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Abstract

This work explores potential applications of electrostatic nanoelectromechanical systems
(NEMS) in inertial sensing and Frequency Comb (FC) generation. NEMS inertial sensors
exhibit exceptional sensitivity with low power consumption, making them ideal for portable
gas sensors. We equip a novel ZnO NEMS with Metal-Organic Frameworks (MOFSs) to en-
sure selectivity to volatile organic compounds (VOCs), resulting in sensor with sensitivity
ranging from 0.33 to 0.71 Hz/ppm and limits of detection from 4 to 9 ppb. This high sen-
sitivity is attributed to the high porosity and large surface area of MAF-6. These findings
pave the way for the development of MOF-coated NEMS sensors, promising advances in
the field of gas sensing.

We also present a novel low-power generation technique for frequency combs (FC)
developed using modal interactions in electrostatic NEMS. Experimental results show a
broadband FCs spectrum with a coherent phase. The proposed technique is flexible, en-
abling the generation of multiple frequency combs and fine-tuning of their Free Spectral
Range (FSR). Additionally, we show an innovative approach that leverages internal reso-
nances within a NEMS-phononic cavity to generate soliton frequency combs with over 3000
spectral lines, offering a breakthrough for quantum computing and metrology. The soliton
generator can seamlessly be integrated into portable devices, aligning with contemporary
miniaturized technology.
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Chapter 1

Introduction

This chapter addresses MEMS, NEMS, and their applications. The first section provides
background on MEMS & NEMS technology. The next three section describe important
applications of MEMS & NEMS relevant to this work. The last two sections conclude with
the research objectives and thesis outline.

1.1 MEMS & NEMS

In essence, MEMS & NEMS are micro & nano-scale devices integrating electrical, mechan-
ical, and system functionalities. The terms “micro / nano” emphasize that the respective
class of devices possess at least one dimension within the micrometer / nanometer range.
“Electro” underscores their reliance on electrical actuation, detection, or both. The descrip-
tor “Mechanical” highlights the inherent mechanical motion of these devices, distinguishing
them from their purely electronic counterparts. Finally, the term “systems” underscores
their role as integrated entities, operating harmoniously as complete a system rather than
disparate components [1].

Various microfabrication techniques cater to the production of MEMS devices, primarly
surface micromachining, bulk micromachining, and lithography [1]. Widely available com-
mercial fabrication processes include SOIMUMPs [2] and PolyMUMPs [3], among others.

MEMS & NEMS devices predominantly function as sensors or actuators. Sensors de-
tect a physical stimulus, whereas actuators control or manipulate micro / nano-objects.
Functioning as transducers, these devices facilitate the transfer of energy between at least
two physical domains [I]. M/NEMS sensors includes pressure sensors [!], temperature
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sensors [], gas sensors [0, 7], humidity sensors [3], force sensors [9], and inertia sensors
. Common applications of MEMS actuators encompass scanning micro-mirrors
) Y
adaptive micro-mirrors, as well as RF switches [13, 1], and micro-tweezers [15].

M/NEMS devices are superior to alternative technologies in the market due to their
diminutive size, lightweight, high precision, portability, low power consumption, cost effec-
tiveness, and, significantly, their capacity for high-functionality in real-time applications
[16]. These attributes collectively position M/NEMS devices as integral components in the
contemporary technological landscape.

1.2 Electrostatic MEMS & NEMS

Given their role as transducers, MEMS & NEMS devices employ various transduction
methods to convert energy between the electrical and mechanical domains. Sensing or
detection methods, such as electrostatic [17], piezoresistive [18], and piezoelectric [19], fa-
cilitate the conversion of physical changes, like humidity or pressure, into electric signals
for measurement purposes. Conversely, actuation methods convert input energy into mi-
crostructure motion, utilizing electrostatic [20], piezoelectric [21], electromagnetic [22], and
electrothermal [23] methods.

Among the transduction methods, electrostatic transduction stands out as the most
widely employed for both actuation and detection in MEMS & NEMS devices. Its preva-
lence is attributed to its simplicity, high efficiency, low power consumption, and rapid
response times. Devices utilizing electrostatic transduction are commonly referred to as
electrostatic M/NEMS [1].

In electrostatic MEMS & NEMS, the fundamental principle involves two electrodes
separated by a capacitive gap and connected to an electric potential difference. This
potential difference generates an electric field, leading to an attractive electrostatic force
between the electrodes. Consequently, the electrodes are drawn towards each other, causing
a displacement change in the movable electrode [1].

Electrostatic actuators control the potential difference between its electrodes to gener-
ate a force or displacement. On the other hand, in electrostatic sensing, changes in the
surrounding environment, such as humidity or temperature, alter the total capacitance be-
tween sensor electrodes. An electronic circuit can then correlate these capacitance changes
to the measured physical quantities.

In order to fabricate competitive MEMS/NEMS devices, it is imperative to be able to
model and simulate them accurately. An important challenge in this regard is the fact



that nonlinearities in MEMS devices can be significant, even dominant, unlike macro-scale
systems. Common sources of nonlinearity in electrostatic M/NEMS include capillary forces,
displacement-dependent electrostatic force, van der Waals forces, system geometry, system
inertia, and squeeze film damping. These nonlinearities can lead to various phenomena,
including chaos, and static and dynamic bifurcations, which emphasize the need for careful
analysis of electrostatic M/NEMS.

1.3 Inertial MEMS & NEMS sensors

Sensors are indispensable components in contemporary technology, especially with the
burgeoning [oT landscape. Their primary function lies in detecting and quantifying changes
in physical or environmental parameters, transforming these observations into actionable
data. The global sensor market, projected to grow from $156.6 billion in 2021 to $249.6
billion by 2026, underscores their pervasive influence across various industries [24, 25].

Within the diverse array of sensing technologies, gas sensors have emerged as vital
tools, capable of detecting and monitoring the presence and concentration of gases in the
environment. This capability addresses pressing concerns related to air quality, workplace
safety, and agricultural optimization. In urban settings, gas sensors play a pivotal role
in monitoring and mitigating air pollution levels, identifying harmful emissions from in-
dustries, vehicles, and other pollution sources. Furthermore, gas sensors are instrumental
in ensuring workplace safety, particularly in industries where hazardous gases or VOCs
pose potential risks. Additionally, gas sensors find application in the agricultural sector,
where they aid in monitoring and controlling greenhouse gases to optimize crop growth
and resource consumption [20, 27].

Inertial gas sensors traditionally employ resonant micro-mass sensors as foundational
platforms in various applications, spanning biological, chemical, and automotive domains
[28, 29, 30]. These sensors leverage a highly selective coating to capture and sorb target
gas particles from the environment. The resulting change in total mass induces a shift

in the sensor's resonant frequency [31, 32]. Their sensitivity is superior to that of static
sensors. Detection methods encompass optical [30, 32, 33, 34, 35], capacitive [36, 37, 38],
and piezoresistive [39, 40, 41] approaches.

While optical gas sensing offers has the advantage of superior precision, MEMS &
NEMS sensors have the advantages of compact size, lightweight, portability, low power
consumption, and cost-effectiveness [16]. At the turn of the century, Datskos et al. [32],
Lang et al. [12], and others demonstrated that microcantilevers equipped with detector



polymers can serve as sensitive gas sensor. However, ensuring their long-term reliability
and selectivity remain challenging.

While Lang et al. [12] found that thicker polymer layers were more sensitive, Sampath
et al.[13] highlighted the trade-off between increased sensitivity and plasticization-induced
frequency drop with thicker layers. Dufour et al. [11] suggested the use of uncoated
MEMS sensors for gas and liquid detection based on density variations but acknowledged
their intrinsic lack of selectivity.

The sensitivity of inertial gas sensors can be enhanced by exciting higher structural
modes, thereby reducing their effective mass. Dohn et al. [33] showed a 300-fold sensitivity
improvement by operating a cantilever MEMS mass sensor at its fourth bending resonant
frequency. Xie et al. [35] achieved enhanced mass sensitivity by utilizing a torsional
mode compared to the first two flexural modes. Others have also reported similar results

[ 3 ) 9 ) 9 ) ]

Younis and Alsaleem [50] proposed mass sensing techniques employing nonlinearity in
electrostatic MEMS, reporting increased detection signal near subharmonic resonances.
Bouchaala et al. [51] employed a sudden amplitude change caused by a cyclic-fold bifurca-
tion in an electrostatic microbeam to detect water vapor. Alghamdi et al. [52] developed
a binary inertial gas sensor using a PolyMUMPs fabricated MEMS resonators, employing
the dynamic pull-in phenomenon for ethanol vapor detection. They results indicated a
detection limit of 100 ppb.

1.3.1 Metal Oxide (ZnO) material

Metal oxides frequently serve as a sensing layer in chemiresistive gas sensors, where the
sensing mechanism relies on detecting alterations in the electrical conductivity or resistance
of the material when exposed to a target gas. The widely accepted gas sensing mechanism
involves adsorption of oxygen molecules on the metal oxide’s surface [53, 54, 55, 50].

Chemisorption-induced mass changes contribute to gravimetric sensing mechanisms. If
chemisorption adds mass to the sensor, it induces a negative shift in resonance frequency.
Conversely, the release of surface species leads to mass reduction and a positive shift in
resonance frequency. Physisorption, a process where gas molecules are attracted to the
material’s surface through intermolecular forces, also contributes to gravimetric sensing
mechanism by causing mass changes [57, 58].

While metal oxide receptors in chemiresistive gas sensors have been extensively stud-
ied, their application as sensing materials in gravimetric and inertial detection is relatively



less explored. This may be attributed to the simpler fabrication process of chemiresistive
sensors and the well-established understanding of sensing mechanisms in that case. Nev-
ertheless, recent advances highlight the utilization of metal oxides as receptor layers in
gravimetric sensors [57, H8].

Kilinc et al. [59] utilized ZnO nanorods and nanotubes on nickel cantilevers to detect
various volatile organic compounds (VOCs), showing a notable response to ammonia. Xu et
al. [00] fabricated ZnO nanorods functionalized with a chitosan coating on Si cantilevers.
Their sensors exhibited enhanced sensitivity to changes in relative humidity. Other re-
searchers [01] created ZnO-based freestanding resonant cantilever sensors with ultrahigh
sensitivity to humidity.

The literature suggests that metal oxides hold significant potential as sensing layers in
gravimetric and inertial sensors. Various strategies, such as nanostructuring, combining
with other materials, and doping, can further enhance their sensing properties. Addition-
ally, sensor miniaturization promises increased sensitivity.

1.4 Frequency comb generators

Silicon photonics is an emerging micro-scale technology that has garnered significant at-
tention. It allows the implementation of photonic systems within a small footprint. Those
systems can process information in optical form by generating, modulating, transmitting,
switching, amplifying, and detecting light. Silicon proves a practical choice due to its
intrinsic bandgap of 1.1 eV, rendering it transparent within the optical communication
transmission wavelengths (1270 nm to 1625 nm) [62, 63].

Over the last 25 years, OFCs have made a resounding impact, shaping fields from
metrology to astronomy [0, 65, 66, 67, 68, 69, 70]. Their frequency coherence established
them as essential metrology tools in labs worldwide [67, 71, 72]. Recent strides in nonlinear
optical resonators, especially ring resonator systems, have harnessed the power of optical
solitons, by balancing nonlinearity and dispersion to enhance the stability of the spectral
lines and FCs. This advancement has far-reaching implications across disciplines, bene-
fiting applications in timing, sensing, resonance stabilization, spectroscopy, and quantum
information processing. OFCs realized via silicon photonics within micro-scale nonlinear
optical resonators [62] show promise in reducing both the footprint and power consumption
compared to traditional FC generators.

The combination of high structural quality and reduced effective mass empowers MEMS
& NEMS resonators to operate at high resonant frequencies and achieve high quality (Q)
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factors at ultra-low power consumption. Electrostatic MEMS & NEMS hold particular
promise as FC generators due to their strong nonlinearity. Diverse methods have been
employed to generate mechanical FCs in MEMS & NEMS, including parametric excitation,
modal interactions within one or more structures, and external excitation of self-excited
systems.

1.5 Research objectives

This research centers on the study and development of an electrostatic NEMS resonators
for gas sensing and frequency comb generation, aiming to surpass the performance of exist-
ing technologies. It encompasses the device design, characterization, and the exploration
of innovative techniques never explored before to address those purposes. The specific
objectives of this research are summarized as follows:

e Investigate and demonstrate the efficacy of MEMS sensors coated with MOF, as
well as noise-driven nd electrostatic NEMS sensors coated with MOF-ZnO, for the
detection of VOCs and humidity.

e Introduce an efficient and cost-effective approach for FC generation by leveraging
electro-mechanical modal interaction within an NEMS resonator. This method aims
to achieve enhanced spacing resolution compared to existing complex techniques.

e Present a novel methodology for generating wide band mechanical soliton FCs by
leveraging internal resonance within NEMS resonators to facilitate energy transfer
between low and high frequency modes.

1.6 Thesis outline

This thesis comprises 5 chapters, organized as follows:

e Chapter 1: Provides a background on MEMS & NEMS, their applications, and the
thesis organization.

e Chapter 2: Focuses on the development, characterization, and testing of MOF equipped
MEMS gas sensors and MOF-ZnO NEMS gas sensors.



e Chapter 3: Introduces a novel approach for FC generation through electro-mechanical
modal interaction within an electrostatic NEMS.

e Chapter 4: Presents another novel approach for mechanical soliton FC generation
through combination internal resonances within an electrostatic NEMS platform.

e Chapter 5: Summarizes the findings of this work, discusses the limitations of the
proposed techniques, and outlines the next steps to further develop them.



