SizNy thickness at 193.41 THz (A = 1.55 pm) for a laser power of
500 mW and a gap distance of go = 10 nm.
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Fig. 7. Free end displacement (dashed lines referred to right y-axis) of one of the microcantilever components and gap voltage (symbol-continuous lines referred to

left y-axis) as a function of the different feed gap distances of the nanoantenna for the optimum case (L;, Ly) (a), the lower deviation case (L;-50 nm, L,-50 nm) (b),
and the upper deviation case (L; + 50 nm, L, + 50 nm) (c) at 193.41 THz (4 = 1.55 um), for 3 different laser power values 10, 100 and 500 mW.
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at f = 193.41 THz, it cannot be considered an optimal configuration
because, in comparison to the optimum case (L1, Lp), it corresponds to a
resonance frequency, in the vicinity of 200 THz, which means that it
exhibits a deep notch and resonance at this higher frequency rather than
the targeted 193.41 THz. Therefore, if the (L;-50 nm, L,-50 nm) di-
mensions were chosen, it would come at the cost of having a lower S1;
value at 193.41 THz, given that the deepest notch occurs not at 193.41
THz but at a higher frequency near 200 THz. Moreover, the increase of
Vgap obtained in the lower deviation case does not imply a significant
increase on the cantilevers free end displacement, which is only grown
from 0.02 nm to 0.03 nm, as it is observed in Fig. 7.b. In Fig. 7.c the
results of the upper deviation case (L; + 50 nm, Ly + 50 nm) are pre-
sented. In this least favourable scenario, characterized by the lowest
induced voltage and a shift in resonance frequency to a lower value,
approximately at 190 THz, the cantilever free end displacement is
dramatically reduced to 3 pm, as illustrated in Fig. 7.c.

On the other hand, according to Eq. (3), the electrostatic force and,
consequently, the induced free end cantilever displacement can be
increased by reducing the initial gap distance, go. This trend, which can
be observed in all free end cantilever displacement curves in Fig. 7, is
even enhanced when pull-in conditions are achieved, as indicated by the
abrupt displacement change observed for a gap distance around gy = 2
nm. In summary, if the NEMSTENNA is illuminated by a high laser
power (500 mW), a detectable 0.02-0.03 nm cantilever free end
displacement can be induced for an initial gap distance of go = 10 nm, in
both the optimum and lower deviation cases. This displacement is
reduced to a fully unpractical 3 pm in the upper deviation case. How-
ever, even in this least scenario, a reduction of the initial gap to go = 2
nm or below produces an increase of the cantilever free end displace-
ment up to 0.1 nm, that reaches up to 1 nm in the most favourable cases.
Note that in such cases, the displacement for an initial gap go = 2 nm is
limited to 1 nm by the collapse of the cantilevers produced by the pull-in
effect. Similarly, for an initial gap go = 1 nm the displacement is limited
to 0.5 nm.

On the contrary, if the laser power is at the level of our current
experimental setup (10 mW), then only the optimum and lower devia-
tion cases would reach a displacement over 0.01 nm when the initial gap
has the most favourable value of gy = 2 nm. It is worth to notice that, in
practice, the gap distance in the feed gap area of the nanoantenna can be
adjusted and controlled with a resolution below 1 nm using a state-of-
the-art 3D nanopositioner, that can even allow the tuning of the over-
lapping distance too.

5. Conclusions

In conclusion, our study explores a novel device that directly con-
verts near-infrared optical radiation into mechanical motion. Utilizing a
plasmonic optical nanoantenna integrated within a microcantilever, we
demonstrate a feasible fabrication process using Focused Ion Beam (FIB)
milling. Our analysis reveals the sensitivity of device characteristics to
fabrication tolerances, expanding the MEMSTENNA concept into the
near-infrared range. The effect of the excitation power, the SisN4
thickness and the feed gap distance on the NEMSTENNA mechanical
response in terms of cantilevers deflection has been analysed. A me-
chanical response of 0.01-0.1 nm, which is clearly inside the detect-
ability range, makes the designed NEMSTENNA for 1.55 pm appropriate
as a proof of concept demonstrator, but unsuitable for practical pur-
poses. Thus, a refinement of the NEMSTENNA design is still needed. This
innovative device offers remote actuation through the conversion of
electromagnetic signals into mechanical movement, presenting a
promising avenue for energy-efficient applications in opto-mechanical
systems which could be investigated in upcoming research.
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This paper investigates the impact of the opto-thermomechanical (OTM) parasitic response of an optomechanical
nanoantenna on the main opto-electromechanical (OEM) transduction mechanism involved in the near-infrared
(NIR) radiation detection. Through comprehensive experimental and computational analyses, we have modelled
how this parasitic effect overlaps with the desired opto-electromechanical response. Utilizing COMSOL Multi-
physics, we have simulated thermal, optical, and mechanical interactions within the optomechanical structure.
Our findings indicate that the parasitic OTM effect significantly influences the device’s mechanical deflection,
driven primarily by localized heating at the microcantilever’s free end. Experimental data validates simulation
results, demonstrating the parasitic response’s dominance over the intended functionality. A figure of merit
(FoM), defined as the ratio between the transducing OEM signal over the parasitic OTM response has been
defined to quantify the performance of the optomechanical nanoantenna detector, as well as to propose geometry

design improvements to optimize this performance.

1. Introduction

Micro Electro Mechanical Systems (MEMS) is a well stablished
discipline that emerged as a cornerstone technology for a wide range of
applications, leveraging their ability to integrate electrical and me-
chanical components at the microscale [1]. These systems rely on
electromechanical transduction mechanisms, which convert signals and
energy from the mechanical into the electrical domain and vice versa, to
enable functionalities such as sensing [2], actuation [3], and energy
harvesting [4]. Among the wide range of transduction mechanisms that
make such conversion processes possible, thermal [5], piezoresistive
[6]1, piezoelectric [7], electrostatic [8], and magnetomotive [9] are the
most commonly used. Although MEMS technology has reached a level of
maturity for long time now that allows us to find it in daily consumer
electronics devices [10] or healthcare [11] and industrial [12] appli-
cations, new challenges such as MEMS computing [13], MEMS-based
neurotechnology [14] or 3D-MEMS technology [15] are still being
faced in the frontiers of this field.

In particular, RF-MEMS sub-technology initially devoted to the
interaction of MEMS with electromagnetic radiofrequency (RF) radia-
tion [16] is being extended in the recent years to the terahertz and op-
tical domains to bring forward new applications in tuneable THz
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E-mail address: daniyal.khoshmaram@uab.cat (D.K. Maram).
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metamaterials [17], imaging [18] and uncooled IR detection [19].

In terms of signal reception, MEMS technology has also seen con-
tributions from cutting edge examples such as the nanotube radio [20],
where a single carbon nanotube was used as a mechanical antenna that
integrated also the demodulator and the speaker of a complete AM
reception system. Later, RF signal detection was also demonstrated with
a much simpler mechanical antenna based on an unpolarized micro-
cantilever [3] and the new mechanical antenna topic was born, inspired
by Jensen’s work, showing promising capabilities in the Low Frequency
(LF) [21] and Very Low Frequency (VLF) [22] telecommunications.

In earlier research, R. Ruiz et al. [23-25] investigated a novel me-
chanical antenna concept called MEMSTENNA, that combined an an-
tenna component with a resonant MEMS. Through the use of
MEMSTENNA technology, radiofrequency electromagnetic energy can
be directly converted to mechanical motion. C. Belacel et al. [26]
applied the MEMSTENNA concept to the 1-10 THz frequency range and
proposed a new type of THz detector that directly transforms electro-
magnetic signals into mechanical responses. The authors demonstrate
the improvement in frequency response at room temperature of this THz
detector by avoiding the thermal mechanisms commonly found in other
types of THz bolometric detectors [27-29].

Very recently, a preliminary study of an extension of the
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MEMSTENNA concept to the optical domain has been published by the
authors [30]. In that work, the design and fabrication process of a NIR
NEMSTENNA, a combination of a dipole optical nanoantenna with
commercial microcantilevers, was first presented. In that same work, a
detailed analysis of the opto-electromechanical transduction mechanism
was also reported, showing that such NEMSTENNAS exhibit mechanical
responses in the 0.01-0.1 nm range, but the parasitic impact on the
device performance of the thermally induced deflection of cantilevers by
bimetallic effect was neglected and not included in the analysis. In this
article, on the one hand, the opto-thermally induced deflection of the
cantilevers has been calculated and validated experimentally in order to
predict its effect on the opto-electromechanical signal. On the other
hand, an improved version of the NEMSTENNA based on an optimized
nanodipole geometry which maximizes the electrostatic transducing
voltage in the feed gap of the nanoantenna has been designed. The
article is organized in the following way: In Section 2, the opto-
mechanical nanoantenna device NEMSTENNA), which is a combination
of a dipole nanoantenna integrated in the free end of two mechanical
microcantilevers, is defined. It is also discussed how the device operates
and the mechanisms that initiate transduction. Next, the nanoantenna’s
design is described in Section 3, along with results of the optimal ge-
ometry. In Section 4, we examine the COMSOL prediction of the me-
chanical response, which includes opto-electromechanical (OEM) and
parasitic opto-thermomechanical (OTM) features. Finally, we also
define the optomechanical nanoantenna design’s Figure of Merit as the
ratio between the transducing OEM signal over the parasitic OTM
response, which highlights the importance of optimizing opto-
mechanical responses over optothermal effects.

2. Device definition and working principle

The proposed optomechanical nanoantenna (NEMSTENNA) struc-
ture features a near-infrared (NIR) optical dipole nanoantenna, designed
to resonate at a wavelength of 1.55 um, integrated into one of the Au
layers of two triangular SisN4 microcantilevers at their free end, as
shown in Fig. 1. The geometry of the dipole nanoantenna shown in
Fig. 2, is defined by the length and width of its two components (L1, Lo,
W1), as well as the dimensions of the supporting arms (Larm1, Larmz, W2)
that link the dipole components to the microcantilevers. Additionally,
the thickness of the silicon nitride layer in the nanoantenna region is
another critical design parameter that will have an important effect on
the nanoantenna response, because this layer is the dielectric substrate
that determine wave propagation velocity and dielectric losses. The two
components of the dipole nanoantenna are positioned parallel to each
other and separated by a gap distance, go, in the overlapping area
located in the feed region of the antenna. In this feed gap area, an
electrostatic transduction capacitance is created, which at the same time
is electrically loading the nanoantenna. When the dipole nanoantenna is
illuminated by a focused NIR laser beam with a wavelength of 1.55 ym
(corresponding to a frequency of 193.41 THz), an alternating AC
voltage, referred to as Vg, is generated within the feed gap of the
nanoantenna, as shown in Fig. 1(b). This voltage arises due to the
interaction between the incoming radiation and the plasmonic proper-
ties of the optical nanoantenna. The generated AC voltage Vg,p, which
oscillates at the same frequency as the incident radiation, 193.41 THz in
this case, induces an electrostatic force between the two components of
the dipole nanoantenna which acts attracting the microcantilevers at
their free end. Since this force depends quadratically on the inducing
voltage, a DC component of the force and the consequent static deflec-
tion of the cantilevers are both produced. On the other hand, the AC
component of the force, which oscillates at twice the frequency of the
incident NIR radiation (hundreds of THz), will not induce any significant
mechanical vibration of the microcantilevers because their natural vi-
bration frequencies are 12 orders of magnitude lower (tens of kHz). This
frequency mismatch ensures that the microcantilevers primarily
respond to the DC component, maintaining stable mechanical operation
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Fig. 1. Schematics of the lateral view (a) and top view (b) of the proposed
optomechanical nanoantenna (NEMSTENNA) structure including the dipole
NIR nano-antenna integrated at the free end of two microcantilevers, which is
placed at the beam waist of a focused gaussian laser beam. In the zoom detail of
the lateral view, voltage in the gap region, V,p, induces an attractive electro-
static force, Fee, on each optomechanical nanoantenna component.
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Fig. 2. Dipole nano-antenna layout with all dimensions that define
its geometry.

without interference from high-frequency noise.
3. Design of the nanoantenna

The electromagnetic resonance modes of a dipole nanoantenna are
determined by its physical dimensions, and specially by its length. This
section aims to investigate the relationship between dipole length and
resonance occurrence, in terms of gap voltage and z-direction electric
field in the nanoantenna feed gap, for a constant incident radiation
wavelength (1.55 pm in this case), power (7.5 mW) and spot radius
(27.5 pm, see Fig. 1) for the first three detectable resonance modes. As it
is inferred from the results shown in the curves of Fig. 3 and cross-
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Fig. 3. Voltage and z-component of the electric field in the gap region as a
function of dipole length L;. The three peaks at 300 nm, 810 nm and 1361 nm
correspond to the first three detectable resonance modes, which can be iden-
tified with the A/2, 3A/2 and 5)\/2 modes of a A/2 dipole structure. Constant
parameters of the laser source considered in the calculations are: radiation
wavelength A= 1.55 pm, power Pj,= 7.5 mW and spot radius SR= 27.5 pm.

section maps of Fig. 4 corresponding to a preliminary analysis, for our
proposed dipole nanoantenna, which dimensions are reported in
Table 1, the first, second and third resonance detectable modes are
found when dipole is approximately 300 nm, 810 nm and 1361 nm long,
respectively. In particular, each one of the three peaks observed in the
graphs of the gap voltage (Vgap) and the electric field in z-direction in the
centre point of the dipole nanoantenna gap vs. dipole length (L;) (Fig. 3)
can be identified with the expected patterns of the current density dis-
tribution flowing through the nanoantenna metallic part, as shown in
Fig. 4.a-c and the z-component of the electric field in the dielectric re-
gions around the metal layer of the nanoantenna, as shown in Fig. 4.d-f
Indeed, an examination of the computed current density and electric
field distributions indicate that the first three detectable modes corre-
spond to the standard A/2 (Fig. 4.a,d), 3\/2 (Fig. 4.b,e) and 5)\/2 (Fig. 4.
c,e) dipole antenna modes. Notice, however, that our nanoantenna is not
a standard RF dipole antenna, where the total length L (L=2-L1 or
L=L1+L2 when consider the non-symmetric case) equals 1/2 in the first
resonant mode. In our case, we have a plasmonic nanoantenna in which
the wavelength of electromagnetic waves propagating in the metal of
the nanoantenna is reduced with respect to the free space propagation.
Consequently, the ratio L/(A/2) which is 1 for a RF antenna, is slightly
reduced for a plasmonic one [31,32], as it is verified by our results:
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Table 1

Geometry characteristics of cantilevers and nanoantenna.
Parameter Value Units
Dipole arm length, (Larm1/Larm 2) 2/2 um
Dipole width, w; 0.08 um
Dipole arm width, w, 0.1 pum
Dipole length, (L1/L5) 1.36/1.36 um
Dipole gold thickness, (tgq) 0.035 pum
Dipole silicon nitride thickness, (t4q) 0.14 pum
Cantilever length, (I.) 200 pm
Cantilever width, (w.) 28 pum
Cantilever base width, (w) 184 pum
Cantilever silicon nitride thickness, (t4) 0.6 um
Cantilever gold thickness, (t,) 0.07 um
Capacitive gap, (o) 0.01 um
Overlapping Area, (A) 0.01 um?

