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Due to their small size, nanomechanical systems exhibit a strong response to external perturbations, which has led to remarkable progress in mass spectrometry over the last decade. The combination with optomechanical concepts should lead to further advances, thanks to the unprecedented sensitivity and bandwidth of optomechanical techniques. In this thesis, we have used the intense optomechanical coupling at work in gallium arsenide disk resonators to perform continuous and parallel optical tracking of multiple modes of vibration of a disk, optically excited by sinusoidal modulation of the input laser. A multi-physics model was developed to describe the optomechanical experiments under these conditions, including photothermal forces, radiation pressure, electrostriction, and non-linear absorption in the device. It allowed a quantitative interpretation of the multi-mode optical output signal, which carries useful detection information when an external stimulus disturbs the disk. Solid nanoparticles of femto-gram mass, and liquid droplets of a few tens of attolitres, were detected when they landed on a disk resonator, by measuring the frequency shifts of optical and mechanical resonances of the latter. These shifts were modelled using analytical and numerical tools, and allowed the mass and geometry of the objects adsorbed on the resonator to be assessed. This work demonstrates the effectiveness of optomechanical devices for mass measurement and, more generally, for the dual mechanical and optical analysis of nanometric objects. The first steps are thus taken towards a rapid and quantitative method for identifying biological particles and studying liquids at the nanometric scale.

Résumé

Grâce à leurs petites dimensions, les systèmes nanomécaniques présentent une réaction forte aux perturbations externes, qui a mené à des progrès remarquables en spectrométrie de masse au cours de la dernière décennie. La combinaison avec des concepts optomécaniques devrait conduire à de nouvelles avancées, grâce à la sensibilité et la bande passante sans précédent des techniques optomécaniques. Dans cette thèse, nous avons utilisé l'intense couplage optomécanique à l'oeuvre dans les résonateurs à disque en arséniure de gallium pour réaliser un suivi optique, en continu et en parallèle, de multiples modes de vibration d'un disque, excités optiquement par modulation sinusoïdale du laser d'entrée. Un modèle multi-physique a été développé pour décrire les expériences optomécaniques dans ces conditions, incluant les forces photothermiques, la pression de radiation, l'électrostriction, et l'absorption non linéaire dans le dispositif. Il a permis une interprétation quantitative du signal multi-mode de sortie optique, qui porte l'information utile de détection lorsqu'un stimulus externe perturbe le disque. Des nanoparticules solides d'une masse de l'ordre du femto-gramme, et des gouttelettes liquides de quelques dizaines d'attolitres, ont été détectées lorsqu'elles se posaient sur un résonateur à disque, en mesurant les décalages en fréquence de résonances optiques et mécaniques de ce dernier. Ces décalages ont été modélisés à l'aide d'outils analytiques et numériques, et ont permis d'évaluer la masse et la géométrie des objets adsorbés sur le résonateur. Ce travail démontre l'efficacité des dispositifs optomécaniques pour la mesure de masse et plus généralement pour l'analyse duale, mécanique et optique, d'objets nanométriques. Les premiers pas sont ainsi effectués vers une méthode rapide et quantitative d'identification de particules biologiques, et d'étude de liquides à l'échelle nanométrique.
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Introduction

Infectious diseases have played an important role throughout human history, particularly since individuals began to gather and form societies. High population density, along with the ever-increasing level of globalization, exposes modern society to the constant risk of viral outbreaks, of which the spread of the Sars-CoV-virus is only the latest example. The global health crisis we are experiencing has highlighted the usefulness of reliable diagnostic tests for the identification of infected individuals in order to limit the spread of the infection. Currently gold standard diagnostic methods are based on nucleic acid amplification through polymerase chain reaction (PCR test), virus-antigen detection (rapid antigen tests), or specific detection of antibodies produced by the infected host (serological tests). While the applicability of the latter is limited to several days after infection, PCR and rapid antigen tests suffer respectively from a long sample-to-result time and high false negative rate. In the last two decades, the scientific community has identified a promising class of devices as good candidates for a new-generation of rapid, accurate, and affordable diagnostic platform: nanomechanical sensors [ ]. As a result of recent developments in the field of nanotechnology, they provide high responsivity to perturbations from the surrounding environment due to their minute sizes. By measuring the change in their vibration frequency induced by the interaction with a target analyte, information about the pathogen's mass and elasticity can be inferred and employed for its identification. The integrability of nanomechanical sensors in compact and portable devices, together with the possibility of adapting their performance to any viral species, suggests the realization of label-free point-of-care assays that do not require the transport of biological samples to specialized testing centres. Among all nanomechanical devices, optomechanical systems excel for their unique motion sensitivity provided by the strong interaction between optical and mechanical degrees of freedom, which guarantees remarkable resolution in sensing experiments [ -]. In our team, optomechanical resonators have already been applied to force sensing demonstrating high spatial and time resolution [ , ], paving the way towards optomechanical mass spectrometry. With this skills in hands, in our team joined an interdisciplinary consortium * for the creation of the Viruscan project within the framework of the European research and innovation program Horizon . Anticipating the demand for new diagnostic tools, which was confirmed and illustrated during the COVID-pandemic, this project aimed at developing an optomechanical sensor that could identify individual viruses from the measurement of two physical parameters: their mass and stiffness. In this project, viruses contained in a human sample are isolated and deposited on an optomechanical sensor, whose modified mechanical response provides information about the pathogen without CONTENTS the need for genome amplification nor antibody development. From the measurement of the virus stiffness, the infectious potential and maturation status of the pathogen can also be inferred.