Chapter 2

MEMS and NEMS Gas Sensors

This chapter is comprised of three distinct sections. The initial part delves into the fabrica-
tion, characterization and performance evaluation of the MOF material. The subsequent
sections elucidate the performance metrics of the ZnO-MOFs NEMS sensors, offering a
comprehensive exploration of their capabilities.

2.1 MOFs on MEMS for Detection of VOCs

VOCs are organic pollutants hazardous to the environment and human health. Monitor-
ing and reducing VOC levels can improve indoor air quality and prevent negative health
effects. Therefore, developing VOC sensors with high sensitivity, selectivity, low power
consumption, and low-cost is crucial.

MOFs are hybrid nanoporous crystalline materials. ZIF are MOFs where metals with
tetrahedral coordination (i.e., Zn, Co, Fe, Cu) occupy the central node and the ligands are
imidazolate-based organic molecules. ZIFs are promising for gas-sensing applications as
they have a large surface area, high porosity, adjustable pore size, and excellent selective
adsorption capability for various gasses [73]. However, since ZIFs generally exhibit poor
electrical conductivity, their application as the gas-sensing layer in conventional chemiresis-
tive sensors is challenging. Therefore, these materials should be combined with conductive
materials to form heterostructures and improve sensing performance [7, 75]. However,
this process can be complicated and challenging [70].

We employed the MOF-CVD technique to sensitize a silicon cantilever with a compact
and uniform zinc 2-ethylimidazolate (Zn(EtIm)2) thin film for VOC sensing. To assess its
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performance, we conducted a comparative analysis with a cantilever sensitized with a ZnO
thin film, considering widespread use of ZnO as a gas sensing material [77].

2.1.1 Microcantilever sensors

OCTOSENSIS dynamic-mode silicon cantilevers containing eight cantilevers per chip,
Figure 2.1(a), were purchased from Micromotive MIKROTECHNIK][78]. The cantilever
lengtg, width, and thickness are L = 500 £ 4 pm, W = 90 &£ 2 pm, and H = 5 4+ 0.3
nm, respectively. The natural frequencies of the cantilever's first three bending modes are
f1 =24.34kHz, fo = 162.04kHz, and f; = 449.66 kHz. [78].

Figure 2.1: An SEM image of the OCTOSENSIS cantilever chip.

2.1.2 Deposition of ZnO and synthesis of MOF

7m0 was deposited using a custom-made AP-SALD system equipped with a close-proximity
gas injection head. Diethyl zinc and deionized water were used as the metal and oxygen
precursors, respectively, and nitrogen as the carrier gas. The substrate temperature was
maintained at 200 °C during film deposition [79, 30].

Zn(EtIm)2 was synthesized through a MOF-CVD approach. The ZnO-coated sub-
strates and cantilevers were positioned in a Pyrex bottle as the reaction system, Figure
2.2. The organic linker was placed at the bottom of the bottle. A small vessel containing
10 ml of water as the template was placed inside the bottle, separated from the linker. The

reaction system was closed and placed inside an oven at 140 °C for 90 min to convert ZnO
to MOF.



(a) ZnO (b)

deposition by

AP-SALD
 —
T=200 °C
DEZ + H,0
MOF conversion
through the MOF-
CVD process
C
d) (c)
MOF
—

T=140 °C

H,0
- =90 min

2-ethylimidazole

Figure 2.2: Schematic representation of sensitization of cantilevers with Zn(EtIm)2 through
MOF-CVD process. (a) A silicon cantilever (b) is coated with 30 nm of ZnO by AP-SALD.
(¢) Then the cantilever is placed in a bottle with 2-ethylimidazole and HyO. The reaction
takes place at 140 °C for 90 min, and (d) ZnO converts to MOF on the surface of the
cantilever.

2.1.3 Experimental setup

The chip was clamped to a piezoelectric actuator (Bruker DCHNM probe holder) excited by
AC voltage. The vibrations of the cantilever were measured by optical vibrometry (Polytec
OFYV 3001), whereby a laser beam was focused on the cantilever tip through a microscope
with a 20x objective lens. The drive voltage and detection signal, output voltage of the
photodetector, were supplied and measured by a lock-in amplifier (Zurich Instruments
HF2LI). The phase between the input and output signals was locked at the resonance of
the second out-of-plane flexural mode and its frequency shift was monitored in real-time
through the built-in PLL circuit of the lock-in amplifier. A schematic representation of the
experimental setup is shown in Figure 2.3.

The chip was placed in a custom-made test chamber equipped with an optical window,
a gas inlet and a gas outlet. The analyte vapor was generated by passing a carrier gas
(nitrogen) through a bubbler containing a sample of the analyte in liquid form to evaporate
it. A second MFC was used to introduce a dilution flow of the carrier gas into the test
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Figure 2.3: Schematic representation of the experimental setup.

chamber. The concentration of the analyte in the chamber was controlled by adjusting the
ratio between the bubbler (MFC2) and a dilution gas (MFC1) flow rates. The total flow
rate into the test chamber was maintained at a constant value of 200 sccm throughout the
experiment.

As a result, the analyte concentration in the chamber was a fraction of the saturated
concentration contained in the flow of MFC2. Assuming that flow to saturate with the
analyte vapor pressure, the saturated concentration can be calculated as:

component vapor pressure mmHg]

Saturated concentration (ppm) = x 10°

atmospheric pressure [mmHg]

Component vapor pressures and saturated concentrations of the test analytes under
study are listed in Table 2.1. The analyte concentration was estimated by multiplying the
saturated concentration by the ratio of bubbler flow to total flow. For instance, at a total
flow rate of 20 sccm, an ethanol flow rate of 0.2 scem and a nitrogen flow rate of 199.8sccm,

the ethanol concentration in ppm would be % x 70825 ~ 70ppm.
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Table 2.1: Vapor pressures and saturated concentrations of tested analytes

Vapor Pressure @ 23.5° C Saturation Concentr.
Analyte
(mmHg) (ppm)
Water 21.6472 28483
Ethanol 53.8272 70825
Acetone 215.06 282973
Isopropanol 39.75 52302

2.1.4 Results and discussion

To identify the thinnest ZnO layer that could lead to uniform MOF formation, different
thicknesses of ZnO were deposited on silicon substrates and converted to MOF. Figure 2.5
presents the surface morphology of ZnO sacrificial layers ranging from 10 to 30 nm and
their corresponding MOF structures. The deposition of 10 nm of ZnO leads to scattered
MOF crystals on the substrate, while thicker oxide films provide more Zn species for the
chemical reaction, causing the crystals to combine and form a uniform and compact MOF
film. The results indicate that a 30 nm ZnO layer is suitable for cantilever functionalization.

Figure 2.4: SEM images of (a) 10 nm, (b) 20 nm, and (c¢) 30 nm thick ZnO (left) trans-
formed to MOF (right). The reaction duration and temperature are 90 min and 140 °C.

The GI-XRD pattern of the MOF grown from a 30 nm thick ZnO coating on a silicon
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substrate characterized the MOF as MAF-6, which is composed of tetrahedrally coordi-
nated zinc cation centers, bridged by 2-ethylimidazole linker [31, 82].

—..‘

Figure 2.5: SEM images of (a) an uncoated silicon microcantilever, and the edge of the
microcantilever (b) coated Wlth 30 nm of ZnO and (c) transformed to MOF.

The fabrication process flow is illustrated in Figure 2.5; silicon cantilevers, Figure 2.5(a),
are coated with 30 nm of ZnO, Figure 2.5(b), which is subsequently converted to MOF,
Figure 2.5(c). AP-SALD exposes all surfaces of the cantilevers to precursors, resulting
in a conformal growth of ZnO. Likewise, the gas-phase nature of the MOF-CVD process
coats all surfaces of the cantilever with MOF which provides more surface area for gas
adsorption.

B (a) ZnO-coated cantilever 5 (b) MOF-coated cantilever

Amplitude
Phase

Amplitude
Phase |4 100

Amplitude (arb. u.)
Phase (deg)

L L -200 L L
164.5 165.0 165.5 163.5 164.0 164.5
Frequency (kHz) Frequency (kHz)

Figure 2.6: The frequency response, amplitude and phase, of (a) the ZnO-coated and (b)
the MOF-coated cantilevers in the vicinity of the second bending mode.

We compared the performance of the ZnO-coated microcantilevers, fabricated in step 2,
and the MOF-coated microcantilevers, fabricated using the full process described above, as
gas sensors. In order to achieve higher mass sensitivity, the sensors were set to exploit the
frequency shift of the second bending mode [33, 83]. We identified the resonant frequency
of that mode by sweeping the excitation frequency up in the vicinity of the bare silicon
microcantilever's reported natural frequency while holding the amplitude constant at 0.5
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V. The amplitude and phase of the measured photodetector voltage, proportional to the
cantilever tip velocity, are depicted in Figure 2.6. They show that the resonant frequencies
in air were f, = 164.89 kHz for the ZnO sensor and f, = 164.06 kHz for the MOF sensor.
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Figure 2.7: Frequency shift over time of the ZnO and MOF sensors in response to cyclic
injection of (a) acetone, (b) ethanol, (¢) isopropanol, and (d) humidity in nitrogen followed
by a purge with nitrogen only.

The PLL of the lock-in amplifier was used to lock the sensor response at the resonant
phase corresponding to f,. The lock-in amplifier was then used to measure the frequency
shift of that phase angle for both sensors as they were exposed to various gaseous environ-
ments. Figure 2.7 displays the real-time frequency shift when the sensors were exposed to
acetone, ethanol, isopropanol, and humidity. In each case, the frequency shifted to lower
values as the sensor came into equilibrium with the gases environment. The equilibrium
frequency shift was measured once that shift was observed to settle down (over time) with
respect to the baseline (reference) resonant frequency measured after the test chamber was
purged with nitrogen and the sensor allowed to come to equilibrium with the nitrogen
environment. Each test cycle was composed of an exposure phase to a given analyte at a
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known concentration in nitorgen followed by a purge phase with nitrogen only. All mea-
surements were repeated across three sensors to validate the observed trends and ensure
reproducibility.
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Figure 2.8: The frequency shifts of the (a) ZnO and (b) MOF sensors as functions of
analyte concentration.

Figure 2.8 plots the measured frequency shift versus analyte concentration of the ZnO
and MOF sensors. The responsivity of the sensors to each analyte were determined by
evaluating the slope of a least-square fit line through each set of measurements as listed
in Table 2.2. The MOF sensors displayed high sensitivity to VOCs with responsivities
in the range of 0.33-0.71 Hz/ppm and low sensitivity to humidity with a responsivity of
0.02 Hz/ppm. But they exhibited no clear selectivity among the VOCs. Comparing these
values with those for the ZnO sensors highlights a remarkable improvement in sensitivity
(by 80 to 250 times) due to the transformation of ZnO to MAF-6.

The LOD, the lowest detectable concentration of an analyte, is a function of the sensor's
responsivity to background noise. For a frequency shift sensor, this represents the frequency
instability under background noise fpqse. We evaluated it by measuring shifts in the locked
resonant frequency while the sensor was excited with the same signal (0.5V) and exposed to
nitrogen for one hour, Figure 2.9. Based on this measurement, was estimated the frequency
instability as fhoise = 0.01 Hz.

Within this study, we define the LOD as

3f noise
R

Using this formula, we calculated the LOD of the sensors as listed in Table 2.2. The

LOD =
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LODs of the MOF sensors to VOCs were found to be in the ppb range, which is three
orders-of-magnitude better than those of the ZnO sensors.
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Figure 2.9: The resonant frequency measurement while exposed to nitrogen for 1 hour.

2.2 Noise-Driven MOF-Coated NEMS Sensors

The quest for minimal power consumption is a common aspiration for gas sensors. How-
ever, most inertial sensors need some form of input power for piezoelectric or electrostatic
actuation. Noise-driven NEMS sensors appear to be a promising solution, offering an
exceptional combination of sensitivity and low power consumption [$4, 85, 86].

In this section, a noise-driven NEMS sensor was fabricated from a 200 nm ZnO thin
film, serving both as the structural layer and gas-sensing receptor. The NEMS sensor will
be compared to the MEMS ZnO and MEMS MOFSs sensors, developed in the previous
section, as detectors of acetone, a representative VOC.

2.2.1 Fabrication of NEMS Sensors

The NEMS sensors are made of a 200 nm-thick doped ZnO layer that serves as the struc-
tural and functional material. Capacitive readout is provided by a 50 nm-thick Aluminum
(Al) layer deposited on top of the ZnO layer, 2.10(b), and coupled to a substrate Al elec-
trode. Figure 2.10(a) shows a SEM image of a NEMS measuring 50 pm long and 10 pm
wide.
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Table 2.2: Responsivity (R) and LOD for the MOF and ZnO sensors.

Sensor
Analyis MOF Zn0O
R LOD | R LOD
(Hz/ppm) (ppm) (Hz/ppm) (ppm)
ﬁcg“}fe% 08 g/mol) 0.33 0.0091 | 3.2x 1073 13
aﬂga?{ﬂ 46.07 g/mol) 0.49 0.0051 | 1.8 1073 1.6
Ezosr}?\ngoi & /mol) 0.71 0.0042 | 6.7x 1073 05
Humidity _5
(275 A 18.01 g/mol) 0.02 0.15 6.7 x 10 ;
(b)
't 200 nm
IZ um Air Gap

+ 50nm

Y [ Insulator Il Substrate = Zinc Oxide [l Aluminum

Figure 2.10: (a) SEM Image and (b) schematic of the NEMS sensor.