2-L1/(M/2)= 600 nm/(1550/2 nm)= 0.77 for the first detectable mode
(n=1), 2.L1/(8A/2)= 1620 nm/(3-1550 nm/2)= 0.69 for the second
detectable mode (n = 3), and 2-L1/(5A/2)= 2722 nm/(5-1550 nm/2)=
0.70 for the third detectable mode (n =5). In summary, the results
demonstrate that the resonant behaviour of the nanoantenna is highly
dependent on the dipole length, with distinct mode profiles observed for
each configuration. Additionally, it is observed that the maximum
voltage and z-component electric field in the gap region is obtained for
the first detectable mode (n = 1), followed by the third (n =5) and
second (n = 3) detectable modes.

3.1. COMSOL optimization

After the previously described preliminary analysis of the Vg, and
electric field dependence on the dipole nanoantenna length, a refine-
ment of the final design dimensions has been performed through a
COMSOL optimization process defining Vg, as the variable to be
maximized for a radiation wavelength of 1.55 um. The lengths L; = Ly
and Larm1 = Larmz2 were considered as free parameters for optimization,
while the Si3N4 thickness was assumed to be fixed at 140 nm, since it is
the optimal value from a fabrication point of view as it was demon-
strated in a previous work [30]. All simulations of the optimization
process were carried out using a laser power of 7.5 mW and a 27.5 um
beam radius. For an initial gap distance fixed at go= 10 nm, the set of
parameters resulting from an optimization process limited to a range of
dipole nanoantenna lengths around the length of the fifth mode is the
following: Ly = Ly = 1360 nm, Larm1 = Larmz = 2 pm, and Wy = 80 nm,
Wy = 100 nm. The reason for choosing the 5th mode is that its longer
length of 1360 nm allows for an easier fabrication process, at an
acceptable tradeoff of a small reduction in Vg,, and return loss compared
to the first mode with a 300 nm dipole length. The optimized dimensions
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Fig. 4. Maps of the current density (a-c) and z-component of the electric field (d-f), for the first three detectable resonance modes observed when dipole length is

300 nm (a,d), 810 nm (b,e) and 1361 nm (c,f).



D.K. Maram et al.

.a) 25 25x10

[=L1,L2 optimum
= L1-50nm,L2-50nm
L1+50nm, L2+50nm|
204 L1-50nm,L2+50nm ~2.0x10”

s ' E

B 10’ €

e [-%

S g

> 1.0x10" N

w

5.0x10°
o T T T T T T 0.0
1200 1300 1400 1500 1600 1700 1800 1900
Wavelength (nm)

( b ) 30 3.0x10"

25 a1 25x107
20 ,l’. H20x0" _
S ,l’. E
£ A =
a 154 | 41.5x10" o
8 e ©
2 2
o

10 4 +1.0x10"

5 ‘/ 4 5.0x10°

0 L L s S S S S S S S S 0.0
1.2 3 4 5 6 7 8 9 10 11 12 13 14 15
Gap (nm)

Fig. 5. (a) Spectral response of Vg, obtained from COMSOL simulations for L,
and L, at and around the optimum case (L;=L,=1360 nm). Gap distance is go
=10 nm. (b) Voltage induced within the feed gap area vs. gap distance. Laser
power is Pj,= 7.5 mW and spot radius is SR= 27.5 pm.

are included in Table 1.

In order to quantify the effect of the fabrication tolerance on the
response of Vg, versus wavelength, simulations for four different values
of L; and L around the optimal case, with a gap distance go= 10 nm
were conducted. This analysis considered a 50 nm tolerance limit,
reflecting the resolution of the focused ion beam (FIB) milling process
used [30]. The results of this analysis summarised in Fig. 5.a demon-
strate that simultaneous deviations of L; and Ly by 50 nm in the same
direction result in the Vg, (and z-direction electric field in the middle of
the gap) peak to the right shifting at 1600 nm (for L; + 50 nm and
Ly+50 nm) or to the left at 1500 nm (for L;—50 nm and L,—50 nm), as
illustrated by the orange and purple curves in Fig. 5.a, respectively. If
the excitation radiation is fixed at 1550 nm and cannot be tuned to
match the nanoantenna resonance, the Vg, and correspondingly the
z-direction voltage in the middle of the gap, decreases from 21 mV at
optimal L; and L) to approximately 15 mV for both the shortened
(L1—50 nm and Ly—50 nm) and elongated (L;+50 nm and Ly+50 nm)
cases at the excitation wavelength. Additionally, the voltage induced
within the feed gap area Vg, together with the electrical field in the z
direction at the middle point of the gap were analysed as a function of
gap distance as presented in Fig. 5.b. It is worth noting that since the
z-component of the electric field, Egap, is not constant along the gap
region in the z direction, Vg, and gap distance, g, values in the plot of
Fig. 5.b are not linearly related by E; gap=Vgap /g, as it is evidenced, for
instance, by the non-linear Vg, vs. gap distance curve. Most impor-
tantly, this figure shows that gap voltage decreases as the gap is
decreased and that the smaller the gap the faster the gap voltage
decreasing rate is.

4. Mechanical response

After settling nanoantenna dimensions and feed gap voltage, the
deflection of the microcantilevers, caused by the electrostatic force
induced in the transduction gap, has been self-consistently calculated by
coupling RF, electrostatics, and solid mechanics COMSOL modules. This
deflection was quantified by calculating the displacement at the
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cantilever’s free end. Additionally, to this displacement produced by the
optically induced electrostatic force, also called opto-electromechanical
(OEM) displacement, we have also considered the parasitic displace-
ment caused by the optically induced heating of the cantilevers and
transduced by a bimetallic effect, denoted as opto-thermomechanical
(OTM) displacement, combining in this case RF, thermal and solid me-
chanics COMSOL modules. Both calculations were performed for laser
powers ranging from 1 mW to 7.5 mW (the lower and upper limits of our
experimental setup) and considering the optimal case (optimal L; and
L) in terms of Vgup, an initial gap of go= 10 nm and a spot radius of
27.5 pm, corresponding to the beam waist as we have considered the
paraxial approximation and a Gaussian beam to describe the focused
laser beam. In COMSOL simulations, the NEMSTENNA is placed inside a
spherical air-domain simulation box of 345 ym radius, which is large
enough to minimize boundary reflections. The outer faces of this domain
are assigned scattering boundary conditions in the Electromagnetic
Waves module to emulate free-space propagation. Module couplings are
setup as follows: the Joule Heating feature of the RF module is used to
compute the volumetric power density generated mainly in the gold
layer of the NEMSTENNA, which is passed directly to the Heat Transfer
in Solids module as a heat source. The resulting temperature rise induces
mechanical stress, which is handled by coupling the Heat Transfer
module to the Solid Mechanics module via the Thermal Expansion
multiphysics node. Then, at each time step of a time-dependent study,
the Heat Transfer and Solid Mechanics solvers are coupled, allowing the
structure to heat up and deform gradually. To capture the deformation
of the NEMSTENNA geometry under thermal expansion, we enable
COMSOL’s Moving Mesh (Arbitrary Lagrangian-Eulerian) interface.
This deformed geometry feature updates the finite-element mesh at each
time step based on the computed displacement field, so that the shape of
the NEMSTENNA evolves dynamically with temperature.

4.1. Opto-electromechanical (OEM)

Two computational approaches have been evaluated for simulating
the OEM displacement induced by near-infrared (IR) laser excitation in
the feed gap area of our device: an iterative or feedback method, and a
non-iterative one. In the iterative approach, the voltage induced within
the feed gap area is recalculated in an RF simulation step, each time the
gap distance is reduced by the OEM displacement of the cantilevers
(evaluated at their free-end) as calculated in the previous electrostatic
and mechanical simulation step. In contrast, the non-iterative method
assumes Vg, to be constant and independent of changes in gap distance,
maintaining its initial value corresponding to the initial gap distance
throughout the whole simulation. The findings indicate that at high
power levels, the iterative method introduces slight variations in
displacement compared to the non-iterative method. Nevertheless, at
lower power levels, both methods agree closely in terms of displacement
calculations, suggesting that using the non-iterative method to deter-
mine displacement values is acceptable within permissible margins of
error. Additionally, the iterative method requires more batches of sim-
ulations, which implies more computational resources than the non-
iterative simple constant sweep approach. In Fig. 6, the displacement
values obtained by both calculation methods and the corresponding
errors (difference between iterative and non-iterative displacement
values) as a function of IR laser power levels are presented. Overall, both
iterative and non-iterative methods yield comparable results for laser
powers below 3 mW, with negligible differences below 1 pm, and non-
negligible discrepancies with a linearly increasing error for laser
power levels over 3 mW. For instance, at 7.5 mW IR laser power, the
iterative method shows a static deflection of approximately 50 pm,
while the non-iterative method shows a displacement of 64 pm, result-
ing in a deviation error of 14 pm and a relative error of 28 %. In order to
relax the computational load, we have used the non-iterative method,
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Fig. 6. Static opto-electromchanical OEM deflection calculated with and
without the iterative method and the difference between both vs. laser power.
Spot radius is SR= 27.5 pm and gap distance is go = 10 nm.

keeping in mind that the error grows with the incident power level.

4.2. Opto-thermomechanical (OTM)

In order to analyse the opto-thermomechanical (OTM) transduction
mechanism as the parasitic effect that will screen the desired opto-
electromechanical (OEM) signal, we have also combined multiple
physical domains to couple the interactions between IR light, heat, and
mechanical deformation. The COMSOL Multiphysics setup has inte-
grated in this case RF, thermal and solid mechanics domains. The ma-
terial properties used in the simulations are summarized in Table 2 and
also detailed in reference [33]. The properties are inferred from exper-
imental data on the materials’ thermal, optical, electrical, and me-
chanical characteristics. Here, in the EM simulation analysis performed
by the RF module the absorption of the optical energy in the material is
calculated using Maxwell’s equations. Using the refractive index values
for Au measured by Johnson and Christy [34], as tabulated in [35], we
have calculated with a coherent summation of multiple passes model
that the Au surface of our optomechanical nanoantenna device reflects
96.8 % and absorbs about 2.5 % of the total incident power. Only a
0.7 % is transmitted to the SisN4 layer underneath. Subsequently, the
thermal module uses as a simulation input the heat generated by the
currents as obtained from the RF analysis to calculate the resulting
temperature distribution. For this, the heat transfer equations of the
thermal COMSOL module consider the effects of conduction, convection
and radiation with the corresponding appropriate parameters [33]. It is
worth to notice that as the opto-thermomechanical transduction is
mainly produced in the body of the triangular microcantilever, the

Table 2
Optical, thermal and mechanical properties of the materials involved in COM-
SOL simulations.

Property Au SizNy Units
Heat capacity, C, 129 700 J/(kg-K)
Thermal conductivity, k 1507, 230" 2.15 44 W/(m-K)
Convective heat transfer coeficient, h 3.8:10° 4.10° W/(m2K)
Thermal Boundary Resistance, TBR 0.81.10°8 0.810°8 m%K/W
Surface emissivity, € 0.05 0.5

Density, p 19280 3100 kg/m?®
Refractive index, n 0.52406 1.9963

Extinction coeficient, k 10.742 0

Electrical conductivity, 6 45.10° 0 S/m
CTE, o 14.1.107° 2.3.10°° K!
Young’s modulus, E 80 250 GPa
Poisson’s ratio, v 0.44 0.23

? Au thickness= 35 nm
b Au thickness= 70 nm
¢ Si3Ny4 thickness= 140 nm
4 SigNy thickness= 600 nm
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current distribution at the nanoantenna is not contributing to this
calculation. Indeed, when we have calculated the thermal distribution
and the corresponding opto-thermomechanical OTM response, no sig-
nificant differences have been found on whether the nanoantenna is
present or absent in the simulations.

