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summary

anomechanical resonators have become integral to technological advancements and
N scientific progress in modern society. Not only do they enable exquisite precision
in sensing applications, but they also allow for exploring quantum mechanics and the
development of quantum technologies. These applications require resonators with high
quality factors capable of isolating them from environmental noise, specifically crucial at
room temperature.

The focus of this thesis is on investigating the limits of quality factors in nanome-
chanical resonators operating at room temperature. The study revolves around four main
facets, addressing limitations in fabrication techniques, and design strategies, exploring
the impact of aspect ratio on quality factor enhancement, and investigating the potential
for temperature sensing.

Firstly, we address the limits imposed by current fabrication techniques to realize high
aspect ratio resonators, such as stiction and collapse due to interfacial forces like capil-
lary. To overcome these challenges, we develop and characterize an SF¢ plasma etching
technique which enables a quick and controllable release of nanomechanical resonators.
The high fidelity achieved through this approach allows the use of advanced optimization
strategies to design resonators with exceptional quality factors.

In doing so, we tackle the limits of design strategies, which have primarily relied on
human intuition until now. By harnessing the power of Bayesian Optimization and in-

vii
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spired by nature, we discover a strategy to increase the quality factor at low order mode
via a torsional soft-clamping mechanism. The experimental validation of the resulting
spiderweb resonators confirms quality factors surpassing 1 billion at room temperature
in the kHz frequency range. Notably, these resonators contain no features smaller than
1 pm, ensuring a fast and cost-effective fabrication.

Expanding on these findings, the thesis explores the limits of aspect ratio in quality fac-
tor enhancement. By bridging nanomechanics and macromechanics, we create nanome-
chanical resonators with centimeter-scale lateral sizes. Utilizing multi-fidelity Bayesian
Optimization alongside stiction-free fabrication techniques, our strategy allows to reduce
the computational cost and to suspend the fragile structures with a fabrication yield ap-
proaching 100%, leading to a quality factor above 6 billion.

Finally, the thesis investigates the potential of high quality factor nanomechanical res-
onators for temperature sensing. We develop a primary noise thermometer to detect tem-
perature across a wide range. The elevated quality factor enables the detection of the effect
of the Brownian motion on the resonator’s motion. However, it also poses limitations on
the measurement scheme due to the narrow linewidth of the resonators.

Combining all these aspects, this thesis explores and pushes the boundaries of quality
factors in nanomechanical resonators at room temperature. It presents novel fabrication
techniques, advanced design strategies, and sensing capabilities of high quality factor res-
onators. The findings offer valuable insights and open up new possibilities for applications
in precision sensing, quantum mechanics, and beyond.



samenvatting

anomechanische resonatoren zijn een integraal onderdeel geworden van technologis-
N che vooruitgang en wetenschappelijke vooruitgang in de moderne maatschappij. Ze
maken niet alleen een verfijnde precisie in detectietoepassingen mogelijk, maar ze maken
ook de verkenning van kwantummechanica en de ontwikkeling van kwantumtechnolo-
gieén mogelijk. Voor de meeste van deze toepassingen is het noodzakelijk dat de res-
onatoren een kwaliteitsfactor bezitten die hoog genoeg is om ze te isoleren van omgev-
ingsruis, wat vooral cruciaal is bij kamertemperatuur. Dit proefschrift gaat in op de gren-
zen van de kwaliteitsfactor van nanomechanische resonatoren die bij kamertemperatuur
werken. Het onderzoek draait om vier belangrijke facetten: het aanpakken van beperkin-
gen in fabricagetechnieken, het verfijnen van ontwerpstrategieén, het onderzoeken van
de invloed van de hoogte-breedteverhouding op de verbetering van de kwaliteitsfactor en
het onderzoeken van het potentieel voor temperatuursensoren.

Ten eerste pakken we de beperkingen aan die de huidige fabricagetechnieken op-
leggen, zoals stiction en collaps als gevolg van interfaciale krachten zoals capillairen, om
resonatoren met een hoge aspectratio te realiseren. Om deze uitdagingen te overwinnen,
ontwikkelen en karakteriseren we een SFtextsubscript6 plasma-ets techniek die een snelle
en controleerbare vrijgave van nanomechanische resonatoren mogelijk maakt. De hoge
getrouwheid die bereikt wordt met deze aanpak maakt het mogelijk om geavanceerde op-
timalisatiestrategieén te gebruiken om resonatoren met uitzonderlijke kwaliteitsfactoren

IX
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te ontwerpen.

Hiermee pakken we de beperkingen van ontwerpstrategieén aan, die tot nu toe
voornamelijk op menselijke intuitie leunden. Door gebruik te maken van de kracht van
Bayesiaanse optimalisatie en geinspireerd door de natuur, ontdekken we een strategie
om de kwaliteitsfactor bij een lage orde modus te verhogen via een torsie-mechanisme
met zachte klemming. De experimentele validatie van de resulterende spinnenwebres-
onatoren bevestigt kwaliteitsfactoren van meer dan 1 miljard bij kamertemperatuur in
het kHz-frequentiebereik. Met name bevatten deze resonatoren geen elementen kleiner
dan 1 pm, waardoor een snelle en kosteneffectieve fabricage mogelijk is.

Voortbordurend op deze bevindingen verkent dit proefschrift de grenzen van de
hoogte-breedteverhouding bij het verbeteren van de kwaliteitsfactor. Door een brug
te slaan tussen nanomechanica en macromechanica, creéren we nanomechanische
resonatoren met zijdelingse afmetingen op centimeterschaal. Door gebruik te maken van
multi-fidelity Bayesiaanse optimalisatie naast stictionvrije fabricagetechnieken, maakt
onze strategie het mogelijk om de rekenkosten te verlagen en de fragiele structuren op te
hangen met een fabricageopbrengst die de 100

Tot slot onderzoekt dit proefschrift het potentieel van nanomechanische resonatoren
met een hoge kwaliteitsfactor voor temperatuurdetectie. We ontwikkelen een primaire
ruisthermometer om temperatuur over een groot bereik te detecteren. De verhoogde
kwaliteitsfactor maakt het mogelijk om het effect van de Brownse beweging op de be-
weging van de resonator te detecteren. Het levert echter ook beperkingen op voor het
meetschema vanwege de smalle lijnbreedte van de resonatoren.

Door al deze aspecten te combineren worden in dit proefschrift de grenzen van
kwaliteitsfactoren in nanomechanische resonatoren bij kamertemperatuur verkend en
verlegd. Het presenteert nieuwe fabricagetechnieken, geavanceerde ontwerpstrategieén
en detectiemogelijkheden van resonatoren met een hoge kwaliteitsfactor. De bevindingen
bieden waardevolle inzichten en openen nieuwe mogelijkheden voor toepassingen in
precisiedetectie, kwantummechanica en daarbuiten.
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2 1. Introduction

1.1. Resonating through history

echanical resonators have proven since long ago to be some of the most ubiquitous
M physical systems known. They represent an intuitive, perhaps the most intuitive, re-
alization of a common phenomenon in nature, namely the harmonic oscillator. They have
hence been the object of scientific interest throughout history starting from the seminal
studies conducted by Galileo, Hooke, and Newton in the 1600s. Their applications in sci-
ence date back to the 17th century when Huygens built the first pendulum clock'. Soon
after Coulomb’s torsion balance enabled to quantify the amount of force between two
electric charges, discovering what is known today as Coulomb’s law?, and the famous
Cavendish experiment allowed to define the gravitational constant’. Another notable ex-
ample is the Foucault pendulum used in 1851 to determine the Earth’s rotation, ending a
quest that lasted two centuries™”.

If all those examples are the size of a human being, today’s technological advancement
has enabled the extension of modern mechanical resonators over kilometers or reduced
their size to the dimension of a few atoms. At the large scale, they are at the forefront
of a wide range of applications, ranging from detecting gravitational waves® to probing
quantum mechanics phenomena’ and its interplay with gravity®. The most prominent
example is the kilogram-scale mirrors in gravitational wave detection’, which allowed in
2015 the first observation of gravitational waves, predicted by Albert Einstein a hundred
years ago.

At the other end of the length scale, William McLellan’s tiny motor'’, 3.81 mm wide,
invented in the late 1950s, following the visionary talk by Richard Feynman “There’s
Plenty of Room at the Bottom”, is regarded by many as the first example at the small
scale. Remarkably, the device was created entirely by hand with a microscope and tweez-
ers. The rise of the semiconductor industry in the following decades soon enabled the
fabrication of those devices with conventional microfabrication techniques'’, bringing
mechanical resonators into the nano-world. This opened new horizons given the high
degrees of control over the shape combined with the high level of modularity, scalability,
and integration. Since the breakthrough of scanning tunneling microscopy (STM) in the
‘80s and atomic force microscopy (AFM) a few years later, mechanical resonators with mi-
crometers or nanometers sizes have been used to sense different physical quantities such
as force'?, mass'?, acceleration'* and temperature15 with unprecedented resolution. Such
small resonators are nowadays conventionally employed to process high-frequency sig-
nals in consumer electronics (mobile phones, laptops, and television)'®, to deploy airbags
in the automotive sector and to modulate light beams in projection displays'’. The cur-
rent field has matured to the point where mass production of mechanical resonators that
are hundreds of times smaller than McLellan’s original is routinely achieved.

It is thus difficult to overstate the importance of nanomechanical resonators’. in the
modern world. Their working principle consists of a mechanical element that moves in
response to an applied force. They are therefore ideal candidates to develop highly sen-
sitive sensors and detectors, as long as the desired quantity to sense can generate a me-
chanical force. As such, they have enabled dramatic progress like measuring the mass of

"Note that for simplicity the term nanomechanical resonators in this thesis is used to indicate devices with
both micrometers and nanometers feature sizes, including devices conventionally termed micromechanical
resonators.
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single-protein'®, the motion of bacteria'” and the magnetic force of single spins”’. More-
over, if the desired quantity to sense can be directly extracted by a known physical law or
equation of state, the sensor does not need any external calibration with respect to a refer-
ence. The class of sensors thus created are called “primary sensors” and provide absolute
accuracy, with critical applications ranging from measuring physical constants to defin-
ing measurement scales and obtaining measurements in harsh environments where other
sensors cannot be employed. Specifically relevant for nanomechanical resonators are tem-
perature and pressure primary sensors. As heat and pressure are transmitted by quantized
phonons and gas particles, counting the individual collisions gives access to temperature
and pressure sensing at its fundamental limit*'. Lastly, if nanomechanical resonators are
shielded by the ambient noise, their quantum nature can be probed and hence lead to the
development of quantum sensors. New and exciting applications are then emerging in
both classical and quantum sensing to develop sensors with ultra-high sensitivity or to
measure new physical quantities yet unexplored with mechanical resonators.

1.2. Higher performance under Stress

Mechanical resonators owe their widespread use to their ability to dissipate very little
energy, in other words, their low mechanical dissipation quantified by the quality factor
(Q), combined with their capacity to couple to the surrounding environment. Among the
available platforms to create mechanical resonators with high Q, strained materials with
high aspect ratios are the most commonly used. Specifically silicon nitride (Si3N4) under
high tensile stress stands as the material with the lowest level of dissipation at room tem-
perature. It has hence been extensively used to develop on-chip mechanical resonators
operating at room temperature in the form of suspended membranes®” and suspended
strings’’. By now it is understood that the observed low level of energy dissipated per
cycle originates from the high tensile stress, which “dilutes” the elastic energy represent-
ing the intrinsic energy dissipated in the material. It is important to note that the increase
in the Q factor caused by the high tensile stress comes at the expense of operating at a
higher resonance frequency (f). Depending on the dominant loss mechanics, the resulting
damping rate o< f/Q might decrease proportional to the tensile stress or stay constant.

The feature was originally discovered in the macroscopic mechanical resonators used
for gravitational wave observatories’**> and soon after applied at the nanoscale’®. The
exceptionally low dissipation results in a quality factor exceeding 1 million at room tem-
perature, a remarkable value for mechanical resonators especially at the nanoscale. This
allowed landmark demonstrations of quantum effects at moderate cryogenic tempera-
tures””** as well as development of sensors with ultra-high sensitivity'**’. However the
quest for quantum technology operating at room temperature and the need to achieve

higher sensitivity motivated studies to further improve the quality factor.

To understand how to do so, it is important to take a step back and analyze the different
sources of mechanical losses in mechanical resonators. The quality factor is defined as
the ratio of the energy stored in the system over the energy dissipated for each cycle
Q= ZJTA—EE). The energy can be dissipated by intrinsic and extrinsic means. The resulting
quality factor, inversely proportional to the mechanical dissipation, is then given by the

following equation”:
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1 1 1
- = +
Qtot Qextr Qintr

Extrinsic contributions arise from the interaction between the mechanical resonators
and the surrounding environment, while intrinsic contributions refer to the energy lost
inside the material due to microscopic phenomena. In the next section, we will analyze
the main mechanism causing both terms and how to mitigate them.

(1.1)

1.3. Extrinsic loss

Extrinsic contributions (Q,,;) are caused by the interaction of mechanical resonators with
the surrounding environment. Gas damping and radiation losses are the most relevant for
the nanomechanical resonators considered in this thesis. The first originates from the
interaction between the moving surface of the resonators with the gas molecules around
them and it is often the dominant factor at ambient conditions, whereas the second refers
to the radiation of vibrational energy leaking through the anchors to the substrates.

Gas damping usually dominates because mechanical resonators — specifically nanome-
chanical resonators — possess a large surface area compared to their volume which in-
creases the area interacting with the gas molecules. Assuming that the shape and size of
the resonators are fixed, an effective way to reduce gas damping is to lower the amount
of gas molecules, or in other words the pressure of the gas around it. For large levels of
pressure, the gas can be considered a continuum and the energy is dissipated by the vis-
cous flow of the gas, the loss mechanism is then called viscous damping”'. For low levels
of pressure, the gas enters the ballistic regime where the sparse molecules do not interact
among themselves, and the dissipation is caused by the impact between the resonators
with single molecules’”. Once the pressure decreases below a critical value, the amount
of gas molecules surrounding the resonators becomes so little that the energy lost due to
the impact between the spare molecules and resonators can be considered negligible™.
The pressure level at which this happens depends on the gas composition, specifically
the mean free path length, and the resonators dimension via a parameter called Knudsen
number (K,)** and it usually in the range between 10~ and 10~ mbar for resonators op-
erating at kHz or MHz. For this reason, mechanical resonators usually need to operate
at low pressure inside either a sealed box or vacuum chamber to avoid any contribution
from gas damping.

The next most relevant damping mechanism contributing to extrinsic loss is radiation
loss, referring to the radiation of vibrational energy leaking to the anchors”. The magni-
tude of it can be highly dependent on the geometries of the resonators and the supporting
structures and it is therefore difficult to address it in general terms. Nevertheless, radia-
tion losses have been the object of many investigations’> ™’ and it is instructive to review
some of the main approaches to mitigate them. Chip mounting conditions have — perhaps
unsurprisingly — a large effect on this type of loss. In this context, the term ’chip’ refers to
the combination of silicon nitride resonators and the underlying substrate, typically made
from silicon. The chip is mounted on a holder, whose purpose is to provide support during
measurements.

Minimizing the coupling between the chip and the holder directly affects the quality
factor. These two parts need in fact to be in contact, and various methods can be employed
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such as gluing or mechanical clamping. However, both techniques can introduce a channel
for vibrational energy to leak into the environment, thereby reducing the quality factor.
On the contrary, clamping the chip to the holder solely via gravity has been proven as
an effective way for isolating the chip and reducing radiation losses*®. Furthermore, the
coupling within the chip itself, specifically between the resonator and the substrate, has
been found to significantly impact the quality factor. In particular, substrate thickness has
a sizeable effect due to the mechanical mismatch between the substrate and the resonators,
with thick substrates exceeding 1 mm reported to significantly reduce radiation losses””’.
Lastly, the position of the resonators with respect to the substrate together with the shape
of both have been reported to influence the quality factor due to the overlap in frequency
between substrate modes and resonator modes®”. The effect can be mitigated by a careful
design of the substrate aimed at avoiding any overlap.

All those methods intend to mitigate radiation losses by changing the shape, the thick-
ness, and the clamping mechanics of the substrate. Despite their effectiveness, they are
not always applicable or pose some limitations from the application point of view. An
alternative and complementary way to tackle this issue, recently proposed, consists of fo-
cusing on the design of the resonators itself rather than the substrate’’. Suppressing the
vibration of the resonators at the anchors strongly diminishes the amount of energy that
can radiate to the substrate. This reduces radiation losses without the need to engineer the
substrate or its clamping mechanics. Once this is achieved, extrinsic contribution stops
being the dominant factor and intrinsic contribution starts to dominate the mechanical
dissipation of the resonators.

1.4. Intringic loss

Intrinsic contribution Qj,, refers to the energy lost inside the material due to microscopic
phenomena. The mechanisms behind it can be clustered into two categories: fundamen-
tal loss and friction loss®’. The former represents the ultimate limit of the material and
originates from not-reversible heat in the resonators during vibration*'~* as such they
will always be present unless a different material is considered. The latter is caused by
the friction on the bulk of the material or the surface due to material imperfections****,
Thin silicon nitride resonators have a large surface-to-volume ratio and as such most of
the friction happens on the surface’®, which dominates over bulk losses.

Systematic investigations of silicon nitride resonators allowed understanding the ori-
gin of friction losses contributions”*“%*"-*_ It was discovered that in the high-stress limit,
most of the energy gets dissipated at the clamping points, where the resonator is attached
to the supporting substrate’’*>>". Those resonators are supported by a substrate, typi-
cally silicon, which keeps a high level of tensile stress. The resonators are generally in the
form of thin membranes or strings, though more complex geometries are possible. Dur-
ing vibration, the curvature at those clamping points becomes particularly sharp such that
most of the elastic energy is dissipated. Contrarily, the curvature towards the center of
the resonator follows a gentler slope and most of the elastic energy remains in the system.
Then, a lot of attention went into developing strategies to overcome those limitations to
reduce intrinsic losses.

A first approach envisaged to reduce the size of the clamping area to increase the value
of tensile stress at the clamping points due to stress redistribution’”!. Following dissi-
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pation dilution, higher stress translates into more intrinsic dissipation being “diluted” and
hence locally increasing the quality factor of the material at the clamping point, exactly
where most of the energy is dissipated. This idea has been experimentally tested for both
1D structures”’ by tapering the width of a string near the clamping points and for 2D struc-
tures’”°? in trampoline configurations where a central pad is anchored to the substrate
by four thin highly tensioned strings. The resulting quality factor was then improved by
two orders of magnitude compared to a simple membrane or a string, reaching values up
to 100 million. However, this approach does not suppress the vibration of the resonator at
the anchors, which is a critical feature in limiting radiation losses. As such, the expected
quality factor enhancement occurs only if thick substrates are employed and the chip is
clamped by gravity alone, limiting their applications. Moreover the obtained quality fac-
tors, despite being extremely high, are still far away from the ultimate limit analytically
predicted’’ because the sharp curvature at the clamping points is still present.

In what might appear in hindsight a natural following step, the next proposed ap-
proach consisted of suppressing the curvature of the resonator at the clamping points
rather than increasing the level of tensile stress in there. This has a twofold advantage:
on the one hand, it localizes the vibration far away from the anchors reducing the probabil-
ity that the resonator interacts with the substrate, basically suppressing radiation losses
and hence extrinsic losses. On the other hand, it drastically increases dissipation dilu-
tion by reducing the sharp curvature at the clamping points, highly reducing the intrinsic
losses. This can be achieved by techniques commonly known as “soft clamping”*’, able
to tackle both intrinsic and extrinsic contributions. The name originates from the idea
of anchoring the resonator to the substrate via a “soft” anchoring region instead of the
usual rigid clamp. This soft clamping region allows the resonator modes to evanescently
penetrate, reducing the mode’s curvature. The first implementation of this approach was
experimentally demonstrated in 2017 via a phononic crystal*’.

A phononic crystal is a period variation of the material’s acoustic properties (elasticity
or density). As a period variation of atoms in real crystals creates an electronic bandgap,
or a period variation of refractive index in a photonic crystal creates an optical bandgap,
the period variation of material’s acoustic properties opens a phononic bandgap where
no acoustic waves can exist. In practice, this is realized by patterning the resonator’s
surface, either by removing specific areas with holes or by adding structures on top of the
resonators with pillars. The periodicity is then interrupted by a defect placed in the center
of the phononic crystal, whose vibrational mode sits inside the bandgap of the surrounding
phononic crystal. This allows the spatial localization of this vibrational mode inside the
defect area since it cannot travel into the surrounding phononic crystal. At the same time,
the confinement does not happen abruptly because the comparable stiffness between the
phononic crystal and the defect region enables a gradual decay of the vibrational mode into
the “soft” anchoring region (i.e. the phononic crystal). It follows that once the vibrational
mode reaches the clamping point (where the phononic crystal is anchored to the substrate)
its amplitude has become negligible, hence drastically enhancing the degree of dilution.

In additional steps, this strategy was combined with stress engineering to reach the
material dissipation limit’’, resulting in nanomechanical resonators with a quality factor
approaching one billion at room temperature. Despite its effectiveness, these techniques
apply only to high-order modes, imposing limitations on the operational frequency. Fur-
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thermore, the devices require an extreme aspect ratio (length/thickness > 10°) to take full
advantage of dissipation dilution, which makes them challenging to fabricate reliably with
the current processes.

1.5. Challenges

Therefore, although the extraordinary quality factor currently achievable, there still ex-
ist fundamental and technological challenges for utilizing nanomechanical resonators at
their full potential and more importantly for being able to exploit their sensing capabilities.
On the one hand, current fabrication processes, and specifically the wet release steps, are
prone to cause stiction due to interfacial forces as capillary”, highly limiting the designs
that can be fabricated in a homogeneous and controllable way. This is particularly rele-
vant if one wants to investigate the ultimate limit of dissipation dilution with devices with
extreme high aspect ratio and centime-scale length. To overcome those limitations, dry
release can be employed, where the silicon substrate is isotropically removed by plasma
etching”’”. However, those processes suffer from poor selectivity between the silicon sub-
strate and the thin silicon nitride layer. This issue is a core aspect of this thesis and it
is addressed in detail in chapter 2. Based on those findings, all the devices presented
in this thesis in the following chapters are fabricated by the developed stiction-free dry
release. Building on it, chapter 4 discusses the required variations to apply it to devices
with extreme high aspect ratio and centime-scale length and its advantages.

On the other hand, we lack design strategies to discover soft clamped resonators op-
erating at low-order modes and low frequency while maintaining a high enough Q fac-
tor, advantageous for both high-precision sensing and fundamental physics applications.
More in general, the discovery of new resonators has been driven thus far by trial-and-
error following human intuition. Despite the impressive progress achieved in maximizing
the Q factor, this approach is limited by the long fabrication and testing time of each de-
sign, which restricts the number of iterations achievable within a reasonable time and
it doesn’t consider unexplored and counterintuitive designs, which might result in bet-
ter performances. Advanced techniques such as optimization guided by machine learning
offer a promising alternative to reduce the design time and discover new paradigms. How-
ever, their practical utility is constrained by the high computation cost of each simulation
resulting in a scarcity of data with high accuracy. The latter is a central aspect of this
thesis, with chapter 3 and chapter 4 addressing it.

Lastly, the limitations and the advantages of the developed resonators for specific sens-
ing applications need to be investigated. To this end we target primary temperature sens-
ing, critical for a wide range of processes, from consumer electronics to space instrumen-
tation. The range of currently available thermometers cannot meet the growing need to
make temperature measurements at mesoscopic scales. At the same time, the redefini-
tion of the kelvin in 2018 (i.e. the primary unit of temperature) now based on a fixed
value of the Boltzmann constant requires a new thermodynamic temperature measure-
ments scheme. Nanomechanical resonators with low mechanical dissipation can address
this challenge as their motion is directly influenced by the temperature of the surrounding
gas due to its Brownian motion. The power spectral density experienced by the resonator
scales linearly with the temperature and gives direct access to the Boltzmann constant and
the temperature of the gas without any calibration, as discussed in the last chapter.
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1.6. Thesis outline

This thesis aims to address those challenges by developing novel design and fabrication
strategies to create nanomechanical resonators with the lowest level of mechanical dissi-
pation (i.e. high quality factor) at room temperature. The acquired knowledge is then used
to develop self-calibrated temperature sensors. By doing this, this thesis seeks to advance
the state-of-the-art for high aspect ratio nanomechanical resonators with low dissipation.

It consists of four parts. Chapter 2 is dedicated to an in-depth description of the fab-
rication process used for all the mechanical resonators discussed in this thesis. Most of
the modern suspended structures rely on wet release, known to cause stiction in large
surface-area-to-volume ratios due to interfacial forces like capillary, highly limiting the
designs which can be fabricated in a homogeneous and controllable way. On the contrary,
the method here proposed is based on a stiction-free dry release, which results in a quick
and controllable way to suspend high aspect ratio nanomechanical resonators. Moreover,
it is not constrained to the crystal orientation of the substrate underneath, and it allows
fabricating design of any geometry. The method has been employed to fabricate devices
beyond this thesis due to its versatility. The chapter ends by highlighting the main ad-
vantages and future recommendations.

Chapter 3 introduces a novel approach to designing nanomechanical resonators op-
erating at low order modes and compact size. The approach aims to overcome limitations
faced by current strategies, mostly driven by human intuition and trial-and-error. Inspired
by nature and guided by machine learning, a spiderweb nanomechanical resonator is de-
veloped. The resulting vibrational modes are isolated from ambient thermal environments
via a novel “torsional soft-clamping” mechanism discovered by the data-driven optimiza-
tion algorithm. The resonators are then fabricated, experimentally confirming quality fac-
tors above 1 billion at room temperature with a compact design, making it significantly
easier and cheaper to manufacture at large scales.

Chapter 4 outlines the vision and realization of the first nanomechanical resonators
with extreme aspect ratio. The resulting devices extend for centimeters in length, main-
taining tens of tens of nanometers, which results in the high computational cost of the
design process and fabrication limitations. The proposed approach takes advantage of
machine learning to reduce the computational cost. A more robust striction-free dry re-
lease allows the fabrication of the optimized design with high accuracy, experimentally
showing a quality factor approaching 10 billion at room temperature.

Chapter 5 focuses on applications, specifically the development of a self-calibrated
mechanical thermometer to meet the challenges posed by measuring temperature at meso-
scopic scales. The measurement protocol results in a primary measurements technique,
based on detecting the motion of the resonator by the Brownian motion. The chapter
centers around the main advantages of high quality factor nanomechanical resonators for
the envisioned applications as well as some technological limitations posed by the current
detection scheme.

Finally, the last chapter includes an outlook for future direction and a summary of the
findings in this thesis.
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Fabrication of high aspect ratio silicon
nitride resonators by stiction-free dry
Btching

Demand for strained, high aspect ratio nanomechanical resonators is surging driven by their
ability to be highly isolated from environmental noise. However, the resulting large areas
combined with the high tensile stress pose restrictions on their fabrication. Most of the cur-
rent fabrication processes rely in fact on a wet etch release, known to cause stiction due to
interfacial forces and limited control over the structure’s cleanliness.

Here we demonstrate a release technique based on dry etching to address this challenge and
investigate its etching characteristics. The process relies on the isotropic etching of the sup-
porting silicon substrate by inductively coupled sulfur hexafluoride plasma at cryogenic tem-
perature. It exhibits a silicon etch rate over 10 ym/min in the in-plane direction, higher than
values previously reported for comparable methods. The high etch rate is combined with high
selectivity over the silicon nitride resonators, which enables a quick and homogeneous release

of the nanomechanical resonators. This allows for fabricating high aspect ratio resonators
with high fidelity.
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14 2. Fabrication of high aspect ratio resonators by dry etching

2.1. Introduction

anomechanical resonators are powerful instruments for fundamental studies of quan-
N tum physics and precision sensing’*>. Most modern resonators operating at room
temperature are fabricated from stoichiometric silicon nitride (SizNy) given its exception-
ally low mechanical dissipation’'!. As a result, extremely high quality factors are nowa-
days routinely obtained. By now it has been demonstrated that the high quality factor
arises from the combination of high tensile stress over 1 GPa and high aspect ratios'*~"*.
State-of-the-art nanoresonators consist in fact of suspended structures extending for mil-
limeters or longer while maintaining a thickness of nanometers. The resulting large areas
and the high tensile stress pose however fundamental limitations on their fabrication.
Specifically, the most critical challenge consists of releasing the structures without caus-
ing any fractures and hence successfully suspending the nanomechanical resonators.
Current fabrications typically rely on wet etching processes based on potassium hy-
droxide (KOH) or tetramethylammonium hydroxide (TMAH) to etch the silicon substrate.
The high selectivity with respect to Si3N4 ensures that the latter stays unaffected, allowing
the suspension of the nanomechanical resonators. Liquid etchants are however known
to cause stiction in structures with large surface-area-to-volume ratio due to interfacial
forces as capillary'>'°. The structures are then pulled toward the substrate leading to
the collapse of the delicate resonators. Stiction can be mitigated by a drying process as
critical point dryer (CPD)'”>'*, which significantly reduces the occurring forces by dry-
ing the structures in a controllable way. Nonetheless, this comes at the cost of increasing
the complexity of the entire fabrication flow and reducing the achievable fabrication yield.
Once the resonators are dried, additional cleanings are then needed to remove any organic
contaminants on the surface, which further impact the fabrication yield'”.