Although clinical application of the Viruscan instrument remains an ambition for the future, significant progress has been made in the consortium during the past four years leading to the collaborative development of new technologies and expertise.

nm virus-like particles can now be successfully separated from the other components of the blood sample using networks of pillars that constitute deterministic lateral deflection (DLD) modules. The pre-concentrated solution is desolvated with an electro-spray ionization (ESI) apparatus and the contained virus-like particles are successfully guided under vacuum towards the optomechanical disk resonator and focused over a m diameter surface. In addition to this excellent particle focusing capability, the current prototype of the Viruscan instrument provides slowing down of particles ejected through ESI at ultrasonic velocity before landing on the resonator. This avoids analyte fragmentation and allows measuring intact viruses. The responsivity and sensitivity of the optomechanical sensor to mass deposition has been first tested with large bacteria and then with smaller silica and latex nanoparticles, proving their applicability to the detection of large viruses (> nm).

. Outline of the manuscript

A comparative presentation of the existing platforms for nanomechanical sensing is provided in Chapter with a focus on devices relying on optomechanical read-out techniques. A description of the basic equations governing optomechanical systems is also provided. The main steps followed in the nano-fabrication of the Gallium Arsenide (GaAs) optomechanical disk resonators employed in this thesis are detailed in Chapter , together with the employed analytical and numerical modelling tools and measurements techniques. A description of the operation of an optically actuated and detected optomechanical disk resonator is provided in Chapter and a multiphysics model that accounts for (non)linear photon absorption and photothermal processes is shown to quantitatively describe this operation mode, which is used for sensing in subsequent chapters. In Chapter , wetting and evaporation of liquid droplets at the nanoscale are investigated through optical and mechanical sensing experiments on -propanol nanodroplets. Numerical modelling of the optical and mechanical interactions between the optomechanical resonator and the droplets are provided. Finally, in Chapter , multimode optomechanical sensing experiments on latex ( nm) and silica ( nm) nanoparticles are presented and interpreted based on analytical and numerical models.

[ ] S. Forstner, S. Prams, J. Knittel, E. D. Van 

. Nanotechnology-based biosensors

Significant advances in nanofabrication techniques have enabled the miniaturization of mechanical devices that now reach sizes comparable to small biological objects. The rapid response time and high susceptibility to external perturbations of these devices allow them to probe forces, displacements, and mass changes occurring down to the molecular scale. The interest in applying these systems to biosensing stems from the lack of viable alternatives for weighting masses ranging from attograms to hundreds of picograms. In fact, as shown in Fig. . , conventional (time-of-flight type) mass spectrometry is widely used to measure objects ranging from a few to 6 Daltons * [ ], but is unable to cover a wide range of masses between 7 and 13 Daltons, which turns out to be also inaccessible to quartz crystal microbalances (QCMs) whose resolution is limited to pg ( × 13 Da). A gap is hence to be filled, where many important biological objects of interest are present, notably viruses ans bacteria. An ideal biosensor should be able to detect small amounts of sample in a short time interval, while coming with an ease of fabrication, integration and biofunctionalization (if needed), a potential for multiplexing, robustness, a good trade-off between sensitivity and rate of false-positives and possibly a compliance with mass production. * Da= . x -24 g 10 - 10 10 -9 10 -8 10 - .

MECHANICAL MASS SENSORS

Focusing on the first two figures of merit, limit of detection and analysis time, Ref. [ ] provides an overview of several available novel biosensors based on nanotechnologies and compares them to standard biodetection techniques, such as lateral flow assays (LFAs), enzyme-linked immunosorbent assays (ELISAs), biobarcode amplification and immunofluorescent assays. As shown in Fig. . , techniques based on surface-plasmon resonators (SPRs), suspended microchannels (SMRs), nanowires (NWs), microring resonators (MRRs), quartz crystal microbalances (QCMs) and microcantilevers (MCs) are attractive if compared to the long analysis time required by bio-barcode amplification assay and the poor limit of detection of LFA. Focusing on mechanical sensors like microcantilevers, their minute size are not only responsible for a remarkable sensitivity, but also for a reduced surface available for detection that increases the analysis time. In this sense, we would expect them to occupy the bottom-right part of the plot in Fig. . , but often, their limit of detection is compromised to provide a larger capture area. Multiplexing of arrays of nanomechanical devices is a promising solution that would allow beating the present state of the art and provide at the same time high sensitivity (low limit of detection) and short analysis time.