Next, the temperature distribution from the thermal analysis is im-
ported into the structural mechanics module. The resulting mechanical
deformation is then computed, considering the thermal strain effects.
Our optomechanical antenna device is composed of a sandwich of three
materials, Au(35 nm)/SigN4(600 nm)/Au(70 nm) (Fig. 1), each one
with different coefficients of thermal expansion (CTE) [33]. The asym-
metry introduced by the difference in the Au thickness will be the
responsible of the cantilever bending by the bimetallic effect. Indeed,
the thicker Au layer will suffer a large expansion strain than the thinner
one, and the cantilever will bend in the gap closing direction. In order to
validate experimentally the COMSOL predictions of OTM parasitic
signal, we have measured the opto-thermally induced displacement on a
single cantilever component. In the measurement setup, as described in
previous works [23,33], focusing of the IR laser beam (Thorlabs
SFL1550P current/temperature controlled by ITC4001) is achieved
through three different microscope objectives: 100X, 50X and 20X
(Mitutoyo M Plan APO SL), that produce 8 um, 14 ym and 27.5 pm spot
radius, respectively. The deflection at the free-end of the cantilever is
detected by a red diode laser (Thorlabs CPS670F 670 nm 4.5 mW)
coupled to a 4-quadrants position photodetector (New Focus Quadcell
Photoreceiver 2901) readout system. The transient signal obtained at
the output of the photodetector when IR laser power is switched
(OFF-ON-OFF transients) is then analysed by means of an oscilloscope
(Tektronix MDO3024). The stationary deflection signal difference be-
tween the ON and OFF states (in terms of cantilever free-end displace-
ment) for different laser power levels is obtained as presented in Fig. 7.

As illustrated in this figure, there is an excellent agreement between
COMSOL model predictions and experimental values.

Finally, in the last analysis which consisted of comparing the OEM
signal with the OTM parasitic, we have used a figure of merit (FoM)
simply defined as the ratio between the OEM and the OTM induced
vertical displacements of the cantilevers fre-end (z): FOM=zogm/ZoT™-
The as defined FoM has been then evaluated for the three different
achievable laser spot radii, i.e. 8, 14 and 27.5 ym and represented
together with both displacements (OEM and OTM) in Fig. 8. Here, we
observe that as laser beam radius decreases from 27.5 pm to 8 ym, OTM
parasitic decreases from 25 nm to 0.7 nm because the area illuminated
of the cantilever decreases too, OEM increases from 50 pm to 150 pm

30 T T T T T T T T T T T T

== COMSOL
25 - @- Measured L

o

ZoTm (NM)
o
\

0 1 1 1 1 1 1 1 1 1 1 1 1
1.01520253035404550556.0657.075
Laser power (mW)

Fig. 7. Experimental and COMSOL simulated steady state displacement of the
cantilever free-end in out-of-plane direction, z, after laser power OFF-ON
switching transient for different laser powers ranging from 1 to 7.5 mW. Spot
radius is SR= 27.5 pm and gap distance is go = 10 nm.
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Fig. 8. OEM and OTM displacements and their corresponding OEM/OTM ratio

as defined by the FoM as a function of the laser spot radii, ranging from 8 to
27.5 pm. Laser power is Pij,= 7.5 mW and gap distance is go = 10 nm.

because the power density in the nanoantenna region is increased,
thereby maximizing the opto-electromechanical effect and minimizing
the opto-thermomechanical parasitic. Consequently, the FoM is
increased from 2-1072 to 0.2, which means an enhancement of two or-
ders of magnitude. Since both OTM and OEM dependences on the spot
radius are non-linear, and OTM decreases much faster than OEM grows
when spot radius is decreased, the FoM and its rate of change grows very
significantly when spot radius is approaching 8 um. The marginal
change in the FoM underscores the need for improved design geometry
to achieve higher performance. Future research should focus on
reducing the opto-thermomechanical parasitic effect but specially on
enhancing the opto-electromechanical transduction signal.

5. Conclusion

In this study we have demonstrated that the parasitic opto-
thermomechanical response (OTM) substantially impacts the perfor-
mance of the optomechanical naoantenna device, overshadowing the
intended opto-electromechanical (OEM) response. Experimental vali-
dation of the OTM displacement component closely matches our COM-
SOL Multiphysics simulations, confirming the influence of localized
heating on the microcantilever’s deflection. To improve the overall
performance and FoM of the device, future work will focus on opti-
mizing the design geometry. This optimization aims to reduce the un-
desired slow but large amplitude response of the OTM effect, while
enhancing the fast OEM response, thereby advancing towards a practical
application of optomechanical antenna devices in NIR radiation
detection.
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Abstract—In this paper, we investigate the parasitic opto-
thermo-mechanical transduction in nano-optomechanical an-
tenna, focusing on its impact on the performance of a previously
designed structure. This study encompasses both experimental
and computational analyses to model the parasitic effects that
overlap with the intended opto-electromechanical responses. Uti-
lizing COMSOL Multiphysics, we simulate the thermal, optical,
and mechanical interactions within the optomechanical structure.
Our findings indicate that the parasitic opto-thermo-mechanical
effect significantly influences the device’s mechanical deflection,
driven primarily by localized heating at the microcantilever’s
free end. Experimental validation aligns well with simulation
results, showcasing the parasitic response’s dominance over the
intended functionality. This research contributes to the broader
understanding and optimization of our nano optomechanical
devices for advanced applications in radiation detection and sets
the future efforts to mitigate these parasitic effects.

Index Terms—Multi-physics, NIR opto-thermomechanical an-
tennas, finite element analysis, experimental validation.

I. INTRODUCTION

In recent years, significant advancements have been made
in developing nano-optoelectromechanical systems (NOEMS).
Photonic crystal cavities, for example, enable the confinement
and control of light in sub-wavelength dimensions, making
them highly effective for optical filtering and switching [1]-
[3]. For instance, nano-optoelectromechanical resonators can
detect minute environmental changes by monitoring shifts in
resonance frequencies [4]. Moreover, the NOEMS capability
to manipulate optical signals at the nanoscale makes them ideal
for advanced signal-processing applications in telecommuni-
cations and information processing [5]. Midolo et al. discussed
hybrid NOEMS devices that couple optical, electrical, and
mechanical degrees of freedom, highlighting their potential
for high-speed, low-power light manipulation in nanophotonic
structures [6]. In the domain of infrared detectors, Rogalski
provides a comprehensive review of infrared detector tech-
nologies, focusing on NOEMS for enhanced sensitivity and
resolution [7]. In a previous work [8], we presented a design of
an optomechanical antenna for the detection of NIR radiation,
which was based on the MEMSTENNA concept [9]-[11]. As
it was demonstrated, in a MEMSTENNA which combines
a MEMS structure in an antenna, direct transduction from
the electromagnetic to the mechanical domain is achieved. In
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this paper, we investigate the parasitic optothermomechani-
cal transduction that can overlap with optoelectromechanical
transduction, screening the response of the previously designed
optomechanical antenna.

II. DEVICE DESCRIPTION AND OPERATION PRINCIPLE

Our proposed optomechanical antenna structure, called
NEMSTENNA from now on, features a near-infrared (NIR)
optical dipole nanoantenna, designed for a wavelength of 1550
nm, integrated into one of the metal sides at the free end of
two gold-coated silicon nitride triangular microcantilevers, as
illustrated in Fig. 1. The geometry of the dipole nanoantenna
is characterized by the lengths and widths of its two main
components (L, Lo, W7) and the dimensions of the supporting
arms (La;m1, Larma, W2) that connect the dipole elements
to the microcantilevers, as described in [8] and Table I.

Au (35 nm)
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—
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Cantilever mechanical part

Fig. 1: Schematic top and side views of the proposed structure
including nano-antenna and microcantilever illuminated by IR
laser Gaussian beam with 27.5 pym spot radius.

The working principle of the opto-mechanical antenna relies
on a well-defined transduction chain. When the nanoantenna
is exposed to the radiation of a NIR laser with a wavelength
of Axg = 1.55 pum (frequency fyr = 193.41 THz), a
voltage Vg,p is induced in the feed gap region. This induced
voltage is an ac voltage at the same frequency as the incident
radiation (fyir = 193.41 THz). The induced voltage Vi (t) =
Vo sin(2 fairt) creates an electrostatic force between the two
components of the dipole nanoantenna within this gap, leading
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to mutual attraction and driving the mechanical deflection

of the microcantilever. This electrostatic force is given by

F = 0.5%‘?“’)2, where A is the overlapping area, ¢, is the

air dielectric constant, and d is the gap distance. Substituting

Viap into the force equation gives a DC term of the force
AegVE
4d?

III. MULTIPHYSICS MODEL AND SIMULATION RESULTS

, inducing the static deflection of the microcantilever.

To investigate the parasitic effects alongside the optoelec-
tromechanical response of our proposed device [8], we simu-
late opto-thermo-mechanical transduction. The simulation uses
COMSOL Multiphysics, enabling comprehensive modeling by
coupling optical, thermal, and mechanical phenomena. The
geometry characteristics and material properties used in the
simulations are detailed in Tables I to IV.

TABLE 1
Geometry values: cantilevers, nanoantenna, laser used in our modeling.

Parameter Value Units
Dipole arm length, (L Arm1/L Arm 2) 0.75/0.72  um
Dipole and Dipole arm width, (w1=w2) 0.1 pnm
Dipole length, (L, /L2) 0.85/0.82 um
Dipole gold thickness, (t4q) 0.035 pm
Dipole silicon nitride thickness, (¢44) 0.14 um
Cantilever length, (I.) 200 wm
Cantilever width, (w.) 28 um
Cantilever base width, (wy) 184 pnm
Cantilever silicon nitride thickness, (t4.) 0.6 um
Cantilever gold thickness, (t4c) 0.07 pnm
Capacitive gap, (go) 0.01 pwm
Overlapping Area, (A) 0.01 wm?

TABLE II

Material thermal properties used in our modeling.

Material properties Gold SizNy

Heat capacity Cp, J/(kg.K) 129 700

Thermal conductivity x, W/(m.K) 1502, 230>  2.1¢, 4¢
Density p, kg/m? 19280 3100
Surface emissivity e, 0.05 0.5

Gold layer with these thicknesses=35% nm, 70° nm
SizNy layer with these thicknesses=140° nm, 600 nm

TABLE III

Material optical and electrical properties used in our modeling.

Material properties Gold SigNy
Refractive index n, 0.52406 1.9963
Extinction coefficient k, 10.742 0
Electrical conductivity o, (S/m) 45x10% 0

TABLE IV

Material mechanical properties used in our modeling.

Material properties Gold SigNy
Density p, kg/m3 19280 3100
Coefficient of thermal expansion o, (V/K) 14.1x107% 23x1076
Young’s modulus F, (Pa) 80x 109 250x 107
Poisson’s ratio v 0.44 0.23

The values in Table I were primarily derived from the micro-
cantilevers datasheet [12]. The properties in Tables II to IV are

inferred from [13]-[20], corresponds to thermal, optical, electrical,
and mechanical properties of materials. The simulation procedure
involved constructing a 3D model of the NEMSTENNA design and
implementing a perfect match layer (PML) boundary condition [21]
as the outer layer of the simulation box. The NEMSTENNA was
surrounded by air, including the gap area and a high mesh refinement
was applied in the gap region [22]. The paraxial approximation of a
Gaussian beam was utilized for the focused laser beam, with laser
power and beam radius parameters ranging between 1 mW and 5.8
mW, and 27.5 pm, respectively. The simulation framework involves a
coupled multiphysics approach encompassing electromagnetic (EM),
thermal, and mechanical simulations. An EM simulation analyzes
the material’s distribution and absorption of optical energy using
Maxwell equations. This step is crucial for determining the localized
heating effects due to electromagnetic wave interactions. we have
calculated that the power absorbed by the NEMSTENNA device
is about 11% of the total incident power [23]. Subsequently, the
thermal simulation utilizes the heat generation data from the EM
analysis to calculate the resulting temperature distribution. The heat
transfer module in COMSOL accurately models the thermal response,
capturing the effects of conduction, convection, and radiation as
necessary. Within our modeling simulation configuration, the heat
transport equation (1) is effectively solved, considering that the
illumination time has reached a steady-state regime. According to
equation (2), Q. denotes the resistive loss, establishing a connection
with the electric field and the imaginary part of the permittivity of the
lossy material at the frequency of 193.41 THz for the laser radiation.