The steps of the fabrication process are shown schematically in Figure 2.11. The pro-
cess uses a 3-inch silicon wafer featuring a 300 nm thick thermal oxide layer. The wafer
undergoes an initial cleaning with acetone and isopropanol. Employing a standard lift-
off technique, the bottom electrode and bonding pads are created, Figure 2.11(a). This
process entails application of negative-tone photoresist UV lithography, and deposition of
a 50 nm-thick aluminum (Al) layer through sputter deposition. The wafer is then spin-
coated with a 1 pm -thick sacrificial positive-tone photoresist layer and patterned using
UV lithography, Figure 2.11(b).

A specialized AP-SALD system is employed to deposit the ZnO layer. Diethylzinc and
water are used as zinc and oxygen precursors, delivered by nitrogen as a carrier gas, Figure
2.11(c). The silicon wafer, heated to 200°C, oscillates in-plane to expose its full surface to
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the precursor flow channels, allowing for the deposition of a 200 nm thick ZnO film in 180
oscillations. The resulting film conforms to the substrate surface, including the sides of
the sacrificial photoresist layer, ensuring secure attachment of the structural layer to the
anchors.

(a) Bottom metal contact deposition (b) Photoresist sacrificial layer

(¢) ZnO deposition (d) Top metal contact deposition

(e) ZnO etching (f) Sacrificial layer release
I —————————
. Substrate Photoresist - Aluminum Zinc oxide

Figure 2.11: Fabrication process of the NEMS

A second lift-off process is employed, Figure 2.11(d), to deposit and pattern 50 nm-
thick Al layer, deposited via sputter deposition to serve as the top metal electrode. The
metal electrode also enables optical readouts via a laser Doppler vibrometer. Further, it
functions as an etch mask for reactive ion etching (RIE) of the ZnO layer, Figure 2.11(e),
to define the cantilever. It also reveals the sacrificial layer underneath it for subsequent
release, Figure 2.11(f). Anisotropic oxygen plasma ashing is employed to remove a part of
the sacrificial photoresist layer. The process continues until the 50 um photoresist under
the beam is completely removed, as verified visually through SEM. The fabrication process
results in the creation of a nanocantilever beam approximately 250 nm thick, 50 pm long,
and 10 pm wide. Despite its substantial aspect ratio, the cantilever remains free-standing,
Figure 2.10(a), a feat attributed to the conformal ZnO layer and covalent bonds generated
during the AP-SALD process, ensuring robust adhesion to the substrate.
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2.2.2 Experimental Setup

To test the NEMS sensor, we employed a high-frequency laser Doppler vibrometer (Poly-
tech UHF-120) to measure the velocity of the cantilever tip oscillations. The sensor was
wire-bonded to a chip carrier and placed in the test chamber described above. In this
setup, the cantilever was thermally actuated using the vibrometer’s laser. The laser beam
was focused onto the corner of the cantilever tip through a 50x objective lens to track
oscillations of the first torsional mode before and after exposure to acetone, Figure 2.12.
The measured velocity-time signal was post processed to obtain its FF'T and derive the
frequency response of the cantilever motions.

Dilution Motion signal
b

200 scecm Vibrometer

Exhaust

Enclosure

Figure 2.12: Experimental setup.

For characterization and testing of the the MEMS sensors, we employed the same
experimental setup described in the previous section.

2.2.3 Thermomechanical excitation of the NEMS
Noise-driven sensors rely on thermomechanical excitation, eliminating the need for actu-

ation. This unique characteristic stems from the high compliance of the beam, due to
its low thickness of ( ~ 250 nm ), making it responsive to Brownian motions, the random
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movement of particles driven by their inherent thermal energy. These particles collide with
the cantilever structure, causing it to vibrate at its natural frequencies. Those vibrations
wy,(x,t) are proportional to the absolute temperature 7' and counter proportional to the
stiffness k and damping per unit mass u[37]:

T
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Thermal Noise Excitation
Figure 2.13: FFTs of the NEMS tip velocity under different laser intensity levels.

Consequently, the ZnO cantilever harnesses thermomechanical noise as an actuation
source. In this study, two laser sources with rated output power of ImW and 5 mW and a
nominal wavelength of 650 nm and 532 nm, respectively, were employed for optical readout.
By changing the laser spot size, we were able to further adjust the intensity of the incident
laser on the beam tip and thus change the level of thermal noise. Figure 2.13 shows the
FFTs of the tip velocity for three spot sizes of the ImW laser and two spot sizes of the 5
mW laser obtained using four objective lenses (x5, x10, x20, and x50). Increasing the laser
power density was found to increase the level of thermal excitation and the tip velocity.
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2.2.4 Characterization

The piezoelectric actuator was driven with an unbiased peak-to-peak voltage of 5 V, while
its frequency was swept up to obtain the frequency response of the MEMS beam tip
velocity in ambient air. The results reveal that the first three modes of both ZnO-coated
and MOF-coated sensors were out-of-plane bending modes. Figure 2.14 shows the photo-
detector voltage amplitude and phase in the vicinity of the second bending mode for a
7m0 sensor and a MOF sensor. The corresponding resonant frequencies were found to be
1# =163.65kHz and fM = 164.04 kHz.

(a) (b)

. 120 - T r ™3160
" MOF 1.0 Zn0
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= 08} a = o
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0.2 f4°F=164.04 kHz, 021 p2n0-163.65 kHz | §
1638 164.1 164.4 163.2 163.5 163.8 164.1
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Figure 2.14: The frequency response of the (a) MOF-coated and (b) ZnO-coated MEMS
sensors around the 2nd bending mode.

Modal analysis of the NEMS sensors was conducted by optically measuring their tip ve-
locity under thermal noise excitation in ambient air and vacuum (P=1 pnTorr). The FFT of
the measured velocity shows two out-of-plane bending modes followed by a torsional mode,
Figure 2.15 . The natural frequencies of those modes shift from ( f}* = 65.62kHz, f3*° = 432.03
kHz, and f§* = 625.31kHz) in vacuum to (f" =51.87 kHz, f&¥ = 311.87kHz, and

air = 529.02kHz ) in air. This drop in natural frequencies is due to the increased mass
of the beam as the structural ZnO layer absorbs humidity and oxygen and possibly due to

changes in its material properties resulting in a lower stiffness.

2.2.5 Sensor comparison

The PLL of the Lock-in Amplifier was used to measure shifts in the natural frequency of
the MEMS sensors’ second bending mode as they were exposed to different concentrations
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Figure 2.15: The frequency-response curves a NEMS sensor under thermal noise excitation
in air and vacuum

of acetone. The shift was measured relative to a baseline resonant frequency, recorded

after the test chamber was purged with nitrogen and the sensor reached equilibrium with
the nitrogen environment.
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Figure 2.16: The measured frequency shifts of MEMS sensors coated with ZnO and MOF
due to exposure to acetone.

Figure 2.16 compares the measured frequency shifts as functions of acetone concentra-
tion of a MOF-coated MEMS sensor to a ZnO-coated MEMS sensor. The MOF' sensors
demonstrate an exceptional responsivity of R = 0.3 Hz/ppm compared to a responsivity
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of R = 0.0032 Hz/ppm for the ZnO sensors. This substantial difference underscores the
outstanding sensitivity of the MOF's to acetone. The LOD of MOF sensors was calculated

as 9 ppb.
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Figure 2.17: Response of the noise-driven NEMS sensor to acetone.

Similarly, we employed the shift in the first torsional mode of the NEMS sensors'as
a detector of acetone concentration. Figure 2.17 compares the frequency response curve
of the sensor in Nitrogen to that in a Nitrogen environment with acetone concentration
of 80,000 ppm. We observed a frequency shift of ¢ f; = 12.05kHz, corresponding to a
responsivity of R = 0.15Hz/ppm. Comparing MEMS to NEMS ZnO sensors reveals a
remarkable 45 -fold increase in sensitivity underscoring the exceptional performance of
noise-driven NEMS sensors.

2.3 Electrostatic ZnO NEMS SENSORS

In this section, we introduce an electrostatic ZnO NEMS sensor, characterized by a distinct
design from that of the sensor utilized in the preceding section. It incorporates an electro-
static field to augment the sensor response by adding capacitive detection to gravimetric

detection [35].

The sensor design is inspired by the pioneering work of Mistry et al. [(1], incorporating
the following key design elements:
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Figure 2.18: (a) An SEM image and (b) a schematic cross-section of the NEMS the beam
and its anchor.

- Electrostatic actuation via a parallel plate capacitor configuration: A metal contact
deposited on the substrate and a metal layer deposited on top of the structural layer
act as the capacitor plates.

- Optical readout: Laser vibrometer is used to measure the sensor frequency response.
The top metal electrode serves as a reflective surface.

- Air gap: An air gap of 1.5-2.0 pm is created beneath the structural layer by depositing
a sacrificial layer, which is subsequently removed during the release etching step.

The senor structure is depicted in Figure 2.18. Its design dimensions are listed in Table
2.3.

Table 2.3: Summary of the cantilever's dimensions.

Symbol | Parameter Value

L Length 50 pm

w Width 10 pm
tz ZnO thickness 200 nm
tr Top electrode thickness 50 nm
ts Bottom electrode thickness | 50 nm

g Air gap 1.5-2 pm
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2.3.1 Fabrication Process

The steps of the fabrication process are shown schematically in Figure 2.19. The process
uses a 3-inch silicon wafer featuring a 300 nm thick thermal oxide layer. This wafer
undergoes an initial step of cleaning with acetone and isopropanol. Employing a standard
lift-off technique, the bottom electrode and bonding pads are created, Figure 2.19(a). This
process entails application of negative-tone resist, UV lithography, and deposition of a
50 nm-thick aluminum (Al) layer through sputter deposition. The wafer is then spin-
coated with a 1 pm-thick sacrificial positive-tone photoresist layer and patterned using UV
lithography, Figure 2.19(b).

(a) Bottom metal contact deposition (b) Photoresist sacrificial layer
(¢) ZnO deposition (d) Top metal contact deposition
(e) ZnO etching (f) Sacrificial layer release
Substrate Photoresist Aluminum Zinc oxide

Figure 2.19: Fabrication process

A specialized AP-SALD system is employed to deposit the ZnO layer. Diethylzinc and
water are used as zinc and oxygen precursors, delivered by nitrogen as a carrier gas, Figure
2.19(c). The silicon wafer, heated to 200°C, oscillates in-plane to expose its full surface to
the precursor flow channels, allowing for the deposition of a 150 nm thick ZnO film in 150
oscillations. The resulting film conforms to the substrate surface, including the sides of
the sacrificial photoresist layer, ensuring secure attachment of the structural layer to the
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anchors.

A second lift-off process is employed, Figure 2.19(d), to deposit and pattern the top
metal electrode. This 50 nm-thick Al layer, deposited via sputter deposition, defines the
cantilever's length (50 pm) and width (10 pm). The aluminum top electrode also functions
as an etch mask for reactive ion etching (RIE) of the ZnO layer, Figure 2.19(e). RIE of the
7m0 layer defines the cantilever and reveals the sacrificial layer underneath it for subsequent
release, Figure 2.19(f). Anisotropic oxygen plasma ashing is employed to remove the
sacrificial photoresist layer. Unlike the previous NEMS sensor, the process in this case
continues until the photoresist is completely removed, as visually verified through SEM.
The fabrication process results in the creation of a nano cantilever beam approximately
200 nm thick (composed of 150 nm ZnO and 50 nm Al layers) with a length of 50 pm and
a width of 10 pm.

Comparing the resulting beam, Figure 2.18, to that fabricated previously, Figure 2.9,
we note that both cantilever are free-standing. However, the latter beam has a bracket-
shaped support made completely out of the structural ZnO layer while the former has a
flat-shaped support resting on a photoresist anchor.

2.3.2 Experimental setup

We employed a high-frequency laser Doppler vibrometer (Polytech UHF-120) to measure
the velocity of the cantilever tip oscillations, Figure 2.19. The sensor was wire-bonded to
a chip carrier and placed in a custom-made test chamber equipped with an optical port,
a gas inlet and a gas outlet. Test gases were generated by passing a carrier gas (nitrogen)
through a bubbler containing a liquid analyte. The passage of nitrogen helped to evaporate
the liquid.

The total flow entering the test chamber was maintained at a constant value of 200
scem throughout the experiment. The flow rates of the stream through the bubbler and
a nitrogen dilution stream were controlled by two MFCs. The laser beam was focused
onto the corner of the cantilever tip through a 50x objective lens to track oscillations of
the second bending mode before and after exposure to VOCs, Figure 2.20. The measured
velocity-time signal was post-processed to obtain its FFT and derive the frequency response
of the sensors. In addition, the sensor was excited with a pulse waveform with an amplitude
of V=10V, a frequency of 156 Hz, and duty cycle of 0.1% during gas sensor testing.
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Figure 2.20: Experimental setup employed for characterization and testing of the NEMS
Sensors

2.3.3 Characterization

We employed optical measurement techniques described above to characterize NEMS sen-
sors. Modal analysis was carried out by measuring the tip velocity, a node-free region, in
ambient air under thermomechanical noise excitation enhanced by the measurement laser
beam (A = 532nm), Figure 2.21(a).

The FFT of the measured velocity unveiled three out-of-plane bending modes and two
torsional modes, Figure 2.21(b). The bending modes were observed at f; = 100.02kHz,
fo = 704.19kH and f; = 2002.02kHz. The torsional modes were observed at f3 =
898.72kHz and f; = 1387.06 kHz. The quality factors of the modes in air were evaluated
using the half-power bandwidth method as ()1 = 8.5, Q2 = 18.5, Q)3 = 39.5, Y, = 52.2
and Q5 = 73.2.