. Mechanical mass sensors

The task of each sensor is to convert an external perturbation due to an optical (SPRs and MRRs), mechanical (SMRs, QCMs, MCs) or electrical (NWs) interaction with the analyte into a measurable signal. In particular, the working principle of a mass sensor is sketched in Fig. . . Particle adsorption onto the sensor, modelled as an harmonic mechanical oscillator, induces a red-shift of its mechanical resonant frequency, the latter being equal to = 1/2 / , with and the effective spring and mass of the resonator. Sauerbrey's equation provides an analytical expression relating the mechanical resonant frequency shift (Δ ) to the added mass (Δ ), in the limit of small perturbation:

Δ = -2 Δ ( . )
Here, we focus on the mass-effect and neglect first the surface stress introduced by the particle. From Eq. . , we can define the device responsivity Δ /Δ = -/2 and its limit of detection Δ = -2 < Δ / >. These two expressions highlight the advantage of using light (small ) and fast oscillating (high ) mechanical oscillators. Minimum resolvable frequency variation can be estimated according to Robins' equation [ ]:

< >= 1 2 1 SNR ( . )
with the mechanical quality factor and SNR the ratio between the driven motion amplitude and the equivalent noise amplitude on mechanical resonance. Replacing Eq. . into Eq. . and neglecting the SNR dependence on [ ], we understand that in practice, in many experimental conditions (this is not always true from first principle, because a high Q also makes mechanical nonlinearities more problematic), the larger the mechanical quality factor, the lower the minimum detectable mass. red-shift of its resonant frequency. In the small perturbation regime, we can assume that the shift is proportional to the added mass and that the mechanical damping rate is unchanged.

NANOMECHANICAL AND OPTOMECHANICAL SENSING

"Functionalization" of the device surface is commonly used to achieve high selectivity towards the target species based on chemical affinity and it is essential for measuring biological particles in their liquid environment. However, liquid damping strongly affects the performances of mechanical sensors by reducing their mechanical quality factor ( ) [ ]. The above discussion of minimum detectable frequency variation (Eq. . ) assumes that frequency noise mechanisms at the resonator level are negligible, and that the mere experimental SNR is of importance for that matter. As reported in Fig. . MULTIMODE MECHANICAL MASS-SPECTROMETRY a channel were acquired by tracking four mechanical modes of the resonator with Hz bandwidth. Being sensitive to the "buoyant mass" (Δ = ( -), with the volume and the density), this technique is however not suitable for detecting small biological objects whose density is close to that of the liquid they are immersed in.

Operation outside the liquid environment requires the implementation of a system capable of extracting the analyte from its liquid environment and transporting it towards the resonator. The former task is generally accomplished by electro-spray ionization (ESI) or by surface acoustic waves (SAWs), while the second relies on ion-optics [ ] (Fig. . (b)), [ ] or aerodynamic lenses [ -] (Fig. . (g,i,k,n)) that focus the particle on the small detection cross-section provided by the sensor surface. Guiding the particles towards the sensor is necessary to reduce the sample consumption and its preconcentration level, and to optimize the analysis time, which still remains the limiting aspect of these techniques. The need for a trade-off between sensitivity and detection area is evident. To circumvent this problem, multiplexed nanomechanical resonator arrays distinguishable by their resonant frequency [ , ] (Fig. . (k)) and integrated polymeric frames acting as an ionic lens [ ] (Fig. . (o)) were very recently proposed and tried to effectively reduce the analysis time in nanomechanical sensing devices. This is however still coming at the price of complexity and/or moderate level of ionic control.

. Multimode mechanical mass-spectrometry

By combining information from multiple mechanical modes, additional characteristics of the analytes, such as their stiffness or spatial distribution on the sensor surface, can be inferred. Each vibration mode responds differently to particle mass adsorption, depending on the vibration amplitude at the particle position, with the mass perturbation vanishing at the spatial nodes of the mechanical mode. Therefore, simultaneous tracking of two mechanical modes is at least necessary to de-convolute the information coming from the deposited mass quantity and adsorption position [ ] (Fig. . (c)). Moving beyond the point-mass approximation, Refs. [ ] (Fig. . (e)) and [ ] demonstrated how the position, mass and shape of non-volatile droplets deposited on a beam can be measured by acquiring the signal from multiple mechanical modes. However, this approach neglected the effect related to the adsorbate stiffness. The latter become relevant for stiff objects with thickness comparable to that of the resonator and can lead to underestimation of the measured mass if not accounted for. As reported in Ref. [ ], the mechanical stress exerted by the adsorbate onto the resonator, in response to the resonator vibration, induces a positive shift of the mechanical resonance frequency of the sensor. This effect is proportional to the volume of the adsorbate in which the mechanical strain in confined. Tracking three mechanical modes allowed estimation of both the mass and the Young modulus of E. coli bacteria deposited on a cantilever [ ], allowing a more complete characterization of biological species.