pcp%f — V.(kVT) = +Q. M
Q. = %wao Tm (e, )| E|? @

Modified thermal properties are essential for accurate modeling
at the nanoscale, accounting for the distinct geometrical features
of thin films. For instance, based on conclusions by Chen and
Hui, the thermal conductivity of a 35 nm gold film is only 47%
that of bulk gold, and similarly, a 140 nm SizNy layer exhibits
a thermal conductivity of 72% that of bulk SizN4, as shown in
Table II [24]. The significant deviation of thermal properties in sub-
micrometer devices is well-documented in the literature [24]-[27].
At the nanoscale, Sultan et al. reported thermal conductivity of 3—4
W/(m.K) for 500 nm thin films in a temperature range of 77-325
K [20], Stojanovich et al. measured thermal conductivity of about
2.1 W/(m.K) for 180 nm thick freestanding specimens, and Bai
et al. determined a thermal conductivity of 1.2-2.0 W/(m.K) for
stoichiometric silicon nitride films with thicknesses ranging from
37 to 200 nm [17], [19], [20]. In the numerical analysis of heat
transfer differential equations, two categories of boundary conditions
(BCs) are considered: exterior BCs and interior BCs. Exterior BCs
are applied to the outermost boundaries of the geometric model. In
our model, we considered outward conductive heat flux, convective
heat flux to the air environment, and radiation heat flux [28]. For
natural convection in the air at large scales, typical values for h are
in the range of 5-10 W/(m? K). However, in nanoscale devices,
the convective heat transfer coefficient (h) should be substantially
higher. According to the scaling law proposed in reference [29], the
convective coefficient for air has been reported as 100 W/(m?.K)
when the scale is less than 100 pum, representing a tenfold increase
compared to macro-scales [30]. This enhanced heat transfer coef-
ficient at the nanoscale is attributed to improved convection heat
transfer due to compressed boundary layers at very small scales [30].
The assigned h values in the heat transfer module for the Au/SiN
boundary layers are elicited through extrapolation from reference
[29], considering nano dimensions. The ambient temperature is set
at T=293 K. In the analysis of a multilayer thin film structure such
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as NEMSTENNA, the impact of finite thermal boundary resistance
(TBR) should be taken into account. Moreover, the heat transport and
thermal properties of thin film structures can be strongly influenced
by the interface between a metal and dielectric thin film [25]. TBR
at the interface may dominate overall heat transport rather than the
thermal properties of each thin film. TBR induces an abrupt change
in temperature across interfaces between two different materials, a
phenomenon first observed by Kapitza for a solid and liquid helium
interface in 1941 [31], [32]. Notably, in ref. [25], a thermal boundary
resistance of 0.81x107% (m2K/W) for the Au/SiN interface was
reported using the transient thermoreflectance (TTR) technique [33]
and this value considered as an input for our COMSOL simulation.
Finally, the mechanical simulation is conducted to assess the struc-
tural deformations induced by thermal expansion. The temperature
distribution obtained from the thermal analysis serves as an input for
the mechanical simulation, enabling the evaluation of stresses, strains,
and resultant displacements within the material. The coefficient of
thermal expansion (CTE), shown in Table IV, is the parameter
that governs this thermomechanical transduction. To simulate the
system, a dynamic approach was employed, utilizing a moving mesh
within the simulation enclosure housing the NEMSTENNA in an
air environment, thus mitigating convergence issues. Convergence
was attained using the COMSOL fully coupled solver to observe
stationary steady-state responses [34]. In a preliminary batch of
simulations, we have analyzed the influence of nanoantenna on the
thermomechanical response of the NEMSTENNA, by calculating the
temperature and deflection of structures with and without nanoan-
tenna part. The simulation results of this analysis show that the
nanoantenna is not generating a significant heating effect and the
bending of the microcantilever is mainly produced by the heating
of its free end illuminated region. In, Fig. 2a, simulated steady-state
response of temperature and static displacement at cantilever free end
are illustrated, and volumetric maps are provided as inset for 5.8 mW
IR laser power.

IV. EXPERIMENTAL VALIDATION

A single microcantilever has been tested to validate the COMSOL
simulated predictions. The used experimental setup is described in
previous work [11]. The NIR laser beam is focused by 20X optical
microscope objective on top of the free end of the microcantilever.
The deflection of the microcantilever at its free end produced by
the optothermomechanical effect is detected using a red diode laser
coupled with a four-quadrant photodetector readout system. The
readout signal was captured using an oscilloscope in order to analyze
the transient response produced by the switch OFF-ON-OFF of the
laser beam. These measured transients are observed in Fig. 2b, which
show that the microcantilever free end is deflected 8 nm, 14 nm,
and 20 nm, when 3.7 mW, 4.7 mW, and 5.8 mW laser powers
are used, respectively. A good agreement between measured and
simulated displacements is obtained. However, our results reveal that
in the present version of our NEMSTENNA design the parasitic
optothermomechanical response is still orders of magnitude larger
compared to the optoelectromechanical response predicted in [8],
which avoids a practical application of our NEMSTENNA device.

V. CONCLUSION

In this research, we have successfully demonstrated the agreement
of experimental and modeling approaches to enhance the understand-
ing and design of near-infrared (NIR) opto-mechanical antennas. Our
findings reveal that the parasitic opto-thermo-mechanical response
significantly affects the performance of the NEMSTENNA device,
overshadowing the desired opto-electromechanical response. The
experimental validation aligns closely with our COMSOL Multi-
physics simulations, confirming the substantial impact of localized
heating on the microcantilever’s deflection. These results highlight
the necessity to address and minimize parasitic effects to improve
the practical applicability of our nano optomechanical devices in
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Fig. 2: (a) Simulated temperature and static displacement at
free-end vs. different laser power. Inset: volumetric tempera-
ture and displacement maps around free end cantilever region
for 5.8 mW IR laser power. (b) Measured static deflection vs.
time in the OFF-ON-OFF transients for 5.8 mW, 4.7 mW, 3.7
mW IR laser power.

radiation detection applications. Future work will focus on strategies
to mitigate these parasitic effects in order to enhance our overall
device performance.
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Abstract

The design of a plasmomechanicalactuatorbased on an opticalnanodipole antenna integrated in the overlapped free moving end
of two micro-nanocantilevers is presented here. The static steady state deflection of the cantilevers, which defines the actuator
response, is produced by means of two transduction phenomena activatedby a continuous power NIR illumination: a desired opto-
electromechanical (OEM) mechanism, in which the cantilevers are mutually attracted directly by the electrostatic force induced
in the nanodipole feed gap, and a non-desired parasitic opto-thermomechanical (OTM) mechanism associated to the bimetallic
effect induced by the opticalheating of the structure. COMSOL Multiphysics hasbeen chosen to carry out a design of the actuator
based on an optimized optical response of the nanodipole antenna to the 1.55 pm wavelength radiation. COMSOL simulations
have been also performed to evaluate the parasitic OTM response and the responsivity, defined as the OEM signal per unit
radiation power. Predicted responsivity values of 0.67 nm/mW are of the same order of magnitude of similar state-of-the-art
transducers.

Keywords: Mechanical antenna; NIR nanoantenna; plasmomechanical transduction; MEMS/NEMS resonators

1. Introduction

The interaction between electromagnetic (EM) fields and matter is the foundation of Information and Communications
Technologies (ICTs). Phenomenologically, this interaction is diverse since it depends on the frequency of photonsassociated to
the EM fields and the nature of the matter considered. Thus, in electronics, for instance, EM fields with frequencies below 10 THz
interact with electrons. In photonics, however, light interact with the atoms of matter whenever it is generated, controlled,
manipulated or detected and the term light-matter interaction is used to refer the case of EM fields and matter coupling.

A particular sort of light-matter interaction that was already theoretically predicted by Maxwell is the responsible of the
radiation pressure which, forexample, gave an explanation toancient observations at astronomic scale such as comettale dynamics
[1]. At a smaller scale, particle trappingand manipulation achieved by means of this phenomenon, was demonstrated in the seminal
works of Nobel laureate A. Ashkin [2], leading to notable applications as opticaltweezers [3]. The forces involved in light-matter
manipulation can be described classically when objects have dimensions larger than light wavelength [4] but need a quantum
mechanicaldescription if particle dimensions are in the sub-wavelength range [S]. This is the case of laser trapping and cooling
of neutral atoms [6], where temperatures as low as few microkelvin are achieved by means of the so-called magneto-optic trap
(MOT) technique [7], enabling the groundbreaking research in Bose—Einstein condensate [8]. Optical forces induced in light-
matter interactions are also involved in the field of nano-optomechanics, where the extremely small inertial masses of
nanomechanical structures can be moved by momentum exchange of optical photons. In this case, light-matter interaction is
described through a photon-phonon coupling which is usually produced in an optical cavity integrated in the nanomechanical
structure to resonantly enhance this coupling. Since the interaction of light with the mechanicalstructure introduces an extra
dissipative term named opto-mechanical (OM) damping in the mechanical dynamics of the system [9], which can be tuned
modifying the resonance conditions of the cavity, amplification to a self-sustained regime [10] leading to mechanicallasing [11]
canbe achieved when OM dampingcancels the intrinsic mechanicaldamping. On the contrary, cooling to the ground-state ofa
mechanical oscillator [12], [13] can be achieved when total dissipation is dominated by the OM damping term. An equivalent
enhancement effect to that produced by optical cavities in the above-described light-matter interaction, is reproduced when
plasmonic and nanomechanicalstructures are co-integrated in a unique plasmomechanical system [14].In a plasmonic component
of a plasmomechanical system like, for example, an optical nanoantenna [15] light is confined in sub-wavelength regions giving
rise to huge electric field gradients and near-field forces [16], resulting in giant opticalactuation on the nanomechanical component
[17], [18], [19].



From a practical engineering point of view, opto-mechanical phenomena driving plasmomechanical systems are seen as an
opportunity to propose novel transduction mechanisms between EM and mechanical domains as well as new promising
applications such as plasmonic nanomotors [20] or reconfigurable metasurfaces [21], [22]. Thus, for instance, photothermally
induced heat generated by the enhanced optical absorption in a plasmonic structure can be converted in mechanical self-
oscillations by a bimetallic effect on a Fabry-Perot cavity with a suspended Frequency Selective Surface (FSS) metamaterial[23],
[24] or in a MIM cavity [25]. Such an opto-thermomechanical transduction mechanism has been exploited in MEMS-based
bolometric sensors to detect and analyse THz [26], [27] and NIR radiation [28], [29]. However, EM to mechanical conversion
through a fast intermediate electrostatic transduction step compared to the thermal one, is advantageousin terms detection
bandwidth, as demonstrated by Belacel et al. [30]. This much fastertransduction scheme is the basis of authors’ previous works
on the NNMEMSTENNA concept, which combine an antenna and a N/MEMS structure to convert the energy of microwave [31]
or near-infrared [32] EM radiation into a localstatic [33] or dynamic [34] deflection of the mechanical compliant structure.

In this paper we propose an optimized version of the NEMSTENNA based plasmomechanicaltransducer presented previously
[32], that includes a nanocantilever to reduce significantly the spring constant of the mechanical structure and, consequently,
improve the responsivity of the transducer. In section 2, the NEMSTENNA structure and its working principle are described.
Section 3 contains the details of the COMSOL setup used to model the NEMSTENNA, the coupling procedures between the
different physics domains and the design of the nanodipole antenna and the nanocantilever which integrate the NEMSTENNA. In
section 4, the fabrication process based on Focused lon Beam (FIB) nanolithography is described and the maximum nanocantilever
slenderness before the stress collapse is empirically determined. In section 5, the NEMSTENA performance in terms of the opto-
electromechanical (OEM) response and the corresponding responsivity predicted by COMSOL simulations are presented and
discussed.

2. Structure definition and transduction mechanism
2.1. Plasmomechanical antenna structure

The plasmomechanicaldevice is composed of two components with three different structuralparts (Fig.1). The first and central
part is a nanodipole optical antenna which is suspended through a couple of nanocantilevers (the second part) symmetrically
connected atits feed port. The third structural partis based on double clamped-free beam trapezoidal microcantilevers which are
connected at their free end to the nanocantilevers and anchored at the clamped end to the chip substrate. Both left and right micro-
nanocantilever-antenna components are initially separated by a distance, go, defining an air gap in the vertical z direction at the
nanoantenna feed port, as described in Fig.1.a. The overlap area, Aoverlap=W1-W2, of both components defines a capacitive
coupling, Cgp, between them at the feed gap region, as described in Fig.1.b. The nanodipole antenna and nanocantilevers are
defined in a 35 nm thick Au layer ontop ofa 100 nm Si3Ny substrate. The same applies forthe trapezoidalmicrocantievers except
that the SizsN4 here is 600 nm thick. All relevant geometry dimensions are defined in the top and lateral views of the device
structure in figure 1 and summarized in Table IT with their corresponding values.

Figure 1: Lateral (a) and top (b) views of the plasmomechanical antenna
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2.2. Transduction principle

When the nanoantenna (Fig.2.a) is illuminated by a focused IR laser beam with a wavelength Anxir=1.55 um, an AC voltage,
Vaap, oscillating at fnir=193.41 THz (=c/A) is induced at its feed gap region (Fig.2.b) as described by:

Vaap ® = |V | - cos(@mfiyp ) 1)

This Vgp voltage generates an attractive electrostatic force in the z-direction, Fee, between the two nanoantenna arms that
contains a DC component, as a consequence of the quadratic dependence of the force with the voltage:

1 0Cgy 2
Foe® = 2 ZE2 (V. (D) = Feepc + Faeac® @)

where the electrostatic transduction capacitance, Cgp, and both DC and AC components of the electrostatic force, Fee pc and Feeac,
are consequently expressed by:

_ €wW1-wW2
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1 0Cgap 2
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The DC component of the electrostatic force (equation 4), which acts in the vertical direction (z-axis) is finally the responsible
of'the out-of-plane static displacement of each componentof the nanodipole opticalantenna, z, associated with the bending of the
micro-nanocantilever elements of the plasmomechanicalantenna (Fig.2.c). The AC component (equation 5)doesnot produce any
significant mechanicalresponse since its frequency,2-fnir=386.82 THz, is many orders of magnitude above the natural oscillation
frequency of the mechanical structure (in the kHz range).