2.3.4 Humidity sensing
First, the NEMS sensor was deployed for humidity sensing. The experimental technique

described above was used to obtain the frequency response of the sensors around the second
bending mode at four different levels of relative humidity (RH), as depicted in Figure
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Figure 2.21: (a) Schematic of the optical measurement system used to characterize the
DUT. (b) FFT of the cantilever tip velocity under thermal noise excitation.

2.22(a). The relationship between the resonance frequency and RH is illustrated in Figure
2.22(b). Tt reveals a non-linear trend with a coefficient of determination R?* = 0.9908. It is
apparent that an increase in RH levels causes a shift in resonance frequency towards lower
values, attributed to the adsorption of water molecules on the cantilever's surface.

The sensor responsivity was calculated as:

_of 1 p
= 2rE ¥ . % 10 (2.1)

where the first term on the right hand-side is derivative of the fit function and f, is the
base resonance frequency measured at RH level of 31.5%. The calculated responsivity is
plotted as a function of RH in Figure 2.22 (c), illustrating the dependence of sensitivity on
the RH level. The LOD is determined by considering the frequency stability of the sensor
froise & 20 Hz, significantly higher than those encountered where a lock-in amplifier was
used in measurements.

To enable a meaningful comparison with Mistry et al.'s work [61], the responsivity
in this study was measured in the same humidity range of their work. The calculated
responsivity for the NEMS sensor at 5.8% and 28% RH were found to be R = 22261
and 3727 ppm/%RH, respectively. In the 30-60% RH range, it was almost linear with
an average responsivity of R ~ 1207 ppm/%RH. Similar to their case, responsivity was
higher at lower RH levels and decreased as the RH level increases. This behavior can be
attributed to the occupation of more adsorption sites as the RH level rises, limiting the
availability of sites for further molecule adsorption on the cantilever’s surface.

Our maximum achieved responsivity at 5.8% RH was found comparable but slightly
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Figure 2.22: Noise-driven sensing of the NEMS sensor to acetone.

lower than that reported by Mistry et al. [01]. This difference is probably due to the higher
mass of our sensors featuring a thicker top electrode. Our calculated LOD at 0.034% RH
was also lower than that of Mistry et al. due to our improved Q factor resulting in better
frequency stability.

2.3.5 VOCs sensing

The NEMS sensor was exposed to various concentrations of acetone, ethanol, and iso-
propanol as per the experimental procedure described above. The frequency response in
the vicinity of the second bending mode of the sensor was measured in each case and
are shown in Figure 2.23. The concentrations were adjusted by controlling the flow rates
through the MFCs to achieve 10%, 25%, 50%, and 75% of the saturation pressure for each
gas, corresponding to the gas concentrations listed in Table 2.1. Responsivity to each gas
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was calculated by applying a linear fit to the relationship between the measured frequency
shift and gas concentration, Figure 2.23(d), then measuring the slope of the fit line.

a b
Acetone Ethanol
75% o : i f,= 821309 Hz 75% , } f,= 822145 Hz
I T
I o, S |
t :
50% | ;= 822776 Hz 50% i ;= 823614 Hz
| |
3 ; 3 ;
£ 9 f,= 823640 H: £ 25% f,= 823748 H:
2% ey = z 5 5% o = z
2 . v : W'M“ Z L : e,
3 e | bt 2 TRV ol ‘ Nt
S 10% P f,= 824768 Hz S 10% e f,= 825574 Hz
" /V,VA\' | M, M(yw*’ | A'\"‘\v%
U S . | et ramenp e | ‘W\V\N‘,.«M’.‘Mmm,wﬂ,
Base ‘ f,= 825086 Hz —— Base : f,= 825086 Hz
| |
m m
Il 1 1 1 1
700 750 800 850 900 700 750 800 850 900
Frequency (kHz) Frequency (kHz)
c d
Isopropanol
75% "oy f,~ 816599 Hz 10000 - o
| # Ethanol
‘ 1 S 0001 = = 0218x Isopropanol
50% i f,=810466 Hz| _ 8000 |- =000
|
3 | é 7000
3 1 =
=] = -
E 25% e f,=821798 Hz| = 600
2 ” P, 2 5000 |
3 e | B .
o 2 4000 y=0.053x —_—
> 10% o, fi=824130Hz| & R2=09726 =
o &= 3000 | . -~ " y=00175x
et Lot TV il 2 <
mrsagebapn e I e s - R*=0.9951
B : f,~ 825086 H i FeT
ase o z . .-
| 1000 |~ i o
1 I [l 3 ’-.‘ | P LI e il B P . 1
700 750 800 850 900 0 50000 100000 150000 200000 250000

Frequency (kHz) Analyte concentration (ppm)

Figure 2.23: Noise-driven sensing of NEMS acetone.

The NEMS sensors responsivity and LOD are listed in Table 2.4 for each of the tested
gases. Responsivity was highest to isopropanol. A sensor is considered selective to an
analyte, if its responsivity to the analyte proves to be twice or more than that to an
interferent [59]. The bare ZnO NEMS sensors' responsivity to isopropanol is four times
that to ethanol and twelve times that to acetone. However, confirming its selectivity to
isopropanol would require testing with a wider selection of VOCs in order to draw firmer
conclusions.
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Table 2.4: NEMS sensor responsivity and LOD to VOCs

Analyte R (Hz/ppm) LOD (ppm)
Ethanol 0.053 1132
Acetone 0.0175 3428
Isopropanol 0.218 275

2.4 Conclusions

In conclusion, the MOF-CVD approach was utilized to sensitize silicon MEMS with a MOF
as a sensing layer for detection of VOCs. Its performance in sensing was compared to that
of MEMS cantilevers sensitized with ZnO thin films. The MOF-coated MEMS sensors
exhibited superior sensitivity to VOCs, with LODs in the range of ppb, thanks to the
high porosity and large surface area of MAF-6. Responsivity can be further improved by
reducing the dimensions of the microcantilevers and enhancing the actuation and read-out
mechanisms. This technique is solvent-free and compatible with conventional microfabri-
cation processes, making it a promising candidate for the fabrication of highly sensitive
gas sensors.

Novel noise-driven ZnO NEMS sensors were shown to achieve similar sensitivity to
MOF-coated MEMS sensors by virtue of their high inertial sensitivity. They have the
added advantages of autonomy and low power consumption. Future work aims to combine
those advantages by transforming a part of the structural ZnO of the NEMS sensor into
MOFs via a similar CVD process. The microfabrication process of freestanding metal
oxide cantilevers serves dual purposes as a structural layer and a gas-sensitive receptor
layer, minimizing potential interlayer damping effects by reducing the number of layers on
the cantilever.

ZnO NEMS sensors were also fabricated with a superior design allowing them to with-
stand significant electrostatic fields. They were driven externally via electrostatic actua-
tion. Frequency response measurements were obtained optically to test their performance
as gas sensors. They were found to exhibit remarkable sensitivity to both humidity and
VOCs. The ultra-high sensitivity of the ZnO cantilever at low RH levels is particularly
advantageous for applications where measurements of low humidity levels are critical.

31



Chapter 3

NEMS Electromechanical Modal
Interaction Induced FC

This chapter presents a novel technique for low-power generation of frequency combs (FC)
over a wide frequency range. It leverages modal interactions between electrical and me-
chanical resonators in electrostatic NEMS operating in air to provide a simple architecture
for FC generators. A biased voltage signal drives the electrical resonator at resonance
which is set to match an integer submutiple of twice the mechanical resonator's resonance.
Experimental results demonstrate that the NEMS displacement and output current exhibit
more than 150 equidistant peaks in the case of a 2:1 modal interaction and more than 60
equidistant peaks in the case of a 1:1 modal interaction. In both cases, the FSR was equal
to the drive frequency. Comparison between the FCs generated by the 2-1 and 1-1 modal
interactions demonstrate the superiority of the former in terms of bandwidth and stabil-
ity. The superior phase coherence of the FC generated via the 2-1 modal interaction was
demonstrated via time-domain analysis. Our technique has the flexibility to generate mul-
tiple frequency combs and to fine-tune their FSR depending on the number of mechanical
modes accessible to and the order of the activated modal interaction. It can be integrated
into portable devices and is well aligned with modern miniaturization technology.

3.1 Introduction

OFCs are indispensable tools with a wide range of applications in metrology, astronomy,
cosmology, and atomic clocks [64, 65, 66, 67, 68, 69, 70], and they have driven significant
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progress in these fields [67, 71, 72]. OFCs are generated through various mechanisms,
each offering unique advantages and limitations. Notably, a new frontier has emerged with
the advent of mechanical frequency combs (FCs), generated through coupled mechanical
oscillators, resulting in side-bands with fixed phase relationships [0, 89]. Experimental
evidence confirms the presence of mechanical FCs in various systems, establishing connec-
tions with established nonlinear dynamics concepts. The consistent frequency and phase
relationships within these mechanical comb teeth enable the application of frequency con-
version and optical comb techniques.

Mode-locked lasers (MLLs) stand out as the predominant method for generating OFCs
(65, 90, 91, 92, 93, 94, 66]. MLLs produce sequences of ultrashort optical pulses at a con-
sistent repetition rate f, with the pulse width matching comb tooth spacing. These MLLs
offer remarkable stability and precision, generating high-resolution combs in the THz range.
Accurate control of laser repetition rate f, and offset frequency f, is critical for effective
comb generation [65]. The methodology has evolved to include carrier-envelope phase
stabilization through closed-loop feedback [0, 92], as well as the use of continuous-wave
laser-pumped resonators to facilitate comb emission via cascaded third-order parametric
processes (X)) [05]. Recent advancements have demonstrated direct generation of optical
FCs in continuous-wave-pumped quadratic nonlinear resonators, involving quadratic X
processes.

Microresonators offer an alternative route for comb generation, with their compact,
high-Q optical cavities supporting whispering gallery modes, resulting in comb-like spec-
tra [70, 66, 96, 97, 98]. They excel in terms of size, efficiency, and stability [96, 97, 98].
Electro-optic modulation, although allowing adjustable comb characteristics, faces chal-
lenges related to stability due to microwave source phase noise and component fluctuations
[71, 99, , 99, |. In contrast, optomechanical FCs have emerged as an innovative ap-
proach, combining mechanical oscillators and optical cavities to modulate cavity resonance
[64, , 69, , 67, , , ]. This method offers advantages such as energy effi-
ciency, reliability, and the potential for on-chip integration. Mechanical motion, driven by
lasers and amplified through resonators, facilitates optical comb generation [103, |. Ad-
justable comb tooth spacing has been demonstrated through amplitude modulation [102],
and modal expansion has been employed to investigate optical FCs with whispering gallery
mode resonators [L01].

Phononic FCs emerge by coupling acoustic waves to optical resonators, modulating
optical material refractive index, and producing optical FCs [39, , |. These combs
offer high precision and sensitivity to external mechanical forces. Elongated microres-
onators with nanoscale parabolic effective radius variations, as studied by Sumetsky [101],
reveal closely spaced and dense optical eigenfrequencies linked to axially symmetric acous-
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tic mode eigenfrequencies. De Cao et al. [89] introduced cubic nonlinearities to generate
fast and slow clocks, resulting in FCs around each eigenmode. Maksymov et al. [106] pro-
posed an acoustic-based mechanism for creating equidistant frequency spectra in scenarios
where light-based methods are impractical.

Recent years have seen a growing interest in creating FCs by harnessing inherent non-
linearities in the dynamics of mechanical resonators [108, |. This pursuit focuses on
generating FCs by orchestrating modal interactions between distinct mechanical modes,
utilizing embedded nonlinearities. These combs center around a mechanical natural fre-
quency, produced through quasi-periodic responses. Both empirical and theoretical evi-
dence indicates that this regime results from secondary Hopf bifurcations on the large-
amplitude branch of M-shaped frequency-response curves [109]. This nonlinear behavior
facilitates energy transfer between mechanical modes and an external driving signal. Pre-
vious research showcased the generation of mechanical frequency combs using electrostatic
MEMS/NEMS resonators, relying on energy-intensive two-to-one modal interactions.

In this work, we introduce an efficient and cost-effective paradigm for FC generation.
Leveraging electromechanical modal interaction in an NEMS resonator, we achieved en-
hanced spacing resolution compared to complex methods. This approach ensures uniform
and equally spaced combs, essential for various applications, with minimal power consump-
tion and a compact footprint. 2:1 modal interaction outperforms the 1-1 modal interac-
tion in terms of comb bandwidth and stability. The NEMS-based architecture seamlessly
integrates into portable devices and aligns with modern miniaturization trends. This pi-
oneering contribution caters to the growing demands of simplified, modern technology in
the FC generation field.