2.1.1. Dry etching release

Dry etching processes, on the contrary, offer a promising alternative to reduce the fabrica-
tion steps and circumvent the issues inherent to wet processes”””!. The etching is carried
out by ions and free radicals generated in a plasma and accelerated toward the structure.
Dry etching provides high control over the degree of isotropy by adjusting the plasma
settings, and thereby the ratio between physical etching due to ion bombardment and
chemical etching due to reactive gas. A combination of high isotropy and high etch rate
results in a fast undercut of the supporting substrate, leading to a quick and controllable
way to suspend SizNy (figure 2.1). Among the available plasma etchings, fluorine-based
gases are the ideal candidates to develop stiction-free dry release processes’>*’.
Fluorine-based gases offer an established way to etch Si’*. By now it is understood
that an ICP source allows dissociation of those gases generating reactive fluorine neutrals
(F)ZS’Z". The latter then react with the silicon surface to form compound as SiF,, SiFs, SiFy,
chemically etching Si’’. Among the possible fluorine-based gases, sulfur hexafluoride
(SF¢) is particularly suited for fast etching in view of its high etch rate’®. The isotropy of
the process can be controlled by the etching parameters, specifically the pressure and the
excitation power in an ICP-RIE reactor. In an ICP-RIE the plasma density and the applied
voltage to the chip are decoupled and controlled by two generators, the ICP power, and the
capacitive RF power. The first allows an increase in the density of radicals in the plasma,
thereby chemically etching Si, while the second accelerates the ions in the plasma toward
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Fig. 2.1 Stiction-free dry release. Schematic of the fabrication steps to suspend high aspect ratio
Si;N, strings (a, b, ¢) and membranes (d, e, f) by dry etching. a, Si;N, string patterned on top
of a Si substrate. b, e, Isotropic Si etching by fluorine-base dry etching performed at cryogenic
temperature in an ICP-RIE reactor. ¢, Suspended Si;N, string. d, Si;N, membrane patterned on top
of a Si substrate and covered with release holes. f, Suspended Si;N, membrane.

the substrate, resulting in the physical etching of Si due to ion bombardment. Removing
the capacitive RF excitation enables thus to avoid ion bombardment and hence leads to
pure chemical isotropic etching of Si. The pressure in the reactor plays also a crucial role.
It has been found that increasing it enhances the concentration of fluorine radicals and
reduces the ion bombardment”’.

SF¢ Si etching is routinely used in various microfabrication processes. The most com-
mon example is the Bosch Etching, a technique to achieve deep and directional Si etching.
It consists of a loop of two short steps, an isotropic etching using SF¢ plasma etching fol-
lowed by a passivation step with Teflon-like substances to protect the sidewall. The pro-
cess relies on the high etch rate of SF¢ plasma etching to achieve the desired deep etching,
while the passivation step enables the improvement of the directionality and obtain verti-
cal sidewalls’’. Another notable example is cryogenic deep reactive ion etching (DRIE)”’
where SF¢ gas is combined with oxygen (O,) gas to directionally etch Si. Similarly to the
Bosch Etching, DRIE exploits the high etch rate of Si in SF¢ plasma to obtain deep etch-
ing, while O, supplies ions used for passivating the sidewall’”. Crucially, the procedure
is carried out at cryogenic temperature (typically -100 to -140 °C) as the passivation layer
would not condense at higher temperatures.

Both processes aim to achieve deep and anisotropic etching by harnessing the ability of
SF¢ plasma to fast etch Si. On the contrary, suspending high aspect ratio nanomechanical
resonators requires a high degree of isotropy. Few data are readily available on how to
achieve it’~** with no prior studies investigating the effect of the process temperature.
More importantly, the effect of SF¢ etching on SizN, layer has not been addressed thus far.

To this end, we investigate the etch characteristics of SF¢ plasma for suspending high
aspect ratio structures. We first investigate the degree of directionality and the etch rate
for silicon for different etching conditions. We then analyze the effects of feature sizes on
the etch, critical to fabricating 2D structures. Lastly, we focus our attention on the Si3Ny
layer and the effect of the etching in terms of surface roughness and etch rate.



16 2. Fabrication of high aspect ratio resonators by dry etching

2.2. Fabrication methodology

Our fabrication starts with an in-house deposition of stoichiometric Si3N4 on 4-inch sil-
icon (Si) wafers by low-pressure chemical vapor deposition (LPCVD). Films deposited
by LPCVD generally exhibit superior quality compared to other deposition techniques
in terms of uniformity and imperfections, a desirable feature to reduce surface losses in
nanomechanical resonators®. Moreover, LPCVD can deposit SisN, with a residual tensile
stress over 1 GPa, critical to reach the dissipation limit and hence decrease the mechanical
dissipation'”. The high tensile stress arises from the crystal mismatch between SizsN, and
the Si substrate created during cool down because of the difference in thermal expansion.
It can thereby be controlled by the deposition temperature and the stoichiometric of the
film (e.g. the ratio between silicon and nitride). Our deposition is performed at 800 °C,
resulting in an intrinsic tensile stress of 1.08 GPa. The resulting Si3Ny film shows a vari-
ation in thickness of 1 nm over the entire wafer size, confirming a good uniformity. The
film is equally characterized by surface roughness below 1 nm.

To ensure a high quality of the SizNy film, we clean the 4-inch Si wafers with RCA1
and RCA2 prior to the LPCVD deposition. The steps are standard cleaning procedures
for organic and metal contaminants, performed at 80°C. They consist of a solution of
NH,OH:H,0,:H,0 (1:1:5) for RCA1 and HCI:H,0,:H,O (1:1:5) for RCA2. The Si wafers
are subsequently dipped into diluted hydrofluoric acid solution (0.4%) to remove surface
oxides. The LPCVD is performed immediately after this last step to prevent the growth of
oxide on the Si surface.

Next, we dice the wafers in small chips with a disco dicer. During the process, the SisNy
surface is covered with photoresist to avoid any damage. The resist is then removed with
a two-stage cleaning process with acetone and isopropyl alcohol (IPA). The first removes
the resist, whereas the second cleans the chip from the residues of the acetone avoiding
striations. After that, the desired pattern is transferred to the individual chips by electron
beam lithography. To do so, we first spin coat a positive tone resist (AR-P 6200) on top of
the Si3N, and bake it at 155°C for 3 min. The resist is exposed and subsequently devel-
oped in pentylacetate for 1 min, followed by two consecutive cleaning steps with Methyl
isobutyl ketone (MIBK): isopropyl alcohol (IPA) (1:1) and IPA for 1 min each and blow-
dried with a nitrogen gun. This enables to create the masking layer, whose shape can be
readily transferred into the SizNy.

The pattern is transferred using a plasma etching in an inductively coupled plasma re-
active ion etcher (ICP-RIE) at room temperature. The combination of CHF3 and O, gases
allow the directional and fast removal of SisNy. After the pattern transfer, the residual
resist is removed with dimethylformamide (DMF) followed by a two-stage cleaning pro-
cess with acetone and IPA. The resist stripping in DMF is performed at 80 °C while using
ultrasonication for 15 min. We then employ a piranha solution at 80 °C to remove any
organic residues, consisting of a solution of sulfuric acid:hydrogen peroxide (3:1). This is
followed by a cleaning step with a diluted hydrofluoric acid solution (1%) to remove sur-
face oxides from the Si3Ny. The most critical part of the process is then suspending the
fragile structures over the substrate without causing any fractures, stiction, or collapse,
carried out by a fluorine-based dry etching step.

The Si3Ny release is performed in an ICP-RIE Adixen AMS 100 machine at cryogenic
temperature (figure 2.1). To investigate its etch characteristics, we fabricated multiple
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Fig. 2.2 Etch rate and isotropy of SF; Si etching. a, Side view of the Si substrate isotropically
etched under the Si;N, layer. The schematic shows the main parameters used to characterize the
etching, the etch depth along the vertical direction (dy) and the horizontal direction (dy) and the
aperture a. b, Etch depth extracted vertical and horizontal direction for different etch time. The
error bar for each point indicates the standard deviation. The values written along the dotted line
show the mean value of the etch rate calculated for each etch time together with the standard error.
¢, Isotropy calculated as the ratio between d, and dy for the different etch time. d, Scanning electron
microscope pictures of the etch profile after a 23 sec isotropic etch, e, a 40 sec isotropic etch, and f,

a 60 sec isotropic etch.
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Si3Ny chips patterned with a series of lines and holes. The chips are then mounted on a
carrier wafer with a heat conducting oil. The carrier wafer is coated with a thick oxide
layer which prevents the silicon from being etched, while the heat conducting oil allows
to both clamp the chips on the wafer and to assure a good thermalization along the entire
etching. A stable temperature is crucial to obtain the desired etching profile and to ensure
reproducible results. He-backside cooling is applied to the wafer once loaded in the ICP-
RIE chamber and the substrate is kept at —120 °C. The chamber pressure during the etching
is maintained at 6.9 x 102 mbar. The ICP power is set at 2000 W while the capacitive RF
power is at OW, resulting in an applied DC voltage between 12 and 16 V.

The isotropic silicon etching is performed solely by SF¢ gas introduced with a flow rate
of 500 sscm. After the etching, the carrier wafer is unloaded in the loadlock and stored for
5 minutes under vacuum (P < 1 x 10~! mbar). This allows a slow thermalization of the
fragile suspended structures when passing from the chamber at cryogenic temperature to
the loadlock at room temperature. The loadlock is then vented with nitrogen for 5 minutes
before unloading the carrier wafer. The chips are removed by gently pushing and lifting
them off the surface of the carrier wafer. Finally, the residual oil from their back side is
removed by an Ethanol-soaked wipe. Since the etching is performed without any masking
layer protecting SizNy, no additional cleaning steps are needed, which would otherwise
affect the fabrication yield.

The etch rate and degree of isotropy for Si are extracted by measuring the width and
depth of all the features before and after the etching by scanning electron microscope
(SEM) and optical microscope. The etch rate for SizN, is calculated by measuring the
layer thickness by ellipsometry. The surface roughness measurements are obtained by an
Atomic Force Microscope (AFM).

2.3. Results and Discussion
2.3.1. Silicon etch rate and isotropy

Given their high aspect ratio, nanomechanical resonators require an etching step with a
high degree of isotropy to fully release the structure from the supporting substrate. The
isotropy (I) can be defined as the ratio of the etch depth along the horizontal direction
(dp) over the etch depth on the vertical direction (dy) as depicted in Fig. 2.2a:

do

I= 4 (2.1)
where I varies from zero for ideal anisotropic etches to one for ideal isotropic etches. To
quantify it, we fabricated multiple chips with a series of lines patterned on the silicon
nitride layer, before etching the silicon substrate with different processes time. The chips
are then cleaved along the crystal plane to image the resulting etch profile by scanning
electron microscopy (SEM). As the images in Fig. 2.2d, e, f show, the etch profile displays
an isotropic behavior, without any noticeable preferred direction along the crystal planes.
Moreover the etch depth along the vertical and the horizontal directions scales linearly
with the etching time, resulting in a constant etch rate over the considered etching time
of 120 seconds. The computed etch rate (Fig. 2.2b) is as high as 19.86 um/min along the
vertical direction and 11.43 um/min along the horizontal direction. The obtained value is
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higher than typical etch rates reported for SFq silicon etching (1 to 8 um/min)** and for
other gases conventional employed as XeF,**. Crucially, the obtained high etch rate is not
detrimental to the isotropy of the process.

We believe the difference in the etch rate between the vertical and the horizontal di-
rection is caused by the lower flux in the horizontal direction compared to the vertical
direction, the observed residual bias larger than 0V and marginally to the process tem-

perature””. The etch rate in a dry etching process consists of three mechanisms’:

ERyot = ERipe + ER ppyy + ERipn (2.2)

phy
where ER;j, denotes the thermal etching due to fluorine atoms chemically reacting with
the silicon surface, ER,y,, is the physical etching due to sputtering caused by the high
acceleration voltage and ER,,, accounts for the ion aided etching. The etching hereby
described is a chemical process without any capacitive RF power applied, dominated by
spontaneous thermal etching ER;j,.. In this case, it has been demonstrated that the etch
rate is directly proportional to the flux of the fluorine atoms?’. At the surface of the sub-
strate immediately beneath the Si3N, opening, the radicals follow an isotropic trajectory
being exposed to open field flux. On the contrary, their access to the substrate in the
horizontal direction is restricted by the Si3Ny layer. This results in a shadowing effect
which reduces the number of radicals and hence the etch rate in the horizontal direction
compared to the vertical direction.

At the same time the etching exhibits a DC voltage ranging from 12 and 16 V. This
is expected to vertically accelerate SF¢ gas with a twofold effect. On the one hand, the
density of fluorine radicals reaching the bottom of the Si substrate increases leading to
a lower gas supply to the sidewall given the constant gas flow. Chemical etching of the
bottom of the substrate is then enhanced contrary to the sidewall. On the other hand, the
accelerated ions result in ion bombardment of the Si substrate along the vertical direction.

The isotropy of the process is also found to decrease with the etch time (Fig. 2.2c).
Figure 2.2b shows that this is mainly caused by a reduction of the etch rate along the
horizontal direction while the etch rate along the vertical direction remains unaffected.
As previously reported”’, this can be explained by the increase in the aspect ratio of the
suspended SizNy during the etching, resulting in a lower flux of fluorine radicals below it.
The same behavior is observed when etching the chips for a constant time of 20 seconds
multiple times (Fig. 2.2c). This further confirms the hypothesis that the lower flux in the
horizontal direction is the main source for the observed isotropic profile.

2.3.2. Features size effect on silicon etch rate

Next, we study the effect of the feature sizes on etch depth and etch rate. To do so, we
varied the opening area of the Si3Ny layer, denoted with the letter a in Fig. 2.2a. This is
achieved by patterning the Si3Ny layer with holes with different diameters from 600 nm
to 200 um before etching the Si substrate for 120 seconds. The width of the ring-shaped
overhang allows the extraction of the etch depth along the horizontal direction and thus
the etch rate (Fig. 2.3b, c¢). The extracted rate increases with the feature size due to a
phenomenon known as RIE lag’’ caused by the depletion of radicals. For features size
smaller than 50 um, the flux of fluorine atoms entering the trench is limited by the area
of the Si3Ny aperture. The etch depth and the etch rate are then directly proportional



20 2. Fabrication of high aspect ratio resonators by dry etching

20F, 10

etch rate (um\min)

Fig. 2.3 Lateral etch rate as a function of the aperture. a, Etch depth along the horizontal
direction for different aperture sizes of the Si;N, aperture and an equal etch time of 120 seconds.
The secondary y-axis on the right side indicates the resulting Si etch rate. The inset shows a zoom
for small aperture sizes. The error bar for each point shows the standard deviation. b-¢, Optical
microscope images of the test structures with different apertures (a) used to extract the data in a.
The dark yellow area is Si;N, not suspended. The light green rings are the overhang consisting of
Si;N, suspended over the Si substrate.

to the value of a. The effect becomes less pronounced for larger feature sizes, at which
the amount of fluorine atoms in the trench is no longer determined by the area of SizNy
aperture but rather by the gas concentration.

This is particularly relevant for suspending membranes with a high aspect ratio. As
shown in the schematic in Fig. 2.1d, e, f, a membrane needs in fact to be patterned with
release holes to allow the fluorine atoms to react with the Si substrate. Importantly, the
size of the release holes is comparable with the size of photonic crystal operating at tele-
com wavelength. Photonic crystals increase the reflectivity of membranes and enhance
the coupling between their mechanical motion and the incoming light. They are therefore
a desirable feature in nanomechanical resonators, specifically for optomechanics applica-
tions.

2.3.3. Silicon nitride film quality and suspended resonators

Until now we have studied the effects of SF¢ etching on the Si substrate, however, it is
equally important to investigate its influence on the SizN, layer. The SFq dry etching
release does not require any masking for the thin Si;Ny layer. As such, the latter needs to
display high selectivity against fluorine etching. We then performed consecutive etching
steps on different chips consisting of a Si substrate with a not patterned SizN4 layer on
top. We then measured the thickness of the Si3Ny4 layer at the beginning and the end of
each etching by ellipsometry.

Figure 2.4a shows the extracted etch rate as a function of temperature. The data shows
a high selectivity of SF¢ gases against Si3N, with an etch rate almost a thousand times
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the average value calculated from the three measurements, while the error bar depicts the standard
error. ¢, Similar data displayed in b but on a sample with a different Si;N, thickness equal to 50 nm.
d and e, AFM height from the measurement with the smallest scan size (500 nm) on the 50 nm-thick
SizN, sample, for the conditions before and after the 10-second etching, respectively. f and g, AFM
height from the measurement with the smallest scan size (500 nm) on the 100 nm-thick Si;N, sample
for the conditions before and after the 10-second etching, respectively.
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smaller than the etch rate measured for Si (Fig. 2.2), crucial to suspend high aspect ratio
nanomechanical resonators. The etch rate is however characterized by a continuously
declining behavior that can arise from diverse sources, variation of temperature during
the etching, alterations of plasma conditions, or changes in surface conditions.

The local temperature on the surface of the device can increase due to the plasma
energy and the low thermal conductivity of the substrate, consequently affecting the etch
rate. The latter has however been reported to increase proportionally with the process
temperature for SizNy, rather than decrease. We therefore believe is not the cause of the
observed etch rate behavior.

Plasma conditions are affected by variations in the plasma power and the resulting DC
voltage applied to the substrate crated by the physics of the plasma. In our process, the
etching is preceded by a millisecond step where a high RF power is applied to ignite the
plasma, before turning the capacitive RF power off and maintaining only the ICP power.
This results in a high DC power applied to the substrate which can increase the etch
rate at the beginning of the process. To investigate this hypothesis we performed four
consecutive etchings of the same duration, with a waiting time of one minute in between.
The devices are kept inside the etching chamber during the waiting time. The results in
Fig. 2.4a show a similar decaying trend for single and multiple etchings but with a different
etch rate value. If the etch rate was limited by high RF power applied at the beginning of
the process, the etch rate for the multiple etchings should equal the etch rate of the single
steps. It follows that the etch rate for a total etching of 40 seconds should be the same as a
single process of 10 seconds. The plot in 2.4a demonstrates the opposite and hence process
conditions are not expected to be the limiting factor for the observed declining behavior.
The plasma is equally affected by gas concentration, however, the reacting gases reaching
the device remain constant over time during the process. We therefore can expect gas
composition to remain constant without noticeable effects on the etch rate.

Lastly, changing of surface conditions has been reported to affect the etch rate in
fluorine-based plasma etching’’**. The two main sources for SisN, are a build-up of
charges or the formation of a surface film that inhibits etching. The first is a known phe-
nomenon observed in insulating substrates which cannot conduct the positive charges
generated during plasma. Accumulation of positive charges on the surface can then repel
incoming ions leading to a reduction of the measured etch rate. The effect is referred to as
differential insulating charging. Charged ions can be trapped in Si3N4 because of the in-
sulating nature. Moreover, the devices are mounted on top of a carrier wafer coated with
a thick silicon oxide layer. We therefore expect differential insulating charging effects in
our resonators. Even though our process is a chemical etching predominantly driven by
neutrals instead of charged particles, ions are still required in the transport of neutrals and
for interactions with them in the plasma.

The formation of the surface film has also been reported to slow down the etch rate
of polycrystalline silicon and SisN, under different plasma gases’®. SF can create sulfur-
containing species on the surfaces, which inhibits etching. The created film is highly
volatile and dissipates after the etching. The thickness of the film grows proportionally
with the etching, resulting in a continuous decay of the etch rate.

The change of surface conditions, either due to the build-up of charges or the formation
of a surface film, is furthermore expected to vary between a single etching and multiple
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Fig. 2.5 Suspended nanomechanical resonators. a, Optical microscope picture of a suspended
membrane. b, Optical microscope picture of a suspended beam.

etchings. The waiting time between every step of multiple etchings allows in fact to release
trapped charges and to reduce the thickness of the highly volatile surface film. The data
in Fig. 2.4a provides conclusive evidence of the expected variation of etch rate between
single and multiple steps. We thus believe surface conditions are the main source for the
temporal decaying behavior of the etch rate.

Next, we investigate the surface quality and specifically the surface roughness of Si3N,
after the plasma etching. Surface quality plays a critical role in the resonator’s perfor-
mance, specifically their ability to reach high quality factor. It is thus important that the
release technique preserves the film quality. Figure 2.4d,e shows the obtained height signal
from atomic force microscope (AFM) of a 50 nm-thick Si3Ny4 before and after SF¢ plasma
etching. The pictures show that the latter has a minimal effect on the surface roughness,
concentrated in specific areas. The roughness average value (Ra) becomes twice the value
measured before the etching while the root mean square value (RMS) increases almost
four times (2.4b. The behavior does not exhibit any dependence on the SizN, thickness,
as shows by the AFM pictures (2.4f,g) acquired for 100 nm-thick SizNy. Fig. 2.4c displays
the resulting roughness values in terms of Ra and RMS.

Finally, we employ the developed SF¢ plasma etching for suspending two nanome-
chanical resonators with a high aspect ratio. Figure 2.5a shows a suspended membrane
with a lateral size of 500 um. The membrane is patterned with release holes to allow the
SF¢ particles to interact with the Si substrate and quickly suspend the resonator. Fig-
ure2.5b shows a suspended beam with a total length of 3mm and a width of 5pm. The
beam is surrounded by a large opening which enables its release. The initial thickness of
both nanoresonators is equal to 100 nm.

It is important to notice that, given its high isotropy, the developed SF¢ etching allows
the fabrication of structures of arbitrary shapes with high fidelity. We exploit this char-
acteristic to successfully fabricate membranes patterned with a phononic crystal for MHz
frequencies and a later size of 3 mm by an undercut step of only 60 sec. The results are
presented in the appendix A of this thesis.
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2.4. Gonclusion

To conclude, we investigated the etching characteristic of dry isotropic silicon etching by
sulfur hexafluoride plasma at cryogenic temperature. The low temperature reduces the
Si3N, etching, highly enhancing the selectivity over silicon. The SizNy surface is negligi-
bly affected by the etching step as confirmed by AFM data, maintaining the low surface
roughness measured before the etching. The measured high selectivity makes it possible
to avoid any protecting mask during the etching process, which removes the need for ad-
ditional cleaning steps after the dry etching, with a significant impact on the fabrication
yield.

The etching is characterized by a high etch rate of the Si substrate above 10 pm/min
and a high degree of isotropy, critical for high aspect ratio structure. For large membranes,
the structure can be covered with release holes to allow the gas to interact with the Si
substrate and avoid overetching of the Si3Ny film.

Not only does the process lead to a quick and controllable way to suspend nanome-
chanical structures, but it also enables the fabrication of designs with arbitrary shapes not
constrained to the crystal planes of the substrate, as in wet etching with KOH. This demon-
strates the ability of SF¢ plasma etching to suspend high aspect ratio strained nanome-
chanical resonators with high fidelity, offering a robust alternative to conventional wet
etching release processes. The process is intrinsically striction-free and particularly suited
for nanomechanical resonators with extreme aspect ratio.
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Spiderweb nanomechanical resonators
Via Bayesian optimization: inspired by
nature and guided by machine learning

From ultrasensitive detectors of fundamental forces to quantum networks and sensors, me-
chanical resonators are enabling next-generation technologies to operate in room-temperature
environments. Currently, silicon nitride nanoresonators stand as a leading microchip plat-
form in these advances by allowing for mechanical resonators whose motion is remarkably
isolated from ambient thermal noise. However, to date, human intuition has remained the
driving force behind design processes. Here, inspired by nature and guided by machine learn-
ing, a spiderweb nanomechanical resonator is developed that exhibits vibration modes, which
are isolated from ambient thermal environments via a novel “torsional soft-clamping” mech-
anism discovered by the data-driven optimization algorithm. This bioinspired resonator is
then fabricated, experimentally confirming a new paradigm in mechanics with quality fac-
tors above 1 billion in room temperature environments. In contrast to other state-of-the-
art resonators, this milestone is achieved with a compact design that does not require sub-
micrometer lithographic features or complex phononic bandgaps, making it significantly eas-
ier and cheaper to manufacture at large scales. These results demonstrate the ability of ma-
chine learning to work in tandem with human intuition to augment creative possibilities and
uncover new strategies in computing and nanotechnology.

Parts of this chapter have been published in Advanced Materials, 34(3), 2106248 (2022)
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3.1. Introduction

ajor advances in nanotechnology have allowed mechanical resonators to improve
M dramatically over the last decades. One of the most sought after characteristics for
a mechanical resonator is noise isolation from thermal environments, namely at room-
temperature conditions where thermomechanical noise can dominate. The degree of me-
chanical isolation is characterized by a resonator’s mechanical quality factor, Q,,. Typ-
ically, Qp, is defined as the ratio of energy stored in a resonator over the energy dissi-
pated over one cycle of oscillation. Inversely, mechanical quality factors can indicate the
dissipation of mechanical noise into a resonator from ambient environments. For me-
chanical sensors, a resonator’s isolation from ambient thermal noise can greatly enhance
its ability to detect ultrasmall forces, pressures, positions, masses, velocities, and accel-
erations. For quantum technologies, the mechanical quality factor dictates the average
number of coherent oscillations a nanomechanical resonator (in the quantum regime) can
undergo before one phonon of thermal noise enters the resonator and causes decoherence
of its quantum properties’. From microchip sensing to quantum networks, cryogenics
are conventionally required to counteract thermal noise but enabling these burgeoning
technologies to operate in ambient temperatures would have a significant impact on their
widespread use.

In room-temperature environments, on-chip mechanical resonators with state-of-the-
art quality factors have mostly consisted of high-aspect-ratio suspended nanostructures
fabricated from tensile thin films. Silicon nitride (SizN,) films have been the material
of choice for their high intrinsic stress, yield strength, temperature stability, chemical
inertness, and prevalence in nanotechnology. Over the years, researchers have devel-
oped improved design principles that manipulate the strain, bending, and mode shape
in nanomechanical resonators to improve quality factors, which are ultimately limited
by bending losses as the resonator oscillates in vacuum. Another important character-
istic is the mechanical frequency of a nanomechanical resonator’s vibrational mode, f,,.
For high-precision detectors of fundamental forces like gravity” and dark matter’ and
quantum-limited commercial sensors,””, resonators with high Q,, and low f, are a long-
standing goal. Minimizing f,,/Q,, is a key figure-of-merit towards quantum-limited force®
or acceleration’ sensitivities (S £y Sa < (fn/ 0,,)*?) and for enabling quantum sensing of
forces like dark matter®” and gravity'®!! where low frequency and higher quality fac-
tor are advantageous. For phonon-based quantum technologies, a mechanical resonator’s
vibrational modes are initialized into the quantum regime, where their motion harbors
less than one quanta of vibration (phonon)'*'®. Mechanical resonators in these quantum
regimes must have sufficiently high Q,, X f,, > kgT,oom/h to suppress the effects of room
temperature, T,,om, thermal noise on their fragile quantum properties. While there are
only a handful of platforms'*™*! to overcome these stringent requirements on Q,, x fi,
at room temperature, a general goal has been to achieve the highest Q,, and lowest f;,
possible while still maintaining Q,, x f,, above 6 x 1012 Hz.