. Actuation and detection of mechanical vibrations

Mass detection based on mechanical resonance displacement requires efficient transduction of mechanical motion in the form of a measurable output signal. Using the definition provided by Ref. [ ], this task is accomplished by an "output transducer". To ensure that this read-out is not disturbed by noise, an "input transducer" is required to exert a force on the sensor. This induces a coherent actuation of the resonator motion leading to an increase in the SNR and an improved limit of detection, as anticipated by Eq. . .

There are several input and output transduction techniques based on electrical, thermal or optical processes that can be found in literature. Electrical actuation of the mechanical motion is one of the most common. It can be achieved by integrating piezoelectric ceramic shakers into the chip design, or by exploiting the piezoelectricity of the constitutive material. Thermoelastic, capacitive and electric dipole forces have also been used. However, scaling down the mechanical resonator makes the introduction of electrical connections more complicated and limits the effectiveness of electrical actuation by increasing the impact of parasitic capacitances. Additional complications are revealed when working in wet and liquid environments. Symmetrically, mechanical vibration readout can be performed through electrical techniques. However, these are less efficient when applied to resonators that experience small, high-frequency oscillations.

Optical techniques allow motion actuation by exploiting radiation pressure/electrostriction and photothermal forces, while providing considerable displacement sensitivity in the read-out. Optical transduction has been widely used in free-space detection of AFM probes while limiting their size to that of the optical detection spot. Small high-Q optical cavities have recently overcome this limit by co-localising the mechanical and the optical modes on a small optomechanical resonator [ ].

Hybrid configurations for mass sensing relying on an optomechanical read-out and an electrical or thermal actuation have also been employed [ , ] (Fig. 

. A general optomechanical model

Let us discuss here a generic optomechanical system to appreciate the advantages of an optical actuation and detection of the mechanical motion. We will then provide some application examples for mass sensing.

A common model for an optomechanical system is sketched in Fig. . . It consists of two mirrors facing each other and creating an optical Fabry-Pérot cavity. The light that enters through one of the two mirrors (the input mirror is semi-transparent) is completely reflected by the second (back mirror). When the length of the optical path inside the cavity (2 ) is a multiple of the input light wavelength ( ), constructive interference occurs and the energy stored inside the cavity increases with a consequent dip in the output optical is the intrinsic photon loss rate and is the optical exchange rate with the input/output optical port.

power. The resonant condition to be fulfilled writes:

2 = with ∈ ℕ ( . )
The rate at which photons can enter and exit the cavity ( ), depends on the input mirror reflectivity, while intrinsic loss channels cause photons to escape the cavity at rate . If the back mirror moves, the optical path is modified, together with the optical resonant wavelength of the cavity. The back mirror in Fig. . is connected to the lab frame through a spring. It becomes a damped harmonic oscillator with characteristic angular frequency , effective mass , and energy loss rate Γ . For a fixed wavelength of the input light and for an harmonic oscillation of the moving mirror around its equilibrium position, the intracavity field and the optical output signal are modulated at . But the optical field and the mechanical displacement are also coupled in the reverse way: the photons reflected back and forth in the cavity exert a force on the back mirror, for example through "radiation pressure", driving its mechanical motion. Since the force is proportional to the number of photons in the cavity, its effect is maximum when the resonance condition is satisfied. This bi-directional coupling is parametrized by the optomechanical frequency pull parameter that quantifies the optical frequency shift ( ) induced by an infinitesimal displacement ( ) of the back mirror:

= - ( . )
In the simple canonical case, the set of coupled equations that describe this Fabry-Pérot system is [ ]:

( ) + 2 -Δ - ( ) ( ) = √ ( ) ( . ) ( ) + Γ ( ) + 2 ( ) = ( + )/ ( . )
The first equation describes the dynamics of the intracavity optical field ( ), whereas the second concerns the time dependent mechanical displacement ( ). is the sum of and , Δ is the laser-cavity detuning and ( ) is the input optical field. Optical ( ) and Langevin (

) force are acting on the mirror, originating respectively from the radiation pressure and from the coupling to the external thermal bath. The former can be expressed as = , with = | ( )| 2 the number of photons inside the cavity. For low intracavity field intensity, it becomes negligible compared to the Langevin forces whose spectral density can be calculated as ℎ = 4 Γ .

Linearisation of Eqs. . , . around the steady state values ¯ and ¯ is possible in the limit of small perturbations ( , ). This leads to:

( ) + 2 -Δ ( ) + ¯ ( ) = 0 ( . ) ( ) + Γ ( ) + 2 ( ) = - ¯ ( ( ) + * ( )) + / ( . )
where Δ is the modified laser-cavity detuning Δ + ¯ . Solving these equations in the Fourier space we get:

˜ ( ) = - ¯ ( ) ( ) ( 2 -2 -Γ ) - 2 ¯ 2 ( ( ) - * (-)) ( . ) ˜ ( ) = ( ) 2 -2 -Γ - 2 ¯ 2 ( ( ) - * (-)) ( . ) with ( ) = /2 -( + Δ) -1
the spectral component of the optical susceptibility. The spectral components of the mechanical displacement in Eq. . are the ones of a damped harmonic oscillator whose intrinsic damping and resonance frequency have been modified respectively by the real and imaginary part of the term -2 ¯ 2 ( ( ) - * (-)). This deformation of the mechanical response induced by the optomechanical coupling is called "back-action" [ ]. It underlies the optical spring effect, which is a mechanism sometimes exploited in sensing [ , ]. It also leads to the effects of optomechanical amplification and cooling of motion [ ]. Intracavity field modulation induced by mechanical displacement can be inferred by measuring the optical output of the cavity, for example the output power:

( ) = | ¯ - √ ( )| 2 ( . )
By reducing the size of the optical cavity and colocalizing the mechanical and optical modes using a plethora of different geometries, displacement sensitivity of -18 m/Hz 1/2 has been achieved in optomechanical devices. This is the case of the optomechanical disk employed in this thesis. These advances not only paved the way toward quantum optomechanics, but have evidently sparked much interest in the field of sensing.

The simplified description of optomechanical systems proposed here is intended to show the principle of optical and mechanical coupling, and to anticipate the qualities of an optomechanical platform in view of sensing applications. A more detailed description of the parameters involved will be provided in the next chapters. Specifically, thermal effects distinct from radiation pressure that efficiently contribute to optomechanical coupling and actuation will be presented in Chapter and .

. Optomechanical mass-sensors

The field of cavity optomechanics provides a large variety of small devices integrated on-chip showing high displacement sensitivity [ ]. In addition, optical transduction does not suffer from the bandwidth limitations of electrical read-out. This allows sensing with high temporal and spatial resolution and simultaneous tracking of multiple mechanical modes, even in the ultra-high frequency range [ ]. Detection surface enhancement is also possible by multiplexing several optomechanical resonators on the same chip achievable with integrated optical circuits [ , ]. Despite the aforementioned advantages of this platform, few examples of optomechanical mass sensors are currently available in the literature.

All-optical actuation and detection of mechanical vibrational modes was shown in with nanomechanical cantilevers [ ] (Fig. . (a)). The authors exploited photothermal forces (displacement of the mechanical device generated by thermal expansion after absorption of the illuminating laser light) to excite the mechanical oscillations of their device and laserinterferometry for its read-out. Femtogram mass sensitivity was shown upon adsorption of particles on its surface. Ten years later, Ref. [ ] (Fig. . (d)) demonstrated mass sensing of pico-gram particles with fundamental in-plane vibration of a silicon micro-toroid. This modest but encouraging limit of detection was achieved by injecting a large optical power into the high-Q optical cavity until the self-oscillation regime was activated. In these conditions, optomechanical coupling provides a coherent driving of the mechanical vibration, which comes as an interesting approach for sensing [ , ]. Despite this nice achievement, difficulties in the device calibration made quantitative mass sensing in this first optomechanical example an ambitious objective.

Beyond silica micro-toroids that are poorly integrable, semiconductor optomechanical disk resonators can be integrated on chip and applied to mass sensing taking advantage of their extended detection area, large mechanical frequencies and quality factors. Indeed, in plane-vibrations of these devices, besides benefiting from a great optomechanical coupling, are less affected by air and liquid damping compared to "out of plane" modes employed in cantilever geometries [ , ]. Practical demonstration of these capabilities in liquid was show in Ref. [ ] (Fig. . (l)), where BSA proteins and T virus capsids were detected using functionalized Silicon optomechanical disk resonators in a biological buffer. Analyte concentration was estimated and found to be consistent with that measured by standard QCM techniques. Mass sensitivity was limited by the yet poor optical actuation of the mechanical vibration, limiting the SNR. When operated in ambient conditions, optomechanical disk resonators have shown interesting mechanical mode hybridization induced by the coupling of disk vibrations to UHF mechanical vibrations of individual bacteria deposited on their surface [ ] (Fig. . (p)). Although this technology cannot be currently assimilated to an in situ mass spectrometry, it allows the estimation of some mechanical parameters of the bacterium, such as its mass, stiffness, and damping. Semiconductor optomechanical disk resonators are hence opening new possibilities which this thesis further explores.

In presence of optomechanical devices, the optical interaction of the sensor with the analyte should be considered. Indeed, the evanescent electromagnetic field of the optical mode stored in these devices can interact with external object, to be sensed. This leads to an optical cavity frequency shift that has been widely exploited to provide information about the analyte volume and refractive index [ , ]. The maximum resolution obtained with this technique corresponds to / ≈ x -10 . Ref. [ ] (Fig. . (h)) was able to even beat this limit and detect single molecules in the kDa range exploiting the optomechanical coupling. The mechanical resonant frequency of a silica micro-sphere set in mechanical self-oscillation is, indeed, extremely sensitive to the laser-cavity detuning because of the optomechanically-induced spring effect (See . ). Through this optical spring effect, any small perturbation of the cavity optical wavelength has large impact on the mechanical frequency shift, leading an amplified sensing effect. In this sensing protocol, the mechanical frequency shift induced by the added mass was neglected, being much smaller than the device limit of detection and the optical spring shift. This condition was not verified in Ref. [ ] (Fig. . (m)) which exploited the spring effect to amplify the mechanical frequency shift induced by the adsorption of gas molecules of the device surface. When the optical interaction of the analyte with the sensor is hard to model, this spring effect is unexploitable. It can be avoided by spatially separating the optical cavity from the mechanical resonator and, where possible, protect the former from particle adsorption. This is the strategy followed by [ ].