3.2 Mathematical model

This section presents a mathematical model capturing the nonlinear dynamics of the
NEMS. It couples a mechanical resonator to an electrical resonator. The equation of mo-
tion describing the transverse displacement of a point along the neutral axis at a distance
of z from the left support of the nanobeam w(z;t) can be written as follows [1 10, 111]:
0w ow Hw  eb ( q., 1

pA— +c,— + EI =

—_— —_— 1
ot? ot or?t 2 ¢y’ (g0 —w)? (3-1)
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subject to the boundary conditions:

w(0)=w'(0)=0 atzx=0

Pw  Pw (3.2)
where L,b, and h denote the beam's length, width, and thickness, respectively, gq is the
initial gap between the beam and the stationary electrode, and € is air permittivity. The
Young's modulus and density of the beam are denoted E and p, respectively. Its second
moment of area can be found as I = %bh:“. Energy losses due to interactions between the
beam and its support and the surrounding air are represented by linear viscous damping
with a damping coefficient of ¢,. The geometrical nonlinearity of inextensibility has been
ignored in Eq.(3.1) because of the small ratio of the air gap to the beam length (%). The
total NEMS capacitance (), is displacement-dependent and can be evaluated as:

C, = /OL (g—bdx (3.3)

go—w)

The nanobeam is coupled to an electrical resonator that can be represented by an
RLC circuit. The ordinary differential equation describing the flow of electrical charge ¢(t)
through it can be written as

LeG+ Req + Ciq = Vin(t) = Vpeo + Vac cos(Qt) (3.4)
m

where L. and R, represent the inductance and resistance of the electrical circuit, respec-
tively. A signal generator drives the circuit with a waveform that has a bias of Vpe, an
amplitudes of V¢, and a frequency of €. Inspecting the system equations, Egs. (3.1) and
(3.4), it can be seen that the mechanical resonator is coupled to the electrical resonator via
a quadratic nonlinear term, ¢ whereas the electrical resonator is coupled to the mechanical
resonator via the displacement-dependent hard nonlinearity &

The static equilibrium of the corresponding nonlinear system (ws, ¢5) should be obtained
via dropping the non-autonomous term in Eq. (3.4), and setting the time-derivative terms
equal to zero to obtain the algebraic system:

LA @(&)2 1
dx?t 2\Cs/ (g0 — ws)? (3.5)

qs = VpcCs
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where

L
C, — / _ b
0 (90 - wS)

is the beam capacitance at equilibrium. The system is solved numerically for by applying
Galerkin's decomposition method [110, ]. The NEMS dynamics are Then truncated
around the static equilibrium (operating point) by decomposing the displacement and
charge into static and dynamic components, as follows:

w(z;t) = ws(z) + we(x; t)

3.6
alt) = g + qa(®) 30

Substituting with Eq. (3.6) into Eq. (3.5), we obtain:

0wy ow drw, 0wy
A ’U E[ _ —
STE te ot "+ ( dx* ox* )
€b < s + qa )2 1

. — w2

fO (Go— ws-l—wd)dx (90 W wd)/
n (3.7)

LeGqg + Reqq +

b (¢s + qa) = Ve + Vac cos(§2t)
!0 (go—ws—wa) L
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Expanding the two fractional nonlinear terms, I; and I, in terms of nonlinear polynomials,
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we obtain:

2 2
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The quadratic coupling terms in the NEMS electrical and mechanical resonators are high-
lighted in red. This analysis shows that electrostatic NEMS dynamics have built-in quadratic
nonlinear coupling that can trigger 2:1 modal interaction between their electrical and me-
chanical resonators.

Fabrication process for the NEMS

The steps of the fabrication process are shown schematically in Figure 3.1. The process
uses a 3-inch silicon wafer featuring a 300 nm thick thermal oxide layer. This wafer
undergoes cleaning with acetone and isopropanol before fabrication. Employing a standard
lift-off technique, we create the bottom electrode and bonding pads, Figure 3.1(a). This
process entails negative-tone resist application, UV lithography, and deposition of a 50
nm-thick aluminum (Al) layer through sputter deposition. The electrode, including a top
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metal electrode in Figure 3.1(d), enables both electrical (capacitive) and optical readouts
via laser Doppler vibrometer. The wafer is then spin-coated with a 1pm-thick sacrificial
positive-tone photoresist layer and patterned using UV lithography, Figure 3.1(b).

A specialized Atmospheric-Pressure Spatial Atomic Layer Deposition (AP-SALD) sys-
tem is employed to deposit the ZnO layer. Diethylzinc and water are used as zinc and
oxygen precursors, delivered by nitrogen as a carrier gas. The reactor head distributes
these precursors via separate outlets, ensuring precise layer formation, Figure 3.1(c). The
silicon wafer, heated to 200°C, oscillates in-plane to expose its full surface to the precursor
flow channels, allowing for the deposition of a 150 nm thick ZnO film in 150 oscillations.
The resulting film conforms to the substrate surface, including the sides of the sacrificial
photoresist layer, ensuring secure attachment of the structural layer to the anchors. AP-
SALD's rapid deposition rate makes it advantageous for high-volume fabrication. Similarly,
using UV lithography allows for low-cost patterning of micron-scale features.

(a) Bottom metal contact deposition (b) Photoresist sacrificial layer
(¢) ZnO deposition (d) Top metal contact deposition
(e) ZnO etching (f) Sacrificial layer release
Substrate Photoresist Aluminum Zinc oxide

Figure 3.1: Fabrication process

A second lift-off process is employed, Figure 3.1(d), to deposit and pattern the top
metal electrode. This 50 nm-thick Al layer, deposited via sputter deposition, defines the
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cantilever s length (50 pm) and width (10 pm). The aluminum top electrode also functions
as an etch mask for reactive ion etching (RIE) of the ZnO layer, Figure 3.1(e). RIE
of the ZnO layer defines the cantilever and reveals the sacrificial layer underneath it for
subsequent release, Figure 3.1(f). We employ anisotropic oxygen plasma ashing to remove
the sacrificial photoresist layer. The process continues until the photoresist is completely
removed, as confirmed visually verified through scanning electron microscopy (SEM). The
fabrication process results in the creation of a nano cantilever beam approximately 200
nm thick (composed of 150 nm ZnO and 50 nm Al layers) with a length of 50 pm and a
width of 10pm. A NEMS specimen is shown in Figure 3.2. Despite its substantial aspect
ratio, the cantilever remains free-standing, a feat attributed to the conformal ZnO layer
and covalent bonds generated during the AP-SALD process, ensuring robust adhesion to

the substrate.
A
150 nm
2 pm Air Gap
z,

Xj— [l substrate B Aluminum
¥

Figure 3.2: The NEMS cantilever; (a) an SEM image showing the beam and its anchor
and (b) a schematic cross-section of the beam.

3.3 Experimental Setup

Two experimental techniques are employed to measure the electro-mechanical response of
the NEMS, electrically and optically. Figure 3.3(a) illustrates the NEMS under study: a
pair of coupled electrical, RLC circuit, and mechanical, beam, resonators. The coupling
element is the capacitance C' in the RLC circuit which is provided by the beam.
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3.3.1 Electrical measurement

A Vector Network Analyzer (VNA) was employed to characterize the resonant frequency
of the RLC circuit f.. The circuit configuration is shown in Figure 3.3(a). The VNA
supplied the input power into the NEMS and measured the returned power to evaluate the
circuit's (Sq; parameter) during a frequency sweep. The results were post-processed using
a LabView software interface. This experimental setup was used for precise measurement
and tuning of f,.

3.3.2 Optical measurement

The displacement and velocity of the beam were measured optically using a Laser Doppler
Vibrometer (LDV), Figure 3.3(b). In this case, the drive electrical potential difference was
supplied to the NEMS via a voltage source (function generator). The laser spot was focused
on the beam tip. The measured response was post-processed in the time and frequency
domains to obtain the FFT and frequency response of the NEMS. This setup enables precise
real-time analysis and visualization of the NEMS response. Frequency-response curves
were constructed from the time-domain measurements following the procedure described
by Elhady et al. [112]. The FFT plots depicting frequency combs, we have removed the
noise floor to provide a clearer view of the well-defined and discernible overall frequency
comb pattern. It is worth noting that transitioning from the electrical measurement setup
to the optical setup is accompanied by a decrease in the inductance of the RLC circuit.
This results in a minor increase in the electrical resonant frequency.

3.4 Results and discussion

3.4.1 Device and characterization

The device-under-test (DUT) is a nano cantilever beam made of a 150 nm-thick doped Zinc
Oxide (ZnO) layer that serves as both a structural and a functional material, unlike the case
for conventional sensors. The capacitive readout is provided by a 50 nm-thick Aluminum
(Al) layer, on top of the ZnO layer, coupled to a substrate Al electrode, Figure 3.2(b).
Figure 3.2(a) shows a scanning electron microscope (SEM) image of a DUT measuring
50 pm long and 10 pm wide.
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Figure 3.3: The experimental setups used for (b) electrical characterization of the DUT
and (b) optical characterization of the DUT as well as observation of the generated fre-
quency combs.

A biased harmonic potential difference:
v(t) = Vpe + Vac cos(2m ft)

is applied between the top and the substrate Al electrodes. It creates an electrostatic field
within the air gap and results in an attractive force between the electrodes. The magnitude
of this force is proportional to v?(t). It is composed of a DC component and two time-
varying components with frequencies of f and 2f. The aim of this work is to harness the
out-of-plane oscillations of the beam under this force as a FC generator by incorporating
it into a NEMS composed of an electrical resonator, RLC circuit, coupled to a mechanical
resonator, the beam. A schematic of the NEMS is shown in Figure 3.3(a). We employ
resonance matching [113] to drive the NEMS. Therefore, the natural frequency of the
electrical resonator f, is tuned, by adjusting the circuit inductance L, to match either the
natural frequency of the first out-of-plane bending mode (f,,) or twice that value (2f,,),
thereby establishing a commensurate one-to-one (f. ~ f,,) or two-to-one (f. =~ 2f,)
ratio between an electrical and a mechanical modes, resulting in driving the 1:1 or 2:1
electromechanical modal interactions (akin to the fundamental parametric resonance or
principal parametric resonance of the mechanical resonator, respectively.). In the vicinity
of f., the amplitude of the voltage signal supplied to the electrical resonator is amplified
by approximately its quality factor [113].

We employ electrical and optical measurement techniques, Figure 3.4, to investigate
the electro-mechanical response of the NEMS. Modal analysis of the beam was first carried
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Figure 3.4: Schematics of the (a) optical and (b) electrical measurement systems used to
characterize the DUT. (¢) FFT of the cantilever tip velocity under thermal noise excitation.
(d) The measured magnitude and phase of the returned electrical power Si; of the DUT.

out via optical measurement of the tip velocity, a node-free region, under thermal noise
excitation in ambient air. The Fast Fourier Transform (FFT) of the measured velocity
unveiled two out-of-plane bending modes and two torsional modes, Figure 3.4(c). The
bending modes were observed at f; = 101.1kHz and fo = 685.3kH and the torsional
modes were observed at f; = 791.2kHz and f, = 1285.2kHz. The quality factors of
the modes in air were evaluated using the half-power bandwidth method as ), = 8.5,
Q2 = 18.5, Q3 = 39.5, and Q4 = 52.2.

The electrical resonance frequency was set to f. = 202.5kHz, which corresponds to
2:1 modal interaction (f. ~ 2f,,), using a L = 13mH inductor. The unactuated NEMS
capacitance was measured as C' = 20pF and a resistor (R = 1k2) were introduced to
prevent current overloading. The electrically measured frequency response of the NEMS in
the frequency range of [10,400] kHz is shown in Figure 3.4(d). The magnitude and phase
plots reveal a significant drop in returned power and phase angle at f.. The same setup
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was used to drive the 1:1 modal interaction. In this case, the inductance of the electrical
resonator was set to L = 55mH which resulted in a measured electrical resonance of
fe = 101.2kHz, corresponding to a one-to-one (f. ~ f,,) modal interaction, Figure 3.5.
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Figure 3.5: Schematic of the electrical measurement system used to characterize the DUT,
(b) The measured magnitude and phase of the returned electrical power Si; of the DUT
for the 1:1 modal interaction case

3.4.2 Frequency Combs
Two-to-one electro-mechanical modal interaction

We obtained the frequency response of the NEMS by sweeping the frequency of a biased
harmonic signal in the vicinity of electrical resonance f,. This frequency range enables
the direct excitation of the electrical mode. In the presence of quadratic coupling between
the mechanical and electrical resonators, and a commensurate 2:1 ratio between f, and
fm, it also results in the indirect excitation of the mechanical mode once the excitation
level crosses the threshold necessary to activate the energy channel between the modes.
Figure 3.6(a) provides a schematic illustration of the frequency response before and after
triggering this modal interaction.

Figure 3.6(b) depicts the frequency-response curves obtained in ambient air for an
excitation force below the activation level (black line) with V4. = 0.6V and V,. = 0.7V and
above the activation level (blue line) with Vg, = V,. = 0.9V as the excitation frequency
is swept from f = 194kHz to 211kHz. The frequency response transitions from a single
resonant peak, corresponding to electrical resonance, below activation to the characteristic

43



O fafe 60 —— 0.6V +0.7V,ccos(Qt)

Indirect Excitation - Direct Excitation — 0.9Vpc*+0.9Vccos()
Energy Transfer —
Mechanical Electrical 4
Resonance r\ Resonance £
2:11R 13
7]
o
m fex2f7 s
L 1 1 1 1
195 200 205 210
2f1 fe

Forcing Frequency [kHz]

Figure 3.6: (a) A schematic illustrating the 2:1 electro-mechanical modal interaction em-
ployed in this study. (b) The optically measured DUT frequency-response curves below
(Vbe = 0.6V, Vac = 0.7V) and above (Vpc = Vac = 0.9V) the activation level.

two resonant peaks above the activation level. The remarkable efficiency of this process
can be seen by comparing the drive voltage used to achieve this resonance to the static
pull-in voltage of the nanobeam (70V). This highlights the FC generator's potential for
low-power and resource-efficient utilization.
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Figure 3.7: (a) A schematic of the experimental setup. (b) The measured frequency-
response curves, for four levels of excitation. The measured FFT of the cantilever's tip

velocity in air (¢) below, (d) just above, and beyond activation level. (f) The complex FFT
of the cantilever's tip velocity in air.