Previously proposed nanomechanical resonators follow strategies largely motivated
by 1D analytical models of resonators®’ because they provide easy-to-interpret design
rules. It is important to note that while silicon nitride has been conventionally used for
high-Q resonators, these design principles are valid for nearly any strained thin-film mate-
rial. These analytical models show that higher strain (i.e., higher stress o and low Young’s
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Fig. 3.1 A Illustration of the mechanical resonator and target vibration modes for a high quality
factor resonator. Unlike fundamental modes””**, or higher-order modes'’, the target mode shape
for lower-order mode hadn’t been discovered. B Quality factor (Q,,) versus frequency (f;,) for a
double clamped 50 nm thick 3 mm long silicon nitride beam. The bottom solid line corresponds
to the intrinsic quality factor of Si;N, on the string resonator caused by friction on the surface
and the bulk of the resonator due to material imperfections. The intermediate solid line shows
the effect of an applied high pre-stress of 1 GPa, and the upper solid line the effect of complete
elimination of clamp losses (perfect soft-clamping). The dashed line corresponds to the mechanical
decoherence constraint, indicating that the resonator having the quality factor above can complete
one full coherent oscillation without a thermal phonon entering the resonator. The figure highlights
the target unexplored region of designs with high quality factors and lower-order modes.

modulus E), longer (L) and thinner (t) geometries generally lead to higher quality factors in
both nanomechanical membranes and strings. For example, f,,,/Q,, of the double clamped
beam’s fundamental mode is proportional to VE/L? (L + 1.41\/?/0), when assuming a
thin long pre-stressed beam (explicit formulation can be found in the Supporting Infor-
mation). While increasing the aspect-ratio of resonators usually leads to smaller f,,/Q,,,
it also makes them much more challenging to fabricate reliably. Figure 3.1A illustrates
conventional design strategies. When considering the fundamental mode of resonators,
mechanical quality factors are typically improved by pre-stressing — a form of strain en-
gineering called dissipation dilution”*~*” which increases stored energies and lowers dis-
sipation compared to unstressed resonators. It overcomes the fundamental limit of the
material’s intrinsic damping from its bulk and surface, enabling a higher quality factor
by orders of magnitude. Simultaneously, resonator models®” also explain that for high-
aspec’t—ratioT pre-stressed resonators (¢t << L) the dominating loss that decreases Q,, is due
to the mode’s sharp curvature at the clamped boundary between the oscillating element
and the substrate (on which the resonators are fabricated). This observation motivated the
use of phononic crystals (i.e., phononic bandgap) which confine a higher-order mode from
the clamping regions using a periodic pattern around the mode. Now rather than having
large curvature near the edges, the phononic crystals enable a soft-clamping'>!**! to re-

The term high-aspect-ratio in this context refers to thin-film resonators characterized by lateral length signifi-
cantly larger than their thickness.
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duce the mode’s curvature close to the rigid clamp, and thereby eliminating this dissipation
mechanism when operating at high-order vibration modes as depicted in the schematic
in Figure 3.1A. Phononic crystals enable higher quality factors that approach hundreds
of millions, at the cost of operating at higher frequencies and typically requiring higher-
aspect-ratio resonators which are more difficult to manufacture reliably.

To illustrate the design space, Figure 3.1B shows the mechanical quality factor Q,,
versus vibration frequency f;, for a 50 nm thick and 3 mm-long SisN, beam. The color
scale indicates the various out-of-plane vibration modes, from fundamental to higher-
order modes with shorter wavelengths. The Supporting Information ("Lessons from string
resonators”) provides additional information about the bounds shown in the figure. The
considered pre-stressed double clamped beam shows the improvement of Q,, caused by
enhancement of stored energy (intermediate solid line) when compared to the unstressed
beam (horizontal solid line at the bottom, Q) and the improvement caused if perfect soft-
clamping is achieved around the region shown in Figure 3.1A (top solid line). These lines
help illustrate the design region in the graph’s top left corner that remains largely un-
explored in current resonators that aim mainly for high quality factors. Previous works
have focused on increasing Qy, of the fundamental mode with strain engineering®”’, in-
cluding design strategies as topology optimization'”*® or hierarchical designs'®**. Here
we pursue high quality factors at lower frequencies by following a new approach inspired
by nature and guided by machine learning.

3.2. Bio-inspired design

Spiderweb designs have unique geometries that make them one of the most well-known
and fascinating classes of micromechanical structures found in nature. Despite their ubiq-
uitous presence, experts from physics, materials science, and biology are still uncovering
the elusive mechanics of spiderwebs that enable them to be remarkably robust vibra-
tion sensors””*". Spider silk threads have high toughness and stiffness, reaching yield
strengths of the order of a gigapascal - about five times higher than steel’’ and about the
same as SigNy. They are used to create lightweight fibrous web structures which harbor
an extraordinary strength-to-weight ratio rarely observed among other structures found
in nature or science’**’. Furthermore, in the case of spiders that sense their prey via
webs, these structures are designed to be most sensitive to vibrations emanating from
the web and not from surrounding environmental vibrational disturbances’®™*’. Since
their unique sensing capabilities have been relentlessly optimized over millions of years
of complex evolutionary competition,’’~** spiderwebs stand as a promising starting point
for machine-learning algorithms to design nanomechanical sensors**™*>.

Without making any assumptions about how a spiderweb functions as a vibrational
sensor in nature, we propose a web-like structure composed of radial beams, lateral beams,
and junctions between them, as shown in Figure 3.2. Instead of spiderweb threads which
are micrometers thick, we consider highly stressed Si3Ny that can be as thin as 20 nm
while being suspended over several millimeters. The properties of SizN, were considered
to be E=250 GPa, v=0.23, p=3100 kg/m3 with an initial released stress of 1.07 GPa based
on measurements. The parameterized model shown in Figure 3.2 includes six design pa-
rameters, d, wi, wy, l1, I, and N.. The two inner rings (i.e., the rings formed by the lateral
beams) were constrained to have at least a distance of 8 pm between them. We also con-
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Fig. 3.2 Spiderweb nanomechanical resonator model with N, = 8. d, w;, w, |, and [, are the design
parameters, d;, d,, w,;,, and L are set as 1 pm, 4 pm, 2 pm, and 3 mm, respectively.

sidered even numbers between 4 to 16 for the number of lateral beams per ring, N,. Note
that the even number of N, was considered to include not only the symmetric but also the
antisymmetric periodic boundary condition. The beam width at the outer and inner parts
of the radial beams (d, and d;) were taken to be 4 um and 1 pum, respectively. The width of
the structure at the resonator-substrate interface, w,y, was set to 2 um (half the maximum
beam width) in the finite element model to reflect the inevitable overhang originating from
the fabrication process. The fixed boundary condition around the resonator is modeled to
reflect the overhang attached to a fixed substrate. Additionally, we gave a 1 pm radius fillet
for every corner at the junction of lateral and radial beams. By limiting the model’s fea-
tures such as tether widths and fillets to micrometer scales (rather than sub-micrometers),
it ensures that these structures can ultimately be defined using photolithography which
allows for significantly easier, large-scale fabrication. Finally, the simulation model in the
paper considers L, t as 3 mm and 50 nm, respectively. From the simulation, we estimated
the mechanical quality factor of the resonator by calculating the dissipation dilution®’>*®
of the out-of-plane vibration modes. The quality factors are calculated as,

On _ 1200—v?) [ adS

=—7 (3.1)
Qo Et2 [ pdS
with « and f being defined as,
a= axxug,x + oyyug,y + 205y Uy xUz (3.2)
p= ug,xx + ug’yy + 20Uy Uy yy +2(1 — v)ug)xy (3.3)

with u, being the out-of-plane displacement during vibration, and ¢ the stress distribu-
tion resulting from static analysis for the initial stress. The comma denotes a partial
derivative with respect to that coordinate. Q, is the intrinsic quality factor defined as
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ol = Q;ollume + Q;llrface, where Qyojume 1S the bulk material loss of SizN, independent of
the resonator’s geometry, and Qg face 1 the surface loss that varies linearly with the res-
onator’s thickness*’. For thin resonators at room temperature, we assume Q, = 6900 /100

m**. Note that « is proportional to the elastic energy in tension, which corresponds to
the energy stored in the resonator, and S is proportional to the bending loss. The detailed
derivation is provided in the Supporting Information ("Derivation of the quality factor
for two-dimensional structures”). With the parameterized model, we aimed to find the
highest quality factor considering general types of mode shape below 1 MHz, which is the
tenth mode frequency of the same size of the pre-stressed string in Figure 3.1B. Given
that the length L of our spiderweb nanomechanical resonators is limited to 3 mm, this
ensures a target frequency in the hundreds of kHz regime.

3.3. Bayesian optimization

The choice of optimization algorithm to guide the data-driven design process represents
the most crucial part for solving real application problems and depends on the character-
istics of the problem and data availability. For example, recently machine-learning algo-
rithms have proved their success in material design problems with abundant data’™>".
On the contrary in this case, a new resonator is designed based on a new spiderweb model
shown in Figure 3.2 and therefore, no prior data is available. Trial-and-error experi-
mentation is difficult because conducting a single experiment of a particular design takes
several days of fabrication and testing. In addition, fast analytical predictions of the qual-
ity factors and vibrational mode frequencies of designs are also not possible due to the
complexity of the 2D geometry, which also requires to consider of various vibration mode
shapes. In fact, finite element analyses of these structures are computationally expensive;
taking between 10 and 30 minutes using 20 CPU cores of our high performance comput-
ing cluster. Despite only considering periodic boundary conditions and simulating only
a fraction of the total structure, these long simulation times arise from the fine mesh of
elements required by the high aspect-ratio structure such that the subtle shape curvatures
are captured in small but crucial regions, such as joints. The geometry is meshed with
4 to 6 elements in the beam’s width direction using shell elements, and the mesh resolu-
tion near the joints is about double that (details of the finite element model information
can be found in the Supporting Information). Therefore, a week of computation can only
generate data corresponding to less than 1000 design iterations. This is then classified as
a data-scarce optimization problem where each new design iteration should be as infor-
mative to the design goal as possible. Under these conditions, using datascarce machine
learning to guide the optimization process is particularly effective, as achieved by the
Bayesian Optimization method’*™>*.

Bayesian optimization’” constructs a machine learning regression model usually from
Gaussian processes”’, by predicting model uncertainty and seeking the optimum solution
in fewer iterations than competing algorithms®”°. Applying the algorithm to new prob-
lem domains, which requires new kinds of surrogate models without pre-domain knowl-
edge as in our problem, is especially beneficial’®. For readers unfamiliar with the topic,
the Supporting Information includes a short introduction to the method. In the context of
designing the spiderweb nanomechanical resonator, Bayesian optimization is expected to
not only explore the design space to find new vibrational modes that induce soft-clamping
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with a compact design, but also use them to reach high quality factors in the low frequency
regime for a given resonator size. In this work, we used the GPyOpt python implemen-
tation of the method’’, and MATLAB for the pre- and post-processing of our spider-web
design. The finite element analysis was performed by COMSOL®".
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Fig. 3.3 Overview of the Bayesian optimization process for designing the spiderweb nanomechani-
cal resonator: A designs and simulated mode shapes at the corresponding iterations highlighted by
circular markers in the remaining figures (the enlarged figures are in the Supporting Information);
B evolution of the quality factor Q,, (the red markers and red line indicate the highest quality factor
until that iteration); C the frequency f,,; D the distance from a previous optimized point to the point
considered in that iteration; and E values of the 6 design parameters at every iteration, providing an
idea of how the designs change in the optimization process (4 < N, < 16, 1 um < (d, w;, w,) < 4 um,
0 mm < [; <, < 1.5 mm). The abscissa for B-E is the same and corresponds to the design iterations
as the optimization process evolves. The blue region in B-D corresponds to the 40 initial designs
that were randomly selected, i.e. before starting the Bayesian optimization process; while the red
region corresponds to the Bayesian optimization iterations.

Figure 3.3 refers to the optimization history wherein the spiderweb nanomechanical
resonator’s quality factor is maximized. The process starts with a random search of 40
iterations to train the model (shown in light blue), followed by the Bayesian optimization
phase (shown in light red). Figure 3.3B shows the evolution of the quality factor Q,,, while
Figure 3.3D plots the distance from a previous optimized point to the point considered in
that iteration (the distance between the normalized input vectors). As seen in Figure 3.3A,
the random search from iterations 1-40 find vibrational modes with the highest quality
factors in iteration 26 and 27 which vibrate in the outer lateral ring. When the Bayesian
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optimization starts at iteration 41 (red markers), it begins to follow the vibrational modes
concentrated on the inner lateral beams. Even though iteration 41 starts with a quality
factor similar to the one found in the random search (light blue region), the algorithm
continues exploiting the optimal design region without going too far from this successful
iteration, as can be seen in Figure 3.3D between iterations 41 and 51, mostly by finely
tuning design parameters as can be seen in Figure 3.3E. In these iterations, the design
improves the quality factor by more than 180% compared to the best value obtained from
the first 40 random searches and the machine-learning model promotes local optimization.

Note that the optimal modes found during the Bayesian optimization process corre-
spond to vibrational modes (iterations 41, 51, 136 in Figure 3.3A) which harbor only a
slight deformation near the clamping points because the major bending elements are in
the intermediate ring. Surprisingly, these lateral vibrational modes mimic actual vibra-
tions utilized in spider webs for prey detection’'. Without encoding any prior knowledge
about how spiderwebs function, the machine-learning algorithm was able to find how
actual spiderwebs work in nature and adapt it to silicon nitride nanostructures. After iter-
ation 51, the algorithm starts exploring the design space more to search for a better design
far from the previous optimal, which can be seen from the high values in Figure 3.3D. This
trade-off between exploration and exploitation is often responsible for the competitive ad-
vantage of Bayesian optimization when compared to other algorithms. The green markers
in Figure 3.3 are clear examples of the Bayesian optimization exploring far from previous
optima. Note that the lateral beam’s vibrational mode did not always have the highest
quality factor, as optimum performance arises from the discovery of this new mode in
combination with geometric parameters that promote bending and torsion in a particular
way, as discussed later. By exploring and exploiting simultaneously to optimize the qual-
ity factor of the mechanical resonator, the algorithm reaches a maximum quality factor
in iteration 136. Bayesian optimization consistently balances exploitation and exploration,
so the solution for a large number of iterations could lead to continuous improvement.
The result here considers up to 200 iterations for the optimization, considering a few days
for optimization. In the case of having thousands of data sets regardless of the compu-
tational cost, the consideration of additional design parameters could be interesting for
future work. As seen in Figure 3.3C, we also found that the highest quality factors Qy,
occur at lower frequencies, which agrees with the simplified 1D model of the beam res-
onator. Note that the convergence speed and the optimum result could depend on the
initial search points. The comparison study can be found in the Supporting Information
("Optimization convergence dependency on the initial random points”). Moreover, the
optimization process also shows that thinner structures are not necessarily better when
using micro-wide tethers — a counter-intuitive finding given that every previous design
of nanomechanical resonators had out-of-plane mechanical modes with Q,, that benefited
from thinner geometries. The detailed discussion can be found in the Supporting Informa-
tion ("Conversion of energy loss regarding the thickness of the spiderweb nanomechanical
resonator”).

The optimum spiderweb nanomechanical resonator is predicted to have a quality fac-
tor Q,, above 1.75 billion at 134.9kHz for a design considering a diagonal size of 3 mm
and a thickness of 50 nm. Table 3.1 shows the design parameters corresponding to this
design. Comparatively, what is striking about this design is that it is able to achieve a
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Fig. 3.4 Optimized spiderweb design exhibiting a soft-clamping mode. A The full motion of the
optimized vibration mode shape with a zoom around the overhang and an illustration of the portion
of energy loss. The gray part in this figure shows the structure at rest (no vibration). B Shows the
local deformations and C the normalized bending loss density for the three regions in A. From top
to bottom: center (orange marker), joint of the inner lateral beam (yellow marker), and the edge
(blue marker).

quality factor Q,, above a billion without requiring any tether widths under a microme-
ter. This allows it to be readily defined using large-scale photolithography which further
makes manufacturing faster and cheaper. This is extremely beneficial for real applications
in that it decreases the resonators’ microchip footprint. For thermal management, a lower
aspect-ratio is very beneficial as typically SizN4 nanoresonators are interfaced with op-
tics for high-precision sensing and quantum application. Although SizNy is preferred for
its low optical absorption”®“, even small amounts of optical heating can have deleterious
consequences for high-precision experiments, and having a smaller aspect-ratio allows for
enhanced thermal conduction (to the substrate) which scales as /L. What is important
to note is that previous nanomechanical resonators followed a common design paradigm
wherein the maximal amplitude of the mode is in the center of the resonator and where
the aim is to reduce bending losses from that center to the substrate. Here the algorithm
takes an entirely different route by looking at modes that oscillate laterally like a mechan-
ical whispering gallery mode, allowing for tiny distances between amplitude maxima and
substrate, providing new insight into the nanomechanical resonator design.

Table 3.1 Optimal design parameters for the spiderweb resonator, when d;, d,, w,;,, and L are set as
1 um, 4 um, 2 um, and 3 mm, respectively.

Nr d w1 Wy ll l2
4 105pm 1pym 246pm 121 mm 148 mm
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Figure 3.4 provides additional details about the optimum design, where Figure 3.4A
highlights the novel "torsional soft-clamping” mechanism found by the data-driven strat-
egy. This design yields an unprecedentedly high quality factor because the resonator vi-
brates with an out-of-plane deformation that is localized in the inner ring of lateral beams
while undergoing torsional deformation of the radial beams. Figure 3.4B and C also sup-
port this observation, where the displacement magnitude (B) and normalized bending loss
(C) clearly demonstrate the low displacement and bending losses at the boundary (blue
marker) while the joint of the inner lateral ring (yellow marker) undergoes significant de-
formation. As a consequence of the radial beams’ torsional motion, the curvature between
the bending lateral beam with the radial beam at the clamping point is not highly concen-
trated, thus significantly diminishing the clamping losses at these points. Although the
torsional motion of the radial beams leads to 70 % of the energy dissipation, it is com-
parable to the bending losses in the deforming lateral beams. Note that the normalized
bending loss in Figure 3.4C indicates that the bending energy near the joint of the in-
ner lateral beam (yellow marker region) is spread out in the region near the joint, which
avoids sharp curvatures that can ultimately limit Q,,. Additionally, the blue marker region
of Figure 3.4A shows that the outer lateral beams near the boundary prevent deformation
and bending loss from propagating toward the boundary in a subtle way by preventing
torsional deformation in the radial beams from propagating to the boundary. Unlike the
bending loss density of the string’s bending modes®® (where it is highly concentrated on
the clamping region), the torsional bending loss density in the spiderweb resonator does
not highly concentrate where the vibration stops. For this reason, simulations without the
outer lateral beams also gave a similar quality factor. Nonetheless, the optimized position
of the outer ring was used to block the torsion propagation from the inner ring to the chip,
enhancing the resonator’s isolation from the substrate.

The optimized N, is 4, which maximizes the side beam length when all other parame-
ters are the same. This trend shows that the optimized mode aimed to make the vibrating
lateral beams as long as possible, as the quality factor of a string resonator®’ increases for
alonger beam. Compared with the 1D approach'®'®, which is a subset of our structure by
considering N, = 2, the web-like structure in the 2D domain has the potential to achieve
higher Q,, by exploring novel soft-clamping motions compared to the limited number of
vibration modes'® of the 1D structure. The optimized l,, which defines the distance be-
tween the centre and the inner radial beam, was close to the maximum limit, while the
number of radial beams N, was minimized. This trend shows that the optimized mode
aimed to make the vibrating lateral beams as long as possible, as the quality factor of a
string resonator”’ increases for a longer beam. Also, the w, was optimized at 1 pm which
represents the minimum limit allowed. Allowing for widths thinner than 1 pm would
likely increase the quality factor. While the lateral size, L, was limited to 3 mm, a study of
increasing L (discussed in the Supporting Information) also shows that the optimized Q,,
scales quadratically with the size of the resonator while f,,/Q,, is significantly reduced.
All of these mechanisms work together to achieve a compact design with an ultrahigh
quality factor at a lower order vibration mode via a novel soft-clamping approach that
does not require the use of phononic crystals or sub-micrometer lithographic features.
Notwithstanding, up to now this finding remains a computational prediction.
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Fig. 3.5 Schematic representation of the fabrication process flow and the mechanical characteriza-
tion setup. Process steps consist of A deposition of Si;N, onto a silicon substrate B mask patterning
C Si;N, patterning via dry etching D mask removing and E Si;N, undercut and release. F The spi-
derweb nanomechanical resonator is resonantly driven by a piezoelectric actuator and its motion is
optical measured with a balanced homodyne interferometer. The resonator is placed inside a UHV
chamber to reach a pressure lower than 108 mbar. VOA: Variable Optical Attenuator. PID: Propor-
tional Integral Derivative Controller. FPC: Fiber Polarization Controller. ®: fiber stretcher.

3.4. Fabrication and experimental validation

While we have so far described the computational design process that occurred without
experimental trial-and-error, the performance of the novel resonator needs to be experi-
mentally validated. To do this we fabricate the optimal resonator and experimentally de-
termine the quality factor of the system from a ringdown measurement in the ultrahigh-
vacuum (UHV) setup shown in Figure 3.5F to avoid air damping. Ringdown measure-
ments involve using piezoelectric stages to resonantly excite the motion of nanomechan-
ical resonators, stopping the drive, and observing the decay of the resonators’ motion via
interferometric optical readout. The rate of decay of the resonator’s amplitude gives its
rate of energy dissipation and thus its mechanical quality factor. The spiderweb nanome-
chanical resonator is fabricated on high-stress Si3N, grown by low-pressure chemical va-
por deposition (LPCVD) on a silicon wafer (Figure 3.5A). The pattern is first written on
a resist mask (Figure 3.5B), then transferred on the SizNy layer with a directional CHF;
plasma etching (Figure 3.5C). After that, the resist mask is removed (Figure 3.5D), and
the spiderweb nanomechanical resonator is suspended by a fluorine-based (SF4) dry etch-
ing step (Figure 3.5E), which does not require any mask or additional cleaning steps,
making the fabrication considerably easier, higher yield and higher quality. Crucially,
this fabrication process allows for remarkable agreement between experimental results
and idealized simulations that allow us to reliably use the latter as data points for the ma-
chine learning algorithm. A detailed explanation of the fabrication process and the me-
chanical characterization setup is summarized in the Experimental Section. Figure 3.6A
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shows a scanning electron microscope image of the fabricated device, where the suspended
Si3Ny spiderweb nanomechanical resonator is highlighted in blue, surrounded by dummy
SizNy islands disconnected from the suspended structure, used to prevent overetching and
overexposure (in light gray). The thermomechanical noise spectra as obtained by interfer-
ometric optical readout at the center of the spiderweb nanomechanical resonator (orange
marker) and the inner lateral beam (pink marker) are plotted in Figure 3.6C. As shown in
the figure, the optimal vibration mode occurring around 133.6 kHz is visible in the spec-
trum of the inner ring but has no amplitude in the center of the resonator and therefore
well confined, contrary to the fundamental mode at 81.8 kHz. This corroborates the pres-
ence of the novel soft-clamping mode shown in Figure 3.4. Furthermore, the simulated
out-of-plane vibration mode frequencies agree with experiments to around 1% as shown
in Figure 3.6B. The presence of the torsional soft-clamping mode is further proved by the
ringdown measurement shown in Figure 3.6D, where the quality factor of the optimized
mode at 133.6 kHz is measured to be 1.8 billion, which is in excellent agreement with
the computational predictions (1.75 billion) and the highest mechanical quality factor yet
measured in this frequency range at room temperature. Compared to the fundamental
mode’s Q,,, it has more than 60 times higher value. In this research, we simulated the Q,,
considering the dissipation dilution but the acoustic radiation (Q,44)'“*" and the loss from
gas damping (ans)25 can also affect the ringdown in the experiment. The excellent match
between bending loss simulations and experimental results supports our hypothesis that
bending loss is the dominant source of mechanical loss for the spiderweb nanomechan-
ical resonator. While acoustic radiation loss (through the substrate) affects mechanical
resonators with motion near the resonator-substrate boundary'®'”?" it is expected to be
negligible in our optimal design because the resonator motion is isolated from the sub-
strate, with the support of the outer lateral beams, as described in Figure 3.4. At the
same time, the gas damping effect can be ignored by performing the measurement under
a sufficiently high vacuum of 4.0-10~° hPa. The high Q,, result is especially striking when
considering the short length and larger thickness of the resonator than existing solutions
in the literature, making it more practical to fabricate and operate. Figure 3.6E compares
our result with the state-of-the-art nanomechanical resonator’s experiment values at room
temperature by plotting their Q,,, f,, and their aspect-ratio t/L via marker area when ¢
and L represent the thickness and the size of each reported resonator, respectively. It sup-
ports that our spiderweb resonator has obtained a high Q,, not using more challenging
fabrication but considering novel vibration mode.

3.9. Gonclusion

A simulation-based data-driven optimization approach was used to design a spiderweb
nanomechanical resonator with ultralow dissipation in room-temperature environments.
Our approach relies on the observation that spiderwebs have evolved over millions of
years through evolutionary competition to be remarkable vibration sensors”*". Using sil-
icon nitride as a base material, our machine-learning algorithm hitchhikes on this natural
optimization, and discovers nanomechanical designs tailored for high-precision sensors.
While silicon nitride is one of the most widely used thin films for nanomechanical res-



3.6. Experimental Section 1

onators, the design approach in this work could be extended to other materials such as di-
amond®’, gallium arsenide®’", silicon carbide’"’*, indium gallium phosphide®*’*, fused
silica glass’*, silicon’”, phosphorus carbide’®’’, and even superconducting films’®’’. The
enhancement of the mechanical quality factor results from the discovery of a soft-clamping
mechanism that uses a torsional motion to isolate a nanomechanical mode from ambient
thermal noise. This enables high-Q,, nanomechanical resonators that have smaller aspect
ratios than previous state-of-the-art designs, making them significantly easier, cheaper,
and faster to manufacture. Our experimental validation demonstrates a new class of me-
chanical resonators that exhibit mechanical quality factors exceeding a billion in room
temperature environments. This is achieved via a torsional soft-clamping mechanism that
avoids radiation losses without using phononic crystals or submicrometer lithographic
features. While other state-of-the-art resonators require tethers that are hundreds of
nanometers in width, our resonators (with micrometer-sized features) can be reliably fab-
ricated at large scales with photolithography. While high-Q,, resonators typically require
~ 20 — 30nm thicknesses, we design ours with 50 nm thickness to simplify the fabri-
cation. Undoubtedly, by designing our resonators tethers with sub-micrometer tethers
and thinner geometries, we could further improve Q,, at the cost of making the fabri-
cation less accessible for general use. The low dissipation rate of the resonator, with
fm/Om = 75 uHz, also represents an important step toward high-precision sensing ap-
plications and room temperature quantum technologies. This includes quantum-limited
force microscopy”, “cavity-free” cooling scheme®’ and quantum control of motion at room
temperature®’. What is fascinating is that the machine-learning algorithm independently
hones in on torsional vibration mechanisms, which are actually used by spiderwebs in
nature when detecting prey, although the algorithm does not have any prior knowledge
of how a spiderweb functions. Notwithstanding, we recognize that this data-driven ex-
ploration guided by machine learning is just a first step toward rational design of the
next-generation of nanomechanical resonators. The demonstrated approach for realizing
high-Q,, resonance modes is not restricted to the specific spiderweb-like design studied
in this work. The design strategy might be applied to a wide range of geometries and de-
sign problems involving low-throughput simulations or experiments (the most common
scenario in engineering and science). We expect future developments in machine learn-
ing and optimization together with novel fabrication techniques to lead to unprecedented
nanotechnology within the next decade.

3.6. Experimental Section

Fabrication process: The nanomechanical resonators were fabricated from 58 nm-thick
high-stress (1.07 GPa) Si3N,4 deposited by LPCVD on a silicon substrate (Figure 3.5A).
The disposition was carried out in-house, which allowed to obtain Si3N, films of arbitrary
thickness in stoichiometric form (3/4 ratio of silicon to nitrogen) leading to the uniform
high tensile stress in the film. The pattern in the resonator was first written in a positive
tone resist (AR-P 6200) by electron beam lithography (Figure 3.5B) to create a mask. To do
so, the resist was spin coated on top of the Si3Ny, baked at 155° C, exposed and developed
in pentylacetate. Note that e-beam lithography was used instead of optical lithography
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due to the high level of control and flexibility for the device geometry which was highly
beneficial during the development of a new design. However, the minimum features of the
resonators were designed to be 1 pm to ensure an easier, large-scale fabrication with op-
tical lithography. The pattern was then transferred into the silicon nitride thin-film layer
using an inductively coupled plasma (ICP) etching based on a CHF3 plasma etch (Figure
3.5C). Next, the resist was removed with dimethylformamide followed by two cleaning
steps with hot piranha solution to remove organic residues and diluted hydrofluoric acid
solution to remove surface oxides (Figure 3.5D). Last, the Si3N, layer was released from
the silicon substrate with an ICP etching with SF6 at -120° (Figure 3.5E)", performed at
high pressure and low DC bias to etch isotropically the silicon substrate. This last step
did not require any mask given the high selectivity of the chosen chemical against sili-
con nitride, avoiding any additional cleaning steps and removing any limitation posed by
capillary force or stiction usually encountered in isotropic wet etchings (such as potas-
sium hydroxide, KOH, or tetramethylammonium hydroxide, TMAH). Moreover, it was
not constrained by the crystal planes of the silicon substrate, enabling the fabrication of
arbitrary shapes and avoiding multiple exposures. The final thickness of the SizN, films
was expected to be 50 nm.