—
I Gap (go)

>
<

(a) (b) (c)

Figure 2: Lateral schematic view for the operation principle description. When both components ofthe plamomechanical antenna initially separated by a gap
distance, go, in thecapacitive overlapping region (a)are illuminated by a focused IR laser beam (b), the voltage, V gap, and the corresponding DC component of
the electrostatic force, Fe., induces a static bending, z, in the out-of-plane direction (c)



3. Modelization and prototype design
3.1. Multiphysics model

The modelling of the NEMSTENNA’s nanodipole opticalantenna hasbeen performed by means of the COMSOL RF moduk.
RF simulation conditions are characterized by the definition of a spherical simulation box thatenvelopes only the nanodipole and
a Gaussian laser beam as excitation source. Beam waist in terms of spot radius (SR) and power are defined asthe main Gaussian
beam characteristics and paraxialapproximation is chosen to describe EM wave propagation. A Perfectly Matched Layer (PML)
is used as boundary condition covering the spherical simulation box to avoid reflections and A/5 mesh size has been chosen to
optimize finite element calculations. The main simulation outputs of this first module are the electric field and the nanoantenna
voltage in the feed gap, Vgp, Which is obtained by integrating the z-component of the electric field along the gap length.

This voltage is then used to couple the RF module to the electrostatics and solid mechanics modules, to obtain as a main
simulation output the static displacement, z, of the nanodipole arms (Fig2.c). This static mechanicaldisplacement resulting from
the electrostatic interaction induced by the optical excitation of the NEMSTENNA will be called the opto -electromechanical
(OEM) response, Zzoem, from now on.

At the same time and using an independently defined simulation setup, the RF module is fully coupled to thermal and
mechanicalmodulesin a larger rectangularsimulation box, which now includes the whole NEMSTENNA structure. The resistive
losses obtained as an output of the RF simulations are used asa heat source input in thermaltransport simulations, so that RF and
thermalmodules are coupled in this way. Thus, heat generated by the absorbed optical radiation in the Au layer and its transport
through the NEMSTENNA structure, as well as its dissipation to the surrounding air and anchoring substrate can be accurately
calculated. To do that, COMSOL thermal module solves heat transport equation by considering convection, Au/SizNs interface
heat transfer and radiation as the three main dissipation mechanisms [35]. The most relevant parameters involved in this
transduction step are heat capacitance, Cp, thermal conductivity, k, convective heat transfer coefficient, h, Thermal Boundary
Resistance, TBR and surface emissivity, €. The main resulting simulation output of this thermal module is the temperature
distribution map. Finally, the temperature field is used asthe input magnitude of the mechanicalmodule to calculate the thermally
induced mechanical bending. Here, the coefficient of thermal expansion (CTE) is the main parameter to model the bimetallic
effect in the Au/SizN4 interface, which is the cause of such a thermomechanical deformation. The resulting static mechanical
displacement of the micro-nanocantilever free end produced by the optical induced heating of the NEMSTENNA will be called
the opto-thermomechanical (OTM) response, zotM, from now on.

Parameters summarized in Table I correspond to the optical, thermaland mechanical properties of the constituent material of
the NEMSTENNA structure thathasbeen used to setup all above described COMSOL simulations. Notice that one of the most
important set of parameters corresponds to the permittivity vs. wavelength (1)) couples of values, which correspond to Johnson
and Christy for Au and Luke et al. for Si3Ns experimental data [36], [37], [38].

3.2. Nanoantenna design

The dimensions of the nanodipole antenna design have been obtained through a COMSOL optimization process where Vg is
used asthe maximization variable at a radiation wavelength of 1.55 um. Arm lengths of the nanodipole L1 and Lz were considered
as free parameters for optimization and forced to be equal (L1 = Lz). Nanodipole arms’ width W and nanodipole connection to
nanocantilevers’ width W2 were also free parameters but were kept nonsymmetricalto allow the optimization process to adapt to
the asymmetry of the structure. Si3Ns thickness was fixed at the value of 140 nm, which was demonstrated to be optimalin a
previous paper[32]. The optimization process was carried out with a laser power of 7.5 mW, a 27.5 pm beam spotradius and an
initial gap distance fixed at gg=10 nm. The resulting set of parameters from the optimization process are: L1 = L2 = 1360nm, and
W1=80 nm, W2 =100 nm. It must be noticed that the seed conditions of the optimization process were set around nanodipole
dimensions corresponding to the Sth mode, so that the optimization solution lead to a structure easier to fabricate and with a higher
effective area to maximize radiation absorption [39]. The optimized dimensions together with the rest of geometry parameters are
included in TableII. The radiation frequency dependence of the gap voltage, Vgp, and of the electric field in the z-direction in the
gap, Ezgp, presented by the optimal structure as shown in figure 3, demonstrate that the optimization process would deliver the
same design dimensions independently of the spot radius considered.
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3.3. Nanocantilever design

A simple analysis of the effect of the nanocantilever length (I,) on the total vertical spring constant of the structure has been
performed, by considering the triangular microcantilever coupled in series with the nanocantilever. For the sake of simplicity, we
have neglected the 35 and 70 nm thick Au layers in front of the 600 nm thick SizN4 layer for the calculation of the micro and
nanocantilever components’ spring constants. As sketched in the top part of figure 4, the analysis starts from a structure purely
micro, where no nanocantileveris present at the free end (1,=0), to a structure with a nanocantilever [,=80 um long, close to the
maximum fabricable length (I,=83 pm). Notice that as I, grows, the length of the triangular microcantilever decreases
correspondingly, so that the total length of the structure is kept constant. Figure 4 shows the results of this analysis, where it is
clearly seen that above a certain threshold nanocantilever length the low spring constant of the nanocomponent dominates over
the large and growing spring constant of the micro component, leading to a lowering effect on the total structure rigidity.
Consequently, structures with a nanocantilever longer than this threshold value will improve the mechanical transduction
performance of the single microcantilever based NEMSTENNAS proposed previously [32]. In the two plots of figure 4 (panels
(c) and (d)), corresponding to nanocantilevers with three different transversal cross section areas (wn-tn) from wider and thick
(2:0.6 um?)to narrower and thinner (0.5-0.1 um?) values, it is shown that the threshold length is around 53 um forthe wider/thicker
case, but decreases to 7.5 um for the narrower/thinner case. If we define a slenderness factor as SF=ly/(wn-tn), it is trivially
concluded that the larger the SF is, the better in terms of structure compliance and mechanicaltransduction response. In the next

section we will discuss the limits on the nanocantilever dimensions imposed by the residual stresses that show up during the
fabrication process of the structures.
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4. Fabrication process

The fabrication of the NEMSTENNA structure is performed on a commercially available tipless Atomic Force Microscope
(AFM) microcantilever [40], made of 600 nm thick silicon nitride (SizN4) with a 70/35 (top/bottom)nm thick Cr/Au coatinglayer
and clamped on a Pyrex substrate. The fabrication process is based on a FIB (Focused lon Beam) nanolithography technique
whose conditions are detailed in a previous paper[32]. The triangular microcantilever (Fig. 5.a)is turned upside down (Fig. 5.b)
and the 70 nm Cr/Au layer is removed, while the thickness of the silicon nitride (Si3Ns) layer is reduced (Fig. 5.c), by means of
FIB milling nanolithography. This step is restricted to the region where nanocantileverand nanodipole will be structured. Then,
FIB milling is used to remove completely both the Si3Ns layer and the underlying bottom 35 nm thick Cr/Au film, as to define
one of the arms of the nanodipole, as well asthe corresponding nanocantilever (Fig. 5.d). The whole process is repeated to define
the second NEMSTENNA component in anidentical AFM microcantilever. Finally, the two components of the NEMSTENNA
are carefully faced in close proximity to achieve the overlap described in Fig. 1.b. This last step is carried out with the assistance
of a Xyz nanopositioner.
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Figure 5: NEMSTENNA fabrication process: (a) Unprocessed microcantilever structure, (b) microcantilever flipping, (c) thickness reduction in the
nanocantilever and nanodipole area, (d) nanocantilever and one arm nanodipole definition and (¢) NEMSTENNA final build-up.




Once the FIB milling conditions have been tuned for each step of the fabrication process, the overall sequence hasbeen set up
and a first NEMSTENNA version hasbeen successfully fabricated [32],it is foreseen that the next challenge to overcome will be
found on the fabrication of the most slender nanocantilever that does not show a residual stress induced flexural collapse.

To determine the maximum feasible slenderness factor, before the structure collapse produced by the residual stress in the
Si3N4/Au interface,a nanocantilever 68.7 um long (close to the maximum 80 um) and 2.2 ym wide hasbeen fabricated by means
of a fabrication sequence as the one described above (Fig. 5), but skipping the second thickness reduction step (Fig. 5.c), so that
the original 600 nm thickness is not modified in the first instance. Next, the skipped vertical milling step is progressively applied,
and the SizsNy layer is slowly removed at a rate of approximately 50 nm/min. This etching rate allows to alternate etching and
imaging to monitorand control the growing stress induced bending and stop the process before collapse. SEM images of figure 6
show that when the thickness is reduced to 100 nm, the residual stress bending is still small enough to leave the functionality of
the structure unchanged. We have considered that these dimensions are of the same order and compatible with the final design
dimensions (see Table IT) used in the simulations described in the next sections.

Figure 6: SEM images from top (a) and lateral (b) perspectives of a NEMSTENNA nanocantilever in the residual stress limit of slendernes s.

Table I: Optical, thermal and mechanical properties of the materials involved in COMSOL simulations.

Property Au SizN4 Units
Heat capacity, C, 129 700 J/(kg'K)
Thermal conductivity, k 150%230° 2.1¢, 4¢ W/(m-K)
Convective heat transfer coeficient, h 10° 4-10° W/(m?*-K)
Thermal Boundary Resistance, TBR 0.81-10° 081-10°* m>K/W
Surface emissivity, € 0.05 0.5

Density, p 19280 3100 kg/m®
Refractive index, n 0.52406 1.9963

Extinction coeficient, k 10.742 0

Electrical conductivity, o 45-10° 0 S/m
CTE, a 14.1-10° 23-10° K
Young’ s modulus, E 80 250 GPa
Poisson’ s ratio, v 0.44 0.23

* Au thickness=35 nm
® Au thickness=70 nm
© Si3N4 thickness=140 nm
¢ Si3Ny thickness=600 nm



Table II: Dimensions of the optimal NEMSTENNA design.

Parameter Value Units
Dipole length, Li=L2 1360 nm
Dipole width, W1 80 nm
Dipole-Nanocantilever connection width, W2 100 nm
Dipole gold thickness, taud 35 nm
Dipole silicon nitride thickness, tsian4d 140 nm
Microcantilever length, lc 200 um
Microcantilever width, we 28 um
Microcantilever base width, wb 184 um
Microcantilever silicon nitride thickness, tsi3N4mc 600 nm
Microcantilever gold thickness, taume 70 nm
Capacitive gap, go 10 nm
Nanocantilever length, In 83 um
Nanocantilever width, wn 1 um
Nanocantilever silicon nitride thickness, tn 140 nm
Nanocantilever gold thickness, taun 35 nm
Overlapping Area, Aoverlap= W1-W2 800 nm?

5. Results and discussion
5.1. Coupling EM, electrostatics and mechanics

In a first set of COMSOL simulations, results of the opto-electromechanicalresponse, zogm, have been obtained by coupling
EM, solid mechanics and electrostatics physics on the NEMSTENNA structure designed in section 3.2 (Table II). The calculation
procedure described in section 3.1 has been applied, but following two slightly different approaches. In a simple and faster
computational approach, the actuation voltage, Vgp, is kept constant during the gap closing transient produced by the mutual
attraction of the nanodipole arms (Fig. 2.c). As is shown in figure 7, this approximates what is really happening since Vgp is
decreasing asthe gap, g, is reduced. Thus, in a more complex iterative procedure Vgp is recalculated in an EM simulation, each
time the free end of the micro-nanocantilevers, zogwm, and the corresponding gap distance, g, reach a new stationary position as
calculated in the previous electrostatic and mechanical simulation step. A comparative analysis performed previously between
both procedures [39] concluded that the error grows with the laser power, involving an overestimation of the non-iterative with
respect to the iterative method below 30%, when illumination power is maximum (7.5 mW). To relax the computationalload, we

have used the non-iterative method.
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Figure 7: Voltage, Vgap, and z-direction electric field, E, g, in the feed gap as a function of the gap distance, g.

To understand the complex opto-electromechanical stationary state, zoem, dependence on the initial gap distance, go, we have
performed non-iterative calculations of zogwm, for different go and SR values. Indeed, as figure 7 shows, when the initial separation
of the NEMSTENNA’s components,ie. the initial gap distance (go), is decreased, the voltage in the gap, Vgp, is also decreased
and this would be translated to a decrease in the electrostatic force, if it weren’t for the fact thatthe force also dependsinversely
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on go? (equations 3 to 5). The result of this analysis is shown in figure 8.a. The effect of the initial gap, go, decrease on the
electrostatic force is more important than the decrease of Vg and, consequently, the force is increased as the initial gap is
decreased. When the initial gap is reduced to 2 um, the electrostatic force is intense enough to collapse the structure. This analysis
hasbeen repeated forthe medium (14 um) and the smallest (8 um) SR values. In those cases (Fig. 8.b), collapse is produced when
each micro-nanocantilever is displaced half the gap distance: go/2=2.5 pum and go/2=5 um respectively.
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Figure 8: (a) OEM response, Zoewm, (left axis) and the corresponding final gap distance (g=go-2 ‘zoem) (rigth axis) as a function of the initial gap separation, g.
(b) OEM response, zoewm, as a function ofthe initial gap separation, g, for different laser spotradius (SR). All calculations have been performed non-iteratively
at 7.5 mW of laser power.