Hybrid devices relying on optical read-out and electrical actuation of the mechanical vibrations hold today the best results in terms of mass sensitivity. For example, nanomechanical cantilever monitored with an optical racetrack resonator enabled gas chromatography with mass and concentration detection limits of ag and ppm respectively [ ] (Fig. . (j)). Very recently, a simple and effective optomechanical detection protocol for mass sensing has been demonstrated in Ref. [ ]. In addition to maintaining a detection limit of . attogram comparable to that of piezo-resistive beams [ ], the detection signal was made independent of the particle's absorption position on the resonator, and independent of its shape and stiffness. This could be achieved by employing rigid in-plane vibration of the mechanical resonator monitored by a dedicated optomechanical coupling. This resulted in a good compromise between the accessible information on the analyte, on one side, and effective surface of detection and ease of mass signal deconvolution, on the other.

In this diverse panorama of mass sensors, we include our semiconductor-based optomechanical disk resonators, which takes advantage of an all-optical actuation and detection to ensure high sensitivity while providing a large detection surface. The tracking of multiples mechanical modes in the ultra-high frequency range is enabled by the large bandwidth optical operation, giving promising prospect of simultaneous interrogation of the adsorbate mass, stiffness and aspect ratio. In addition, the colocalization of the optical and mechanical modes in the same volume makes this optomechanical device also a sensor for the optical properties of the target particle. Designed for sensing of viruses, this platform already demonstrated its effectiveness with solid nanoparticles of similar dimensions and elastic properties of viruses and showed interesting results on sensing of sub-micron liquid droplets. [ ] E. 
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. Optomechanical disk fabrication process

In this section, we will explore the main steps of the fabrication process of Gallium Arsenide (GaAs) disk resonators. The established expertises of our group on this subject have been re-optimized to meet the needs of sensing applications. The device, consisting of a GaAs disk suspended over an Aluminium Gallium Arsenide (AlGaAs) pedestal, is shown in Fig. . (a,b). A disk thickness of nm has been selected as optimal for low mass, stable fabrication, and compliance with telecom photonics design. The radius of the resonator has been set to m in order to maximize the viruses/particles detection capture area without affecting the sensor performances. A larger radius would reduce its sensitivity to external perturbations (∝ 1/

√

) and its optomechanical coupling (∝ 1/ ) leading to a lower signal to noise ratio. In addition, with the selected dimensions, the disk mechanical modes of interest for sensing purposes all fall within the bandwidth ( MHz) of the Lock-in amplifier employed to perform our measurement. Mechanical modes can be investigated thanks to the strong optomechanical coupling they have with the optical whispering gallery modes (WGMs) supported by the cavity. The latter are excited by the light travelling through a fully suspended waveguide integrated on the chip in the vicinity of the disk. Being fully suspended, the waveguide introduces low propagation losses toward the substrate and provides a more stable solution for sensing applications compared to fiber-tapers [ -]. The waveguide has several tapered parts: the central one serves to deconfine the optical wave to evanescently couple to the disk, while the two tapered extremities serve to engineer electromagnetic impedance matching with the micro-lensed optical fibers employed for light injection and collection. Optimization of the optical transmission through the sample and tuning of the disk-waveguide coupling have been fundamental to ensure good optical performances. Fig. . (c) shows a SEM picture of the chip containing about disks (with corresponding waveguide and supporting structures) aligned along an elevated "plateau", called mesa. This design makes some space for the micro-lensed fibers ( m in diameter) to be aligned to the waveguide.

Wafer epitaxial structure

The epitaxial structure of the wafer employed in the fabrication of the disks is sketched in Fig. . (a,b). It consists of a ( ) GaAs substrate covered by . m of Al 0.8 Ga 0.2 As and nm of ( ) GaAs grown by Molecular Beam Epitaxy (MBE). The chip is cleaved so that the mesa develops along the [ ] crystalline directions (Fig. . (c)) to ensure the proper etching conditions of the mesa structure. Despite having higher manufacturing costs than silicon, GaAs shows many attractive properties. A direct band-gap transition and high electron mobility support opto-electronics applications, while its piezo-electricity makes it suitable for stress and force transduction.

. OPTOMECHANICAL DISK FABRICATION PROCESS (100) [110] [010]

[100] In addition to a high optical refractive index enabling light confinement in a volume inferior to m 3 (at telecom wavelength), GaAs arouses interest from an optomechanical point of view for its high photoelasticity and low free carrier generation rate. 