Mechanical characterization setup: All the measurements presented were per-
formed using a custom balanced homodyne detection interferometer (Figure 3.5F). The
mechanical displacement was probed with a fiber coupled infrared laser (1550 nm). The
power was divided into two arms: the local oscillator (90 %) used as interference reference
and the signal arm (10 %) terminated with a lensed fiber. The signal arm and the device
were mounted on two separate 3-axis nanopositioners placed perpendicular to each other,
to align the device to the focal plane of the lensed fiber. In this way the signal which came
out from the lensed fiber was focused on the device and its reflection was collected back
inside the fiber. A piezoelectric plate was connected to the sample holder to actuate the de-
vices mechanically. To reduce the effect of gas damping on the measurements, the lensed
fiber and sample stage were placed inside a vacuum chamber. With the aid of a turbo-
molecular and a diaphragm pump, the system can reach a pressure of 4.0-10~° hPa. The
sensitivity of the measured signal to phase oscillations was maximal in the linear region of
the interference signal. To this end, the phase of the local oscillator signal was controlled
with a fiber stretcher driven by a proportional integral derivative (PID) controller imple-
mented with an FPGA board (RedPitaya 125-14) in order to stabilize the interferometer’s
low frequency fluctuations using the signal measured from the balanced photodetector as
an error signal for a feedback loop. Thermomechanical noise spectra were acquired with
an electronic spectrum analyzer without mechanical excitation applied to the piezoelec-
tric plate. On the contrary, for the ringdown measurements, the device was first actuated
close to the mechanical resonance frequency of interest with the piezoelectric plate until it
reached an excited steady-state. Second, the mechanical actuation was turned off and the
decay in time of the measured displacement signal was measured with an electronic spec-
trum analyzer by setting a resolution bandwidth larger than 5 Hz. The bandwidth needed
to be larger than the expected linewidth of the resonator, but small enough to increase the
signal-to-noise ratio.
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Fig. 3.6 Experimental characterization of the optimal spiderweb nanomechanical resonator. A
False-colored scanning electron microscope images of the optimal design. B Q,, from the simulation
and experimental results of the out-of-plane vibration modes with the figure of the fundamental
and optimized mode shapes. C The thermomechanical noise spectra measured at the center of the
resonator (orange marker) and the center of the inner lateral beam (pink marker). The y-axis is the
normalized power with respect to the maximum power. D Ringdown measurement of the optimized
3 mm spiderweb resonator excited in its 133.6 kHz mode with an extracted quality factor higher than
1.8 billion, compared with the quality factor measured for the fundamental mode at 81.8 kHz. The
y-axis is the normalized power with respect to the power at time=0 for each curve. E Comparison of
the presented experiment result with state-of-the-art experiment reports®”'*~*"*>%~%Marker area
corresponds to their aspect ratio t/L. The dashed line corresponds to the mechanical decoherence
constraint in Figure 3.1
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supporting information
Lessons from string resonators

Generally, room temperature resonators with state-of-the-art quality factors have con-
verged towards shared similarities in their geometry, material properties, and mechanical
modes of interest. To date, they all exhibit some of the highest aspect ratios in microchip
technology with free-standing structures nanometers thick but laterally suspended over
several millimeters. As discussed in the main text, increasing the lateral size (L) of the res-
onator with respect to its thickness in the direction of motion (t) improves Q, for beam
and membrane nanomechanical resonators since generally Q,, o< L/t. Another common
attribute of all high Q,, resonators is the use of highly stretched silicon nitride (Si3Ny) to
fabricate these high-aspect-ratio nanostructures. A resonators’ Qy, is defined as 2zW /AW
where W is the total stored energy of the resonator, and AW corresponds to the energy
dissipated for each vibration cycle. Fabricating resonators from tensile materials enables
extremely low mechanical dissipation (AW) while increasing the resonator’s stored me-
chanical energy W as a consequence of geometric strain engineering”’. The large initial
stress before the vibration increases the potential energy dominantly, whereas the en-
ergy loss for each cycle is determined by the bending of the resonator’s vibration mode.
It means that the critical design parameters for the nanomechanical resonator’s Q,, are
the strain (stress) distribution after releasing the initial pre-stress and the vibration mode
shape. The analytical formulation for a one-dimensional beam’s bending f;;, and the cor-
responding Q,, follows the equations below”’.

fn = % \ﬁ\h + n2r2 )2 (3.51)
p

Om = (24 + 7%n22%)71Q, (3.52)

Qp is the intrinsic quality factor defined as Qy! = Q;ollume + Q;}rface’ where Quojume 1S
the bulk material loss of SizN, and Qg face is the surface loss, linear to the resonator’s
thickness. For thin resonators operating at room temperature, we assume Qy = 6900 ¢/100
nm*. n, o, p are bending mode number, initial stress, and density, respectively. A is
JE/120t/L where E is the Young’s modulus. Note that the dominant factor 21 in eq.
3.52 happens because of the sharp curvature change near the boundaries around a narrow
length L. = v2LA%’, which reduces the quality factor dominantly. A similar formulation
for the membrane structure could be found in*®. Figure 1 in the main text shows the Qp,
versus vibration frequency (f,,) graph for a 50 nm thick 3 mm SizN, beam considering
1.07 GPa initial stress, when we vary the mode number. As it can be seen in it, the pre-
stressed double clamped beam shows a significant improvement of Q,, compared to the
unstressed beam’s intrinsic quality factor Qy. Also, the perfect soft-clamping assumption,
which excludes the clamping loss part in eq. 3.52, emphasizes the major loss of the quality
factor from the sharp curvature change in the boundary, especially at lower order modes.
Finally, all of these Si3N4 resonators have relied on mechanical modes which have the
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highest amplitude of oscillation in the resonator center and where most of the induced
losses come from how the mechanical mode connects to the microchip substrate where
bending is highest. Given that the dominant channel of mechanical resonator loss comes
from bending losses, until now most of the design strategies have typically consisted of
engineering the decay of the resonator’s mechanical mode to reduce bending in the Si3N,
resonators near the clamping points via hierarchical'®** structures or phononic crystal
designs'*1”.

Derivation of the quality factor for two dimensional structures

The formulation here is the generalized form of the uniform membrane equations from
Yu and co-workers*®. Considering the out-of-plane deformation as the displacement field
corresponding to the vibration mode shape, the strain can be derived from the generalized
Euler-Bernoulli equation. Note that we calculate the strain assuming plane stress, constant
deformation at the center of the plate u,, as well as constant thickness. The oscillation of
the plate u,(x, y)e?/nt induces strain in the plate due to bending and elongation during
the vibration.

= 2
Exx Uz xx ST fint ué,x
g — 2 t
Eyy [ = — e i fin Usyy ¢+ uzy (3.53)
26xy 2Uz xy 2y Uz y
bending elongation

Then, the corresponding variation of stress is derived from generalized Hooke’s law
with the complex Young’s modulus E=E;+iE,.
Oxx B 1 v 0 %xx

Gyi=—v 1 0 &y (3.54)
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The mechanical work done per oscillation, which corresponds to the energy loss, can
be derived as

1/ fn
AU = JV l L R(Gr )R Exxs) + R(Gyy )Ry ) + 2R (G )R (Ey AV (3.55)
olume

Inserting eq. 3.53 and eq. 3.54 into eq. 3.55 and by ignoring the elongation term which
is a few orders of magnitude lower than the other terms for the small deformation regime,
eq. 3.55 can be summarized as

nE,
AU= ,[IJ 1—12 ((uz,xx + uz’yy)zzz -201- V)(uz,xxuz,yy - ug,xy)zz)dV

_ 7[E2t3
C12(1-12)

(3.56)
ﬂ(ug,xx + ug)yy + 2V oyl yy +2(1 — v)ug,xy)dS

The system’s stored energy can be obtained by calculating the maximum kinetic en-
ergy or the maximum elastic energy. Between the two, in this research, we considered the
maximum elastic energy of the stretched structure due to bending and elongation. The
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work done due to elongation happens to be a few orders of magnitude higher than the
bending energy, so we ignore the bending energy here. Therefore,

1 1
0= [[[ i+ 1y s v

3.57
/ , , (3.57)
=3 (Oxx Uz x + Oyyliz g, + 205Uy U 5, )dS
From this result, we obtain 2xU /AU:
O = 12(1 - Vz) J]-(O'xxug,x + O'yyug,y + 20—xyuz,xuz,y)d5 (3.58)

Eyt? J]-(Iéxx + u%,yy + 2Vl exlz yy + 2(1 - V)ug,xy)ds

Leading to egs. (1)-(3) in the main text, when Qy=E/E, considering E; > E,.
Bayesian optimization

Iteration N Iteration N+1

Fig. 3.81 An overview of Bayesian optimization with a one-dimensional minimization example. A
Gaussian process regression model is fitted to the observed data (blue markers) and its acquisition
function is maximized to select the design parameter (red markers) for the next iteration. The dotted
black line corresponds to the unknown black-box function and the solid blue line corresponds to
the regression result based on Gaussian process regression. The regression model is plotted as a
posterior mean with shaded areas representing a 95 percent confidence interval.

Handling simulation-based optimization of spider web resonators requires the opti-
mizer to use simulations with high computational cost. Bayesian optimization’””® is a
global optimizer that is expected to avoid many local solutions associated with different
modes of vibration. Using an online machine learning approach, this method performs op-
timization while updating limited information in the design space. If the response surface
of Qp, is unknown, we can train the model with scarce information, starting with a few
initial observations and adding additional feature evaluations sequentially. The goal is to
optimize and track optimal design parameters using several evaluations of the finite ele-
ment model of the spider web resonator. As shown in Figure 3.51, Bayesian optimization
uses Gaussian process regression (solid blue line) to approximate the unknown response
of the function (dashed line) at each iteration. With the obtained data and the probability
distribution taking into account the variance of the unmeasured region, the optimizer uses
an acquisition function that determines the design variables for the next iteration. Here
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we used Expected Improvement (EI) as the most commonly used acquisition function. It
estimates where the most considerable improvement over the current best results will be
so that both exploitation for local area search as well as the exploration for global opti-
mization could be performed simultaneously. Compared to other optimization algorithms,
additional computational resources are required to determine the next optimization point.
However, when considering expensive function calls and small or medium design dimen-
sions as in our study, they are negligible compared to the finite element simulation time.
In this study, the Python library GPyOpt®” was used. More detailed information about the
method can be found at”®.

Optimization convergence dependency on the initial random points
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Fig. 3.S2 Iteration history of the web-like nanomechanical resonator for optimizing Q,, with four
different randomly selected initial points. The initial seed D is the result discussed in the main text.

The initial design of experiments affects the convergence to the optimum solution.
Since our problem is dealing with global optimization, the curse of dimensionality is a
crucial issue to be addressed. Even though we use Bayesian optimization to reduce the
total number of design evaluations, the number of initial points (=40) is small compared
to the design space (six design parameters). The result in Figure 3.52 shows the opti-
mization history considering four different sets of randomly selected initial points. The
figure shows that changing the initial points affects the convergence speed, as expected.
However, the optimized design obtained for all four cases exhibits the same vibration
mechanism described in the main text with a similar range of quality factors.

Table 3.S1 Optimal design parameters and the corresponding f,,, O,,, and Sy for different initial
random points.

Design N, d Wi w2 h L Jm Om SF)
(m) (m) (um) (mm) (um) (kKHp) 10°  (@NAFR)

Initial seed A 4 1.01 1.00 2.00 1.14 148 141 1.75 2.1

Initial seed B 4 1.20 103 359 115 145 142 1.60 2.2

Initial seedC 4 116 1.11 330 1.09 146 145 1.56 2.3

Initial seed D 4 1.05 1.00 2.46 1.21 1.48 135 1.75 2.1
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Fig. 3.83 Overview of the thickness study for designing the spiderweb nanomechanical resonator.
A Evolution of the quality factor Q,, and values of the seven design parameters at every iteration,
including the thickness of the resonator. B Sweep of the thickness for two spiderweb nanomechan-
ical resonators which are optimized for 30 nm and 50 nm, respectively. 50 nm design corresponds
to the optimal result in Figure 4 in the main text. C The full motion of the vibration mode shape
and an illustration of the portion of energy loss of a 10 nm thickness spiderweb nanomechanical
resonator. Other design parameters refer to Table 1 in the main text.

Gonversion of energy loss regarding the thickness of the web-like resonator

The optimization considering thickness as a design parameter has shown that minimizing
the thickness was not giving the best quality factor, contrary to what is generally observed
for straight strings (eq. 3.52), or phononic crystal resonators'”. Figure 3.S3A shows the
optimization iteration history with the same conditions as the main text except consider-
ing the thickness as an additional design parameter. The optimized result converged at
around 60 nm (local optimum), which differs from the general trend of minimizing the
resonator thickness. To study more in details this effect, we performed two optimizations
constraining the resonator thickness to 30 nm and 50 nm, respectively. Afterward, we
swept the thickness of the two obtained designs from 10 nm to 100 nm. Figure 3.S3B
shows the trend. As usual, the quality factor increases for thinner resonators when the
thickness is larger than 50 nm. However, below 40 nm, it starts to decrease sharply. The
reason of this effect can be understood from Figure 3.S3C, which shows the same design
in the main text Figure 4, but modifying the thickness to 10 nm for comparison. As shown
in the figure, most of the energy loss starts to focus on the lateral vibration beam, espe-
cially because the torsional motion of the lateral beam becomes significant. Furthermore,
unlike the thicker designs, the joint region of the inner lateral beams starts to have a con-
centration of bending energy which starts to keep a large portion of energy loss because
the sharp curvature change occurs, even though the soft-clamping mechanism isolates the
resonator. Considering this motion, it is expected to improve the quality factor for thinner
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resonators when considering more challenging fabrication with a width below 1 pm. Note
that the research in the main text designed a 50 nm thickness spiderweb nanomechanical
resonator considering our fabrication process.

Mechanical quality factor of the web-like resonator regarding the resonator size

8 10
10 PY 0
[ J
N [ [ ]
B : 100 o
~“E
® 9
[ J [ J
[ J
[}
10, 10°
10* 107 107

Length of the resonator [m]

Fig. 3.84 The mechanical quality factor and the vibration frequency for various sizes of optimized
nanomechanical resonators.

The length of the mechanical resonator has been discussed as an essential factor for the
fm and Qy,. Following the trend of straight beams (eqs. 3.51 and 3.52), O, and 1/ f;, is lin-
ear to L when L > t, and Qp,, becomes quadratic to L if we assume perfect soft-clamping. To
measure the length effects on the mechanical quality factor and the frequency of the spi-
derweb nanomechanical resonator, we optimized the quality factor of each design starting
from 100 pm to 10 mm length of the resonator. Other design parameters and constraints
were considered the same as in the main text. As shown in Figure 3.4, increasing the
resonator’s length increased the quality factor quadratically, while the frequency was pro-
portional to the inverse of the length. This result also supports that our new resonator
follows the expected trend of the effect of soft-clamping. Since soft-clamping becomes
more crucial for longer resonators, we expect to achieve a Q,,, around 10 billion with a 1
cm web-like resonator.

Fundamental and center defect mode shape

To analyze the effect of the target mode shapes on the resulting Q,,,, we performed two
additional optimizations. The first (Design A) focuses on optimizing the Q,, of the fun-
damental vibration mode, while the second (Design B) aims to optimize the Q,,, when the
out-of-plane deformation at the center of the web is maximized. The optimal Design A,
shown in Figure 3.S5A, exhibits a small d while pushing the outer lateral beam near the
boundary with a large w,. At the same time, the w; is nearly maximized with the in-
ner lateral beam around the center of the resonator (see Table 3.52). The result shows
a similar strategy to the trampoline design presented in°’, using strain engineering. It
maximizes the stress of the radial directional beam, which primarily vibrates in the funda-
mental mode by adding the mass around the center and the boundary. This suggests that
the machine learning optimizer is capable of finding similar solutions to physics-based
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Fig. 3.S5 The optimal web-like soft-clamping mode for A Design A and B Design B obtained from
simulation. The normalized bending loss density around the edge of Design A and Design B shows
that the bending loss is concentrated on the boundary and the joints between the lateral and radial
beams.

design approaches.

The optimal Design B increases the number of radial beams (see Table 3.52), show-
ing that we could achieve a higher Q, at higher order modes, unlike uniform string”’
or membrane®® resonators. The optimized result adds the lateral beams near the wave
propagation node and couples the wave propagation in the radial direction to the lateral
direction by the lateral beams’ bending motion, as it can be seen in Figure 3.S5B. This
demonstrates that the optimizer finds soft-clamping modes without any pre-information,
by alternating the sharp curvature change near the boundary and distributing it to several
joint deformations. Note that for both of the designs, the outer lateral beams distribute
the bending loss concentrated at the boundaries, similarly to what was recently proposed
by fractal’’ and hierarchical'® soft-clamping.

Table 3.82 Optimal design parameters and the corresponding f,, Q,,, and Sy for Design A and
Design B.

Design Nr d wy Wy ll 12 fm Qm SF
(m)  @m)  (m)  (mm) (nm)  (KHp) (10 (@NATD)

A 6 1.23 3.95 3.68 0.35 1.48 63.3 45.3 15.9

B 12 3.18 2.89 3.96 0.01 1.40 451.5 554 60.8

Evolution of the spiderweb nanomechanical resonators designs during the
Bayesian optimization process

Figure 3.56 shows an enlarged view of the design (black) and the vibrational modes (red)
obtained at different iterations. The first two designs at iterations 26 and 27 are obtained
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during the random search phase and the mode is localized in the outer later beam. The
following designs at iterations 41 and 51 result from the Bayesian optimization phase and
show a localized mode in the inner lateral beam. The last two designs at iterations 78
and 97 show a clear example of the Bayesian optimization exploring, resulting in vibration
modes different from the previous iterations.

q

iter 26 iter 27
iter 41 iter 51

_~ %‘ﬁ“
=0
W7 AN

7Y
A\\!‘

= \\i
7

Fig. 3.S6 Design and simulated modes shapes at the iterations highlighted by circular markers in
Figure 3A in the main text.

SEM from tilted view

The spiderweb nanomechanical resonator, fabricated in high stress silicon nitride, is sus-
pended over the silicon substrate as shown in Figure 3.S7. The release step of the sus-
pended nanomechanical resonator, highlighted in blue, is performed from the top, isotrop-
ically etching the silicon underneath. It follows that the fixed boundary is etched creating
an overhang, as can be seen in the inset on the top right of Figure 3.57.
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500 ym

Fig. 3.87 False colored scanning electron microscope images of the optimal design from tilted view.
The 3 insets, from left to right, show a zoom at the center, at the joint, and at the clamping point.

Photothermal effect on Q factor

100
= 500pW
— 50pW
- 5pW

Power [arb]
)

0 1000 2000 3000 4000 5000 6000
Time [s]

Fig. 3.88 Ringdown measurement of the optimized 3 mm spiderweb nanomechanical resonator
excited in its 133.6 kHz mode for three different laser powers. The y axis shows the power acquired
from the spectrum analyzer in mW, normalized with respect to the power at time=0 for each curve.

The interaction between the nanomechanical resonator and the optical field can lead
to photothermal effects, which in turn can mask the intrinsic damping rate of the os-
cillators. Those effects are proportional to the laser power. Therefore when measuring
extreme high quality factors, it is important to ensure that the measured decay is not af-
fected by the laser power. To verify it, we performed different ringdown measurements
of the mechanical resonance at around 133.6 kHz of the spiderweb nanomechanical res-
onator shown in the main text in Figure 6A, by varying the laser power incident on the
resonator from 500 pyW to 5 pW. The result in Figure 3.S8 shows a comparable decay
rate for all the measurements, suggesting that photothermal effects are negligible. The
plotted power on the y-axis is normalized with respect to the power at the beginning of
the ringdown for each curve to provide a clear comparison. Note that the decaying enve-
lope of the oscillation at carrier frequency is linear until the measured power equals the
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nanomechanical resonator’s thermal fluctuations level leading to large fluctuations of the
measured signal. Moreover, strong fluctuations caused by unwanted temperature drifts
and mechanical vibrations of the setup can bring the measured signal outside the linear
region of the interference signal for a short interval of time, resulting in occasional spikes
as visible in the curve acquired with a laser power equal to 500 uW at around 1800 seconds.

Finite element simulation model of the Spiderweb design

A

Fixed boundary

!

Periodic
condition

|

- \ Periodic condition
| — (continuity, antiperiodicity)

Fig. 3.89 COMSOL finite element simulation layout and mesh, corresponding to the iteration 27
model in the main text. A Top view of the finite element simulated structure showing the periodic
condition along the blue line with the fixed boundary condition along the red line. B Zoom-in of
the yellow box region in A, showing the dense meshing of the spiderweb nanomechanical resonator
with the denser mesh around the joint region.

As mentioned in the paper, the optimized result in this research was obtained from
the finite element analysis performed by COMSOL®’. We used plate elements for a two-
dimensional structural mechanic simulation dealing with a pre-stressed eigenfrequency
analysis, considering the thickness to the width ratio. The plate theory was based on the
Mindlin theory with a linear elastic material model. To speed up the simulation, we sim-
ulated the partial part of the spiderweb resonator. Figure 3.S9A is an example of our
iteration 27. The figure shows that it is modeling a portion of the resonator, which de-
pends on N,. The blue lines in the rotational directional edges considered continuity and
antiperiodicity periodic conditions for the simulation, and the red line shows the fixed
boundary condition. For each simulation, we considered initial in-plane forces ([N/m]) as
1.07 GPa - 50 nm, which is the product of the initial stress and the thickness. We performed
the static analysis as the first step, including geometric nonlinearity because of the signif-
icant deformation happening from the static analysis”’. Note that during the stationary
analysis, it is always required to give the periodic condition for the periodic edges even
if the antiperiodicity boundary condition is considered for the eigenvalue analysis. Af-
ter performing the stationary analysis, we performed an eigenfrequency simulation, also
including geometric nonlinearity. We have set up the maximum number of eigenfrequen-
cies to be a hundred while setting the smallest real part as 100 Hz and the largest real part
as 1 MHz. Concerning meshing, we divided the model with small squares around every
joint to adjust a more fine mesh to consider the bending loss energy more precisely, as
shown in Figure 3.S9B . To avoid numerical errors during the optimization, we meshed
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the upper half of the structure and copied the mesh domain to the lower half of the struc-
ture. After the finite element simulation, we calculated the Q,, based on eq. 1 in the main
text. After calculating Q,, of all the out-of-plane modes, we selected the maximized Q,, as
the performance of the design.
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Centimeter-scale nanomechanical
resonators with low dissipation

High-aspect-ratio mechanical resonators are pivotal in precision sensing, from macroscopic
gravitational wave detectors to nanoscale acoustics. However, fabrication challenges and high
computational costs have limited the length of these devices, leaving a largely unexplored
regime in nano-engineering. We present nanomechanical resonators that extend centime-
ters in length yet retain nanometer thickness. We explore this new design space using an
optimization approach that leverages fast millimeter-scale simulations to inform and guide
the more computationally intensive centimeter-scale design optimization. Our method of
nanofabrication, by relying on a dry etching release, ensures a high-yield realization that
experimentally confirms room temperature quality factors close to the numerical prediction.
Finally, quality factors around 6.6 billion at kilohertz mechanical frequencies has been mea-
sured with the guide of machine learning. The synergistic integration of nanofabrication and
design optimization, guided by machine learning, opens a solid-state approach to centimeter-
scale nanomechanical resonators, with quality factors comparable to performance of leading
cryogenic resonators and levitated nanospheres, even under significantly less stringent tem-
perature and vacuum conditions.

Parts of this chapter have been submitted to peer review. Pre-print available at arXiv:2308.00611 (2023)
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62 4. Centimeter-scale nanomechanical resonators

4.1. Introduction

echanical resonators are crucial in precision sensing, enabling gravitational-wave
M observations at the macroscale’?, probing weak forces in atomic force microscopy
at the nanoscale’™’ or playing a central role in recent quantum technologies® . Their
performance largely hinges on having low mechanical dissipation, quantified by the me-
chanical quality factor (Q). The Q factor measures both radiated acoustic energy and infil-
trating thermomechanical noise, with a high Q pivotal in preserving resonator coherence.
This is crucial, particularly at room temperature, for observing quantum phenomena'"'?,
advancing quantum technology'’, and maximizing sensitivity for detecting changes in
mass'*'¢, force!”>'?, and displacement’. High Q is often achieved through “dissipation
dilution”, a phenomenon originating from the synergistic effects of large tensile stress
and high-aspect-ratio, observed both in resonators with macroscopic dimensions*'’ and
applied to resonators with nanometers thicknesses”’™**,

At the macroscale, a notable example is the pendulum formed by the mirror-
suspension pair in gravitation wave detectors’***, where kilogram mirrors are suspended
by wires tens of centimeters long and a thickness on the order of micrometers (Fig.
4.1b). The high tensile stress is created by the mirror masses, which induce stress in
the wires due to gravity. The resulting high quality factor of the pendulum modes of
the order of 103 allows isolating the detector from thermomechanical noise, enabling
it to reach its enhanced displacement sensitivity. The exceptional acoustic isolation
of these resonators has enabled landmark demonstrations of quantum effects at an
unprecedented kilogram scale’” and contributed to the first observations of gravitational
waves“®. Similar configurations at smaller scales are employed on table-top experiments
to investigate the limits of quantum mechanics”’ and its interplay with gravity”®. To
date, resonators in this category, which span lengths of several centimeters, have been
limited to micrometers minimum thicknesses.

At the nanoscale, resonators possess significantly reduced thickness, in the range
of nanometers, with a length limited to millimeters. They are generally fabricated
on top of a supporting substrate by standard silicon technology and integrated onto a sin-
gle chip (Fig. 4.1a). High tensile stress, generated through a thermal mismatch between
the resonator and the substrate, offers both lower mechanical dissipation and structural
stability for long-distance suspended nanostructures. This necessitates careful material
selection, with silicon nitride (Si3N,) emerging as one of the most common and easily
manufacturable materials at room temperature in view of its advantageous mechanical and
optical properties. Leveraging standard silicon technology compatibility, these nanome-
chanical resonators provide scalability’®, and integration® not found in their macroscale
counterparts. Techniques like mode-shape engineering”’~"*>*° and phononic crystal
(PnC) engineering”®’® have further enhanced dissipation dilution, pushing quality fac-
tors above 10°. This improved coherence of motion has propelled advances in quantum
phenomena exploration at cryogenic temperatures’”>** and fostered a new sensor class
development’”*’. Generally, the quality factor in this class of resonators (Fig. 4.1d) is
proportional to the length, and the resonance frequency is inversely proportional to the
length”'*!. Consequently, achieving a high quality factor at a low resonance frequency
is constrained by the challenge of increasing the resonator’s length beyond its current
limitations.
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Fig. 4.1 High-aspect-ratio mechanical resonators. a, State-of-the-art Si;N, nanomechanical
resonators with nanometers thickness and length below 1 centimeter. On the left side: trampoline
resonator”’ and perimeter resonator’’. At the center: spiderweb resonator’’. On the right side:
soft-clamped membrane®. On the bottom: tapered string with phononic crystal*’ and a zoom-in
of the LIGO suspension in b, scaled to match the dimension of all the nanomechanical resonators.
b, Macromechanical resonators with micrometers thickness and extending into tens of centimeters.
From left to right: LIGO suspension”, advanced LIGO suspension. ¢, Predicted quality factor as a
function of the mechanical resonators aspect-ratio for a SisN, string. The blue points indicate the
measured quality factor for the devices in a. The red stars show the predicted quality factor of the
design demonstrated here. d, Thickness versus length of state-of-the-art mechanical resonators in
a and b. The red star shows the design demonstrated here with its aspect-ratio indicated by the
dotted black line.
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Advancing these resonators to centimeter lengths while maintaining nanoscale thick-
ness could both amplify dissipation dilution at room temperature and access an uncharted
regime for on-chip nanomechanics, characterized by high quality factors, significant mass,
and low resonance frequencies. The resulting resonators would feature the thicknesses
and on-chip integration of nanomechanical devices, while extending in length above 1 cm,
a dimension only archived in macroscopic devices, thereby giving rise to centimeter-scale
nanomechanical resonators. This transition is not only of fundamental significance for in-
vestigating the dissipation limitations in nanomechanical resonators but also holds the po-
tential for applications in ultrasensitive detection®!, including recently proposed searches
for dark-matter*”. By raising the Q factor to high values at low frequencies, on-chip me-
chanical ring-down times can be extended for hours or even days. This can be of im-
portance for low-power time-keeping, allowing the mechanical resonator to operate for
extended periods without an external power source. Moreover, the prospects of reaching
quantum-limited motion regime at room temperature will extend the application range of
quantum sensors'”, and offers prospects for quantum calibrated sensing®’. Yet, pursuing
such high-aspect-ratios at the envisioned centimeter scale faces considerable computa-
tional and fabrication barriers, including the need for a high fabrication yield to offset the
limited number of devices per chip and cost implications, while mitigating the elevated
computational cost of the design process. This challenge of cost-effective high-yield fab-
rication for centimeter-scale nanostructures introduces a unique dynamic between eco-
nomics and design distinct from traditional high-volume nanotechnology.