Finally, in figure 9 the maximum OEM displacements and the corresponding initial gap distances, go, obtained from figure 8.b
are represented asa function of the spot radius, showing that when SR is reduced, then power density is increased, voltage in the
gap and electrostatic force are both consequently increased and OEM displacement is increased.
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Figure 9: Maximum OEM response, zopm (left axis), and the corresponding initial gap distance, go (right axis), as a function of spot radius, SR. Laser power
is 7.5 mW in all cases.

5.2. Coupling EM, thermal and mechanics

In a second set of COMSOL simulations, the opto-thermomechanicalresponse,zotv, considered here as a screening parasitic
effect for the desired OEM response, has been obtained by coupling EM, thermal and solid mechanics physics on the
NEMSTENNA design (Table II) in the way described in section 3.1. It is worth saying that all thermal parameters values
summarized in Table I except hau, correspond to the same valuesused in a previous paper [35], since we use the same commercial
cantilever in both works. The exception is because in the previous paper, air convective dissipation is mainly produced in the Au
surface of the triangularmicrocantilever (10 um scale range) whereas that in the present work convection area corresponds mainly
to that of the nanocantilever component (100 nm scale range). So, we have extrapolated the hau=10° W/m?2K value from
hau=3.8-10° W/m?-K used in [35], considering an increase of one order of magnitude in h per each two orders of magnitude of
reduction in the scale range, as reported in [41]. Besides, nanocantilever dimensions and simulation conditions have been modified
(see figure 10 caption)with respect to the previous section to avoid OTM overresponses. The results of the OTM simulations are

9



shown in figure 10. As it was found previously [39], the opto-thermomechanicalresponse decreasesasthe SR is reduced, because
the nanocantilever area exposed to the IR heating radiation is decreased and, additionally, this area is more and more localized
close to the free end of the structure, where stress based transduction of the bimetallic effect becomes less efficient. However, this
trend is reversed when SR is reduced to below 5 um and OTM response starts to grow because in this regime the increase of
temperature produced by the increase of power density would prevail over the previously described area reduction effect.

5.3. Comparison between OEM and OTM responses

To compare the opto-electromechanicalsignal, zoem, and the opto-thermomechanical parasitic response, zot™, new values of
the OEM response adapted to the new conditions used in OTM simulations (see figure 10 caption)have been calculated. Then,a
figure of merit defined as FoOM= zoem/zotwm, is used to analyze how OEM compares to OTM and how this figure of merit is
improved when SR is changed. Figure 10 shows the dependence of the as defined FoM on the SR. As expected, forlarge SR
values (above 4 um) the ratio zoem/zor™ grows as the SR decreases because the opto-electromechanical signal grows and the opto-
thermomechanical parasitic response decreases simultaneously. Below SR=4 um the FoM decreases as SR decreases because
OTM starts to increase faster than OEM grows. Thus, the maximum FoM=0.04 is reached for SR=4 um, which is one order of
magnitude worse than the FoM=0.2 found in our previous NEMSTENNA design [39].

To compare the performance of our NEMSTENNA transducerwith the state-of-the-art of similar optomechanicaltransducers
we have calculated the responsivity in terms of the ratio between mechanicalresponse and input opticalpower, i.e. R1=2z0ogM/Plasr,
and alternatively relative to the irradiance (optical power density), i.e. R2=zoEm/(Plaser/SA), being SA=7-SR? the spot laser area.
The results of this analysis summarized in Table 111 show that the NEMSTENNA design presented here improves in terms of
responsivity the two previous designs [39], [32]. Besides, when comparing our device to detectors with the same transduction
principle it equals their performance [30] or it overpasses in almost two orders of magnitude [17]. On the other hand, when
comparing to optothermal THz detectors based on large area microcantilevers, irradiance-based responsivity, Rz, has to be used
and values, R»=815 nm/(mW/um?) [27], almost one order of magnitude above this work’s values, R2=815 nm/(mW/um?), are
found [27]. Responsivity enhancements of several orders of magnitude with respect to the present work have been recently
demonstrated in optothermal THz detectors based on resonant optomechanical structures [42], [43], due to the amplifying effect
on the responsivity of their high quality factor.
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Figure 10: OTM and OEMresponses (left axis) together with FoM=zopm/zotm (right axis), as a function of spotradius, SR. Nanocantilever dimensions are:
1,=50 pm, t,=600 nm, ta,,»=70 nm; and laser power is | mW in all cases.



Table III: Responsivity values of some of the state-of-the-art optomechanical transducers.

R1 (=zoem/Paser) Units Rz (=zoem/(Piaser/SA)) Units Frequency Wavelength Reference
0.67 nm/mW 134 nm/(mW/pum?) 193.55 THz 1.55 um This work
6.7-10° nm/mW 193.55 THz 1.55 um [39]
107 nm/mW 193.55 THz 1.55 um [32]
0.49 nm/mW 2.6 THz 115 ym [30]
24.8-10° nm/mW 815 nm/(mW/um?)  3.24-3.98 THz  92.6-75.4 um [24]
1.34 nm/(mW/um?) 273-600 THz 1.1-0.5 um [17]
3-10* nm/mW 2.5 THz 120 um [42]
1.5-107 nm/mW 2.5 THz 120 um [43]

6. Conclusions

A new optomechanicalactuator design, which combines a plasmonic opticalnanodipole antenna with two capacitively coupled
micro-nanocantilevers, has been presented. The device converts efficiently the optical power of an infrared radiationat 1.55 um
absorbed in the nanoantenna into the static mechanical deflection of the micro-nanocantilevers. The maximum nanocantilever
slenderness achievable before the residual stress induced collapse hasbeen empirically determined through the fabrication of test
structures by means of Focused Ion Beam nanolithography. In the design and analysis process, COMSOL Multiphysics has been
used to optimize the antenna dimensions at the 1.55 pum target wavelength, to predict the opto-electromechanical transduction
(OEM) and to evaluate the parasitic opto-thermomechanicalresponse (OTM) as well. Although the performance of the actuator
evaluated in terms ofthe OEM/OTM ratio does not improve compared to our previous designs, the achieved responsivity values
of 0.67 nm/mW are in the same order of magnitude of the state-of-the-art detectors of EM radiation based on the same opto-
electromechanical transduction principle.
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Abstract

We present a novel optomechanicalantenna that directly converts near-infrared (A=1.55 um) light into mechanicalmotion using
a tuning fork architecture with an integrated optical transmission line (OTL). The device consists of two parallel nanocantilever
arms, made of gold-coated silicon nitride, forminga lateraltuning fork, with a plasmonic nanodipole antenna atthe free end. Upon
focused NIR laser illumination, the nanodipole’s feed gap concentrates the opticalfield and induces an oscillating voltage across
the gap. This produces a strong DC electrostatic attraction between the tuning fork arms, causing an in-plane deflection. The
integrated coplanar opticaltransmission line significantly enhances the antenna’s performanceby improvingimpedance matching,
leading to nearly an order-of-magnitude higher gap voltage compared to designs without OTL. We fabricated a test structure of
the proposed device via focused ion beam nanomilling to validate the fabrication process, achieving a ~65 nm gap, and verified
the static mechanicalresponse using COMSOL multiphysics simulations. An optimized design exhibits a lateral displacement up
to 13.5 nm at 7.5 mW optical power, which corresponds to a responsivity of 1.8 nm/mWat 1.55 um, outperforming previous NIR
optomechanical transducers.
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1. Introduction

Nanophotonics and nanomechanics are rapidly advancing fields, with a key goal being the conversion of light into mechanical
motion at extremely small scales. At optical frequencies, plasmonic nanoantennas have become essential elements because they
can capture incoming light and concentrate its electromagnetic energy into nanoscale regions, creating intensely localized fields.
This ability to focus light into sub-wavelength hotspots makes plasmonic nanoantennas highly useful for applications such as
molecular sensing, surface-enhanced spectroscopy, energy harvesting, and infrared detection [1][2][3][4]. Numerous studies and
reviews have highlighted how plasmonic resonances in nanoantennas enable fine control of light at visible and infrared
wavelengths [2][3][5].

Beyond passive nanoantennas, researchers have explored active nanoantenna systems by coupling optical antennas with
micro/nanomechanical elements. For example, Chen et al. demonstrated an electromechanically tunable suspended optical
nanoantenna whose resonance and field enhancement could be adjusted by applyinga voltage, effectively changing its geometry
in situ [6]. Other groups have shown that plasmonic nanoantennas can even be driven electrically, forinstance, by feeding current
or bias to stimulate light emission at optical frequencies [7][8][9]. These efforts illustrate the potential of combining plasmonic
nanostructures with mechanical or electrical actuation to achieve tunable or reconfigurable optical behavior.

More recently, attention hastumned to optomechanicalnanoantennas based on the combination of opticalantennasand NEMS
structures, which use light itself to induce mechanicalmotion in a nanoscale device. This transduction mechanism offers not only
an unprecedent way to implement a nanoactuator controlled by light, but also provides advantages of NEMS such as their high
responsivity and sensitivity, when applied to the detection of optical radiation.

Thus, for instance, a near-infrared optomechanical antenna was recently reported at telecom wavelengths (A=1.55 pm),
demonstrating that incident NIR light can be directly converted into mechanical deflection [10][11]. In that pioneering work, a
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plasmonic nanoantenna was used to enhance the optical field and generate a force on a tiny cantilever, confirming the feasibility
of light-to-motion transduction at optical frequencies. However, those early optomechanical antenna designs had significant
limitations: they required very precise alignment of separate cantilever components and relied on out-of-plane (vertical) bending,
which produced only small mechanical displacements. Moreover, the photothermal response of metal—dielectric bilayers often
interfered with the mechanical signal because both occurred along the same axis [10][11][12].

In this work, we introduce a new approach to optomechanical antennas that overcomes these challenges by using a tuning-fork
architecture with an integrated optical transmission line (OTL). The tuning-fork optomechanical antenna with integrated OTL
offers several key advantages over earlier designs [10][11][13]. First, the actuation is lateral (in-plane) rather than vertical,
allowing larger mechanical displacements and eliminating crosstalk with thermally induced bending. The desired mechanical
signal (in-plane deflection) is orthogonal to any photothermal deformation (out-of-plane), making the response inherently
thermally decoupled. Second, integrating a coplanar OTL with the nanoantenna improves impedance matchingand guides optical
frequency currents along the structure, producing a much higher gap voltage—up to an order of magnitude larger than that of an
isolated antenna. Third, the monolithic tuning-fork structure simplifies fabrication, increases reproducibility, and ensures
symmetrical operation.

In the following sections, we describe the device design, fabrication process, and Multiphysics simulation of its optomechanical
response. We then compare the results to previous optomechanical and optothermal transducers.

2. Optomechanical antenna structure

The proposed device is a tuning fork—based optomechanicalantenna with an integrated optical transmission line (OTL). It is
designed to convert near-infrared (NIR) light into mechanicalmotion. As described in Figure 1, the structure is built on a SisNe
flange (600 nm thick) coated by a thin Au layer (70 nm) that stands out from a Pyrex substrate. Two nanocantilevers placed in
parallel make up the in-plane (x-y) tuning fork, which is clamped in the Pyrex substrate. At the free end of the tuning fork, the
device has a nanodipole antenna made of the Au layer on top of SisN4. Both arms of the nanodipole, with length L and width W,
are separated by a feed gap (go), which will be the active region where the NIR induced electric field becomes strongly enhanced.
Thenanodipoleis directly connected to a coplanar OTL with a width WoTL and a length LoTL. The OTL runs along the cantilevered
arms of the tuning fork and transmits the induced optical electromagnetic fields from the nanodipole toward the Pyrex support of
the structure. Both OTL Au lines are mutually disconnected at the mechanicalanchorpoint (y=LotL), so the electrical termination
corresponds to an open circuit.

Figure 1: Lateral (a) and top (b) views of the tuning fork optomechanical antenna.



3. Transduction principle

As schematically described in figure 2, when a NIR laser beam (A=1.55 um) is focused on the nanodipole antenna, an electric
field enhanced with respect to the laser background is strongly confined in its feed gap. In particular, the enhanced electric field
in the x-direction creates an optical voltage across the gap, Vgp, that oscillates at the NIR frequency.

Vyap () = [Vyap | - cos21fiysat) (1)

The x-direction electric field and the corresponding voltage are both propagated along the OTL and tuning fork structure. This
voltage distribution produces a similarly distributed attractive electrostatic force, Fee, between the metallic arms of the tuning fork,
which mainly acts at the free end of the structure, since the voltage at this point (y=0) is maximum and decays along the y -
direction. The electrostatic force depends on the square of the induced voltage (Feco<V?) and the transduction capacitance gradient
as follows:
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where the electrostatic transduction capacitance, Cgp, depends on the transduction area, A, and the gap dependent on bending of
the tuning fork arms, dx:
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As a result of the quadratic dependence of the electrostatic force on the voltage, two components arise when equation (1) is
introduced on equation (2) (as indicated in the right term of equation (2)): a DC component, Fee pc,and an oscillating component,
Feeac(t), at twice the optical frequency. The DC component is associated to a steady attractive force, equation (4), that pulls the
arms of the tuning fork toward each other, producing a lateral displacement, 6x. If the tuning fork geometry is symmetric, both
armswill movein a balanced way. The ac component,equation (5), does not produce any significant mechanicalresponse, since
its frequency, 2fnir =386.82 THz, is many orders of magnitude higher than the natural resonance frequency of the mechanical
structure, which lies in the kHz range.
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Note that the gradient of Vg term, 0Vgp/0x, (second term in equations (4) and (5), and in left side of equation (3)), which is
cancelled in standard electrostatic MEMS transducers where the applied voltage does not change with displacement (OVgp/0x=0),
is present in our transducer as shown in figure 7.