Ga As

[0,0,1] [0,1,0] [1,0,0] {1,1,0} {1,1,1} (a) (b) (c) 

Wafer cleaning and electron beam lithography

After standard cleaning in acetone ( min) and -propanol ( min) ultrasound baths, the piece of wafer is dried with the nitrogen gun and dehydrated on the hotplate at is designed in such a way as to reduce the surface roughness and geometrical irregularities that may introduce optical losses. Much attention has been devoted to the optimization of the disk-waveguide optical coupling that sets the amount of signal that can be extracted from the optomechanical resonator. This required to vary the waveguide width and distance from the disk to find the proper geometrical parameters and try to ensure high reproducibility despite the e-beam lithography tolerances (∼ ± nm).

Electron-beam lithography is performed with an acceleration voltage of kV and objective lens aperture of m. The nominal dose used to expose linear and curved elements is equal to C/cm 2 with a step size of nm. Dose tests are necessary to correct the nominal dose in order to match the dimension set in the lithographic mask. Being the disk surface much bigger than gap between the waveguide and the resonator, proximity effects can degrade the quality of the structure. Undesired cross-linking of the resist in this region can stick the disk to the waveguide (Fig. . (a)) and increase the roughness of their surfaces (Fig. . (b)). These problems have been solved by re-calculating and systematically testing the doses employed in the e-beam lithography. Rather than uniformly exposing the resist, the dose level has been finely tune on those region that are more sensitive to proximity effects. Fig. . (c) shows the varying dose factors that have been applied in the vicinity of the disk-waveguide gap to obtain the smooth surfaces visible in Fig. . (d).

Resist development is done in AZ MIF for three different runs ( s) intercalated by dips in water. After drying the sample with the nitrogen gun, resist residues are removed with oxygen plasma ( s) at W and cross-linking of the resist polymer chains is stimulated with UV flood exposure ( s). Reflow and hard bake are done at

• C ( s) and • C ( min). 

ICP vertical etching
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The mask is ready to be exposed to a non-selective vertical etching performed with an Induced Coupled Plasma-Reactive Ion Etching (ICP-RIE). A first run of the recipe on a test sample prepares the ICP chamber to GaAs and AlGaAs etching. The etching gas (containing Silicon tetrachloride and Argon) enters the chamber and creates a plasma under the applied voltage. The electrons constituting the plasma are accelerated toward the sample inducing a self-bias. This attracts the ions constituting the plasma that hit and mechanically etch the surface of the sample. This erosion occurs mainly in the vertical direction and the smoothness of the resulting profile depends on the plasma density and on the induced self bias (Fig. . (a)).

Laser interferometry is employed to determine the etching rate and depth as shown in Fig. . (b). The resonant condition for the laser beam can be calculated with Fabry-Pérot's equation:

2

( ) = ( . )
where ( ) is the material refractive index at the working wavelength ( . for GaAs and . for Al 0.8 Ga 0.2 As at nm). From this equation we can establish the etching depth and stop the process when ∼ nm of AlGaAs are digged.

The lithographic mask is removed with a strong solvent cleaning (SVC ) at • C for two hours.

Hydrofluoric acid under-etching

To under-etch the pedestal without damaging the disk, an aqueous hydrofluoric acid (HF) solution has been used. Provided a sufficiently large Aluminium concentration, this solution ensures high selectively to AlGaAs with respect to GaAs. The radius and the shape of the pedestal are defined by the duration of the under-etching process, crystalline directions, HF dilution, stirring conditions inside the beaker and temperature. From a technological point of view, a fine control on the pedestal size ensures large mechanical quality factors, since at first order the smaller the pedestal radius, the smaller the mechanical energy dissipation from the disk to the substrate. An ideal pedestal would be fabricated out of an isotropic etching as sketched in Fig. . (a). In practice, the aforementioned different chemical composition of { }A and { }B planes of GaAs makes the former less reactive to chemical etching than the latter leading to a slowdown of the process. The relative position of { }A and { }B planes is shown is Fig. . (b). They are separated by a • rotation around [ ] axis (or equivalent), explaining the opposite slope of the pedestal flanks when looking from two orthogonal directions as from Figs. . (c,d). Since the etch limiting factor is the reactivity of the { }A planes, the process is said "reaction-limited". A "diffusion-limited" regime would provide a more isotropic profile since, in this case, the etching process would be limited by the supply rate of the reactants at the surface and the expulsion of the products.

Being the reaction rate ( ) defined by the following equation: reduced from to . % maintaining the same manual stirring conditions of the chip in the HF solution beaker (" -shape": the operator stirs the chip in a tentative regular way, following an horizontal trajectory that resembles that of the number). At • C, the etching rate and profile result more independent on the crystallographic orientations but highly dependent on the stirring conditions. As reported in Figs. . (a,b), the lower the HF concentration (from to . %), the shallower the etching. This effect can be explained considering that, the employed manual stirring (" -shape") does not provide any vertical component to the reactants and products flux in the solution. For the fabrication of the disks used in the experiments discussed in Chapters and , we adopted % HF concentration
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in the etching solution and • C temperature. It was found to be a good compromise for a sufficiently high mechanical quality factor and regular mechanical mode profile (see next Section). The drawback is a reproducibility a bit degraded with respect to • C bath temperature.