We propose a novel approach that merges delicate fabrication techniques and multi-
fidelity Bayesian optimization, enabling the creation of nanomechanical resonators with
centimeter lengths and high-aspect-ratios exceeding 4.3 x 10°; equivalent to reliably pro-
ducing ceramic structures with a thickness of 1 millimeter, suspended over nearly half a
kilometer. Our design strategy curtails optimization time while successfully circumvent-
ing common fabrication issues such as stiction, collapse and fracture. Applying our strat-
egy to a 3 cm long silicon nitride string, we achieved a quality factor exceeding 6.5 x 10°
at room temperature — surpassing the state-of-the art Q factor at room temperature by
a factor of 2 for a mechanically clamped resonator. This solid-state platform performs
on par with counterparts such as optically levitated nanospheres which require signifi-
cantly more stringent vacuum conditions as low as 107! mbar** to reduce the collision
rate between the particle and background gas molecules, typically the dominant source of
dissipation. In contrast, our clamped centimeter-scale resonators are limited by intrinsic
losses”” and can approach comparable dissipation levels at pressures nearly two orders of
magnitude higher. Notably, our room temperature resonators can also work at quality fac-
tors typically observed in cryogenic counterparts®>*®. This enhanced capability to operate
at higher temperatures and pressures unveils the potentials in centimeter-scale nanotech-
nology, expanding the boundaries of what is achievable with on-chip, room temperature
resonators.

4.2. High-aspect-ratio advantage and multi-fidelity design

The quality factor of string resonators with a constant cross-section is given by*!
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Fig. 4.2 Multi-fidelity Bayesian optimization a, Quality factor distribution for the two different
lengths of PnC resonators (Blue: 3 cm, Green: 3 mm). 25 sets of design parameters were randomly
selected, and both results followed a log-normal distribution. b, Probability distribution of the 3 cm
and 3 mm resonator’s quality factor ratio. The quality factor ratio follows a log-normal distribution.
¢, Shape of the optimized 3 cm (Blue) resonator and the corresponding 3 mm resonator (Green) indi-
cating the length scale. d, Evolution of the optimized quality factor with two formulations. MFBO
maximizing the log of the quality factor (Transformed MFBO) and single-fidelity Bayesian optimiza-
tion maximizing the quality factor directly (Regular BO). Transformed MFBO outperformed regular
BO. e, Iteration history of the transformed MFBO. After each of the 25 randomly selected high and
low-fidelity simulations, the MFBO searches the following design parameters and the fidelity to sim-
ulate. Up to 1200 iteration costs, 122 high-fidelity points (cost 8), and 226 low-fidelity points (cost
1) were calculated. All the designs considered during the optimization can be found in the Supple-
mentary Video®’. f, The distance from a previous optimized point to the point considered in that
iteration. The red markers indicate when the algorithm has found a higher quality factor until that
iteration. d to f shares the same x-axis corresponding to the design iteration times the cost of each
iteration as the optimization process evolves.
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0= Qi (B) 2 [E (1) m

where Q;,; is the intrinsic quality factor (surface loss) that varies linearly with the res-
onator’s thickness, n is the mode order, E is the Young’s modulus, ¢ is the initial stress, L
and h are the resonator’s length and thickness in the direction of motion, respectively. For
given aspect-ratio h/L, the second term in the equation originates from the sharp curvature
of the modeshape near the clamping points, where curvature is defined as the reciprocal of
the radius of curvature (clamping loss), whereas the first term accounts for the curvature
along the remainder of the resonator (bending loss) (Fig. 4.1c). The clamping loss occurs
near the clamping region, defined as the part of the resonator at a distance of less than
L. = \/E/6ch from the clamping points. We use the definitions for clamping and bending
loss from?!.

In the high-aspect-ratio limit, the contribution of clamping loss is orders of magnitude
larger, dominating the loss contribution. To this end, techniques known as soft clamping
have been employed to reduce the sharp curvature at this L, region® and improve the Q
factor so that the Q factor scales quadratically with the aspect-ratio of the resonator. Those
include phononic crystal-based string and membrane resonators, which employ a higher-
order eigenmode confined in a central defect by the acoustic bandgap’*”, spiderweb and
perimeters resonators, which exploit low-order eigenmodes?’o’“, or other methods con-
sidering the fundamental mode””* (Fig. 4.1a). Note that Equation 4.1 is a straight beam
formulation that does not directly apply to phononic crystal strings*®.

A high aspect-ratio is beneficial even if the Q factor is limited by the curvature at
the clamping points (Equation 4.1). Hence, state-of-the-art high Q factor nanoresonators
have advanced towards devices with increasing aspect-ratios, pushing the total length
from micrometers””*” to millimeters*’~ (Fig. 4.1c) alongside a thickness reduction below
50nm. At the same time, the thickness dependent surface loss can offset the expected
Q enhancement for thinner resonators and the Q factor can be increased primarily by
increasing the total length while retaining the same aspect ratio.

Therefore, centimeter-long resonators maintaining a thickness within tens of nanome-
ters can significantly raise the achievable quality factor. Meanwhile, nanomechanical res-
onators with higher aspect-ratios require advanced design strategies because high-fidelity
simulation models capturing the resonator’s behavior precisely require an increased com-
putational cost. Unlike analytical derivations, where a higher aspect-ratio translates into a
straightforward change of the numerical values for the calculation, numerical analyses ne-
cessitate additional degrees of freedom (DOFs) to describe the extreme aspect-ratio model,
increasing the simulation time. For instance, finite element analysis of a centimeter-long
string with phononic crystals takes roughly ten times more DOFs than the same geometry
with one order lower aspect-ratio string when the thickness and width are the same. This
challenges the centimeter-scale designs with limited computational cost, posing a bound-
ary on the practical utility of numerical methods given the scarcity of high-fidelity data
attainable. One optimization process took about 16 CPU-days for 150 iterations, which
created a bottleneck in the design process. Here, multi-fidelity Bayesian optimization
(MFBO)°"!, alternates between employing both a quick, low-fidelity model for 3 mm res-
onators and a slower, high-fidelity model for 3 cm ones. The high-fidelity predictions
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were eight times slower on average. To pursue a more generalized design approach for
high-aspect-ratio resonators, here we consider numerical analysis by COMSOL"” to maxi-
mize the quality factor instead of the specific analytical derivation for beam-like phononic
crystals®. Note that analytical derivation for one-dimensional beams*® has been studied,
so that could be considered as the low-fidelity model for this specific case. However, we
optimize with direct numerical simulations in this research to pursue a generalized ap-
proach for designing high-aspect-ratio resonators and to account for the localized effect
from two-dimensional variations in the width direction without making specific assump-
tions. The geometry of both resonators” is parameterized (Supplementary Information
Sec. I) to allow the presence of a PnC with a defect embedded in the center and chosen
to practically allow the most number of on-chip resonators. The method then quickly
explores the design space by fast evaluations of the smaller structures at higher frequen-
cies (MHz), while establishing a correlation with the large devices at lower frequencies.
This enables it to probe (slow) solutions for the high-aspect-ratio structures only on rare
occasions when it expects the design to achieve a large quality factor.

The effectiveness of MFBO relies on the correlation between low and high-fidelity
models and their respective evaluation times. If the low-fidelity model lacks correlation
with the high-fidelity model, or if its evaluation time is comparable, the method loses ef-
fectiveness. By parameterizing the design space independently from resonator length (see
Methods), we observed a reasonable correlation between the 3 mm (low-fidelity) and the
3 cm (high-fidelity) resonator designs (Fig. 4.2a). The results indicate that the Q factor of
the 3 cm design was, on average, 100 times greater. This confirms the expected correlation
between the two models according to the soft clamped Q factor in Equation 4.1. Nonethe-
less, the ratio has a fairly wide range of variation, indicating that the optimal design for
a 3mm resonator cannot be guaranteed to be the optimal design for the 3 cm case (Fig.
4.2b. Consequently, we applied MFBO to the log-normal Q factor, letting the algorithm
selectively probe the design space via whichever fidelity it chooses. In essence, MFBO
uses millimeter-scale simulations to guide centimeter-scale optimization.

The significant advantage of using multi-fidelity (transformed MFBO) Bayesian opti-
mization, with respect to using single-fidelity (regular BO) Bayesian optimization is shown
in Fig. 4.2d. Transformed MFBO outperforms regular BO by approximately 20% as it finds
designs with Q exceeding 10 billion. Figure 4.2¢ depicts the optimized geometry. After
determining the optimal design, we focused on fabricating this high-aspect-ratio device.
The optimized geometry follows a tapering phononic crystal shape, which is similar to the
result suggested by Ghadimi et al.*> The optimal design maximized the width around the
clamping region and narrowed down the width of the resonator coming near the center
of the resonator. One distinguishing aspect of our approach was the consideration of the
anti-symmetric mode rather than the symmetric mode. During the optimization under
the design domain, the algorithm considered both symmetric and anti-symmetric modes,
but the optimized mode was selected to be anti-symmetric. Because of this difference,
the defect width was not minimized, unlike the early study”, since the kinetic energy
with significant movement is not maximized at the center. All the designs considered
during the optimization can be found in the Supplementary Video’. Once the best design
was found, we focused on addressing the challenges of fabricating a device with such an
extreme-aspect-ratio.



68 4. Centimeter-scale nanomechanical resonators

P PP

a b c
resist resist

g

Pattern transfered Resist removed Micro-scaffolding via Resist removed SiN released by SF; etch  Centimeter resonators
with resist mask Si etching suspended
9 t [ ) i
Before SF; SF etch of silicon i i X

Al
g !

S5um 5pum
—_— —_—
High-yield
release

Fig. 4.3 Fabrication of centimeter-scale nanoresonators. a-f Schematic of the fabrication pro-
cess composed of SizN, patterning via dry etching a, mask removal b, cryogenic DRIE silicon etch-
ing with photoresist mask ¢, mask removal d, Si;N, undercut e, and Si;N, suspended over a large
gap f. g, SF, release step when the Si;N, structure is suspended after being patterned, leading to
collapse due to the short distance with the supporting silicon wafer. h, SF release step with micro-
scaffolding when the Si;N, structure is suspended after a DRIE of the supporting silicon wafer,
resulting in a large gap and high-yield release. i, False-colored scanning electron microscope pic-
tures of the optimized 3 cm nanoresonators at the clamping area (top), at the boundary of the first
unit cell (bottom-left), and at the center (bottom-right). The blue area indicates the area where Si;N,
is suspended, consisting of the string and the overhang. j, Photograph of a chip containing fourteen
centimeter-scale nanoresonators, each 3 cm long.
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4.3. Gentimeter scale nanofabrication

Manufacturing centimeter-scale nanoresonators relies on fabrication intuition that shift
from conventional nanotechnologies in design principles, fabrication methods, and cost
considerations. In accordance with Moore’s Law, conventional nanotechnology has fo-
cused on miniaturization across all three dimensions (x, y, z). However, centimeter-scale
nanotechnology marks a transition that requires components expanding out to macro-
scopic lengths in x and/or y while retaining their nanoscale thickness. These nanostruc-
tures not only have high-aspect-ratios and centimeters length at the macroscale, but they
are also patterned at the nanoscale with small feature sizes, providing them with enhanced
functionalities (mechanical, optical, etc.). In particular, our nanostrings are not just elon-
gated and thin; they also incorporate accurate patterned phononic bandgaps.

In contrast to conventional miniaturization, the size constraints of centimeter-scale
nanoresonators permit far fewer devices per wafer, requiring high fabrication yields due
to the resulting higher costs per device. Given their long geometries, any fracture of a
centimeter-scale nanoresonator not only results in fewer successful devices but these bro-
ken devices can also collapse over several neighboring structures, escalating the implica-
tions of fabrication errors and low yield. Moreover, the fabrication of these high-aspect-
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ratio structures requires them to be released with delicate nanofabrication techniques that
do not exert any destructive forces during and after suspension. These processes must en-
sure that the high-aspect-ratio structures remain unfractured and undistorted, and are
positioned safely away from nearby surfaces to prevent potential issues such as stiction
due to attractive surface forces.

The schematic of the fabrication procedure is shown in Fig. 4.3a-f (see Methods). First,
high-stress (1.07GPa) SizNy is deposited on a silicon wafer. A resist layer is spun on and
lithographically patterned with an array of the 3 cm long optimized PnC resonators. This
is achieved by employing multiple exposures with varying resolutions to reduce the ex-
posure time without compromising the accuracy (Supporting Information Sec. C). This
patterned resist is used as a mask to transfer the design into the Si3Ny film via directional
plasma etch (Fig. 4.3a). Typically the most crucial step is the careful release of these frag-
ile structures by removing the silicon beneath the Si;N4 resonator; with centimeter-scale
nanostructures the requirements for successful suspension become much more stringent.

A critical aspect to realizing these nanostructures is the high stress within Si3N4 which
not only contributes to achieving a high Q factor but also provides the required structural
support and stability, allowing these taut strings to remain free-standing over remark-
able distances without collapsing or sagging. In particular, we use dry SF¢ plasma etch
to remove the silicon under the Si3Ny resonator (Fig. 4.3c-f) since it avoids the conven-
tional stiction and collapse from surface tension present in liquid etchants’ and it doesn’t
leave any residues. Once released, these 3 cm-long, 70 nm-thick structures can displace
tens of micrometers due to handling and static charge build up, and potentially collapse
onto nearby surface. In combination with the SF¢ plasma dry release, we first engineer a
micro-scaffolding®” (Fig. 4.3g,h) into the silicon underneath our SisN, that allows the free-
standing structures to be suspended quickly, delicately, and far away from the substrate
below, significantly increasing the yield and viability of this new type of nanotechnology
(Supplementary Information Sec. E). The micro-scaffolding is lithographically defined by
a second exposure and transferred into the silicon substrate via deep directional plasma
etch (Fig. 4.3c). While our simulated strings are designed with a nominal thickness of
50 nm, the fabricated resonators have a larger final thickness from edge to center along
their length. This is caused by the difficulty of dissipating heat during the etching step of
the silicon substrate (Supplementary Information Sec. B).

Our choice to focus on 1D PnC nanostrings comes from a practical standpoint, which
allows for packing numerous devices per chip (Fig 4.3i,j). By carefully engineering the
delicate release of these structures, we achieved a fabrication yield as high as 93% on
our best chip and 75% over all chips processed. While we only study 1D structures, the
methodologies we developed are versatile and can be readily applied to more complex
structures such as 2D phononic shields™”.

4.4. Low dissipation at room temperature

To assess the mechanical properties of the fabricated nanoresonators, we characterized
the strings’ out-of-plane displacements by a balanced homodyne optical interferometer
(Fig. 4.4c) built to experimentally measure the 3 cm nanoresonators. The nanoresonator
is placed inside an ultra-high vacuum (UHV) chamber at P < 10~? mbar to avoid gas damp-
ing, increasingly dominant for high-aspect-ratio structures (see Supplementary Informa-
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Fig. 4.4 Quality factor validation. a, Optical picture of the optimized 3 cm nanoresonators. For
illustration purpose the picture is scaled along the vertical direction as indicated by the two scale
bar. b, Mode shape of the eigenmode predicted to have high quality factor extracted from Finite
Elements Analysis. ¢, Balanced homodyne optical interferometer built to experimentally measure
the 3 cm nanoresonators. The nanoresonator is placed inside an ultra-high vacuum (UHV) chamber
and mechanically excited by a piezoelectric actuator. Its motion is detected by an infrared laser via
alensed fiber. VOA, variable optical attenuator. FPC, fiber polarization controller. PID, proportional
integral derivative controller. ®, fiber stretcher. d, Ringdown trace of optimized nanoresonator
excited at 214 kHz. The black solid line indicates the linear fitting corresponding to an extracted
quality factor of 6.6 billion at room temperature. e, Thermomechanical noise spectrum.
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tion Sec. A), and mechanically excited by a piezoelectric actuator. The resonator’s motion
is detected by an infrared laser via a lensed fiber. Figure 4.4e shows the displacement
spectrum obtained from a location near the center of the string, under thermal excitation,
for the device depicted in Fig. 4.4a. The spectrum shows a clear bandgap in frequency
between 175kHz and 255 kHz with one localized mode inside. The latter is observed at
214 kHz, in good agreement with simulation prediction. Figure 4.4b shows the predicted
mode shapes obtained by finite element analysis for the eigenmode in the center of the
bandgap. On the contrary, outside the 175 kHz - 255 kHz range, a plethora of modes are
detected, whose displacement is distributed over the entire string length.

We experimentally evaluate the quality factor of the nanoresonators by applying a
sinusoidal function to the piezoelectric actuator at a frequency near the eigenfrequency
of the localized mode. Once the displacement at resonance reaches a plateau, the exci-
tation is abruptly turned off to measure the ringdown of the mechanical mode. Figure
4.4d shows the envelope of the obtained signal for our best performing device, where the
measured decay rate is proportional to the nanoresonator energy dissipation and thus its
quality factor. As Fig. 4.4d shows, the localized mode at 214 kHz decays for over 7 hours.
This corresponds to a Q factor of 6.6 billion at room temperature. To corroborate these
findings, we tested additional lithographically identical devices, exhibiting the same fre-
quency response in good agreement with the simulation, and quality factors within a 50
% range (Supplementary Information Sec. J).

While our simulations expect Qs of 10 billion, the fabricated centimeter scale nanome-
chanical structures have high-aspect-ratios that make it difficult to dissipate heat during
the (exothermic) undercut process (Fig 4.3e), resulting in different Si3N, etch rates. This
gives the nanostructures slightly different thickness and dimension from edge to center
along the beam, thus reducing the fidelity between design and experiment (Supplementary
Information Sec. B).

4.5. Conclusion

We demonstrated centimetre-scale nanomechanical resonators with aspect-ratio above
4.3 x 10°. Our approach combines two features. First, using MFBO we are able to re-
duce the simulation cost while maintaining the required accuracy to precisely capture the
resonator’s behaviour. The resulting data-driven design process allows to optimize PnC
strings obtaining soft-clamped modes which eliminate clamping losses and radiation to
the substrate. Second, a dry etching technique that overcomes limitations such as stiction
and collapse enables to reliably realize the optimized designs on-chip. The fabricated PnC
strings extend for 3 cm in length maintaining nanometers thickness and a minimum width
of 500 nm. With a Q of 6.6 billion at a frequency of 214 kHz, we experimentally achieve
the lowest dissipation yet measured for clamped resonators at room temperature.

The obtained aspect-ratio enables not only to achieve a two-fold improvement of the
quality factor in room temperature environments, but it also leads to low resonance fre-
quencies and large spacing between nearby mechanical modes. Those features translate
into coherence time t,,;, = hQ/(kgT) approaching 1 ms and thermomechanical-limited

force sensitivity of \/4kgTw,,m/Q ~ aN/vHz.

A natural application is ground state cooling of the mechanical resonators in a room-
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temperature environment. The high coherence time enables these resonators to undergo
more than Qu,,(h/KgT) = 200 coherent oscillations in the ground state before a thermal
phonon enters the system’*. The small thermal decoherence rate Iy, = kgT /(hQ) of a few
Hz allows to resolve the zero point fluctuations x;, = \/1/(2mwy,) with a displacement im-

precision S = 4xzzp /T4, below 1x10™ 1 m/v/Hz, on pair with the imprecision limit due to
shot noise achievable in conventional interferometer setup. This makes centimeter-scale
nanoresonators particularly promising for the cavity-free cooling scheme”. The devel-
oped resonators are also ideal candidates for creating high-precision sensors, specifically
force detectors'®, and hold promise for obtaining frequency stability on pair with state-of-
the-art clocks’®™°. Conservatively assuming sub-micrometers amplitude displacements
in the linear regime, we can extrapolate a thermomechanical limited Allan deviation®’
0y(r) ~ 3 x 1072 /\JT for megs = 4.96 x 107 Kg.

Remarkably, the degree of acoustic isolation (quantified by the quality factor) we can
achieve on a solid-state microchip is similar to values recently demonstrated for levitated
nanoparticles operating at vacuum pressure levels more than two orders of magnitude
lower than our resonators’*°?. This is particularly striking if one considers that levitated
particles do not have any physical connection with the environment except for the small
coupling to any gas molecules still present at vacuums levels as low as 107! mbar. On the
contrary, our solid-state resonators are physically clamped to a room temperature chip,
surrounded by 100 times higher gas pressures and exhibit comparable acoustic dissipation.

The ability to combine macromechanics with nanomechanics offers unique possi-
bilities to integrate the versatility of on-chip technology with the detection sensitivity
of macroscale resonators. Notably, the only foreseeable limitation to producing even
longer, higher-Q devices is that larger undercuts distance must be engineered, and
practically going to longer, lower-frequency devices would require increasingly higher
vacuum levels; this makes centimeter-scale nanotechnology particularly interesting for
next-generation space applications®’® which inherently operate at pressures below
107° mbar. Pushing the boundaries of fabrication capabilities with higher selectivity
materials’>°%’ would extend our current approach to more extreme-aspect-ratios and
investigate new physics. These include the exploration of weak forces such as ultralight
dark matter’’ and the investigation of gravitational effects at the nanoscale’’*’. By
blurring the line between macroscopic and nanoscale objects, these centimeter-scale
nanomechanical systems challenge our conventional intuitions about fabrication, costs,
and computer design and promise to give us novel capabilities which have not been
available at smaller scales.

4.6. Methoas

Computational experiments and design. The design approach for high-aspect-ratio
resonators was based on numerical analysis with COMSOL””. The quality factor was
maximized via multi-fidelity Bayesian optimization without recurring to the analytical
solution derived for beam-like Phononic Crystals (PnCs)**. In particular, we consider the
trace-aware knowledge gradient (taKG) formulation of Bayesian optimization with two
fidelities®. Detailed information about the formulation can be found in Supplementary
Information Sec. G. The maximization based on the high-fidelity model becomes possible
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by learning the trend (surrogate model) from multiple low-fidelity predictions instead of
using fewer high-fidelity evaluations. The approach is especially beneficial for cases when
the difference in time evaluation between fidelities is significant, i.e., the time it takes to
perform one function evaluation (one design prediction via COMSOL) for the high fidelity
is much longer than for the lower fidelity.

We considered a 3 cm resonator as the high-fidelity model and a 3 mm resonator as the
low-fidelity model for the MFBO. As mentioned in the main text, we expected them to be
correlated, given that Q o< L2 (Equation 4.1) for the string type resonators neglecting the
sharp curvature change around the clamping region using the PnC. This correlation al-
lows us to predict the response of the 3 cm computationally expensive model by the 3 mm
relatively cheap model. For the centimeter-scale PnC resonator’s quality factor maximiza-
tion, we designed the resonator’s geometry with a two-dimensional model. The model has
nine design parameters, including five determining the resonator’s overall shape, the unit
cell’s width and length ratio, and the defect’s length and width. Design variables were set
to be independent of the resonator length. Detailed parameter descriptions can be found
in Supplementary Information Sec. 1.

Figure 4.2a shows the quality factor distribution obtained from randomly selected 25
high-fidelity PnC resonator designs and the same number for low-fidelity ones. For both
lengths, the same design parameters are considered. Both length scale’s quality factor
follows a log-normal distribution. More importantly, the ratio between the two fidelities
also follows a log-normal distribution as depicted in the histogram in Fig. 4.2b. The result
indicates that the Q factor of the 3 cm design is, on average a hundred times larger than
that of the same design scaled down to 3 mm, which confirms the expected correlation
between the two models. Nevertheless, the ratio shows significant variance, ensuring
that the optimum design for the 3 mm resonator does not precisely correspond to the best
design for the 3 cm case. These findings underscore that using MFBO with low- and high-
fidelity simulation models leads to a balance between obtaining the required accuracy and
minimizing the simulation cost.

Figures 4.2d-f show the optimization iteration history considering that the high-
fidelity simulation costs eight times more than the low-fidelity simulation. This average
time difference between fidelities is determined from the first designs obtained by random
search. Figure 4.2d compares the results when the logarithm of the quality factor is
considered for the maximization using multi-fidelity Bayesian optimization (transformed
MFBO) and when single-fidelity Bayesian optimization is directly optimizing the quality
factor (regular BO). After starting with 25 randomly selected initial calculations for
the 3cm and 3 mm model (or only the 3cm model for the regular BO), the algorithm
maximizes the quality factor for the 3 cm model by searching for the best possible design
parameters. We note that the initial random design of experiments affects the opti-
mization performance, but in most cases, MFBO outperformed single-fidelity Bayesian
optimization. The results with different random initials comparing the transformed
MFBO and regular BO are summarized in Supplementary Information Sec. H.

Detailed information on the transformed MFBO is shown in Figs. 4.2e and f. Figure
4.2e illustrates the quality factor calculated for each fidelity, and Fig. 4.2f illustrates the
distance from a previous optimized point to the point considered in that iteration. Right
after the random search, the algorithm runs predominantly low-fidelity simulations to
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optimize the quality factor, taking advantage of the relatively cheap simulation cost. We
note that the low-fidelity simulation has higher quality factor variance when compared
to the high-fidelity simulations, given the larger number of designs being explored in the
former vs. the latter. The high values in the distance from the argmax plot (Fig. 4.2f)
further confirm this by showing that the optimization is found not only by exploitation
but also by exploration. For example, the exploration phase improves the quality factor
as observed at iteration x cost ~ 800.

Nanofabrication for centimeter-scale phononic crystal resonators. The 3 cm
optimum design is fabricated on high stress silicon nitride (Si3Ny), deposited by low-
pressure chemical vapor deposition (LPCVD) on 2 mm silicon wafers. The fabrication
starts by transferring the desired geometry on a thin positive tone resist (AR-P 6200) by a
lithographic step. Typically, electron beam lithography or photolithography is used to pat-
tern the masking layer. Electron beam lithography allows higher resolution and smaller
features size compared to the optical counterpart, but it is prone to stitching errors for
structures exceeding the writing field®’. With each writing field extending for 100 pm -
1 mm, our centimeter-resonators require more than 30 fields, leading to noticeable stitch-
ing errors. We then implemented an overlap between adjacent writing fields of 100 nm
and controlled the dose at specific locations (more details can be found in Supplementary
Information Sec. C). This resulted in an accurate transfer of the desired geometry avoiding
the presence of stitching errors. Despite the electron beam lithography superior resolu-
tion, photolithography is preferable for a fast and cost-effective manufacture at the large
scale. With this in mind, we constrained the minimum feature size of the nanoresonators
at 500 nm, compatible with ultraviolet photolithography.

Next, the pattern is transferred to the Si3N, layer using an inductively coupled plasma
(ICP) etching process (CHF3 + O,) at room temperature (Fig. 4.3a) before removing the
masking layer (Fig. 4.3b).

The most critical part of the process is then suspending the high-aspect-ratio fragile
structures over the substrate without causing any fracture, stiction or collapse. Typi-
cally this step is performed by liquid etchants such as KOH which selectively removes the
silicon substrate. However, turbulences and surface-tension forces can lead to collapse
destroying the suspended structures™. Those forces depend on the surface area of the
nanoresonators and thus increase with the aspect-ratio, drastically reducing the fabrica-
tion yield for centimeter-scale nanoresonators. To overcome those limitations, stiction-
free dry release can be employed’":***’, where the silicon substrate is isotropically re-
moved by plasma etching. Fluorine based (SFs) dry etching at cryogenic temperature is
particularly suited in view of its high selectivity against SizNy, for which it does not re-
quire any mask or additional cleaning steps. Nevertheless, geometries with extreme high-
aspect-ratio require a large opening (> 50um) from the substrate to avoid attraction due
to charging effects, not achievable by SF¢ plasma etching alone.