This working principle allows the optomechanicalantennato actasa remote, optically driven actuator, without needing any local
power source. The integrated optical transmission line (OTL) not only carries the induced voltage along the cantilever arms but
also increases the attractive force. This improves the efficiency of the light-to-motion conversion mechanism.
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Figure 2: Lateral (a) and top (b) views forthe transduction principle description. When both components of the tuning fork o ptomechanical antenna are
illuminated by a focused IR laserbeam, the electrostatic forcealongthe OTL, F.(y), induced by the voltage in the gap of the structure, V(y), produces a static
bending, 8x, in the on-plane direction.

4. Fabrication process

The nanoscale features of the tuning fork were fabricated on a commercially available suspended Au on Si3Ng structure (figure
1), using a six-step nano-milling process based on Focused Ion Beam (FIB) lithography, as illustrated in Fig. 3. In a first step (Fig.
3(a)), the optical transmission line (OTL) gap was first opened by etching a trench 150-200 nm wide at50 pA and30kV. After
that,and using the same beam current and voltage, material was removed from the nanoantenna region to prepare the final feed
gap cut (Fig. 3(b)). The nanocantilevers of the OTL/tuning fork structure were then defined in two stages (Fig. 3(c)): an initial
etching step at 300 pA followed by polishing at 50 pA to improve edge quality. In the next step (Fig. 3(d)) magnification was
increased above 1000 X and the beam current wasreduced to 2 pA to achieve higher resolution in the definition of the nanodipole
feed gap. A final etching step at 50 pA (Fig. 3(e)-Fig. 3(f)) was used to fine-tune the nanodipole antenna length (L) and width
W).

Scanning electron microscopy (SEM) images (Fig. 4) confirm the successful fabrication of well-defined nanoscale gaps and
precise antenna dimensions. In the fabrication demonstratorof the figure, the nanodipole feed gap was reduced to ~65 nm, while
the antenna arms and cantilever structures maintained uniform geometry with lengths and widths in the 200—400 nm range. These
results demonstrate thatFIB lithography enables controlled, reproducible fabrication with high structural integrity, validating this
method as a reliable strategy for the definition of the nanoscale antenna and of the overall optomechanical structure.
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Figure 3: FIB nano-milling fabrication steps of a tuning fork optomechanical antenna.

Figure 4: SEM images of a tuning fork optomechanical antenna fabricated by means of the as defined FIB nano -milling process.

5. Modelization
5.1. Multiphysics model

Ina first step, the electromagnetic behaviorofthe tuning fork optomechanicaldevice has been modelled using the RF module
of COMSOL Multiphysics. The RF simulation environment is defined by a spherical simulation box that encloses both the
nanodipole antenna and its opticaltransmission line (OTL). A Gaussian laserbeam hasbeen used asan excitation source. [ts beam
waist, in terms of spot radius (SR) of 8 um, and a 1mW optical power, are defined as the main parameter characteristics of the
beam. The paraxialapproximation is used to describe the electromagnetic wave propagation. A Perfectly Matched Layer (PML)
is defined as the boundary condition in the outer layer of the spherical simulation box to suppress back-reflections. A mesh size
of /5 is selected to optimize the finite element calculations. Apart from values of refractive index, n, and extinction coef ficient,
K, at A=1.55 um reported in Table I, one of the most critical parameter sets to reproduce plasmonic phenomena in our EM
simulations are n(A) and k(1) pairs, which were extracted from data by Johnson and Christy for Au, and by Luke et al. for Si3Ny
[14][15]. The main simulation outputs of this first module are the x-direction electric field distribution along the OTL inside its
gap, Ex(y), and the corresponding voltage V(y), which is computed by integrating the x -component of the electric field along the
gap length [11]. The voltage Vgp, ie. the voltage V at y=0 (at the nanodipole antenna gap) will be the maximum value of V(y)
since, as explained in the transduction principle section, it will decay alongthe OTL length. For this reason, it will serve asa
maximization variable in the device design process.

In a second step, the mechanicalarms deflection of the tuning fork optomechanicaldevice in its steady -state response has been
also calculated. For this to be done, the output of the previous RF simulation, V(y), is then used as a link variable to coup le the
RF module with the solid mechanics module, through electrostatics asone of its build-in transduction mechanisms. At this point,
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the tuning fork/OTL structure is divided into 5 sections along its length to assign a constant voltage value obtained from V(y)
distribution to each section. This 5-value discretization of V(y) and its corresponding electrostatic force values allows us to
simplify the V(y) calculation, which is made manually.

In the simplified and computationally faster method that has been adopted in this work, the actuation voltage, V(y), is kept
constant during the gap-closing transient caused by the mutual electrostatic attraction of the nanodipole arms. As mentioned in
reference [10], this simplification approximates the physical behavior, although V(y) naturally decreases as the gap reduces
[11][10]. In contrast,in a more complex iterative method disesteemed here for simplicity, V(y) is recalculated through a new EM
simulation at the end of each mechanicalsimulation step. This is, each time the free end displacement of the tuning fork arm s, and
thus the corresponding gap, reaches a new stationary value.

The most relevant parameter values used in our solid mechanics simulations are also found in Table I. The obtained static
mechanical deflection, resulting from the interaction of the optical beam and the tuning fork optomechanical device, will be
referred to as the opto-electromechanical (OEM) response [11][10]. In all simulations, a dynamic approach was taken, utilizing a
moving mesh within the simulation box that housed the tuning fork optomechanical device in an air environment, which prevented
non-convergence issues.

6. Results and discussion
6.1. Design of the tuning fork optomechanical transducer

A first approach to the design of the full tuning fork optomechanical device consisted in the determination of the nanodipole

antenna dimensions. This has been done by calculating Vg, resulting from a 1.55 pm laser illumination, as a function of the

nanoantennaarm’s length, L, assuming that this is the dimension that has the strongest impact on the antenna frequency respo nse,
compared to the rest of geometry parameters, which are kept constant. The results o fthis preliminary study are shown in figure 5,
where the effect in the gap voltage of the OTL is highlighted. Indeed, Vgp maxima are produced at slightly different dipole lengths,
depending on whether the OTL is present or absent, except for the last peak, produced around L=2.5 pum. But, most notably,
almost one order of magnitude enhancement on Vgp is achieved, compared to the case where the OTL is absent, when an OTL 10
um long is attached to the dipole antenna. Besides, no enhancement is observed when the attached OTL is only 1 pum long. Such
an effect of OTL on Vg can be attributed to the impedance matching between the tuning fork optomechanical antenna and the
free space propagation medium of the IR radiation. A maximum value of Vgp=222 mV is achieved in the last right peak of the 10
um long OTL (figure 5) placedat L=2.5 um, which hasbeen chosen asthe nanodipole length of the designed device. Itis worth
noting that this peak corresponds to the fifth plasmonic resonance mode [10]. This choice led to a final structure thatis not only
easier to fabricate but also offers a larger effective area, which could enhance radiation absorption.
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Figure 5: Vgqp vs. nanodipole length without and with OTL. Therest ofdimensions are found in Table I1. All simulations have been performed fora 1 mW laser
beam excitation with A=1.55 um and SR=8 pm.

In a second approach, the finaldimensions of the complete tuning fork optomechanical transducer have been obtained through an

optimization process in which the gap voltage, Vgp, has been used again as the maximization variable at the design radiation

wavelength of 1.55 um. The arm’s lengths of the nanodipole have been fixed at the previously obtained value L=2.5 pm.

Thicknesses of Au and Si3sNy layers have been fixed at 70 nm and 600 nm respectively. The dipole arms’ width W, the width and
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length of the tuning fork/OTL, WorL and LotL, and gap distance, go, have been treated as free parameters. The optimization was
performed with a laser power of 1 mW, a beam spot radius of 8 pm, and an initial feed gap distance fixed at go=100 nm. The
resulting optimal design parameters are W=90 nm, Wot.=180 nm, Lot.=10 um and go=100 nm (see Table II).

Figures 6 and 7 show two of the most relevant dependences of Vgp on geometry parameters found throughout this second
optimization process. Figure 6, for instance, shows two effects: Vgp grows with Lotr, achieving the maximum value for Lotr=10
um and decreases asthe gap closes, which is especially evident at Lot.=10 um. The dependence on Lot can be explained by an
improvement of the impedance matching between the tuning fork optomechanical antenna and free space, as argued previously
(see figure 5). The gap dependence can be attributed to a combination of a device impedance change and a reson ance frequency
shift of the nanodipole, like that found in our previous works [11][10]. New details of this second effect are observed in figure 7,
where Vgp presents a clear oscillatory decrease as gap closes. Such oscillations, which were not observed in our previous
optomechanical antenna designs lacking in OTL structure [11][10], are characteristic of the OTL impedance dependence on its
gap and reinforce the hypothesis that the OTL is strongly affecting the response of the whole device.

It is worth noting that we restricted our optimization analysis to a maximum OTL length of 10 um, because this is the limit

imposed by the length of the Au/Si3N4 slab where we fabricate the device. Quite likely, an optimal LOTL value would be found
beyond 10 pum.
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Figure 6: Vgap vs. OTL length for different gap values. The rest ofdimensions are found in Table I1. All simulations have been performed for a | mW laser
beam excitation with A=1.55 um and SR=8 pm.
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Figure 7: Vgap vs. gap distance, 0, for different OTL lengths (left y-axis) and (Vgap/g0)* vs. gap distance for LOTL=10 um (right y-axis). The rest of
dimensions are found in Table II. All simulations have been performed for a 1 mW laser beam excitation with A=1.55 um and SR=8 um.

A finalanalysishasbeen performed to verify whether the optimalparameters for Vgap are also optimalforthe electrostatic force,
Fee, and, ultimately, for the mechanicaldisplacement, 6x, so that we could confirm that Table Il parametersare also optimalina
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broadersense. Thus, we realize thatthe initial electrostatic force in the gap position (5x=0, y=0), as computed with equation (4),
depends linearly on (Vgap/g0)2 and,consequently,isnot necessarily maximized when Vgap is maximized. Indeed, if we calculate
(Vgap/g0)2 for Vgap-g0 pairs corresponding to the LOTL=10 pum curve in figure 7 and we plot them (right axis), we discover
that the electrostatic force is optimized at g0=20 nm. However, we decided to choose g0=100 nm instead of g0=20 nm to facilitate
manufacturing and to help avoiding possible snap-in collapse induced by FIB charging during fabrication. Besides, as observed
in the decay dependence shown in figure 8, the election of g0=100 nm is also advantageous,because Vgap decays more slowly
thanin the smaller gap case (g0=10 nm) and, consequently, it will revert to a larger electrostatic force in an OTL region (y-range)
where it is efficiently transduced into a mechanical displacement.

gap

01 2 3 45 6 7 8 9 10

y (um)

Figure 8: Vgap vs. y position along the OTL. The rest of dimensions are found in Table II. All simulations have been performed for a | mW laser beam
excitation with A=1.55 um and SR=8 um.

Regarding the optimization of the mechanicaldisplacement, 8x, the analysisis much simpler. Since 6x and Fee are proportional
through the spring constant of the tuning fork arms, k, (6x=Fee-k-1) and k depends strongly on LOTL (k-1<LOTL3), a constant
growth of Vgap (and consequently of Fee) with LOTL together with a constant increase of k-1 ensures that ox is maximized at
LOTL=10 pm.

6.2. Transducer responsivity and benchmarking analysis

Once the geometry of the device hasbeen optimized to maximize Vgap and, ultimately, the mechanicaldisplacement fora A=1.55
um optical radiation, we have quantified this last variable as a function of the radiation power. Plot of figure 9 shows the
simulations results of the mechanical displacement obtained when laser power is swept from 1 mW to the maximum power
achievable in our experimentalsetup (7.5 mW). As canbe observed, a predicted maximum value of 8x=13.5 nm is obtained fora
7.5 mW illumination.
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Figure 9: Lateral displacement in x-direction, 8x, vs. laser power. All dimensions of the device are found in Table I1. All simulations havebeen performed for a

laser beam excitation with A=1.55 um and SR=8 pm.
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A benchmarkinganalysis in terms of the as defined responsivity, $8=dx/Plaser, has been performed to compare the transduction
performance of our tuning fork optomechanical NIR antenna with the state-of-the-art optomechanical transducers.

The results of this analysisare summarized in figure 10, where responsivity, R, is represented asa function of the EM radia tion
frequency. Thus, for instance, when we compare the responsivity of our device, R=1.8 nm/mW, with that of our previous designs
atf=193.55THz (A=1.55 um) [10][11][13] an improvement is clearly observed. It is worth noting here thatthe design presented
in this work supposes an additionalimprovementin terms of insensitivity to parasitic thermaleffects, compared to our previous
optomechanicalantennas. Indeed, we have moved from mechanical structures (cantilevers) where signal and optothermal parasitic
response are found together in the same vertical direction (z-direction), so the second masked the first, to a tuning fork structure
were signal (x-direction) and thermal parasitic unavoidably induced by the Au/Si3N4 bilayer (z-direction) are orthogonally
decoupled. Consequently, thermal effects do not affect mechanical displacement, 8x, in this case.

Other devices applied to the detection of EM radiation using the same transduction principle demonstrated comparable
performance with our device [16], butthey operateata radiation frequency 2 orders of magnitude lower (2.6 THz). On the other
hand, when comparingour device to optothermaltransducers,ie. devices based on an optically induced heatingeffect combined
with a bimetallic mechanicalbending, more than one order of magnitude responsivity enhancements are found with respect to the
present work [17][18][19]. However, a slow optothermaltransduction mechanism will produce long temporalresponses and low
frequency bandwidths than the faster and more straightforward optical to mechanical transduction mechanism exploited in this
work.
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Figure 10: Responsivity vs. operation frequency corresponding to some ofthe most relevant state-of-the-art optomechanical transducers, including the tuning

fork optomechanical antenna of present work.