Increasing the excitation level with the voltage waveform Vpo = 1V and Vo = 2V,
the two resonant peaks merge resulting in a wider half-power bandwidth. The frequency-
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response curve, red line in Figure 3(b), shows a single resonant peak at f = 202.4kHz,
positioned between the two previous local maxima observed at 201.4 kHz and 203.2kHz. As
the forcing level increases further with a voltage waveform of Vpe = 1V and Vyeo = 2.3V,
the peak velocity experiences a significant increase, reaching tenfold of that observed below
the activation level. The location of the resonant peak also shifts to lower frequencies
f = 202.2kHz, as larger motions result in larger effective capacitance and a stronger
effective electrostatic field.

We analyzed the frequency content of the NEMS response when excited close to res-
onance, at a frequency of f = 202.2kHz, with forcing levels below and above the activa-
tion level. The FFTs of the beam tip velocity were evaluated for the voltage waveforms
(VDC = O.GV, VDC = 07V), (VDC = VAC = 09V) and (VDC = 1V, VAC = 23V) and
are presented in Figures 3.7(c), (d), and (e). Below the activation level (Vpe = 0.6V,
Vac = 0.7V), the NEMS response exhibits only a handful of uniformly spaced FCs in the
spectrum up to 2MHz corresponding to the harmonic of the excitation frequency, Free
Spectral Range (F'SR) = f. Just above the activation level (V,. = Vpc = 0.9V), Figure
3.7(d), FCs appear at f/2 and its harmonics corresponding to the mechanical mode. The
similarity in power levels across the peaks at f,, ~ f/2 and f. ~ f indicate the activation of
a modal interaction energy channel between the electrical and mechanical modes. Energy
exchange results in a wider distribution of power over the spectrum with 30 FCs appearing
in the spectrum up to 3 MHz uniformly spaced at a distance of FSR = f/2 from each
other. As the driving voltage increases to Vpc = 1V and Vi = 2.3V, Figure 3.7(e), the
NEMS response evolves into a wide spectrum frequency comb with 150 electromechanical
FCs, similar in power, equally spaced at F'SR = f/2, and covering the frequency domain
up to 15 MHz. Figure 3.7(f) shows the complex FFT of the response illustrating a soliton
centered at f = 0.

We compare in Table 4.2 our FC to other phononic FCs realized recently. The compari-
son underscores the significance of modal interaction in terms of power efficiency, simplicity,
and the number of realized teeth across the comb, one order of magnitude higher than all
others reported in the literature to date. We note that operating our frequency comb gen-
erator in a vacuum, like those reported here, will result in even wider and more powerful
frequency combs.

The strength of the generated FCs is dependent on the activation of the modal inter-
action and the resulting energy exchange between the electrical and mechanical modes.
To illustrate this, we excited the electrostatic NEMS with the same voltage waveform
(Vae = 1V and V,. = 2.3V) at a frequency of f = 206 kHz, outside the interaction window.
The resulting spectrum, Figure 3.8, contained only 10 peaks up to 2 MHz spaced at f.
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Table 3.1: Comparison of FCs in NEMS/MEMS

Material Pressure Base Frequency FSR # of Combs
ZnO[ this work] | Ambient 101.1kHz 10kHz 3000

Sig Ny[64] < 107° mbar 118kHz 118kHz 35
SiN[114] < 107* mbar 6.52MHz 1.1kHz 12
Graphene [115] | < 1072 mbar 2.87TMHz 28.7kHz 16
MoSa[116] 2 x 10~ 2mbar 24MHz, 26.45kHz 15
Si[117] High vacuum 26kHz 0.8 — 2.6kHz 25
Si[119] 70 mbar A17kHz 0.103kHz 27
AIN/Si[113] - 3.86MHz 2.6kHz 9

One-to-one electro-mechanical modal interaction

In this section, we describe the generation of FCs based on 1:1 electro-mechanical modal
interaction. First, the electrical resonator frequency is set to f. = 101.2kHz, such that
fe = fm, as described above. The cantilever beam is then driven by a voltage waveform
with a constant bias of Vpc=1 V as the excitation frequency f is swept from 90 kHz to
110kHz. Similar to the 2:1 case, the peak corresponding to electrical resonance is observed
for low excitation levels (Vac=0.7V), the black curve in Figure 3.9(a). Increasing the
excitation level (Vac=0.9V), triggers 1:1 modal interaction and results in an M-shaped
frequency-response curve, blue line in Figure 3.9(a), where the mechanical and electrical
resonance peaks are observed. Increasing the voltage amplitude further to Vpac=2.3V

results in merger of the two resonant peaks into a single dominant peak between them
located at f = 101.95kHz.

Exciting the NEMS resonator at a frequency close to that of the peak, f = 101.95kHz
results in the frequency comb shown in Figure 3.9(b) obtained from the FFT of the nano
beam's velocity. The NEMS response reveals 60 evenly spaced peaks covering the fre-
quency spectrum from 0 to 6 MHz. The spacing between the peaks corresponds to the
excitation frequency F'SR = f.. Comparing these results with those obtained from the 2:1
modal interaction from the same excitation level, illustrates the weaker power interaction
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Figure 3.8: The measured FFT of the cantilever's tip velocity in air under an excitation of
VDC:1 V, VAC:2~3 V, and f = 206 kHz

a b
30— 4V, +0.7V,¢ 80 Experiment in air 80
[ - FSR=101.95 kHz
25) :xbc+2-§xm f,. = 101.95 kHz 60
D7 ——1Vpc+2.3V,¢ = 1V, +2.3V, 40
E w0l g 60 0c*2:3V,¢ |
— > v 0 . . .
215 3 01 02 03 04
o )
210t >
s
0 ‘ : . . . ! )
3 4 5 6 7

95 100 105 o 1 2
Forcing Frequency [kHz]

Frequency [MHz]

Figure 3.9: (a) The measured frequency-response curves, for three excitation levels as the
frequency is swept from 90kHz to 110kHz. (b) The measured FFT of the cantilever's

tip velocity in air demonstrating the frequency comb generated under an excitation of
VDC:1 V, VAC:2.3V, and f =101.95kHz

and resulting peaks of the 1:1 modal interaction. It is worth noting that even when the
excitation levels increases, the frequency comb generated by the 1:1 modal interaction does
not expand over the frequency spectrum unlike that of the 2:1 modal interaction.

3.4.3 Stability of the frequency combs
Quality factor

In this section, we investigate frequency stability and phase coherence of the generated
FCs. Frequency stability is indispensable in ensuring the precision and frequency refer-
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ences of wave packet generators. The frequency stability of NEMS resonators is counter
proportional to the quality factor §f oc 1/4/Q [119]. The quality factor of the mechanical
mode was measured in air at @), = 8.5. When excited within the NEMS resonator under
the 1:1 modal interaction scheme, the quality factor we found to increase to () = 25 which
enhances the frequency stability of the NEMS generated FCs compared to the mechanical
resonator. The lower impedance of the NEMS also enhances power transfer to the NEMS
resulting in a 60-peak wide FC.

Under the 2:1 modal interaction excitation scheme, a substantial improvement in the
quality factor, and therefore frequency stability, is realized with the measured quality
factor increasing by an order-of-magnitude to () = 145. This is a result of noise squeeze
realized due to the principal parametric resonance excitation conditions in this case. The
enhanced quality factor also expands the generated FC to cover 150 peaks. This in-depth
understanding of the underlying mechanisms elucidates the pivotal role of the 2:1 and 1:1
modal interactions in enhancing the stability and range of the FCs.

Phase coherence

To investigate the frequency stability of the FCs, we evaluated their phase coherence. A
comparison between phase coherent and phase incoherent frequency combs is shown in
Figure S6. It can be seen that phase incoherence is revealed in the time-histories of the
signal (displacement) and its time derivative (velocity) which cease to have distinct maxima
and minima as phase incoherence result sin drift between the various frequency components
in the signal. Similarly, phase incoherence results in a wandering phase portrait randomly
visiting different areas withing reachable phase-space. Unlike the case for coherent FCs
where the constituent harmonics result in a single closed orbit.

we considered an oscillatory signal composed of 150 harmonics to study the impact of
the non-coherent phase on time-domain and frequency-domain responses and phase por-
trait.

150

x(t) = Z X, cos (nSt + ¢y,) (ES.11)

n=1

Assuming Q=5. For the case in which ¢;=0 (i=1,2,...,150), the signal is phase-coherent.
Figure S6(a) shows the short scope of the signal in frequency domain and figures S6(c
and e) show the short scope of the signal in time domain, and phase portrait is shown in
figure S6(g). Comparing phase portrait and time domain responses to the NEMS responses
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Figure 3.10: The measured time-histories of the beam tip displacement and velocity under
electrical excitation with the waveform (Vpe =1V, Vae =2.3V), and f = 202.2kHz and
(e) the corresponding phase portrait.

shown in Figure 5, it can be concluded that the NEMS displacement and velocity responses
obtained from experimental measurements are phase-coherent.

In this work, we measured the nanobeam tip displacement and velocity in time-domain
under the excitation waveform (Vpe = 1V, Ve = 2.3V) and a 2:1 modal interaction with
f = 202.2kHz, corresponding to the FC shown in Figure 3.7. The time-histories of the
displacement and velocity, shown in Figure 3.10(a), reveals regular and distinct maxima
and minima, inset of Figure 3.10(a), providing confirmation of the phase coherence of the
FC. Likewise, the phase portrait of the orbit corresponding to the FC over thousands of
forcing cycles, Figure 3.10(b), exhibit a distinct closed orbit consisting of two loops, a
characteristic feature of the 2:1 modal interaction. No drift over time is observed in the
phase portrait.

However, when different phase values are assumed for each harmonic, introducing non-
coherency in phase, the oscillatory signal described in Eq. (Eq.11) takes on the shape
depicted in Figure 3.11(d and f). This figure illustrates that the periodic time history of
the signal includes primary peaks as well as smaller irregularly distributed peaks within a
single period. Furthermore, the phase portrait of the non-coherent signal exhibits a random
pattern. It’s crucial to emphasize that discerning phase coherency cannot be determined
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by examining the amplitude-frequency plot of a Fast Fourier Transform (FFT), as seen in
Figures 3.11(a) and 3.11(b).
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Figure 3.11: The frequency-domain, the time-domain, and the phase portrait of the analog
signal presented in Eq. (S11) are demonstrated, respectively, for ¢; = 0 in (a), (c), (e) and
(g), and for ¢; # 0 (i =1,2,...,150) in (b), (d), (f) and (h).

3.5 Conclusion

In conclusion, this study has successfully demonstrated the development of an energy-
efficient technique for the generation of electro-mechanical frequency comb via modal in-
teractions between an electrical resonator and a mechanical resonator. An electrostatic
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NEMS made of a resonant drive circuit and an nanobeam was deployed as a platform
to demonstrate the technique. In one case, the electric circuit's inductance was tuned to
match its resonant frequency to twice the resonant frequency of the beam's out-of-plane
bending mode, thus enabling an energy efficient 2:1 modal interaction between the elec-
trical and mechanical modes. The results show the generation of 150 evenly spaced peaks
covering a 15 MHz-wide spectrum, confirming successful creation of low voltage (< 5V)
FCs. In another case, we used the same NEMS to generate FCs via 1:1 modal interaction
by tuning the electric circuit's inductance to match its resonant frequency to the reso-
nant frequency of the beam's out-of-plane bending mode. The resulting FC had 60 evenly
spaced peaks covering a 6 MHz-wide spectrum. This result highlights the advantages of the
2:1 modal interaction, in terms of FC width and stability, over 1:1 interaction while also
illustrating the flexibility of the underlying technique to use various modal interactions.
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Chapter 4

Generation of Soliton Frequency
Combs in NEMS

In this chapter, we present an innovative approach leveraging combination internal reso-
nances within a NEMS-phononic cavity to generate soliton FCs spanning a broad spec-
trum. In time-domain, the FCs take the form of a periodic train of narrow pulses—a
highly coveted phenomenon within the realm of nonlinear wave-matter interactions. Our
method relies on an intricate interaction among multiple vibration modes of a bracket-
nanocantilever under excitation by a continuous-wave (CW) laser source and an electric
wave source. Enabled by the strong nonlinearity of the electrostatic field, they orchestrate
the formation of mechanical wave-packets. Through numerical simulation and experi-
mental validation, we demonstrate that amplifying the thermally excited motions of the
NEMS with the external electrostatic forcing tuned to excite the superharmonic resonance
of order-n (> 5) of the fundamental mode and exploiting combination internal resonances,
we can generate multiple stable localized mechanical wave packets with different lobe sizes
embodying soliton states I and II. Encompassing over 3000 spectral lines, these wave pack-
ets effectively couple low-frequency to high-frequency modes of the NEMS, representing a
significant breakthrough with profound implications for quantum computing and metrol-
ogy. Notably, this soliton generator can seamlessly integrate into portable devices, aligning
with contemporary miniaturized technology, Figure 4.1.
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Figure 4.1: Graphical abstract

4.1 Introduction

Over the last 25 years, OFCs have made a resounding impact, shaping fields from metrol-
ogy to astronomy [0, 65, 66, 67, 68, 69, 70]. Their frequency coherence established them
as essential metrology tools in labs worldwide [67, 71, 72]. Recent strides in nonlinear
optical resonators have harnessed the power of optical solitons, by balancing nonlinearity
and dispersion to enhance the stability of the spectral lines and FCs. This advancement
has far-reaching implications across disciplines, benefiting applications in timing, sensing,
resonance stabilization, spectroscopy, and quantum information processing. Optical FCs
realized within micro-scale nonlinear optical resonators show promise in reducing both
footprint and power consumption compared to traditional FC generators. However, chal-
lenges persist, including the costs and complexities of fabrication and experimental setup.
Further, the power threshold required to generate Kerr FCs is high leading to significant
thermal losses that can impact their stability and phase coherence. Integrating a control
component becomes crucial to address this limitation and maintain stability.