To this end, we first directionally etch the silicon substrate by employing a thick pos-
itive tone photoresist (51813) as a proactive layer (Fig. 4.3c). The step is carried out with
cryogenic deep reactive ion etching (DRIE) using SFg + O, plasma’’. Cryogenic DRIE
allows to control the opening size from the substrate without affecting the SizN, film
quality. However, photoresist is vulnerable to cracking in cryogenic DRIE’!. To circum-
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vent this limitation, the centimeter scale nanoresonators are shielded by an outer ring,
which stops the cracks and prevents them from reaching the nanoresonators (see Supple-
mentary Information Sec. D for details). The photoresist is then stripped off (Fig. 4.3d)
and a hot piranha solution consisting of sulfuric acid and hydrogen peroxide is employed
to remove residual contaminants on the surface. After that, hydrofluoric acid solution al-
lows to remove oxides from the surface, which would otherwise prevent an even release
of nanoresonators. Finally, the centimeter scale nanoresonators are suspended by a short
32 seconds fluorine-based (SF6) dry etching step (Fig. 4.3e-f) performed at —120°C. The
process isotropically etches the silicon substrate employing a pressure of 10 mbar, an ICP
power of 2000 W and a gas flow of 500 sccm, while the RF power is set to 0 W.

The developed process enables to achieve a fabrication yield as high as 93 % for our
best chip, while the average value among all the fabricated devices is 75 %. The main
limiting factor is ensuring a particle-free surface prior to the SFy.

UHYV Lensed-fiber Optical Setup. To assess the mechanical properties of the fabri-
cated nanoresonators, we characterized the strings’ out-of-plane displacements by a laser
interferometer (Fig. 4.4c). In it, 10% of the laser power of a 1550 nm infrared laser is fo-
cused on the nanoresonator. The reflected signal is collected by a lensed fiber to interfere
with the local oscillator (LO) signal consisting of the remaining 90% of the infrared laser.
The output signal, proportional to the resonator’s displacement, is read out by an elec-
tronic spectrum analyzer after being converted by a balanced photodetector. The same
output signal acts as an error function for the feedback loop employed to stabilize the
phase of the setup against slow fluctuations caused by mechanical and thermal drift. The
feedback loop is implemented with a PID controller, which adjusts the phase of the LO
signal.

To avoid gas damping, increasingly dominant for high-aspect-ratio structures (see Sup-
plementary Information Sec. A for details), the nanoresonator is placed inside an ultra
high vacuum chamber capable of reaching P < 1 x 10”2 mbar. The vacuum chamber is
equipped with a 3-axis nanopositioner which allows to align the device with respect to
the lensed fiber.

The chip is placed near a piezoelectric actuator which can vibrate out-of-plane. The
latter allows to mechanically excite specific resonance frequencies of the nanoresonators.
We then experimentally evaluate the quality factor of the nanoresonators by applying a
sinusoidal function to the piezoelectric actuator at a frequency near the eigenfrequency of
the localized mode. Once the displacement at resonance reaches a plateau, the excitation
is abruptly turned off to measure the ringdown of the mechanical mode.

The power of the infrared laser can be manually adjusted by a variable optical attenu-
ator, enabling to vary the laser power incident on the nanoresonators inside the vacuum
chamber. This feature allows to perform ringdown measurements at different laser pow-
ers, crucial to rule out any optothermal or optical effects of the incident laser signal on
the measured Q factor (Supplementary Information Sec. F).
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Supplementary information
Gas damping

Gas damping originates by the interaction between the moving surface of the resonators
with the gas molecules around it and it is often dominating the extrinsic contributions
at ambient condition. The nature of this loss mechanism depends on the amount of gas
molecules surrounding the resonators, hence the pressure of the gas and the gas compo-
sition compared to the resonator’s dimension. It can therefore be suppressed by reducing
the pressure value at which the resonators operate.

To this end, we first need to evaluate the regime in which the resonator is operating
and the consequent dominant gas damping mechanisms. This can be done by calculating
the Knudsen number (K},), describing the ratio of the gas mean free path length (1) to the

representative physical length scale of the resonator (L,)’*:

A
K, = L_f (4.51)
r

The gas mean free path length can then be calculated by the following equation:

ksl 1 (4.52)
Vamdly P

where kp is the Boltzmann constant, T is temperature, dggq is the diameter of the gas
particles, and p is the gas pressure. Atmospheric air possesses a mean free path of approx-
imately 70 nm, several orders of magnitude lower than the representative physical lengths
of the nanomechanical resonators hereby developed. It follows that at the ambient condi-
tion the resonators are dominated by viscous damping.

By decreasing the pressure, we enter the ballistic regime where the resonator dimen-
sions become compared or smaller than the gas mean free path (Equation 4.52), hence K,
becomes larger than unity. In this regime, the quality factor scales with the pressure until
gas damping becomes negligible compared to other sources of losses. The quality factor
in this regime can be calculated from an energy transfer model as’”

Af =

pto | xRT
p \32M

where p is density, ¢ is the resonators thickness, w is the resonance frequency, R is the

eree = (4.S3)

molar gas constant, T is the temperature, and M is the molar mass of the gas (28.97 g mol !
for air). If there is another surface in close proximity to the resonator, contributions from
squeeze-film damping need to be considered and the quality factor can be calculated from

d
qu = 16”Zeree (4.549)

where d is the gap height between the resonator and nearby surface, and L is the resonator
length. The total quality factor is then given by

-1
Qrot(p) = (i + Qs:(ép)) (4.S5)
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Fig. 4.1 Measured quality factor as a function of pressure for a 3 cm optimized nanomechanical
resonator. The blue line shows the fit, and the blue points indicate the experimental data.

where Qj,; is the intrinsic quality factor when gas damping becomes negligible and ¢ is
an experimental scaling factor'’. It is important to notice that gas damping is not the only
source of extrinsic loss. Specifically radiation loss, caused by the hard clamping of the res-
onator to the supporting substrate, has been reported to play a critical role. However, the
nanomechanical resonators here developed employ a PnC to isolate the mechanical mode
from environmental noise. This highly suppresses radiation loss as previously reported
for similar designs’”. We therefore consider the quality factor limited only by intrinsic
contributions once gas damping becomes negligible. The intrinsic losses are addressed in
the main text.

To quantify the effect of gas damping we performed ringdown measurements of the
3 cm nanomechanical resonator at different pressure levels and extracted the resulting
quality factor from each dataset. The data points are then fitted using Equation 4.S5 with
co and Qyy; as fitting parameters. The result in Fig. 4.51 demonstrates that gas damping
becomes negligible (less than 5%) for pressure levels approaching 1 x 10~2 mbar. The
extracted quality factor equals the intrinsic value of 3.42 billion for this specific resonator.
We therefore carried out all the measurements reported in the main text at this pressure
level.

While the specific resonator employed for the pressure study hereby described is not
the same device used for the results reported in Fig. 4.4 of the main text, the geometrical
dimensions are equal. We can hence assume a similar gas damping behavior. Moreover
Equation 4.S5 has been developed for a beam with a uniform width, while the width of
our resonators varies along its entire length due to the applied tapering and the PnC.
One then has to resort to numerical simulations for an accurate calculation of the quality
factor at every pressure level. However, the purpose of this study is to simply find the
vacuum requirements to extract the intrinsic quality factor of the fabricated resonators
not limited by gas damping, rather than accurately capturing the gas damping behavior.
For this purpose, Equation 4.55 provides an accurate lower estimate.
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Fig. 4.S2 a, Quality factor as a function of the resonator thickness. b, Difference of the eigen-
frequency value as a function of the resonator thickness. The data are obtained by finite element
analysis by varying the thickness of the optimized design described in the main text. f; is the reso-
nance frequency obtained for the 30 nm-thick resonator, corresponding to 213.323 kHz.

Variation of quality factor as function of thickness

The predicted Q factor of the optimized centimeter-scale nanomechanical resonators is
10 billion, while the fabricated structures show a Q factor of 6.6 billion. We believe the
observed difference is caused by difficulties to dissipate heat during the undercut process
caused by the high-aspect-ratios. This results in different thicknesses and dimensions
from edge to center along the beam of the fabricated nanostructures, with a significant
effect on the measured Q factor.

In this section, we investigate the case for which the thickness of the Si3Ny layer is
uniformly 20 nm larger than the expected thickness, a value compatible with the etch
settings employed during the undercut in view of the SizNy etch rate in SFq plasma etching
and the temperature of the process.

This thickness variation results in a reduction of the quality factor from over 1 billion
at 50 nm to 6.9x 10? at 70 nm, as shown in Fig. 4.52a. This value is in good agreement with
the value experimentally measured (Fig. 4a of the main text) of 6.6 x 10°. On the contrary,
the thickness has a negligible effect on the resonance frequency value as displayed in
Fig. 4.52b, where f is the resonance frequency obtained for the 30 nm-thick resonator,
corresponding to 213.323 kHz. This value agrees with experiments to around 1%, further
confirming the high-fidelity between simulations and experiments.

Stitching errors in electron beam lithography

A pattern in electron beam lithography is generated by deflecting the electron beam based
on the desired shape. However, due to the finite sweep range of the deflector system, the
writing field cannot exceed an area of typically 100 pm - 1 mm. The maximum writing field
for the Raith EBPG 5200 machine at Kavli Nanolab in Delft is 1040 pm. Large patterns need
therefore to be stitched together by moving the sample on a stage. Misalignment between
multiple writing fields might then arise due to miscalibration and thermal drift among
other reasons. The consequent stitching errors have significant effects on the obtained
shape. This is particularly relevant for high stress Si;N,, where a misalignment of the
order of nanometers can lead to stress concentration and rupture of the fragile suspended
structure.
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200um

Fig. 4.83 a, Dark-field microscope picture of a pattern with multiple structures exceeding the writ-
ing field of the electron beam lithography. b, Zoom-in dark-field microscope picture of a single
structure at the boundary between two writing fields. The dotted red square highlights the mis-
alignment observed between consecutive writing fields. The pictures are taken after developing the
exposed e-beam resist.

The centimeter-scale nanomechanical resonators hereby developed require 30 writing
fields to be correctly patterned by electron beam lithography. In order to accurately trans-
fer the desired shape, we employed an electron beam with an estimated spot size equal to
18 nm and a spacing of 5nm. The fine resolution results in a long writing time exceed-
ing one hour, which increases the likelihood of misalignment and consequent stitching
errors. For most of the exposed devices we in fact observed an incorrect patterning at
the boundary of every writing field as shown in the dark-field microscope picture in Fig.
4.53a. Figure 4.53b provides a picture with higher magnification of the same structure
which clearly shows a discontinuity of the written pattern.

In order to mitigate the observed stitching errors we focused first on reducing the long
writing time. We did so by performing multiple exposures with different resolutions. The
most critical features were exposed with a fine electron beam and high resolution, while
a coarse electron beam with lower resolution was employed for the remaining areas of
the pattern. As a result, the total writing time for a single 3 cm nanomechanical resonator
was reduced down to 10 minutes without affecting the accuracy of the desired pattern.
This was effective to eliminate the systematic misalignment previously present at every
writing field boundary (Fig. 4.53a), however, some stitching errors could still be observed
in a random manner, varying from run to run.

To this end, we changed the dose at different positions to take into account possible
underdose at the boundary between writing fields and overlapped each writing field with
the nearby one for 100nm. This resulted in a correct exposure of the desired pattern,
without any noticeable stitching error, and an accurate transfer of the centimeter-scale
nanoresonators geometry.

Photoresist cracking at cryogenic temperature

Cryogenic deep reactive ion etching (DRIE) is employed in the fabrication of the
centimeter-scale nanoresonators to increase the gap separating the suspended SizN,
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Fig. 4.84 Photograph of silicon chip with photoresist spin coated on top before and after cryo-DRIE
etching. a, Device before the cryo-DRIE step with uniform photoresist layer b, ¢, Devices with
different photoresist layer after cryo-DRIE etching.

from the supporting Si substrate. Contrary to other deep silicon etching techniques as
the Bosch process, cryo-DRIE is known to result in a smoother sidewall’*, and it does
not leave carbon residues on the sidewall. In fact, the oxide passivation layer created
to anisotropically etch Si dissolves at high temperatures. At the same time, its main
drawback is the vulnerability of photoresists to cracking at low temperatures.

Previous studies found that cracking depends on the layer thickness and the specific
photoresist material. The thin photoresist of less than 1.5 um are in fact reported to be
free from cracking. Moreover, materials with a high degree of cross-linking and high me-
chanical strength do not suffer from cracking even for larger thickness. We then studied
the effect of cryo-DRIE on the photoresist SU1813, spin coated on Si3N4 chips with thick-
ness varying from 1.4 pm to 2 pm, before being exposed to the fluorine-based cryo-DRIE.
The thickness is varied within an interval which provides enough material to obtain the
desired gap size due to the photoresist selectivity. The thicker photoresist (2 um) shows
cracks over the entire surface (Fig. 4.54c), while in the thinner photoresist (1.4 um) the
cracks are localized at the outer area of the chip (Fig. 4.54b), in good agreement with the
expected behavior. The cracks for the outer area of the thin photoresists are most likely
caused by the non-uniform thickness at the edge, as Fig. 4.54a shows. We repeated the
analysis for a second photoresist, AZ5214, without noticing any significant difference.

We therefore focused on a photoresist thickness of 1.4 pm (Fig. 4.54b) in which the cen-
tral area remains intact. Despite most of the surface being free from cracking, we observed
that some cracks might propagate from the outer area towards the center with fatal con-
sequences on the nanoresonators. Figure 4.55a shows an example where the cracks prop-
agate toward the nanomechanical resonators area. The cracked resist patterns can then
transfer into the underneath Si3N, during etching, destroying the devices. A post-baking
step of 15 minutes at 120 °C prior to the etching was found to be effective to improve the
photoresist plasma resistance and to further to reduce the cracks on the surface, but not
to completely remove them. We also investigated the effect of the carrier wafer thickness
and the Si substrate thickness. Previous studies found in fact that photoresist cracking
is initiated by wafer deformation caused by the helium backside cooling system and can
be mitigated by employing a thicker substrate’!. However, in our case, the photoresist
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Fig. 4.S5 Optical microscope pictures of the photoresist layer after cryo-DRIE. a, Pattern without
outer ring in which the cracks propagate toward the centimeter-scale nanoresonator. b-c, Pattern
with the outer ring which protect the centimeter-scale nanoresonator from the cracks.

Cracking

Photoresist

SiN

Si substrate

Fig. 4.6 Schematic describing the protecting outer design.

cracking did not show any dependence on the substrate thickness.

We therefore surrounded the nanomechanical resonator’s area of the device with a
protecting outer ring (Fig. 4.56). This ring is etched into both the Si3Ny4 layer and the
upper part of Si substrate in order to create a physical barrier. The resulting pattern is
shown in 4.55b which clearly shows the effectiveness of the developed method to prevent
any cracks from propagating toward the nanomechanical resonators. It is nevertheless
important to notice that often photoresist cracking was confined to the outer area of the
device without propagating toward the central area (4.55c),

Beams collapsing

The centimeter-scale nanomechanical resonators are suspended by a fluorine based
plasma etching performed at cryogenic temperature. The etching allows a quick and
controllable release of the Si3Ny layer, without limitations from surface tension. However,
plasma etching introduces charging effects due to the insulating nature of Si3sN4. The
charged Si3Ny can then be attracted by the Si substrate leading to the collapse of the
nanoresonators.

Depending on the distance between the suspended resonator and the surrounding, we
observed the SizN4 being attracted toward or the side (Fig. 4.57c) or the bottom (Fig. 4.57b)
of the opening around it. It follows that controlling the gap distance is an effective way
to mitigate the collapse of the structures.
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Fig. 4.S7 a, Optical microscope picture of 3 cm nanomechanical resonators correctly suspended.
b, Optical microscope picture of 3 cm nanomechanical resonators collapsed. ¢, Scanning electron
microscope picture of 3 cm nanomechanical resonators sticking to the walls.

The distance from the wall along the in-plane direction can easily be controlled litho-
graphically during the electron beam exposure. We observed that an opening larger than
70 um is needed to eliminate the probability of sticking to the wall. This affects the ex-
posed area and thus the total writing time, which in turn can increase the probability of
stitching errors. However as discussed in section 4.6, a multi exposure with different res-
olutions is an effective solution to reduce the total writing time and eliminate stitching
errors.

On the other hand, the distance between the suspended resonator and the Si substrate
along the out-of-plane direction needs to be controlled by an etching step. To this end,
we performed a cryo-DRIE of the Si substrate prior to the release step. A gap under the
suspended SizNy larger than 50 um was observed to be needed to avoid the collapse of
the structure. The final pattern used in the main text has then a distance between the
resonator and the wall of around 80 pm, while the gap under the SizN, after the cryo-
DRIE is of 70 um (Fig. 4.57a) .

Optothermal effects on the measured Q factor

The quality factor of the fabricated centimeter-scale resonators is experimentally mea-
sured with the ringdown method. The resonator is mechanically excited close to reso-
nance with a sinusoidal function before turning off the excitation and measuring the decay
time. A linear fit in the logarithmic scale of the observed decay allows us to extract the
decay rate and thus the quality factor. It is however of paramount importance to avoid any
unintentional excitation of the resonator during the measurement to extract the correct
value of the quality factor.

One possible source of unintentional excitation is the laser employed to interferomet-
rically probe the displacement of the resonator. The optical power impinging on the sus-
pended resonator can in fact optothermally or optically drive it. To address this issue,
we employed a laser operating at 1550 nm, the wavelength at which SizN, has negligi-
ble absorption. Moreover, we minimized the laser power coupling to the resonator down
to 400 nW. This value is several orders of magnitude lower than the laser power con-
ventionally used in previous studies (see for example’!), where no effects correlated to
optothermal or optical excitation were observed. To further dismiss any contributions we
performed different ringdown measurements by varying the laser power incident on the
resonator from 40 pW to 400 nW. The results in Fig. 4.58 show a comparable decay rate
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Fig. 4.88 Ringdown traces of the optimized nanoresonator excited at 214 kHz. The motion is probed
with different laser powers in consecutive measurements, plotted in the same graph for comparison.

for all the traces, suggesting that optothermal or optical effects are indeed negligible. The
measurements are performed on the optimized design reported in the main text in Fig.
4.4.

Multi-fidelity Bayesian optimization

The pursuit of efficient optimization of data scarce and high-fidelity black-box functions
has led to Bayesian optimization techniques. These are statistical methods that yield a
belief model over the entire domain & which is sequentially updated through newly ac-
quired data. The generic Bayesian optimization (BO) algorithm was originally introduced
by Jones et al’”, and is a proxy-optimization scheme: instead of optimizing f directly
over ', one first selects a regressor R to model the response surface f(&") based on a
design of experiments @ = {(xq, f(x1)), ..., (%, f(x,))} € X, which is simply a set of n
known input-output pairs. Importantly, the response surface also includes a measure of
uncertainty on top of the predicted outcome. This is why BO is often performed with
Gaussian process regression (GPR)’*"’®. Based on this regression model R(2), a so-called
acquisition function is built and optimized over the same domain. The goal of this proxy
optimization is to suggest a new point x,,; in & to be sampled with f, and as such, the
design of experiments is augmented with (x,,1, f(5,41)). In an algorithmic format, this
can be expressed as follows:

Algorithm 1 Bayesian optimization

Require: Search space 2, regressor R, design of experiments &, acquisition function
acq, threshold condition C

: while C is False do

: f <« R(@)

. x « argmax,cg-acq(x’; f)

Yy« f(x)

: D < Duilxy)}

: end while

R W N =
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Given the scarcity of high-fidelity data, a standard solution is to acquire higher-
throughput data with lower fidelity, i.e., with larger uncertainty with lower cost. This
context of simultaneous high- and low-fidelity data structures, combined with the
ideas of GPR, gives rise to a multi-fidelity data driven modelling paradigm. The first
multi-fidelity GPR (MFGPR) method was introduced by Kennedy & O’Hagan’’, under the
term cokriging. Numerous other MFGPR methods have been constructed and researched
since then®"~%?, reviewed by Liu et al®s,

There are several ways in which Bayesian optimization (Algorithm 1) can be extended
to handle regressors R over data sets with multiple fidelities, as is the case with MFGPR.
A straightforward way can be described as follows, when the m indicates the function’s

fidelity:

Algorithm 2 Multi-fidelity Bayesian optimization

Require: Search space 2, fidelity space Z, regressor R, DoE 9, acquisition function acq,
threshold condition C

1: while C is False do

2: f <« R(@)

3 X, m «— argmax(x,’m,)egxgacq(x’,m’;f)

4y < fm(x3 m)

5: D« Du{(x,y)}

6: end while

Note that this algorithm updates Algorithm 1, so that the acquisition function samples
from both the fidelity function.

Interfacing MFGPR with BO has been discussed in practice by Forrester et al** and
Huang et al®® While the former simply applied expected improvement (EI) acquisition
on the prediction of a single-fidelity, the latter devised an augmented version of EIL
This acquisition function multiplies the EI function applied to the highest fidelity, with
fidelity-dependent parameters such as the ratio of computational cost and correlation
between the highest fidelity and the fidelity in question. This effectively separates the
design space and fidelity space aspects of the multi-fidelity problem. More recently, Jiang
et al.°° have applied a similar multiplicative factor principle to create variable-fidelity
upper confidence bound (VFUCB).

To demonstrate the process outlined by Algorithm 2, we use cokriging as the re-
gressor (R) along with VFUCB as the 2-fidelity (Z = {low, high}) acquisition function
(acq). See Fig. 4.59 for visualization in the case of multi-fidelity data & sampled from the
high- and low-fidelity Forrester functions®*, a set of similar one-dimensional objective
functions.

From Figure 4.59, the following can be inferred:

- The maximum acquisition value of the low-fidelity branch is higher than that of the
high-fidelity acquisition. Therefore, the fidelity selection m = high is made in step
3 of Algorithm 2.
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Fig. 4.S9 (top) The input-output space of the objective function. The blue solid line indicates the
cokriging predictive mean for the high-fidelity data (blue stars) sampled from the high-fidelity ob-
jective function (blue dashed line). The blue shaded area corresponds to the confidence interval (two
predictive standard deviations). The orange counterparts show similar results for the low-fidelity
scenario. (bottom) The input-acquisition value space. The blue and orange solid lines indicate the
high- and low-fidelity branches of the VFUCB acquisition function respectively. The blue and or-
ange stars respectively show the locations at which the high- and low-fidelity acquisition branches
are maximized.

- Compared to the maximizer of the high-fidelity acquisition branch, the maximizing
x-value of the low-fidelity branch is closer to the minimizing x-value of the high-
fidelity objective; the low-fidelity data is able to guide the optimization process.

Multi-fidelity Bayesian optimization initial random points dependency

Since our simulation-based design problem handles a stochastic optimization on the beam-
like nanomechanical resonator, the initial design of experiments affects the convergence
to the optimum solution. The resonator has a design space with nine design parame-
ters, making the initial points (=25) affect the performance. Because we use multi-fidelity
Bayesian optimization to reduce the total number of simulation evaluations, the curse of
dimension is inevitable. Figure 4.510 shows the optimization history when we start from
four different sets of random initial points. The change of initial points affects the conver-
gence speed as expected, along with different behavior in selecting the fidelity. However,
the optimized design obtained for all cases has converged on a similar design by taking
advantage of the multi-fidelity optimization.
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Fig. 4.810 Iteration history of the PnC beam nanomechanical resonator for optimizing Q,, with four
different randomly selected initial points. The top-left is the iteration history discussed in the main
text.

. Symmetry 16 unit-cell for each side

Total length: 3 mm (Low fidelity), 3 cm (High fidelity)

Fig. 4.S11 Nanomechanical resonator model with 16 unit cells for each side and 9 design parameters.
The total length is 3 cm (high-fidelity) and 3 mm (low-fidelity).
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PnC beam resonator’s design parameters

The one dimensional PnC resonator has a total length of 3 cm (or 3 mm) length with a total
of 32 unit cells. During the Bayesian optimization, the quality factor of the resonator is
maximized by changing nine design parameters. Figure 4.511 illustrates the design param-
eters of the optimized resonator discussed in the manuscript. Two parameters correspond
to the defect’s width (w;) and length (Ly) in the bound of [0.5 pm, 3 pm], [150 pm, 1000 um]
([15 pm, 100 pm]), respectively. Two parameters illustrate the width (r,,) and the length(r;)
ratio for each of the unit-cell in the bound of [1.5, 3], [0.25, 0.75], respectively. The width
ratio is the ratio between the wide and thin parts of the unit cells, and the length ratio
is the ratio between the length of the thin part of the unit cell versus the total length of
the unit cells. The tapered shape was defined by five design parameters in the bound of
[0.5 pm, 3 um]. We performed Piecewise Cubic Hermite Interpolating Polynomial for the
16 unit-cell’s width of the thin part on the shape-determinating design parameters. The
simulation was performed to find the maximum quality factor in the range of 100 kHz to
400 kHz, considering the defect mode using the bandgap. The length of the unit cells was
determined considering the bandgap frequency matching condition, once the set of each
unit cell’s width is defined”. During the optimization, the resonator’s thickness was set
to 50 nm.

Quality factors of additional devices

This section presents the measurements conducted on additional fabricated devices, which
share the same optimized design and are lithographically identical to the device featured
in Fig. 4 of the main text. Figure 4.512 shows the ringdown traces of 5 devices, with
the uppermost blue curve representing the measurement of the device in the main text.
Linear fits for each trace are depicted as solid black lines, and the corresponding quality
factors are noted above each curve. The power values on the y axis are adjusted relative to
the maximum value of each curve before applying a 10 dBm offset between them. Strong
fluctuations resulting from unwanted temperature drifts and mechanical vibrations of the
setup can push the measured signal outside the linear region of the interference signal for
a brief time interval. This, in turn, leads to occasional spikes as visible in the curve with
a quality factor equal to 4.6 x 10% and 5.0 x 10°.

The results show that the devices consistently exhibit a quality factor exceeding 3.7
billion at room temperature. Among all the devices fabricated and measured, we observed
a variation of one order of magnitude, suggesting difference in surface quality among
the devices, e.g., surface impurities and surface roughness®’, or different thicknesses. As
further detailed in Sec. B, variation in the final thickness of each device might occur due
to the difficulties in dissipating heat during the undercut process, significantly impacting
the measured quality factor.
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Fig. 4.812 Ringdown traces of 5 fabricated nanoresonators with the optimized design and the design
presented in the main text. To facilitate comparison, each trace has been vertically shifted relative
to its respective maximum value, (P(t) — P,,...). Subsequently, an incremental 10 dBm offset has been
applied to each trace, starting with the top-most blue trace and concluding with the bottom-most
light purple trace.
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Primary optical noise tnermumetry by
nanomechanical resonators

Temperature is one of the most relevant physical quantities that affects almost all processes in
nature. However, the realization of accurate temperature standards using current temperature
references, like the triple point of water, is difficult due to the requirements on material pu-
rity and stability of the environment. In addition, in harsh environments, current temperature
sensors with electrical readouts, like platinum resistors, are difficult to implement, urging the
development of optical temperature sensors. In 2018, the European consortium Photoquant,
consisting of metrological institutes and academic partners, started investigating new tem-
perature standards for self-calibrated, embedded optomechanical sensor applications, as well
as optimised high-resolution and high-reliability photonic sensors, to measure temperature at
the nano and meso-scales and as a possible replacement for the standard platinum resistant
thermometers.

This chapter presents an overview of the results obtained with sensor prototypes that exploit
optomechanical techniques for sensing temperatures over a large temperature range (5 K to
300 K). Different concepts are demonstrated highlighting initial performance and challenges.

Parts of this chapter have been published in Optics, 3(2), 159-176 (2022)

]|


https://doi.org/10.3390/opt3020017

98 5. Primary optical noise thermometry by nanomechanics

9.1. Introduction

he redefinition’ of the kelvin in 2018 is based on a fixed value of the Boltzmann con-
T stant kg. Consequently, the metrology community is encouraged to put strong efforts
into the dissemination of the thermodynamic temperature for the mise-en-pratique of the
kelvin. At the same time, there is a strong demand for sensor technology able to cover
the range from cryogenic (below 1 K) up to room temperature (300 K), adapted to ad-
vanced manufacturing metrology like “lab on a chip”, microelectronics, optoelectronics,
or microfluidics. In addition, there is a growing demand for temperature sensors that can
operate in harsh conditions, where electrical readout methods become impractical. New
temperature sensors based on photonics or optomechanics are good candidates” to answer
these metrology challenges as they offer nanoscale spatial resolution, large temperature
range, and additionally can be self-calibrated with noise-thermometry and even provide
a path towards primary temperature standards using quantum measurements”.