TABLE I: Optical and mechanical properties of the materials involved in COMSOL simulations.

Property Au SizN4 Units
Refractive index, n * 0.52406 1.9963
Extinction coeficient, k * 10.742 0
Electrical conductivity, ¢ * 45-10° 0 S/m
Density, p 19280 3100 kg/m®
Young’s modulus, E 80 250 GPa
Poisson’s ratio, v 0.44 0.23
*@A=1.55um



TABLE II: Geometry characteristics of tuning fork optomechanical device

Parameter Value Units
Dipole width, W 90 nm
Dipole length, L 2.5 um
Gold thickness, tau 70 nm
Silicon nitride thickness, tsizna 600 nm
Tuning fork/OTL arm width, wor 180 nm
Tuning fork/OTL arm length, Lot 10 um
Capacitive gap, go 100 nm

7. Conclusions

The design, fabrication and performance analysis of a novel optomechanicaltransducerbased ona combination of a nanodipole
antenna, an optical transmission line (OTL) and a tuning fork have been presented.

The ascalled tuning fork optomechanicalantenna transduces NIR (A=1.55 um) opticalpower into static mechanicaldeflection of
the tuning fork arms in the on-plane direction. No opto-thermomechanical effects are involved in the transduction mechanism,
since mechanicaldeflection is exclusively produced by the DC component of the electrostatic force. This force is induced by the
voltage oscillating at optical frequencies and propagated from the nanoantenna feed gap along the optical transmission line
integrated on top of the tuning fork. An ad-hoc fabrication process based on Focused Ion Beam nano-milling has been defined
and validated. COMSOL Multiphysics has been employed for the design and performance analysis of a n optimized tuning fork
optomechanical antenna. In the design process, the effects of the nanodipole and OTL dimensions produced on the full device
performance in terms of voltage in the feed gap nanoantenna, electrostatic force and lateral displacement have been carefully
discussed. Finally, a maximum displacement response of dx=13.5 nm has been obtained, giving rise to a responsivity value of
R=1.8 nm/mW, which has been compared to some of the more relevant examples found in the literature.
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C.1 Nanodipole coupled to a micro or nanocantilever
(Papers 1 and 3) (A.1)(B.2)

To fabricate Paper 1 and Paper 2 designs we utilized two separate microcantilevers
as the base, in a configuration where the plasmonic nanodipole has to be connected
to directly to the micro cantilever (Paper 1) (A.1) or to a nano cantilever (Paper
3)(B.2). Each microcantilever was a commercial tipless AFM cantilever made of
Si3N4 (triangular in shape, 200300 pm in length) with a nominal thickness of
600 nm, coated on both sides with a metal layer (typically Cr/Au, 70 nm and 35
nm thick). The cantilevers were originally clamped on a rigid substrate (Pyrex) at
their base. In these designs, one-half of the nanoantenna would be fabricated on
the tip of each cantilever, and later the two cantilevers would be aligned facing
each other to form the complete antenna feed gap. The fabrication process on each
microcantilever involved two main FIB milling stages (plus a final assembly), with
careful control of beam parameters to create a nanotailored cantilever tip that is
thinner and more compliant than the original, as well as to define the nanoantenna

structures. The steps on each cantilever were (Figure 3.9):

1. Thinning and Top Metal Removal: First, the microcantilever was inverted
(flipped upside-down) so that the FIB could directly access the side coated
with 70 nm Au/Cr. Using FIB milling, the entire metal coating was removed
from the tip region of the cantilever, and crucially, the underlying SizN4
was thinned down in that same region. This was done to “nanotailor” the
cantilever — i.e., to locally reduce its thickness and stiffness — which would
enhance its mechanical deflection under optical forces (Paper 3)(B.2). To
avoid Ga*' redeposition and to achieve a uniform thinning (a “brushing”
effect on the surface), a relatively low ion beam current of 700 pA was
used for this step, combined with a fast raster scan (on the order of 1s per
frame). The low current minimizes sputtered material redepositing on the

surface, while the fast scanning prevents localized overheating or excessive
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milling in one spot. This step was confined to the area at the cantilever’s free
end where the nanocantilever and/or the antenna would be formed (Figure
3.8, section 3.3), ensuring the rest of the cantilever beam remained at full

thickness for structural support.

2. Nanostructure Definition: In the second FIB milling stage, the fine struc-
tures — namely the slender auxiliary nanocantilever (Paper 3)(B.2) and the
nanodipole antenna arm (Papers1 and 3)(A.1)(B.2)- were cut out from the
thinned region of the cantilever. Essentially, this step carved a tiny protrud-
ing beam (the nanocantilever) at the cantilever’s tip and at the same time
defined one half of the dipole antenna on that protrusion. The FIB milled
completely through the Si3Ny layer (and the remaining metal) to isolate the
nanocantilever and antenna arm from the surrounding material. To efficiently
remove material for the coarse outlines, a higher beam current of about 3 nA
was employed, with a slower scan speed (10s per scan) to increase milling
depth per pass. After the major cuts, the beam current and aperture were
progressively reduced as the milling approached the final delicate features.
In practice, this meant using intermediate currents (e.g. 1 nA, 300 pA, etc.)
in a stepwise fashion to refine the antenna arm shape and the nanocantilever
width, and finally a very low current (tens of pA) for the most critical edges
and the antenna feed gap region. This gradual reduction in beam size im-
proved the lateral resolution and edge smoothness of the nanostructures. By
the end of this step, one half of the plasmonic dipole — consisting of a metal
pad/arm on a now-freely suspended Si3N4 nanocantilever — was fully defined
on the tip of the AFM cantilever.

The above two steps were performed on two identical cantilevers, each produc-
ing one half of the NEMSTENNA device. After FIB milling, the thickness of the
tailored nanocantilever sections was typically in the range of 100-150 nm (down
from 600 nm originally), as controlled by the first milling step. It was empirically

found that thinning the Si3N4 much below 100 nm for a long (tens of micron)
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nanocantilever led to bending and collapse of that structure due to residual stress
in the metal/nitride film. In fact, the 70 nm Au coating introduces stress such that
extremely thin and narrow nanocantilevers will curl or buckle if over-thinned. The
fabrication strategy addressed this challenge by limiting the thinning to ~100 nm
thickness to maintain stability. In an ad-hoc experiment, the maximum slenderness
of these nanocantilevers without collapse was determined: for a length of about
68.7 nm and width 2.2 pm (nearly the design’s full span), the nitride could be
thinned to ~ 100 nm before the onset of irreversible bending. Thus, the process
was optimized to stop at that thickness, using intermittent SEM imaging to monitor
the deflection during milling.

With both halves of the nanoantenna fabricated, a final assembly has to be car-
ried out by carefully aligning the two microcantilevers so that their nanostructured
tips face each other in close proximity. This fabrication approach is more complex
than the tuning-fork method, primarily because of the delicate final alignment
step and the need to fabricate two separate components. However, FIB milling
proved capable of producing the required features on the AFM cantilevers: e.g.,
the antenna arm widths (W1) of 80 nm and gap on the order of 10—100 nm were
targeted, and the process achieved the necessary precision within a tolerance of
around +50 nm. The use of a low-current polishing strategy and stepwise milling
ensured the edge quality and reproducibility of the patterned features on each can-
tilever. Overall, this “nanotailored cantilever” fabrication successfully increased
the device’s compliance and optical response (by thinning the cantilever and in-
creasing overlap capacitance), at the cost of additional fabrication complexity in
the assembly stage.

C.2 Tuning fork NEMSTENNA with integrated op-

tical transmission line (Paper 4)(B.3)

The tuning-fork optomechanical antenna was fabricated from a suspended bilayer

consisting of a 600 nm thick silicon nitride (SizNy) film coated with a 70 nm Au
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layer on its top surface. This bilayer membrane (“flange”) is anchored to a Pyrex
substrate at one end, while the other end is free-standing to form the nanocantilever
tuning fork structure. All nanoscale patterning was accomplished via a six-step
FIB milling sequence (Figure 3.11), carefully designed to define the tuning-fork
arms, the integrated optical transmission line (OTL), and the plasmonic nanodipole

antenna at the free end. The key fabrication steps were as follows:

1. OTL Gap Trench: First, the gap separating the two coplanar OTL strips along
the tuning-fork arms was opened by ion milling a narrow trench through
the Au/Si3Ny bilayer. This trench was milled to a width of approximately
150-200 nm using a low ion beam current of 50 pA at 30 kV acceleration.
The low current ensured minimal lateral milling damage and high fidelity in

the gap width.

2. Nanoantenna Region Clearing: Next, using the same 30 kV, 50 pA Ga*
beam conditions, material was removed at the intended nanoantenna site.
This created a clear region where the nanodipole antenna’s feed gap would
be defined, essentially pre-milling the area around the antenna to prevent

redeposition or obstruction during the final gap cut.

3. Cantilever Outline Milling: The outline of the two parallel nanocantilever
arms (which form the tuning fork) was then milled in the Au/Si3Ny layer.
For this relatively larger-scale material removal, a higher ion beam current
of 300 pA was used to etch the rough shape of the cantilevers and OTL in a
time-efficient manner. This step cuts through the bilayer, releasing the sides

of the nanocantilevers from the surrounding membrane.

4. Edge Polishing: After coarse milling, the beam current was reduced back to
50 pA to perform a “polishing” pass along the newly cut cantilever edges.
This lower-current cleanup improved the edge smoothness and removed any
Ga™-induced redeposition or milling damage, ensuring high-quality, straight

sidewalls on the OTL and cantilever structures.
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5. Feed Gap High-Resolution Cut: To define the nanodipole antenna’s feed
gap — the critical nanoscale separation between the two antenna arms —
the process parameters were adjusted for maximum resolution. The FIB
magnification was increased above 1000%, and the ion beam current was
minimized to 2 pA. Using this focused, gentle beam, a narrow cut was milled
to split the Au/Si3Ny at the antenna tip, yielding a feed gap on the order of a
few tens of nanometers. This step required precise alignment (facilitated by
SEM imaging at high magnification) to position the cut exactly where the

antenna gap was desired.

6. Antenna Length/Width Trimming: In the final step, the nanodipole antenna’s
dimensions were fine-tuned by FIB milling at 50 pA. Small milling passes
adjusted the antenna arm length L and width W to their design specifications,
without significantly altering the gap. This ensured the plasmonic resonance
of the dipole would be at the target wavelength (1.55 um) and that both arms

were symmetric.

Throughout the above steps, the SEM was intermittently used to inspect the
milled structures and verify that the OTL lines remained intact and that the narrow
gaps were being cleanly produced. (Figure 3.12, section 3.3) confirms the outcome:
the completed tuning-fork device showed a well-defined nanoscale feed gap (re-
duced to about 65 nm in the prototype) and uniform cantilever/antenna dimensions
in the 200400 nm range. The FIB-based process thus proved capable of reliably
sculpting the delicate tuning-fork geometry with sub-100 nm features. Notably, the
entire antenna, OTL, and tuning-fork structure were defined monolithically from
the single Au/Si3N4 membrane, avoiding the need for assembling separate parts.
This monolithic approach simplified fabrication and improved reproducibility: the
multi-step FIB milling strategy yielded high structural integrity and consistent

nanoscale features across devices.
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D.1 Measurement setup

The measurement setup described here has been used to carry out the optother-

momechanical response measurements reported in (section 3.5).

Tekinonix MOO3024
Oscilloscope

Chl{in)

MEMSTENMA

Tc
RL L ) WLS

Figure D.1: Schematic of the NEMSTENNA characterization setup. Key components in-
clude infrared laser (IRL), 4-quadrant photodetector (4QPD), CCD camera (CCD), White
light source (WLS), microscope objective (MO), red diode laser (RL), collimator (C),
optical fiber, (OF), and beam splitters (BS1/BS2). The Tektronix MDO3024 oscilloscope
handles analysis.



194

D.2 Experimental setup elements

Table D.1: Experimental setup elements used for NEMSTENNA characterization.

Element (acronym) Model Characteristic

Oscilloscope Tektronix MD0O3024 Monitors time-domain
signals (e.g., displace-
ment readouts).

Laser Controller ITC 4001 Stabilizes and modu-
lates the infrared laser
power.

Infrared Laser (IRL) Thorlabs SFL1550P 1.55 um wavelength;
excites NEMSTENNA
cantilever.

Red diode laser (RL) Thorlabs CPS11K-EC 673.8 nm diode laser;

Microscope Objective (MO)

Beam Splitters (BS1/BS2)

4-Quadrant Photodetector (4QPD)

CCD Camera

White Light Source (WLS)

Collimator (C)

Optical Fiber (OF)

Mitutoyo MPlanApoSL20X

Thorlabs BS024/CM1-BS015

New Focus 2901

DFK 72AUC02

Thorlabs TC12APC-1550

Mode field diameter: 10.5+1.0 um

used for displacement
detection.

Focuses IR and RL
beams onto the NEM-
STENNA.

Direct IR laser beam and
white light toward the
NEMSTENNA.
Detects cantilever dis-
placements via reflected
beam.

Monitors alignment and
cantilever position.
Provides broadband illu-
mination for CCD imag-
ing.

collimates IR laser
beam.

Guides IR laser beam to
the collimator.
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