Recent advances in micro-scale fabrication techniques have driven a significant evolution
in MEMS & NEMS. These advances enable the integration of sophisticated mechanical
and electrical elements into compact devices with highly flexible materials and designs.
The combination of high structural quality and reduced effective mass empowers these
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mechanical resonators to operate at high resonant frequencies and achieve high quality (Q)
factors at ultra-low power consumption. Electrostatic MEMS & NEMS hold particular
promise as FC generators due to their strong nonlinearity. Diverse methods have been
employed to generate mechanical FCs in MEMS & NEMS, including parametric excitation,
modal interactions within one or more structures, and external excitation of self-excited
systems. All-mechanical FC generators are a natural extension of optomechanical FC
generators. They exploit higher frequency modes to play the role of a so-called phononic-
cavity. But the realization of multimodal mechanical FCs, akin to optical FCs, remains a
challenge that we address in this work.

We engineer the modal coupling mechanisms within NEMS resonators to unleashes
a spectrum of rich nonlinear features that offer an innovative solution to fundamental
problems; such as quantum transduction, as it expands the bandwidth of the generated
FCs by fostering a stronger energy transfer between participating modes. Further, the
energy exchange between modes involved in internal resonance, where natural frequencies
are integer multiples of each other (pf; = qf2), occur at rates orders of magnitude faster
than exchanges with external sources offering further stabilization to the resulting FCs.

This study presents a novel approach for the generation of mechanical soliton FCs
that exploits combination internal resonance within a NEMS resonator for energy transfer
between low and high frequency modes. It investigates theoretically and experimentally
the conditions for generation of mechanical soliton FCs in a NEMS resonator, similar to
those generated by nonlinear optical microresonators conditions. The NEMS resonator is
externally excited via electrostatic forcing tuned to a higher-order superharmonic resonance
of the fundamental mode. We find that this scheme enhances phononic coupling of the
modes, resulting in the emergence of multi-soliton mechanical FCs characterized by a
narrow pulse time-domain response.

Modal interactions arising from combination resonances within a multi-degree-of-freedom
system can manifest as parametric, external, or internal resonances. Specifically, combina-
tion internal resonances unfold in systems featuring quadratic nonlinearities, where a set
of modes satisfy the condition:

Jem fix f; (4.1)

among their natural frequencies f,,. For systems featuring cubic nonlinearities, combination
internal resonances may occur where:

ficfutfiEfi

(4.2)
or fip=2f;£f;
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Modal interactions are triggered when one of the internally combined modes is excited and
the threshold level for energy exchange is crossed.

4.2 Fabrication process for the NEMS

Two nanocantilevers were fabricated for this study, differing slightly in the support part.
Figure 4.3 depicts the nanocantilever with the bracket support, exhibiting superior quality
factors in air, with a static pull-in voltage of around 41.5 V, compared to the standard
nanocantilever shown in Figure 4.4, with a pull-in voltage of around 7.2 V. This improve-
ment underscore the effectiveness of the bracket in minimizing energy dissipation, leading
to more prolonged and stable vibrational modes. However, this disparity arises from the
enhances stiffness and the induced surface tangential stress caused by the bracket part, pro-
viding the first fabricated cantilever with the advantage of supporting high electrostatic
force before pull-in. This, in turn, has the potential to induce a high nonlinear electrostatic
component within the motion of the NEMS device.

The steps of the fabrication process for the bracket-supported nanocantilever are shown
schematically in Figure 4.2. The process uses a 3-inch silicon wafer featuring a 300 nm
thick thermal oxide layer. This wafer undergoes cleaning with acetone and isopropanol
before fabrication. Employing a standard lift-off technique, we create the bottom electrode
and bonding pads, Figure 4.2(a). This process entails negative-tone resist application,
UV lithography, and deposition of a 50 nm-thick aluminum (Al) layer through sputter
deposition. The electrode, including a top metal electrode in Figure 4.2(d), enables both
electrical (capacitive) and optical readouts via laser Doppler vibrometer. The wafer is then
spin-coated with a 1 pm-thick sacrificial positive-tone photoresist layer and patterned using
UV lithography, Figure 4.2(b).

A specialized Atmospheric-Pressure Spatial Atomic Layer Deposition (AP-SALD) sys-
tem is employed to deposit the ZnO layer. Diethylzinc and water are used as zinc and
oxygen precursors, delivered by nitrogen as a carrier gas. The reactor head distributes
these precursors via separate outlets, ensuring precise layer formation, Figure 4.2(c). The
silicon wafer, heated to 200°C, oscillates in-plane to expose its full surface to the precursor
flow channels, allowing for the deposition of a 150 nm thick ZnO film in 150 oscillations.
The resulting film conforms to the substrate surface, including the sides of the sacrificial
photoresist layer, ensuring secure attachment of the structural layer to the anchors. AP-
SALD's rapid deposition rate makes it advantageous for high-volume fabrication. Similarly,
using UV lithography allows for low-cost patterning of micron-scale features.
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(a) Bottom metal contact deposition (b) Photoresist sacrificial layer
(¢) ZnO deposition (d) Top metal contact deposition
(e) ZnO etching (f) Sacrificial layer release
Substrate Photoresist Aluminum Zinc oxide

Figure 4.2: Fabrication process

A second lift-off process is employed, Figure 4.2(d), to deposit and pattern the top
metal electrode. This 50 nm-thick Al layer, deposited via sputter deposition, defines the
cantilever's length (50 pm) and width (10 pum). The aluminum top electrode also functions
as an etch mask for reactive ion etching (RIE) of the ZnO layer, Figure 4.2(e). RIE
of the ZnO layer defines the cantilever and reveals the sacrificial layer underneath it for
subsequent release, Figure 4.2(f). We employ anisotropic oxygen plasma ashing to remove
the sacrificial photoresist layer. The process continues until the photoresist is completely
removed, as confirmed visually verified through scanning electron microscopy (SEM). The
fabrication process results in the creation of a nano cantilever beam approximately 200
nm thick (composed of 150 nm ZnO and 50 nm Al layers) with a length of 50 pm and a
width of 10 pm. A NEMS specimen is shown in Figure 4.3. Despite its substantial aspect
ratio, the cantilever remains free-standing, a feat attributed to the conformal ZnO layer
and covalent bonds generated during the AP-SALD process, ensuring robust adhesion to
the substrate.
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4.3 Comparison between the DUT's

The bracket support cantilever is shown by Figure 4.3 and the simply supported cantilever
is shown by Figure 4.4.
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Figure 4.3: The NEMS bracket-supported cantilever; (a) an SEM image showing the beam
and its anchor and (b) a schematic cross-section of the beam.

50 um

I 200 nm
2 um Air Gap

Insulator M Substrate ~ Zinc Oxide [ Aluminum

Figure 4.4: The NEMS simple-supported cantilever; (a) an SEM image showing the beam
and its anchor and (b) a schematic cross-section of the beam.

The comparison of static pull in voltage between the two devices is shown by Table 4.1.

4.4 Optical Experimental Setup

The displacement and velocity of the beam were measured optically using a high-frequency
laser Doppler vibrometer (Polytech UHF-120) via a Photo-Diode (PD) detector. The
sensor was wire-bonded to a chip carrier connected to a Power Control Board and placed
in custom-made test chamber equipped with an optical window, Figure 4.6. For NEMS
characterization, the nanocantilever was thermally actuated using the vibrometer’s laser.
The laser beam was focused onto the corner of the cantilever tip through a 50x objective
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Table 4.1: Comparison of pull in voltage between the two devices under test

Natural Frequencies | Bracket Support | Simple Support
fi 101 kHz 55 kHzz
fa 750 kHz 355 kHz
f3 830kHz 700 kHz

lens to track oscillations of the first 5 mechanical modes (5 mW and 532 nm). The measured
response was post-processed ,using a LabView software interface, in the time and frequency
domains to obtain the FFT and frequency response of the NEMS. For the frequency combs
generation, a drive electrical potential difference was supplied to the NEMS via a High-
voltage source (High Voltage Function Generator) as a secondary external force. The
laser spot was focused on the beam tip. This setup enables precise real-time analysis and
visualization of the NEMS response. However, we have removed the noise floor for the FF'T
plots depicting mechanical frequency combs to provide a clearer view of the well-defined
and discernible spectrum.

Motion signal

Vibrometer

Y
Enclosure \

Computer

High-Voltage Function
Generator

Figure 4.5: The experimental setups used for optical characterization of the DUT as well
as observation of the generated frequency combs.
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4.5 Results and discussion

The device-under-test (DUT), a nano cantilever beam, features a bracket support that
allow for the application of higher electrostatic fields compared to typical nanocantilevers
with a straight supported. The bracket support results in higher stiffness and a six-fold
increase in pull-in voltage for the same nanocantilever dimensions. The DUT is made of
a 150 nm-thick doped Zinc Oxide (ZnO) structural layer. Capacitive readout is provided
by a 50 nm-thick Aluminum (Al) layer, on top of the ZnO layer, coupled to a substrate Al
electrode, Figure 4.3(b). An SEM image of a 502um-long and 10 pm-wide DUT is shown
in Figure 4.3(a).

A biased harmonic potential difference:
v(t) = Vpo + Vac cos(27 ft) (4.3)

is applied between the top and the substrate electrodes. It creates an electrostatic field
within the air gap and results in an attractive force between the electrodes. The magnitude
of this force is proportional to the voltage squared v*(t). It is composed of a DC component,
and two time-varying components F; and Fy with frequencies corresponding to the first f
and second 2f harmonics of the voltage, respectively. This work exploits F} to drive the
out-of-plane oscillations of the DUT.

We employ optical measurement techniques, Figure 4.10(a), to investigate the me-
chanical response of the NEMS. Modal analysis of the DUT was carried out via opti-
cal measurement of the tip velocity, a node-free region, in ambient air under thermome-
chanical noise excitation induced by the measurement laser beam (532nm). The Fast
Fourier Transform (FFT) of the measured velocity unveiled three out-of-plane bending
modes and two torsional modes, Figure 4.10(b). The bending modes were observed at
fi = 100.02kHz, f, = 704.19kH and f; = 2002.02kHz, and the torsional modes were
observed at f3 = 898.72kHz and f, = 1387.06kHz. The quality factors of the modes
in air were evaluated using the half-power bandwidth method as @Q; = 8.5, )2 = 18.5,
Q3 = 39.5, Q4 = 52.2 and Q5 = 73.2. Comparing the natural frequencies of the DUT with
those of a standard, straight support, nanocantilever, Figure 4.5, we found that the natural
frequencies of the DUT's first two modes were double those of the standard nanocantilever
confirming its higher stiffness.
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Figure 4.6: (a) Schematic of the optical measurement system used to characterize the DUT.
(b) FFT of the cantilever tip velocity under thermal noise excitation.

Triggering internal resonances within the DUT requires identification of integer ratios
among its modal frequencies. We found the following commensurate ratios among the first
five mechanical modes:

fs=fat+2f .
fi=2 [ (4.5)
fs=fatfo— N (4.6)

In this context, it is feasible to activate combination internal resonances involving the first
five mechanical modes with the potential for higher modes to be subsequently involved.
The direct excitation of one single mode triggers an indirect excitation of the mechanically
coupled mode(s) when the excitation level surpasses the threshold required to initiate the
energy channel between them. This principle holds true for all three internal interaction
scenarios. The mere existence of a commensurable relation is insufficient to predict mode
interaction through internal resonance conditions; an additional requirement is that the
coupling coefficients, essential for mode interaction, must not vanish. Both criteria must be
met for mode interaction to manifest within the system. The (DUT) featuring the bracket
structure empowers us to apply a substantial electrostatic force, capable of inducing modal
interaction in various cases, all before reaching the pull-in voltage threshold.

The dimensionless equation of motion describing the dynamics of the DUT's oscillation
under transverse electrostatic forces reduces to

W+ ag +w"" = F,(w;t) + Fy(t) (4.7)
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where the overdot indicates a derivative with respect to time, the prime indicates a deriva-
tive with respect to space, a; is the nondimensional viscous damping coefficient, F,(w;t)
is the electrostatic force, and Fy(t) is a stochastic force exerted by the thermal bath. We
found that the coefficient of the geometric and inertial nonlinearities arising from the inex-
tensibility condition dy = (%)* = 0.0016 was negligible and, therefore, ignored them. The
electrostatic force can be recast into one direct and multiple parametric excitation terms
as:

Fe ~ OégV(t)2 + O[QV(t)Q (5111) + B2w2 + 53103 + 64'11)4 —+ H.O.T ) (48)
N—— —~ /
Fevi(t) F& (wit)

where 1, 52, and 3 are constants describing the time invariant components of the elec-
trostatic field.

Our actuation scheme aims to excite a large number of vibration modes. It achieves
that by sequential energy transfer among a set of modes. Direct excitation actuates a low
frequency (LF) mode. Internal combination resonance transfers energy from that mode to
a set of intermediate frequency (IF) modes. In turn, parametric excitation transfers and
amplifies energy passage from those modes to a set of high frequency (HF) modes. To
observe the interaction among the lowest five out-of-plane bending modes we rewrite the
transverse displacement as a linear combination of the lowest five eigenfunctions ¢;(s) of
a straight undamped cantilever beam:

w(sit) = 3 a(t)6(s)

where ¢;(t) is a modal coordinate. This Galerkin expansion is used in Eq. (4.7) to reduce
it to a set of five nonlinearly coupled ordinary differential equations.