Following NIST’s first demonstration” of these techniques, a European consortium
named “PhotoQuant: Photonic and optomechanical sensors for nanoscaled and quantum
thermometry” was founded in 2017 in the framework of the Euramet network, for study-
ing the potential and the limitations of these very new emerging technologies. This work
summarizes the results and conclusions of the research efforts on the development of op-
tomechanical temperature sensor technologies.

Our optomechanical sensors are based on a noise-thermometry technique with an op-
tical readout in which the thermal noise of the mechanical oscillator is used to measure
temperature using the equipartition theorem relation <x2> o kgT between the displace-
ment x of a mechanical resonance mode and temperature T. This technique is similar to
Johnson noise-thermometry, which has been extensively studied for the determination of
the Boltzmann constant®. Johnson noise-thermometry uses a correlation technique to re-
ject non-thermal noise sources, whereas optomechanical noise-thermometry uses a high
frequency resonator (MHz to GHz) to reject other noise sources. Therefore, optomechan-
ical noise-thermometry operates at much higher frequencies that can be reached with
high-speed photodetectors. Two complementary device concepts are studied: a medium
frequency (MHz range) 2D membrane optomechanical resonator and a high frequency
(GHz range) 1D ladder optomechanical resonator within the PhotoQuant project. We will
focus only on the 2D membranes in this chapter. After the introduction of the measure-
ment principle of optomechanical noise-thermometry, the optomechanical sensor proto-
types are discussed together with the first temperature measurements using specific read-
out techniques dedicated to each set-up, while discussing systematic errors due to self-
heating.

9.2. Measurement principle and measurement equations

Thermomechanical noise is the noise caused by the Brownian thermal motion of particles
at a given temperature, associated with an average kinetic energy per degree of freedom
equal to E; = kgT/2. For optomechanical resonators, it results in mechanical excitations
which generate microscopic fluctuations within the resonator itself related to its temper-
ature. As a consequence, the resonator is thermally excited with a broadband random
force with a power spectral density function Spp that is flat in frequency. At thermal equi-
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librium, the stationary thermal force noise Sgr is related to the mechanical susceptibility
x(@) by the fluctuation-dissipation theorem”:

4kgT MeffQ
Spp = B 1 = 4kBTM

o @ on G

where kg is the Boltzmann constant, T the temperature, m.g the effective mass of the me-
chanical mode, w,, the resonance frequency and Q,, the quality factor. The susceptibility
is defined as’:

x(w) = [meff (wan - - iag;m )]_1 (5.2)

The one-sided power spectral density S,..(w) of displacements experienced by the res-
onator can then be inferred from the mechanical susceptibility and the thermal force noise
SFFﬁ,(v:

4kB Ta)m

MeiOn [(wfn ~o?)' 4 ("’QL)Z]

m

Sex(@) = |[x(w)|*Spp =

(5.3)

In the case of high-Q oscillators near resonance, the power spectral density S,,(®) can
be approximated by a Lorentzian (see Appendix C for details). Integrating S,,(«w) over
all positive frequencies gives the variance of the mechanical displacement (x?), which is
equal to the area under the mechanical noise spectrum®:

« kgT
0 = o= | Swlodo = E 64

WmMeff

Equation (5.4) shows that the thermodynamic temperature can be inferred from mea-
surements of the area under the noise power produced by an optomechanical resonator of
known effective mass (or stiffness), and might also be inferred from the peak in (5.3) us-
ing the measured Q and wj,. The temperature depends purely on the Boltzmann constant
as long as the resonance frequency can be measured and the effective mass calculated.
Therefore, so long as the sensor displacement can be precisely measured and the reso-
nance frequency and the effective mass are known, the resonator holds the potential to
develop a primary optical noise thermometer’, which does not require independent tem-
perature calibration, similar to a Johnson noise thermometer’. An advantage of optical
interrogation is its inherent resistance to electrical noise and interference, provided that
ideal conditions are met.

If megr or kegr = Megreof, are not exactly known as in our case, they might be determined
using (5.4) from a measurement at a single known reference temperature. Once calibrated
at this reference temperature, the optomechanical thermometer will provide an accurate
temperature reading at all other temperatures based on (5.4), provided that its effective
mass is independent of temperature. In this case, the thermometer is not self-calibrated.
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Fig. 5.1 Optical microscope image of the suspended square membrane. The blue color is from the
thin-film interference effects of the nonsuspended silicon nitride on silicon substrate.

9.d. Fabrication and Characterization of the Resonators

To experimentally validate the proposed thermometry scheme, we fabricated optome-
chanical devices consisting of 2D square membranes (2DSM) with mechanical modes in
the MHz domain.

The 2DSM are fabricated on high-stress silicon nitride, a material known for its ultra-
low mechanical dissipation and hence high quality factor. Due to the high tensile stress,
silicon nitride thin films can exhibit quality factors as high as 10°®. Engineering the struc-
ture can then further reduce the losses and bring the quality factor over 108771,

A high quality factor for our optical noise thermometer is beneficial to increase the
peak value of the power spectral density, which can be calculated from Equation (5.3):

(5.5)

This allows for detecting the small fluctuations of the resonator caused by thermome-
chanical noise, otherwise hidden by the noise floor.

At the same time, a high quality factor results in a small linewidth T',,,(Q,, = wp/Trn)—
typically down to a few mHz for silicon nitride resonators—which poses a challenge on
the read-out protocol. In order to precisely extract the temperature from the mechanical
displacement {x?), the read-out protocol needs to measure the mechanical spectrum with
sufficient data points around the peak, requiring a measurement bandwidth smaller than
the resonator’s linewidth. To do so, one needs to acquire a long time trace and extract
the mechanical properties from its Fourier transform, but this method exposes the mea-
surement to artificial broadening mechanisms due to the shift of the resonance frequency
during the measurement, limiting the minimum measurable linewidth. It follows that,
for a reliable measurement of the temperature, the mechanical resonator needs to have a
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linewidth I',, large enough to avoid shifting of the resonance frequency within the mea-
surement time, while being small enough to have high enough Q and signal strength to
detect the thermomechanical peak and precisely determine its resonance frequency.

To optimize this trade-off, we fabricated resonators with different devices and geome-
tries which led to a wide range of quality factors up to 10° at room temperature'. Hence,
we acquired the spectrum of each resonator and found that, above Q,, = 107, our read-out
protocol cannot detect the change of the mechanical displacement (x?) as a function of
temperature, due to the low linewidth I',,. All the measurements with 2DSM presented
in this work are therefore performed on a square membrane of 80 nm thickness with an
approximate quality factor Q,, = 10°. As shown in Figure 5.1a, the membrane is pat-
terned with holes of 450 nm radius and 1438 nm lattice constant, to allow the release of
the structure from the silicon substrate underneath. Those holes affect the resonator’s
mass-per-area reducing the effective mass, increasing the resonance frequency, and keep-
ing the effective stiffness keg (0?megr = kegr) unchanged. The silicon nitride is deposited
by low-pressure chemical vapor deposition on the silicon substrate. The pattern is first
written by electron beam lithography into a resist and then transferred to the silicon ni-
tride by a dry-etching step. Finally, the membrane is released with a dry etching step
which isotropically etches the silicon substrate underneath. The fabricated membrane
has an initial stress of 1.1 GPa, which leads to a resonance frequency of the fundamental
flexural mode of 1.338 MHz for the square membrane with a side length of 250 ym shown
in Figure 5.1.

9.4. Thermometry measurements

Figure 5.2b shows the measured power spectra Syy(w) on the photodiode that is propor-
tional to S,,(w), acquired at four different temperatures from 260 K to 10 K by a spec-
trum analyzer with the measurement setup in Figure 5.2a. The mechanical displacement
is probed using a Helium Neon (HeNe) laser (632.8 nm) and the mechanical resonator is
mounted inside a cryogenic vacuum chamber, at a pressure of the order of 107 mbar. The
sample holder is equipped with an ITS-90 calibrated commercial thin film resistance tem-
perature sensor, which assures IT-90 traceability. The linearly polarised laser beam from
the HeNe laser is sent first through a polarization beam splitter, transparent for vertically
polarized light, and then through a 2 plate rotated at 45°, circularly polarizing the light.
The light is then focused on the sample by a x20 objective. The focused light is partially
reflected by the suspended silicon nitride membrane, partially transmitted to the under-
neath silicon substrate, and reflected by it, creating a Fabry-Perot cavity. The interference
between the different light paths results in a position dependent light intensity that is
used to determine the membrane’s motion. The reflected light passes again through the

% plate and is focused on the photodiode, connected to a spectrum analyzer which allows

for extracting the Brownian motion'”.

As expected from Equations (5.3) and (5.4), the measured power spectra Syy(w) and
mechanical displacement (x?) exhibit a clear dependence on the temperature of the res-
onator. To determine S,,(w), the data are first pre-processed with a binning algorithm
to reduce the noise. Then, a thermomechanical calibration of the measurement setup5 is
performed using the spectrum acquired at a temperature T=260 K determined using the
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Fig. 5.2 (a) Schematic of the mechanical characterization setup. The mechanical resonator is placed
inside a cryogenic vacuum chamber and the displacement is caused by Brownian motion. Inter-
ference between reflected laser light reflected from substrate and membrane causes a displacement
dependent intensity on a photodiode that is detected using a spectrum analyzer; (b) thermome-
chanical noise spectra at different temperatures obtained using a spectrum analyzer. The x-axis is
centered at the fundamental resonance frequency f; of each spectrum for comparison. Dashed lines
represent fits using (5.3). (c) temperature extracted from the measurements in (b) by integrating the
area under the peak. The error bars show the standard deviation.
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Cernox sensor. This last step allows for obtaining the conversion factor from Sy (w) to
Syx(w). Alternatively, the conversion factor can be obtained by replacing the Fabry-Perot
interferomter with a Michelson interferometer in a balanced homodyne scheme equipped
with a feedback loop, where the reference arm can cover more than the laser wavelength'*.
After that, the spectrum acquired at each temperature can be fitted by Equation (5.3),
where megr is analytically calculated using the reference measurement at T=260K and the
values of Q,, and wj, obtained from the fits. Finally, the temperature of the resonator is cal-
culated by integrating the fitted curve S,,(w) and obtaining the mechanical displacement
(x?). At each temperature, the focus on the sample is adjusted to ensure a comparable
sensitivity over the entire temperature range. We note that this procedure can introduce
additional uncertainty in the conversion factor, which should be eliminated in the final
implementation of the thermometry protocol, e.g., using a calibration tone. Figure 5.2c
shows the fitted temperature for each measurement, compared to the temperature of the
resonator obtained from the independent calibrated commercial sensor. The error bars
indicate the standard deviation for each measurement. Measurements with a standard
deviation larger than 20 K are discarded. All the data points, including the ones with a
standard deviation larger than 20 K are included in the Supporting Information. This re-
sult shows reasonable agreement between the optical noise-thermometry method and the
temperature obtained from the independent calibrated sensor over the range of 5 K to 260
K, providing evidence for the potential of the described thermometry technique. Due to
the small linewidth and peak height at low temperatures, the error bars and uncertainty in
the optomechanical noise-thermometry increase at low temperatures, causing deviations
from the temperature obtained from the independent calibrated sensors. The positive de-
viation of the temperature at low might partly be attributed to a systematic overestimation
of the peak area by the employed fitting routine.

9.9. [nvestigation of systematic errors coming from departure from
thermal equilibrium

Let us now investigate the effect of systematic errors on the temperature measurement
precision and accuracy. We focus mainly on the effect of optical heat absorption on the
measured temperatures.

Employing a high laser power is beneficial for increasing the resonance signal level
well above the measurement noise floor. However, high laser power can lead to pho-
tothermal effects due to the absorption of laser light, leading to an incorrect measurement
of the temperature. To study this effect, we acquired thermomechanical noise spectra at a
constant temperature of T = 5 K for different values of the laser power (Figure 5.3b), with
the mechanical characterization setup depicted in Figure 5.2 and used a finite-element
model of our resonator to numerically analyse the absorbed optical power and the result-
ing temperature distribution using Comsol. The material parameters are Young’s modulus
E = 270 GPa, mass density p = 3200 kg/m3, and Poisson’s ratio v = 0.27, while the as-
sumed optical properties are thermal conductivity k = 20 W(mK)~!, thermal expansion
coefficient & = 2.3 x 107°K™! and heat capacity Cp =700] kg 'K1)!°. The laser heat-
ing is simulated assuming a Gaussian beam profile at the center of the resonator and the
outer boundaries of the resonator are set to 5 K. The result in Figure 5.3a shows a local-
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Fig. 5.3 a, Simulated temperature distribution plot with an incident power P = 64.39 yW. b, Ther-
momechanical noise spectra measured at a temperature of 5 K for different laser powers. The x-axis
is the difference in frequency from the resonance frequency measured with a laser power of 64.39
p#W, equal to 1.331 MHz. ¢, Measured resonance frequency difference versus laser power with re-
spect to the resonance frequency acquired with a laser power of 64.39 yW. d, temperature extracted
from the measurements in b by integrating the area under the peak versus laser power.
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ized temperature increase in the center of the 2DSM of 0.18 K at an incident laser power
of 64.39 uW, the highest value employed in the measurement. The laser power absorbed
by the SiN membrane is 0.64 gW, 1.01% of the incident power'®. The localized laser heat-
ing, and associated temperature increase, has a three-fold effect on the developed noise-
thermometry scheme: the resonance frequency decreases as a result of the tension induced
by thermal expansion, the area under the S, spectrum increases according to (5.3) and
the signal on the photodiode increases due to the larger conversion factor at higher laser
power. Figure 5.3c shows the change in resonance frequency as a function of incident
laser power, where a linear relation can be observed as expected. From this relation, the
average temperature change in the SIN membrane can be estimated using literature values
of the thermal expansion coefficient a = 2.3 x 107® K™'and Young’s modulus E = 270 GPa,
using Af = —aEAT fy/nyre, using the prestress of n,r. = 1.1 GPa in the membrane and its
resonance frequency f; = 1.33 MHz. With this estimation formula, the frequency shift of
Af = 60 Hz in Figure 5.3c is estimated to correspond to an average temperature increase
AT = 80 mK, a value that is of the same order of magnitude as the simulated temperature
increases in Figure 5.3a. This calculation also shows that the resonance frequency can be
an accurate measure of temperature that might complement noise thermometry protocols
for reaching higher precision temperature measurements, while using thermomechani-
cal noise for accuracy and self-calibration. In Figure 5.3d, the temperature at every laser
power was determined using noise thermometry, by integrating the fitted area under the
peaks in Figure 5.3b with Equation (5.4). Prior to the fits shown in Figure 5.3b, an addi-
tional thermomechanical calibration step is performed for all the spectra, providing for
each laser power a conversion factor from Sy (w) to Sy(w). However, the error in the
temperature measurement using this procedure is larger than the laser-induced temper-
ature changes of 80 mK, such that the effect of laser power on temperature cannot be as
clearly resolved as by using the resonance frequency shift in Figure 5.3c.

9.6. Gonclusions

The measurement of temperature using optomechanical on-chip thermometers is of grow-
ing interest to the scientific and industrial communities. This interest is driven by the
potential to perform thermometry in harsh environments, with sensors that provide ac-
curate readings while providing advantages in terms of linearity and calibration. In this
study, we provide experimental studies on optomechanical thermometers demonstrating
different sensing and calibration approaches. Photomechanical noise-thermometry on
nanomechanical devices was applied to measure temperatures over the range from 5 K to
300 K. Due to the linearity provided by the equipartition theorem, a single calibration was
sufficient to determine temperature over the whole temperature range.

Limitations in terms of optothermal self-heating of the sensors were assessed to pro-
vide optimal operation conditions. The resolution of the temperature measurement is
limited by experimental factors like stability, self-heating, and the accuracy by which the
thermomechanical noise peak can be characterized. In future studies and applications,
the presented technologies might be merged with photonics devices, to combine the high-
precision of photonic thermometry with the self-calibration potential of optomechanical
thermometers.
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Fig. 5.81 Temperature extracted from the measurements in Fig. 5.2b by integrating the area under
the peak. The error bars show the standard deviation

Supplementary information

Figure 5.51 shows all the temperature measurements extracted by integrating the area
under the peak of the power spectral density. It is the same dataset shown in Fig. 5.2c,
including also the measurements with a standard deviation larger than 20 K. The dashed
line shows the linear fitting obtained by discarding the measurements with a standard
deviation larger than 20 K, as detailed in the main text.
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gonclusion and Outlook

This thesis aimed to explore the limits of nanomechanical resonators with low dissipation at
room temperature and their sensing capability. We saw that dry etching is a powerful tech-
nique to fabricate such resonators and avoid stiction and collapse, particularly advantageous
for devices with increasingly high aspect ratios. The combination of a high fabrication yield
and high fidelity achieved through this dry etching technique enables to use machine learning
tools to design and optimize new types of resonators. We thereby demonstrated the ability of
machine learning to work in tandem with human intuition to augment creative possibilities
and uncover new design strategies. Lastly, we investigated the potential of nanomechanics to
accurately measure temperature over a wide range.

In doing so, we addressed many fundamental and applied issues related to the field of low
dissipation nanomechanical resonators but additional questions arose.

109
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B.1. Stiction-free fabrication

n chapter 2 we investigated the etching characteristic of dry isotropic silicon etching

by sulfur hexafluoride plasma at cryogenic temperature. Despite being an established
way to etch silicon, its application for suspending nanomechanical resonators without
any masking layer has not been studied thus far. We measured a silicon etch rate above
10 pm/min with a high degree of isotropy combined with high selectivity against silicon
nitride. This allows preserving the silicon nitride film quality, making it an ideal alter-
native to wet release with the twofold advantage of reducing the fabrication steps and
circumventing the issues inherent to wet processes. Additionally, the etching enables the
creation of any shapes without limitations from the crystal planes of the substrate, crucial
to realizing the structures in this thesis.

At the same time, we discovered an asymmetry between the etch rate along the vertical
and the horizontal direction due to shadowing effects and the residual voltage. Optimiza-
tion of the gas concentration and the applied ICP power could then be considered to further
increase the degree of isotropy and the total etch rate. Although the measured selectiv-
ity exceeds one thousand, we observed a time-dependent decrease in the silicon nitride
thickness which needs to be compensated with the deposition of a thicker film. More cru-
cially, the surface roughness of silicon nitride increased during the process. Based on the
excellent agreement shown in the following chapters of this thesis between simulations
and experiments, we believe the change in surface roughness has negligible effects on the
resonator’s performance. Nevertheless, an additional polishing step after the etching is a
promising approach for mitigating the increase in surface roughness.

Lastly, plasma etching is known to introduce charging effects in insulating materials
which might result in the collapse of the suspended fragile structures. For millimeter-size
resonators (chapters 3, 5) we did not observe any issues. However, the contrary is true
once we scaled the aspect ratio reaching centimeter-scale resonators in chapter 4 due to
the small gap under the structures. An additional step to the fabrication process was then
developed to increase the gap size for realizing the structure. However, finding strategies
to avoid charging effects as by optimizing the plasma power or by varying the substrate
material is a valuable next step to improve the reliability of the etching.

As it pertains to the materials employed, we only targeted nanomechanical resonators
made from stoichiometric silicon nitride over silicon substrates given their superior prop-
erties. Silicon nitride is in fact characterized by an intrinsic low mechanical dissipation
combined with low absorption in the infrared wavelength, specifically advantageous for
optomechanics applications. More recently, different materials have also been proposed
for reahzmg hlgh quahty factor resonators as amorphous silicon carbide’, crystalline sil-
icon carbide?, silicon’, diamond* and indium gallium phosphide’. Various substrate ma-
terials have equally been investigated® mainly to increase the initial tensile stress in the
resonators. We expect that dry etching techniques will play an important role in the devel-
opment of future devices with other platforms more than only silicon nitride resonators.

6.2. Spiderweb nanomechanical resonators

In chapter 3 we used a simulation-based data-driven optimization approach to design
nanomechanical resonators with quality exceeding 1 billion, among the highest yet mea-
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sured at room temperature. Building on millions of years of evolution, the approach takes
advantage of the remarkable properties of spiderwebs as a starting design. Our optimiza-
tion guided by machine learning allows then to adapt the spiderweb design for high-
precision sensors, discovering a new “soft-clamping” mechanism to achieve high quality
at low order modes and compact size. The mechanism exploits the coupling between the
torsional mode of the clamping area with the bending mode of the central beams to highly
isolate the motion of the resonator.

Our experimental validation of the fabricated spiderweb resonators is in excellent
agreement with the predicted values. The extracted quality factor value via ringdown
measurements of the isolated mode is 1.8 x 107 at 133 kHz, more than one order of mag-
nitude higher than the other mechanical modes in the spiderweb resonator. This further
corroborates the presence of the novel soft-clamping mechanism that avoids radiation
losses without using phononic crystals. Remarkably, the result is obtained with minimum
feature sizes of 1 um and a thickness of 50 nm, values higher than comparable devices,
which allows a fast and cost-effective fabrication compatible with optical lithography.

The obtained high quality factor and low resonance frequency represents an impor-
tant step toward high-precision sensing with applications ranging from quantum limited
force microscopy’, “cavity-free” cooling scheme® and quantum control of motion at room
temperature”'’. Equally importantly, the design strategy combined with the accurate fab-
rication process is not restricted to the specific problem here described and can be applied
to a wide range of objective functions targeting new applications. Optimization for force
sensing would for example be a natural next step from an applications standpoint.

Another point worth discussing for further improvements is the quality factor limit in
the spiderweb resonators. Our investigation showed that, despite the high value obtained,
the quality factor is not at the ultimate limit yet. The ultimate limit will be achieved if all
the curvature at the clamping point is suppressed, a regime called “perfect soft clamping
assumption” in the chapter. Our spiderweb resonators exhibit however a non-negligible
curvature in the form of torsion. We expect that further optimization of the edge area
where the lateral beams coupled to the radial beam would have a significant impact on the
resulting energy lost. Shape optimization or topology optimization might be considered
for this goal. At the same time, a reduction of the minimum feature size and thickness is
expected to improve the resonator’s quality factor at the cost of making the fabrication less
accessible for general use. Finally, the quality factor limitations can equally be overcome
by scaling the resonator’s lateral dimension as we demonstrated in chapter 3. However,
it comes at the cost of operating at higher order modes and higher frequency, outside the
scope of this chapter.

6.3. Gentimeter-scale resonators

In Chapter 4, we aimed to explore the high-quality factor limits of nanomechanical res-
onators and venture into a previously unexplored regime using on-chip devices. We did
so by successfully designing and fabricating centimeter-scale resonators. However, this
required addressing challenges associated with designing and realizing structures at this
length scale, namely significant simulation costs and fabrication constraints. Leveraging
the insights gained from the previous chapter, we then employed a multi-fidelity opti-
mization technique to effectively reduce the simulation cost while maintaining accuracy.
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Starting from a tapered phononic crystal string, our optimization allows the discovery of
a centimeter-scale resonator that exhibited a predicted quality factor exceeding 10 billion
at room temperature. Interestingly, our newly discovered geometry differs from previ-
ous designs in that it did not aim to maximize the stress in the center of the resonator,
suggesting the presence of a trade-off between bending loss and clamping loss.

We then proceeded to fabricate the optimized resonators using a combination of sulfur
hexafluoride etching release and deep reactive ion etching. This fabrication approach of-
fers the advantage of independent control over the size of the gap beneath the resonators,
mitigating the risk of collapse due to the extreme aspect ratio and resulting in a fabrica-
tion yield approaching 100%. However, it is worth noting that the fabricated devices differ
from the simulation predictions in terms of thickness. Instead of the anticipated 50 nm,
the devices have a measured thickness of 70 nm, with a notable impact on the resulting as-
pect ratio. Despite this deviation, the experimental validation of the fabricated resonators
demonstrates a high quality factor exceeding 6 billion at a frequency of 214 kHz, confirm-
ing the expected trend with the aspect ratio, further supporting our findings.

Overall, the findings discussed in this chapter present significant prospects for cre-
ating nanomechanical resonators with centimeter-scale length. Clearly, the optimized
resonator is simply one example demonstrating the effectiveness of our approach and the
resulting advantage of an extreme high aspect ratio. Owning to its versatility, a more
extreme aspect ratio can be targeted with a wide range of potential applications. These
include the exploration of weak forces such as ultralight dark matter'!, the development of
highly sensitive sensors'?, and the investigation of gravitational effects at the nanoscale'”.
Furthermore, the approach we have developed holds promise beyond its application solely
to nanomechanical resonators. It is also of interest for designing and fabricating large-
scale thin suspended elements in general, expanding the potential impact of our work and
opening up new avenues for research and innovation in related areas.

6.4. Noise thermometry

In chapter 5 we demonstrated the sensing capability of nanomechanical resonators for
primary optical noise thermometry. The measurement principle is based on a noise-
thermometry technique by which the temperature can be detected from the resonator
displacement due to Brownian motion. The technique takes advantage of the high quality
factor of the employed nanomechanical resonators to detect the Brownian motion, oth-
erwise hidden by the noise floor. However, the high quality factor required addressing
challenges associated with our read-out protocol given the small linewidth and long inte-
gration time.

Optomechanical noise-thermometry was then applied to the fabricated resonators to
measure the temperature over a wide range from 5 K to 300 K. The obtained results show a
linear behaviour, as predicted by the equipartition theorem, with a statistical uncertainty
of 8 K. The latter is dominated by the accuracy by which we can characterize the thermo-
mechanical noise peak, limited by the read-out protocol. Finite element analysis shows a
negligible effect caused by self-heating due to the incident laser power used to interfero-
metrically read out the resonator’s displacement. This suggests that an improvement of
the read-out scheme can significantly increase the uncertainty.

For future development, it will be interesting to complement noise thermometry pro-
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tocols with other techniques with higher precision, like the shift in resonance frequency
due to temperature. In this way, the sensor could benefit from noise thermometry for cal-
ibration while reaching higher precision temperature measurements with the additional
technique. Another promising path, although more challenging from a fabrication point
of view, is to merge it with photonic thermometry in a single chip in view of the superior
precision.

6.9. Final considerations

Besides our approach, many works have recently been published proposing different
strategies to obtain mechanical resonators with enhanced quality factors. Topology
optimization has been used to optimize trampoline resonators'*, specifically the shape of
the clamping area. By doing so, this approach does not rely on soft-clamping to enhance
the quality factor but rather on reducing radiation loss toward the substrate. This poses
limitations on the maximum achievable quality factor but opens new opportunities for
resonators operating at the fundamental mode, specifically trampoline resonators. A
similar optimization has been applied to a membrane to create pillar-shaped phononic
crystals'>.  The working principle is similar to other phononic crystals previously
reported, but with added flexibilities in terms of stress redistribution at the cost of a more
complex fabrication. We believe the combination of different optimizations for different
areas of the resonators might prove successful in discovering new strategies to enhance
the quality factor.

Hierarchical and perimeter geometries have also been developed'®!’, resulting in
quality factors comparable to our resonators discussed in chapters 4, 5. However both
approaches require significantly smaller feature sizes (smaller than 1um) and smaller
thickness, with an impact on the fabrication accessibility. Lastly, high quality factor has
been measured in torsional modes of strained strings'’. Although the obtained value
is one order of magnitude lower than what can be achieved with bending modes, the
resonators can be mass-loaded with advantages for acceleration sensing. The enlarged
design space resulting from those new geometries is a promising starting point for
new optimizations, with the potential to discover new strategies for low dissipation
nanomechanical resonators.

Given the increasingly high surface-to-volume ratio, we anticipate that high aspect
ratio resonators will exhibit increased sensitivity to surface defects. The quality factor
is known to be limited by surface loss for resonators with a thickness below 100 nm'®.
However, the precise underlying cause of this loss mechanism, whether it is attributed
to surface impurities or surface roughness, remains uncertain. Addressing this ambigu-
ity represents an intriguing scientific inquiry for further investigations, with significant
implications in both our understanding of the fundamental limits of energy loss and our
ability to create resonators with better performances.

As it pertains to the applications of our nanomechanical resonators, the possibilities
are numerous and yet to be explored. Besides thermometry measurements which we ad-
dressed in chapter 5, sensing in general is a natural fit for nanomechanical resonators in
view of their ability to couple with the surrounding environment. The extremely low dis-
sipation of our nanomechanical resonators hold the promise to achieve force sensitivity
of aN/\/Hz, paving the way to the development of nanoscale magnetic resonance instru-
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ments and advanced scanning force microscopes'”. The achievable acceleration sensitiv-
ity is on the order of pg/vHz, envisioning the realization of instruments to detect fun-
damental weak forces, and gravitational fields and to realize next-generation on-chip ac-
celerometers'”. For all those applications, it will be important to investigate the frequency
stability of nanomechanical resonators and their limiting factor”>*!. High quality factor
is predicted to improve the Allan deviation values below 107!, on par with state-of-the-
art clocks””. However, the exact limiting factor for frequency stability in nanomechanical
resonators remains unclear.