The experimental setup is shown in Figure 3(a) was used to obtain the frequency
response of the NEMS in air under different excitation levels at the superharmonic reso-
nance of order 10 of the lowest mode by setting the excitation frequency to f = f1/10 =
10.005 kHz. In each case, the response was obtained by evaluating the FFT of the measured
beam tip velocity.
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Figure 4.7: (a) Schematic of the used experimental setup and FFT response for difference
waveform voltages (b) Vpe = 5V, Vac = 7V (¢) Vpc = Vac = 8V (d) Vpe = 10V and
VAC =15V and (e) VDC = 15V and VAC =30V

At the lowest excitation level of Vpc = 5V, Vac = 7V, the NEMS response, Figure
4.11(b), exhibits a uniformly spaced Frequency Comb (FC) covering the spectrum up
to 1 MHz. The spectral lines correspond to harmonics of the excitation frequency f
and a Free Spectral Range (FSR) of f = f;/10. This power distribution is formed by
the superharmonic resonance of order 10 of the first bending mode at f; and its higher
harmonics. Higher harmonics of f falling within the half-power bandwidth of the second
mode are amplified by that mode, thereby allowing the FC to extend well beyond f;.

Increasing the excitation level to Vpo = Vac = 8V, results in a wider FC extending up
to 1.87 MHz, Figure 4.11(c), with FSR = f. The amplitudes of the spectral lines forming
the FC drop slowly and uniformly throughout a compact section of the spectrum (the FC)
due to the activation of interactions among the first four vibration modes. Unlike the
previous case, a higher level of direct excitation to the first mode activates the second and
third modes trough modal interaction as per Eq. (4.4). In turn, the second mode activates
the fourth mode through modal interaction as per Eq. (4.5). These interactions allow the
FC to occupy a wider spectrum at higher amplitude. The energy exchange among the
modes also underlay the order represented by the gradual and uniform drop in the power
of those amplitudes.

Increasing of the excitation level further to Vpc = 10V and Ve = 15V, increases the
amplitudes of the FC observed above and introduces a second FC comprised of compact
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section of the spectrum extending from 1.87 MHz to 3.6 MHz, Figure 4.11(d). Both FCs
share the same FF'SR = f. A vibration node separates their domains. The second FC
appears due to the activation of the fifth mode at f5 via interaction with the first, second,
and fourth modes, as per Eq. (4.6). It encompasses two higher modes including a mode
involved in an interaction with the second and fifth modes at fs = fo + f5 = 2.712 MHz.
The highest mode in the second FC appears to simply amplify the harmonics of f rather
than being involved in energy exchange of the other modes.

At the highest excitation level Vpc = 15V and Vac = 30V, the node disappears and
the two FCs described above merge into a single FC, Figure 4.11(e), comprised of more
than 300 combs with the same FI'SR = f and covering a frequency spectrum in excess of
3 MHz. Conducting the same experiment on other DUTs with thicker aluminum electrodes,
resulting in destruction of the modal interactions described above, produces FCs similar
to that seen in Figure 4.11(b) that cover a limited range of the frequency spectrum and
lack uniformity in power distribution due to the absence of the energy exchange facilitated
by the internal combination resonances. This was true up to the highest excitation level
of VDC = 15V and VAC = 30V.

A soliton FC centered at 0 Hz was observed under a higher excitation level than those de-
scribed above. We generated solitons with varying FSRs under an excitation of Vpo = 20V
and Vye = 35V, Figure 4.12. A complex FFT of the NEMS response to a superharmonic
resonance of order 10 (f = 10.005kHz), Figure 4.12(d), reveals a soliton state-I spanning
8 MHz and comprised of more than over 800 combs with FSR= f. A slight reduction in
the excitation frequency by 5Hz to FSR= f = 10.0kHz initiates the formation of lobes
within the soliton, Figure 4.12(f). It also increases the soliton sizefrom 800 to 820 lines, in-
dicating of increased energy exchange and enhanced modal interaction. A further another
5Hzto FSR= f = 10.005kHz yields a soliton state-II with discernible small lobes, Fig-
ure 4.12(a). Incrementally decreasing the excitation frequency by steps of 10 Hz generates
state-1I soliton FCs with larger lobe sizes, Figures 4.12(a)-(c).

Moreover, experimentation at f = f;/20 = 5kHz, employing the same waveform
(Vpe = 20V and Vo = 35V) (Figure 4.12(d)), generates soliton state I covering a nar-
rower frequency range compared to the former case. This underscores the significance of
exciting with lower frequencies in facilitating internal modal interaction. Ensuring higher
harmonics of the excitation fall within the half bandwidth of the targeted mechanical mode
that will be as a result activated.

Expanding the frequency range, Figure 4.13(a) and (c) reveals a multi-soliton FC spec-
trum, covering 15 MHz and yielding around 3000 FCs. This expansion underscores the
involvement of higher-order mechanical modes in multi-soliton formation. Numerical simu-
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lation,Figure 4.13(b) and (d), validates the observed DUT response, validating the creation

of multi-solitons in both states I and II with a reduced FC number due to the consideration
of only 5 bending modes.
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Figure 4.8: Complex FFT for the DUT velocity response for state II soliton (a), (c¢) and
(e) and Soliton state I (b), (d) and (f)

We compare in Table 4.2 our FC to other phononic FCs realized recently. The com-
parison underscores the significance of internal combination resonance in terms of power
efficiency, simplicity, and the number of realized teeth across the comb, two orders of mag-
nitude higher than all others reported in the literature to date. We note that operating our
frequency comb generator in a vacuum, like those reported here, will result in even wider
and more powerful frequency combs. The strength of the generated FCs is dependent on

the activation of the internal modal interaction and the resulting energy exchange between
the mechanical modes.

65



Table 4.2: Comparison of FCs in NEMS/MEMS

Material Pressure Base Frequency FSR # of Combs
ZnO[ this work] | Ambient 101.1kHz 10kHz 3000

Siz Ny[64] < 107° mbar 118kHz 118kHz 35
SiN[114] < 107* mbar 6.52MHz 1.1kHz 12
Graphene [115] | < 1072 mbar 2.87TMHz 28.7kHz 16
MoS,[116] 2 x 10~ 2mbar 24MHz, 26.45kHz 15
Si[117] High vacuum 26kHz 0.8 — 2.6kHz 25
Si[118] 70 mbar 417kHz 0.103kHz 27
AIN/Si[113] — 3.86MHz 2.6kHz 9
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Figure 4.9: FFT showing multi soliton response for states I and II from (a) and (c¢) Exper-
imental results and (b) and (d)Numerical simulation

We investigate the frequency stability and phase coherence of the generated FCs. The
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precision of mechanical wave packet generators relies heavily on stable frequency references.
Figure 4.14 showcases the time-domain response of the NEMS for various voltage waveforms
while maintaining the same excitation frequency discussed earlier in Figure 3. Notably, the
highest excitation level yields a pulse train representing the NEMS mechanical response, a
result of internal modal interaction generating higher harmonics. As the force excitation
level increases, a discernible evolution unfolds in the velocity amplitude and the temporal
response shape, progressively transitioning into a more periodic pattern until it culminates
in a distinctive pulse train shape. Notably, during the final excitation with the highest
levels (Vpe = 15V and Vac = 30V), the time-domain response reveals a unique pulse train,
representing the mechanical response of the NEMS, where the period (T) precisely equals
0.1 ms, corresponding to an FSR1 of 10 kHz. Upon closer examination of the last time-
domain response, we identify a soliton-like shape, as depicted in Figure 4.14(d). This pulse
train’s emergence stems from the generation of an extensive array of higher harmonics of
the excitation frequency, originating from internal modal interaction. Numerical simulation
results in Figure 4.15(e) replicate the same time-domain response shape as Figure 4.14(c),
albeit unable to reach the pulse train shape due to the imposed pull-in voltage.

p
-

»N
oS

- 4 — 8V, +8V

o 7 ot Ve

€ > £ 10

E E

2° 20

o 5]

o2 S _q0

0 Q

> -4 >

x ! ; , ; . y —20
000 025 050 075 1.00 125 150 175 200 000 025 050 075 1.00 125 150 175 2.00

Cc Time [ms] d Time [ms]

— 30 10V, +15V, — 200 15V, +30V,

[ o

L 5l K4

£ Tol £ 100

E E

2 0 > 0

Q -10 S

° 8 -100}

o 20 °

> 30 > 200} ‘ ‘ ‘ ‘

000 025 050 075 1.00 125 150 1.75 2.00 025 050 075 1.00 125 150 175 2.00
Time [ms] Time [ms]

Figure 4.10: Time domain response for different waveforms and same excitation frequency.

Maintaining the highest excitation level, we further explore varying excitation frequen-
cies to demonstrate the system’s ability to sustain consistent time-domain responses across
different cases, Figure 4.15. The escalating frequency, indicative of exciting higher-order
super harmonics, amplifies the velocity amplitude significantly. This increase, ranging from
103 mm/s for the super harmonic of order 10 to 516 mm/s for the case of the super har-
monic of order 2, signifies a more distributed energy as the system approaches the first
mechanical mode.
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Figure 4.11: Time domain response for same voltage waveforms and different excitation
frequency (a,b,c and d) Experimental results and (e) numerical simulation.

4.6 Conclusion

In conclusion, this study has successfully demonstrated a novel and effective technique for
generating mechanical soliton FCs via internal modal interactions across a broad spectrum
of mechanical modes, from low to high frequency ranges. Leveraging an electrostatic NEMS
as a platform, we demonstrated the capability to produce multi-soliton FCs operating
within the MHz frequency range, with kHz-level spacing facilitated by a highly nonlinear
electrostatic system that enhances internal modal interaction. A nanobeam was subjected
to electrostatic actuation to precisely excite the superharmonic of-order-ten of the first
bending mode. High excitation levels result in the creation of stable and resilient multi-
mechanical soliton frequency combs, perfectly aligned with the electric excitation frequency
spacing. Moreover, by slightly adjusting the frequency, we can generate soliton states I and
IT with varying lobe sizes. This novel architecture of soliton frequency comb generators
holds immense promise in the fields of metrology, quantum computing, and notably, sensing
through spectroscopy by leveraging the concept of dual-frequency combs.
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Chapter 5

Conclusions and Future Work

5.1 Summary of Contributions

Throughout this thesis, we harnessed the MOF-CVD approach to sensitize silicon can-
tilevers with a MOF as a sensing layer for VOC detection, comparing its performance with
cantilevers coated with a ZnO thin film. Our investigation unveiled the superior sensi-
tivity of the MOF-coated sensor to VOCs, achieving LODs in the ppb range, attributed
to the high porosity and large surface area of MAF-6. Further sensitivity enhancements
are attainable by reducing the microcantilever dimensions and optimizing the actuation
and read-out scheme. Remarkably, this technique is solvent-free and compatible with con-
ventional microfabrication processes, positioning it as a promising candidate for highly
sensitive gas sensors.

In addition, we introduced novel noise-driven ZnO NEMS sensors capable of achieving
sensitivity comparable to MOF-coated MEMS sensors due to their high inertial sensitivity.
These sensors offer autonomy and low power consumption, setting the stage for leveraging
these advantages by transforming a portion of the structural ZnO into MOF's via a similar
CVD process.

Moreover, our research contributed to advancing microfabrication processes for free-
standing metal oxide cantilevers, effectively mitigating associated challenges. By leverag-
ing the oxide layer as both the structural and gas-sensitive receptor layer, we minimized
interlayer damping effects. The reduction in cantilever mass through a thin oxide layer
deposited via the AP-SALD technique significantly enhanced the cantilevers’ quality factor
under ambient conditions.
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Furthermore, we successfully developed an energy-efficient technique for generating
electro-mechanical frequency combs via modal interactions between electrical and mechan-
ical resonators. Using an electrostatic NEMS platform, we demonstrated the generation of
multi-soliton frequency combs across a broad frequency spectrum. This innovative tech-
nique holds potential applications in metrology, quantum computing, and sensing through
spectroscopy by leveraging the concept of dual-frequency combs.

Finally, our thesis presents a novel and effective approach for generating mechanical
soliton FCs across a broad spectrum of mechanical modes. Leveraging an electrostatic
NEMS platform, we demonstrated the production of multi-soliton FCs operating within the
MHz frequency range. This innovative soliton frequency comb architecture holds immense
potential in various fields, including metrology, quantum computing, and sensing through
spectroscopy.

5.2 Future Work

Our future research endeavors will focus on several key areas:

Firstly, we plan to transition the electrostatic ZnO NEMS sensors to MOF NEMS
sensors to enhance sensitivity and selectivity for VOCs. This transition holds promise for
improving the performance of our sensors in detecting volatile organic compounds.

Secondly, we aim to explore the potential applications of soliton frequency combs gen-
erated for gas sensing purposes. Leveraging the inherent sensitivity of the ZnO material
in the sensor structure, we anticipate achieving highly efficient sensing mechanisms. By
utilizing soliton frequency combs as a sensitive metric, we expect to enhance the detection
capabilities of our gas sensors significantly.

Furthermore, we intend to investigate the optical response of the generated frequency
combs. Modulation by mechanical responses can potentially yield dense optomechanical
responses, opening up avenues for novel sensing applications. This exploration into optome-
chanical responses promises to provide valuable insights into the behavior and character-
istics of our frequency combs, further enhancing their utility in gas sensing and beyond.
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