Lastly, the field of optomechanics and quantum technology more generally can surely
benefit from the high quality factor of our nanomechanical resonators to release some of
the demanding constraints needed to isolate the system from environmental noise. Our
resonators are several orders of magnitude above the thermal decoherence limit already
at room temperature, making them ideal candidates to observe quantum effects at room
temperature”””*. To this end, it will be crucial to study the ability to control and measure
the resonators in a fast, efficient, and precise manner to avoid thermal decoherence. This
is usually achieved by coupling the resonators to an optical or electromechanical cavity.
However, this requires an accurate alignment between the resonators and cavity, chal-
lenging for our resonators given their aspect ratio. An integrated approach, in which the
cavity is fabricated on the same chip is a promising option”’. Alternatively, a cavity-free
approach can be pursued where the resonators are controlled and measured by interfer-
ometry®. Addressing those questions will have significant impacts on the widespread use
of nanomechanical resonators for quantum technology and will contribute to advancing
our understanding of quantum mechanics.
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S0ft-clamped membranes

This appendix chapter gives an overview of additional 2D nanomechanical resonators de-
veloped and fabricated. Besides the nanomechanical resonators presented in the previous
chapters, we investigated also 2D geometries for high quality factor applications. All the
resonators are designed in SisN, and fabricated employing the process described in chapter 2.
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Fig. A.1a, Unit cell design and b, dispersion relation obtained using FEM for 2D hexagonal phononic
crystal. ¢, Unit cell design and d, dispersion relation obtained using FEM for 2D triangular phononic
crystal.

Building on previous works, we designed two different membranes consisting of a
phononic crystal with a defect in the center. The unit cell of the phononic crystal of the
first design, shown in Fig. A.la, exhibits a hexagonal periodicity with a pseudo bandgap
between 1.4 MHz and 1.7 MHz in Fig. A.1b. The second design has a triangular periodicity,
as it can be seen in Fig. A.1c, with a bandgap between 1.6 MHz and 2.7 MHz, shown in Fig.
A.1d. The bandgap is computed via finite element analysis with two consecutive studies:
a stationary study to extract the stress redistribution followed by a frequency analysis to
compute the eigenmodes, both iterated for different values of the wavevector k to obtain
the dispersion relation. Fig. A.2a,c shows the resulting stress redistribution.

The maximum feature size of the membrane with triangular phononic crystal is 35 pm.
This value is small enough to be suspended by a single SF¢ plasma etching step of 1 minute.
On the contrary, the membrane with hexagonal phononic crystal has a maximum feature
size exceeding 80 um. This value would require an SFq plasma etching step of more than 2
minutes to be completely suspended, with a significant effect on the SizNy layer. Moreover,
the resulting uneven release of the membrane can lead to stress concentration, exceeding
the yield strength of the material. The membrane is therefore patterned with holes of
micrometer size to allow a uniform release following the process detailed in chapter 2. Fig.
A.1b shows that the added release holes have a negligible effect on the stress redistribution
of the unit cell and hence on the bandgap.

We then created the full membrane by periodically combining the unit cells and adding
a local irregularity in the center, as can be seen in Fig. A.3a,b. The defect is designed to
have an eigenfrequency inside the acoustic bandgap of the surrounding phononic crys-
tal. By doing that, the eigenmode of the defect is spatially confined in the center of the
membrane and the bending curvature near the clamping point is strongly suppressed, in-
creasing the mechanical quality factor. The total dimensions of the membrane with a
hexagonal periodicity are 3 mm by 3 mm, while the dimensions of the membrane with a
triangular periodicity are 1 mm by 1 mm. The thickness for the two designs is respectively
200 nm and 100 nm.

After that, we fabricated the designed membranes on a thin SizN, layer deposited on
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Fig. A.2 a, Stress redistribution of the membrane with the hexagonal phononic crystal before de-
signing release holes and b, after patterning it with holes. ¢, Stress redistribution of the membrane
with triangular phononic crystal.
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Fig. A.3 a, Mode shape of the first confined mode inside the bandgap at 1.46MHz for the membrane
with the hexagonal periodicity and at b, 1.75 MHz for the membrane with triangular periodicity.
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Fig. A.4 Optical microscope picture of the fabricated membrane with triangular periodicity

a silicon substrate. Fig. A.4 shows the suspended membrane with triangular phononic
crystal. Here we can notice that sharp angles arise at the edges where the membrane is
clamped to the substrate. The angles are created by the isotropic silicon etching and result
in noticeable buckling or fracture at the edges. The effect can be prevented by adding holes
near those areas to enable a uniform release.

Fig. A.4 shows the suspended membrane with hexagonal phononic crystal. A correct
release of the membrane requires a careful design of the position of the release holes.
Those need to be placed in an area with low stress to reduce their effect on the stress
redistribution inside the unit cell. On the contrary, adding holes in an area with high stress
leads to a concentration of the stress in it, highly affecting the overall stress redistribution.
For this reason, the final design contains holes only in the pad where the uniform stress
is less or equal to 1 GPa. The effect of stress concentration can be observed in Fig. A.6,
showing a scanning electron microscope picture of a broken membrane. Here part of the
membrane is anchored to the silicon substrate while the remaining is suspended. The
anchoring point, shaped as a triangle, is caused by an uneven release of the membrane.
A finite element analysis of this case allows to compute the resulting stress caused by
the anchored part of the membrane (Fig. A.6), demonstrating that the stress exceeds 6
GPa, a value close to the yield strength of Si3N,. We therefore believe the high stress
concentration is the main reason for the membrane failure observed.

Finally, we characterized the fabricated resonators with hexagonal phononic crystal
with a laser Doppler vibrometer (MSA-400) from Polytec GmbH, by acquiring the veloc-
ity of the membrane at different points in a frequency range from 0 MHz to 2 MHz. The
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Fig. A.5 Optical microscope picture of the fabricated membrane with hexagonal periodicity
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Fig. A.6 Left, Scanning electron microscope picture of a broken membrane. Right, Finite element
analysis of the stress redistribution when a section of the membrane is anchored to the substrate.
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Fig. A.7 Left, Measured spectrum in the central part of the membrane with hexagonal phononic
crystal. The yellow area highlights the bandgap and the red arrows the confined modes in it. Right,
Measured out-of-plane displacement pattern of the first localized mode inside the bandgap.

measurement is performed in vacuum at a pressure of 1 x 10~> mbar and the resonator
is mechanically actuated with a piezoelectric stack. The acquired spectrum of the mem-
brane, in Fig. A.7, shows an acoustic bandgap in good agreement with the simulation from
1.4 MHz to 1.6 MHz. In it 3 confined modes, highlighted with red arrows, are visible. The
bandgap contains also additional resonance frequencies coming from the substrate or the
measurement setup. Fig. A.7 shows also the extracted mode shape for the first confined
mode at 1.38 MHz. The amplitude of it decays outside the defect following the periodic lat-
tice symmetry, as expected due to the presence of the phononic crystal and the forbidden
frequency range.

The high pressure level did not allow to correctly estimate the quality factor of the
fabricated resonators since gas damping is expected to dominate. For this reason, fol-
lowing the set of data described in this chapter, we decided to build a new interferome-
ter with high vacuum level capability and dedicated equipment for performing ringdown
measurements. The latter is the measurement setup employed in chapter 3 and 4 of this
dissertation.

To conclude, in this appendix, we developed and fabricated two membrane geometries
with phononic crystals. The data presented demonstrate the ability of SF¢ plasma etching
to fabricate 2D structures with complex geometries. Nevertheless, the design requires a
careful analysis to avoid stress concentration.



Process recipes

This appendix chapter presents the process recipes employed to fabricate the resonators de-
scribed in the main body of this dissertation.
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Process recipes for spiderweb nanomechanical resonators of chapter 3.

1 Wafer Cleaning
(100) intrinsic Si wafer, thickness 1 mm

RCA1: NH,OH:H,0,:H,0 (1:1:5) at 80 °C for 10 min
first pour H,0 into a beaker, then add NH,OH and heat at 80 °C. Once
the temperature is stable pour H,0,. After 10 min, rinse in two
consecutive H,0 bath for 5 min each

RCA2: HCI1:H;0,:H,0 (1:1:5) at 80 °C for 10 min
same procedure and rinse as RCA1

HF: HF(0.4%) at RT for 4 min
rinse with two consecutive H,0 bath of 5 min each

2 Silicon Nitride deposition *
LPCVD stochiometric SizN,4 at 800°C
high stress of 1.08 GPa, film thickness 58 nm

3 Wafer dicing
wafer coated with optical resist to protect during dicing

Resist S1805 spincoated at 1000 RPM for 1 min. Baked at 90 °C for 5 min
coating

Cleaving  Machine DAD 3220, standard blade, rotation speed 30000 RPM, feed
speed 4, size 10 mm x 10 mm

4 E-beam Lithography
Rinsing with Acetone and IPA for 10 seconds each to remove the dicing
resist, N2 gun

Resist APR-6200-09 (CSAR) spincoated at 3500 RPM for 1 min. Baked at
coating 155°C for 3 min

Exposure Machine Raith EBPG-5200, dose 300 uC/m?, aperture 200 um, beam
current 2.36 nA, beam size 16 nm, beam step size 5 nm

Dev Pentylacetate for 60 sec, MIBK:IPA (1:1) rinse for 60 sec, IPA rinse for
60 sec, N2 gun

Optical inspection

*Roald van der Kolk, Charles de Boer - Kavli Nanolab, TU Delft
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5 Silicon Nitride etching

Etching CHF5 60 sccm O, 6 sccm, ICP power 500 W, RF power 50 W, pressure
1 x 10~* mbar, temperature 20 °C
Etch rate: 80 nm/min, Selectivity to CSAR 1:1
sample clamped to carrier wafer by oil. Remove it afterward with
ethanol.

Resist DMEF rinse for 10 sec, DMF rinse for 2 min at RT, Acetone and IPA

stripping  spray, N2 gun
Optical inspection

6 Acid cleaning

Piranha:  H,S04:H,0, (3:1) at 80 °C for 8min
first pour H,SOy into a beaker and heat at 80 °C. Once the temperature
is stable pour H,0,5. After 8 min, rinse in two consecutive H,0 bath for
1 min each. Exothermic reaction, the temperature after pouring H50,
will increase up to 130 °C

HF: HF(1%) at RT for 20 sec
rinse with two consecutive H,0 bath of 10 sec and 40 sec
Optical inspection

7 Dry release

Etching SF¢ 500 sccm, ICP power 2000 W, RF power 0 W, pressure 10 mbar,

temperature —120°C
Etch rate: 10 um/min, Selectivity to SiN 1:1000

sample clamped to carrier wafer by oil. Remove it afterward with
ethanol.

Optical inspection
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Process recipes for centimeter-scale nanomechanical resonators of chapter 4.

1 Wafer Cleaning
(100) intrinsic Si wafer, thickness 2 mm
RCA1: NH,;OH:H,0,:H,0 (1:1:5) at 80 °C for 10 min
first pour H50 into a beaker, then add NH,OH and heat at 80 °C. Once
the temperature is stable pour Hy0,. After 10 min, rinse in two
consecutive H,0 bath for 5 min each
RCA2: HCI:H,0,:H,0 (1:1:5) at 80 °C for 10 min
same procedure and rinse as RCA1
HF: HF(0.4%) at RT for 4 min
rinse with two consecutive H,0 bath of 5 min each
2 Silicon Nitride deposition
LPCVD stochiometric SizNy4 at 800°C
high stress of 1.08 GPa, film thickness 100 nm
3 Wafer dicing
wafer coated with optical resist to protect during dicing
Resist S1805 spincoated at 1000 RPM for 1 min. Baked at 90 °C for 5 min
coating
Cleaving  Machine DAD 3220, blade VT07 VC100, rotation speed 10000 RPM,
feed speed 4, size 40 mm x 15 mm
4 E-beam Lithography
Rinsing with Acetone and IPA for 10 seconds each to remove the dicing
resist, N2 gun
Resist APR-6200-09 (CSAR) spincoated at 3000 RPM for 1 min. Baked at
coating 155 °C for 3 min
Fine exp  Machine Raith EBPG-5200, dose 300 uC/m?, aperture 300 um, beam
current 3.99 nA, beam size 18 nm, beam step size 5 nm
Coarse Machine Raith EBPG-5200, dose 300 uC/ m?, aperture 300 um, beam
exp current 111 nA, beam size 60 nm, beam step size 50 nm
Dev Pentylacetate for 60 sec, MIBK:IPA (1:1) rinse for 60 sec, IPA rinse for

60 sec, N2 gun

Optical inspection
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5 Silicon Nitride etching
Etching CHF5 60 sccm O, 6 sccm, ICP power 500 W, RF power 50 W, pressure
1 x 10~* mbar, temperature 20 °C
Etch rate: 80 nm/min, Selectivity to CSAR 1:1
sample clamped to carrier wafer by oil. Remove it afterward with
ethanol.
Resist DMF for 15 min at 80 °C in ultrasound bath, Acetone and IPA spray, N2
stripping gun
Pour DMF in a baker and heat up at 80 °C. Once the temperature is
stable, place the sample inside the baker and transfer it to the
ultrasound bath
Optical inspection
6 Optical Litography
Resist S$1813 spincoated at 4000 RPM for 1 min. Baked at 115 °C for 1 min
coating
Exposure Laser writer Heidelberg Instruments, dose 220 uC/ m?, defocus -7,
focus pneumatic
Dev MF321 for 120 sec, H,O rinse for 60 sec, N2 gun
Optical inspection
7 Silicon deep etching
Etching SFg 100 sccm, O, 21 sccm, ICP power 1000 W, RF power 10 W, pressure
11 mTorr, temperature —120°C
Etch rate: 7.5 um/min, Selectivity to S1813 1:50
sample clamped to carrier wafer by oil. Remove it afterward with
ethanol.
Resist DMSO for 15 min at 80 °C in ultrasound bath, Acetone and IPA spray,
stripping N2 gun

Pour DMSO in a baker and heat up at 80 °C. Once the temperature is
stable, place the sample inside the baker and transfer it to the
ultrasound bath

Optical inspection



128

B. Process recipes

8 Acid cleaning

Piranha:  H,S04:H,0, (3:1) at 80 °C for 8min
first pour H,SOy into a beaker and heat at 80 °C. Once the temperature
is stable pour H,0,. After 8 min, rinse in two consecutive H,0 bath for
1 min each. Exothermic reaction, the temperature after pouring H50,
will increase up to 130°C

HF: HF(1%) at RT for 20 sec
rinse with two consecutive H,0 bath of 10 sec and 40 sec each
Optical inspection

9 Dry release

Etching SF¢ 500 sccm, ICP power 2000 W, RF power 0 W, pressure 10 mbar,

temperature —120°C
Etch rate: 10 um/min, Selectivity to SiN 1:1000

sample clamped to carrier wafer by oil. Remove it afterward with
ethanol.

Optical inspection



Theoretical derivations

This appendix chapter contains theoretical details concerning how to evaluate and charac-
terize the mechanical resonators developed in the thesis, and how to extract the mechanical
dissipation for the structures relevant to this work.
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Resonator motion

T he one-dimensional displacement of a mechanical resonator is described by

2(x,t) = ) a,(Du(x) (1)

where u,(x) is the one-dimensional mode shape of the nth mode and a,(¢) describes the
time evolution of the resonator’s motion. For a driven and damped harmonic oscillator,
the function a,(t) is determined by

F(t
dp + Dy + 0% 0y = m(ff) (C.2)
eft,n

where Iy, ;, Wy, and megr, are the decay rate, the angular frequency, and the effective
mass of the resonator for the nth mode. F(¢) is the applied time-dependent force.

In a practical setting, we typically use an electronic spectrum analyzer to detect the
resonator motion. This instrument does not directly measure the resonator’s displace-
ment but the power spectral density of a time-varying signal which has the resonator’s
motion encapsulated in it. The signal is transformed in the frequency domain, squared,
and divided by the resolution bandwidth of the instrument to produce the one-side power
spectral density S,,(w). In this section we derive the expression for the power spectral
density and how this relates to the resonator’s displacement.

Power spectral density

The mean-square amplitude {(a?(t)) of our signal obtained by averaging over independent
experimental runs is given by

(@) =+ jTO La()]2dt (€3)
TO ’

0
Since we will focus on a single resonance, we have dropped the subscript n. This quantity

is equal to the autocorrelation function R, at zero time shift, which describes how the
signal a(t”) is related to itself at a later time ¢ + ¢

TO
Rex(0) = lim Tio L a(Da(t’ + Odt’ (C.4)
02—

The autocorrelation function can then be used to define the two-side power spectral
density (PSD) P, (w) as its Fourier transform function

(o8]

Por(@) = J Ren () dt (€5)

Similarly, the autocorrelation function is given by

Re(0) = = j P (@) des ()
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Using the expression in equation C.6 with the equality between mean-square ampli-
tude (equation C.3) and autocorrelation function (equation C.4) we can then express {(a?(t))
as function of its PSD

@O = - | Pecloredo €
27 J oo
This PSD is defined over the entire frequency range. However, in experiments, the
measured signal extends only over positive frequencies. We can therefore introduce a
one-side power spectral density S,, which extends from 0 to oo such that S,, = 2P,,.
Equation C.7 then takes the form

(@®®) = i Loo Sex(@)e ' deo (C8)

This expression gives us the relationship between the PSD and the mean-square amplitude.

We can then proceed to calculate the equation of motion in the frequency domain. By
Fourier transforming equation C.2 we can express it in the form a,(w) = y(w)F(w) where
F(w) is the applied force, while y(w) is the susceptibility

2(0) = = - (C.9)

If we Fourier transform the mean-square amplitude (equation C.8) we consequently
relate its PSD S, to the PSD of the applied force Sgp

Sex(@) = [x (@) Spr. (C.10)

At thermal equilibrium, Sgr is related to the mechanical susceptibility |y(w)| by the
fluctuation-dissipation theorem

4kgT
SFF = ——B Im; = 4kBTw (Cll)
w x(@) Om

where Qy, is the quality factor of the resonator
If we then combine equations C.11 and C.9 with equation C.10 we obtain the one-side

PSD
4k BTa)m

|-+ (2]

m

Sex(@) =

(C.12)

In case of high-Q oscillators near resonance, the one-side PSD can be approximated
by a Lorentzian:

wxwy = 0h— = (= 0) g+ o) = (W — ©)20p
4kpT %
Sxx(w) = Q (C.13)

Meff@h [(wm — ) + (g—:)z]
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This gives us the theoretical displacement PSD in unit m? /Hz due to thermomechan-
ical noise. However the measured PSD by a spectrum analyzer S,,(w) contains additional
sources of noise caused by our detection system and, generally, has a unit of V2 /Hz. If we
assume that the additional sources of noise are white, the measured voltage PSD is related
to the theoretical displacement PSD by the following relationship

Sp(@) = aSyx(w) + S\I}Sise(w) (C.14)

where a is a conversion factor from m?/Hz to V2 /Hz and S295¢(w) is a constant offset to
account for the detection noise.

Quality factor and ringdown

The quality factor of a resonator is defined as the ratio of the energy stored over the energy
dissipated per each cycle
0, = 2 —stored (C.15)
AEdissipated
Likewise, it can be defined as the ratio between the angular frequency and the decay
rate of the resonator
Om
Om = r_ (C.16)
m

To extract the quality factor one can then fit the measured spectrum with equation
C.12. However, if the linewidth of the resonator becomes comparable to or smaller than
the resolution bandwidth of the instrument, resolving the spectral peak with sufficient
resolution becomes difficult. To correctly resolve the narrow peak one would have to
average the signal for a long time or increase the acquisition time to obtain enough data
points. However, both methods are prone to artificial broadening of the acquired peak due
to the drift of the resonance frequency within the acquisition time.

In this situation measuring the energy dissipated per each cycle via a ringdown tech-
nique is a more straightforward method to estimate the quality factor. The resonator is
driven at its resonance frequency by an external excitation until it reaches a steady state.
The excitation is then turned off and the quality factor is extracted by measuring the time
it takes for the resonator to naturally decay. To do so, we can express the time evolution
of the energy of the oscillator during a ringdown measurement with the following

W) = W(ty)e Tnlt=1) + W, (C.17)

where W({) is the energy at time t = #, when the resonant driving force is stopped and
W, is a constant offset to take into account the noise floor. Measuring the decay rate I';,
and the angular frequency w,, gives then access to the quality factor of the resonator by
equation C.16.

In practice, when dealing with mechanical resonators with high quality factor (e.g. Q
>108) is difficult to reach steady state while driving the resonator because the fluctuations
of the resonance frequency are larger than its linewidth (Awgps >I')- As a result, we first
acquire the spectrum of the resonator driven only by Brownian motions to estimate its res-
onance frequency. The spectrum is recorded by employing a small resolution bandwidth
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on the spectrum analyzer (e.g. 1Hz). Secondly, we sweep the drive frequency around
the resonance frequency of the mechanical resonator with steps of mHz while recording
the spectrum with a larger resolution bandwidth on the spectrum analyzer (e.g. 10 Hz) to
decrease the acquisition time. We usually observe a beating effect due to the difference
between the drive frequency and the resonance frequency of the mechanical resonator,
which decreases when the two frequencies get closer. For a short amount of time, the
drive frequency will be on-resonance with the mechanical resonator and the beating ef-
fect will disappear. At this moment we stop the excitation, and we record consecutive
spectra during the free oscillation of the resonator.

For every spectrum, we extract the peak value corresponding to the value of the power
spectral density at the resonance frequency

P)lw=c,,
PdBm(t)|a):wm = 1010g10 % (C.IS)

mw
where P(t) is the measured power in Watt while Pypg,,(t) is the value in dBm. Following
equation C.17, the measured power decays exponentially following P(t) = P(0)e ")+ Py
Note that we considered f, = 0. In log scale the decay becomes linear following Pyg,,(t) =
At + P,
If we acquire our signal in dBm, we can perform a linear fitting to obtain the value of
A, then extract the decay rate I';,, by applying the relationship in equation C.18:

—At = 10log,, e ! (C.19)
10(-A1/10) — =Tt (C.20)
—% In(10) = —T, ¢ (C.21)

The quality factor can then be calculated by dividing the resonance frequency with the
obtained decay rate (equation C.16).

Note that equation C.17 is derived for the energy of the resonator which is proportional
to a(t)?. On the contrary, the amplitude of the resonator is proportional to a(t). As a
result, if one acquires the power spectral density measured in Voltage instead of Watt, the
amplitude decays with a rate equal to I',;,/2. This should be carefully taken into account
during the fitting process to obtain the correct damping rate based on the acquired data.






Ultra High Vacuum Setup

To characterize the mechanical resonators presented in this thesis, we have built a dedicated
characterization setup that optically reads out the devices’ displacement. This working prin-
ciple of this setup has been described in chapters 3 and 4. This chapter provides additional
details, specifically concerning the vacuum requirements.
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Fig. D.1 Vacuum chamber and turbo molecular pump. a, a photograph of the vacuum chamber
with the objective lens of the optical microscope mounted above. b, a photograph of the turbo
molecular pump connected to the bottom of the vacuum chamber in a via a valve.

Ultra high vacuum chamber

T o suppress gas damping, the mechanical resonators need to operate at low pressure.
For devices possessing high quality factor (e.g. Q>10%), the pressure needs to be lower
than 1078 mbar, in the so-called “ultra-high vacuum (UHV)” regime. See also Supplemen-
tary Information of chapter 4 for additional details about gas damping. To this end, we
designed and built a UHV setup able to operate at a pressure level equal to 10~ mbar. The
setup is equipped with optical access to detect the motion of the resonators, mechanical
excitation to drive the devices, and a nanopositioner for alignment purposes.

The vacuum setup consists of a cylindrical chamber (Fig. D.1a) with 8 CF-40 flanges
along the lateral surface and 2 CF-100 flanges on the top and the bottom. CF stands for
ConfFlat, a type of flange compatible with pressure down to 107!* mbar which employs a
ring-shaped metal gasket (usually copper). The top flange of the chamber is closed with a
glass view-port to inspect the chips via an optical microscope mounted on top (Fig. D.1a),
while the bottom flange is connected to a turbo molecular pump via a valve. The 8 CF-
40 flanges are employed for electrical and optical connection and the vacuum gauge. The
chamber is mounted on top of an optical table to suppress mechanical vibrations. The table
has a hole in the center, such that the turbo molecular pump can be directly connected to
the bottom of the chamber. This allows to reduce the volume and the surface of the overall
vacuum system improving the pumping efficiency. (Fig. D.1b).

The chamber is equipped with a UHV compatible triaxial nanopositioner placed inside
and connected to one of the 8 CF-40 flanges via an M12 feedthrough (Fig. D.2b). The
mechanical resonators are then mounted on top of the nanopositioner using a custom-
made * aluminum holder (Fig. D.2b). The chip holder is clamped to the nanopositioner by
a curved thin strip of aluminum which acts as a spring. This clamping method enables us

*Gideon Emmaneel - Precision and Microsystems Engineering Department, TU Delft
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/\.«inluum chamber

/‘:m el lensed fiber holder—""

4

lensed fiber holder

Fig. D.2 UHV compatible chip holder and lensed fiber holder. a, 3D rendering of the vac-
uum chamber with vacuum components inside. b, 3D rendering of the xyz nanopositioner with the
custom-made chip holder mounted on top and the piezoelectric plate (the thickness of the piezoelec-
tric plate in the rendering is increased compared to the real dimensions for visualization purposes).
The lensed fiber is mounted on a holder placed at a 90 degree angle with respect to the device.

to easily change the holder based on the chip we are measuring.

A piezoelectric plate is connected through two screws to the upper face of the holder
to actuate the devices mechanically. The material plate is PIC 255 from PI ceramic with
dimensions 10x 10 x 0.5 mm, resulting in an expected resonance frequency of 4MHz. UHV
compatible KAPTON wires are then soldered to the CuNi electrodes with lead-free solder
wire ", The wires are connected to a BNC feedthrough mounted on one of the 8 CF-40
flanges on the chamber.

The displacement of the resonators is detected by an infrared interferometer. To this
end, we placed a lensed fiber inside the vacuum chamber at a 90 degree angle with respect
to the device. The lensed fiber is mounted on a rod connected to a 3-axis manual stage
placed outside the chamber via a feedthrough (Fig. D.2a). The stage allows us to inde-
pendently control the position of the fiber and align the devices to its focal plane. The
signal coming out from the lensed fiber can then couple to the out-of-plane displacement
of the resonators before being collected back. The lensed fiber is coupled in and out of
the cavity using a costume-made Teflon piece which is sealed by a CF-compression fitting
adapter. The employed lensed fiber has a spot size of 2.5 pm and a focal distance of 15 pm,
compatible with the small dimensions of our resonators discussed in this thesis.

The lensed fiber and the chip holder are titled at the same angle with respect to the
optical microscope mounted outside the chamber. This allows us to observe at the same
time the lensed fiber and the device for alignment purposes.

Assembling and loading

Before assembly, we cleaned all the custom-made components in two consecutive ultra-
sonic baths of 5 minutes each with acetone and isopropanol, before being dried with a
nitrogen gun. To avoid any organic contamination such as fingerprints, we always han-
dled the components with clean nitrile gloves. At the same time, we used new copper
gaskets every time a flange needed to be opened. The setup was equally checked with a
helium leak tester every time a new component was placed inside the chamber.

TSpiridon van Veldhoven - Precision and Microsystems Engineering Department, TU Delft
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The devices are loaded from the view-port on the top of the chamber. During the
loading phase, the view-port is placed on top of a clean aluminum foil to avoid any con-
tamination. The chip holder is then removed from the chamber and placed on top of an
aluminum foil. Once the devices are mounted on top of it, the chip holder is placed back
inside the vacuum chamber on top of the nanopositioner. The chamber is subsequently
closed using a new copper gasket to seal the CH-100 view-port. The backing pump is then
turned off, which usually allows to reduce the pressure down to 1 mbar. After that, we
usually purge the chamber with nitrogen 3 consecutive times, for around 30 seconds each,
before turning on the turbo molecular pump. The vacuum system can typically reach a
pressure of 1x 1078 mbar after one day of pumping, while 1 x 10~ mbar requires one full
week after the turbo molecular pump is turned on.
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