A dip in Potassium hydroxide solution ( g in ml of H 2 O) allows making the material etched by HF more soluble and avoids its re-deposition on the chip. The chip is finally dried on a hot plate at

• C. This fast evaporation ("flash-dry") avoids that the large disk and the suspended optical waveguide collapse on the substrate as shown in Fig. . under the effect of stiction resulting from the surface tension of the liquids employed during the fabrication step.

Mesa etching

As mentioned before, removal of the substrate is necessary to approach the micro-lensed fibers to the suspended waveguide for light injection and collection. A mesa plateau structure is built in order to lift the disks up with respect to the chip edges. The S resist that defines the mesa geometry is spin coated at rpm ( s) and baked at • C ( s). Its small thickness ( . m) allows the alignment of the photolithographic mask with the underlining structures before exposure at mW/cm 2 ( s). After development in MF ( -s), a resist strip protecting the disk remains on the chip as shown in Fig. . (a). Some resist is added manually on the bottom part of the sample and on its extremities to prevent them to be etched, which would make the sample handling harder. In the first sample generations, the width of the "plateau" appeared quite irregular because of the inhomogeneous flow of the etching solution (BCK) along the sample (Fig. . (b)). This reduced the accessibility of the fibers to the waveguide affecting light injection and collection. The solution now currently used, based on H 3 PO 4 , shows a stronger dependency of its etching rate on the material crystallographic-orientation, with reduced dependence on stirring condition. This allowed overcoming the aforementioned problem and increased the success yield of this fabrication step (Fig. . (c,d)). Provided that the chip is fabricated following the right crystallographic orientation, deep mesa of m can be fabricated by under-etching the resist over m. This improvement enabled implementation of an automated alignment set-up from the fibers to the waveguide within the instrumentation under development within the Viruscan consortium.
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. Modelling of GaAs disks optical and mechanical modes

In this section, an analytical and numerical description of the optical and mechanical modes of the disks fabricated with the previously discussed recipe is presented.

Modelling of whispering gallery modes for a GaAs disk

The high refractive index of GaAs disks allows storing light inside optical whispering gallery modes (WGMs). These modes are proper to rotationally symmetric cavities and result from the total internal reflection occurring at the cavity side-walls [ ]. To study their spatial profile, we start by writing Maxwell's equations in absence of sources:

     ì ∇ × ì = - ì ì ∇ × ì = ì ( . )
Replacing the electric field expression deduced from the second equation into the first, and applying the identity ì ∇ × ( ì ∇ × ì ) = -ì ∇ 2 ì , we obtain the vector Helmholtz's equation: For disks thickness larger than the optical wavelength in the material (∼ nm for GaAs at telecom), we can approximate that WGMs can be distinguished into pure TE and pure TM modes. In the first case, the non vanishing field components are H , E and E (Fig. . (b)) and, because of rotational symmetry, the magnetic field can be written as:

ì ∇ 2 ì + 2 ì = 0 ( . ) r φ z R r z E r Η z TE H r r z E z (a) (b) (c) TM E φ Η φ
ì ( , , ) = ( , )( + -)ì ( . )
with the mode azimuthal order. In the ì direction, two modes, one clock-wise and one counter-clock-wise, propagate with amplitudes and . An equivalent equation can be written for the non-vanishing z component of the electric field for a TM mode (Fig. . (c)). The evolution along ì and ì directions can be computed numerically or by applying the effective index method. The latter relies on the separation of variables in the radial and vertical direction ( , ) = ( ) × ( ) leading to the following expression for the radial . MODELLING OF GAAS DISKS OPTICAL AND MECHANICAL MODES

component * : 2 2 + 1 - 2 2 + 2 2 2 ( ) = 0 ( . )
with the TE effective mode index of the slab of same thickness as the disk. The solutions to this equation are of the form:

( ) =      ( ) for < (2) ( ) for > ( . )
with ( ) and (2) the first-kind Bessel and Hankel functions and the disk radius.

To ensure the field continuity at the disk-air interface ( = ), the following condition for a TE mode must be verified † :

( ( ) ) ( ( ) ) = ( ) (2) ( ) (2) ( ) ( . )
Multiple solutions can be found for the same azimuthal order and labelled with , the radial order. While indicates the number of oscillations of the field in the azimuthal direction, corresponds to the number of lobes of the main field component ( for TE and for TM). From Eq. . , the electric field components can be deduced from ( , ):

= - 0 = - 0 ( , , ) ( . ) 
= 1 0 ( , , ) ( . ) 
Note finally that a similar procedure can be run for TM modes [ ].

The numerical computation of ( , ) follows instead the Finite Element Method (FEM). COMSOL Electromagnetic waves, frequency domain ‡ physics provides the optical modes supported by a disk in a D-axisymmetric simulation. Fig. . (a) shows a sketch of the D geometry employed in the simulation for a disk of m radius and nm thickness. The axis of rotational symmetry is drawn in red. To each domain, the corresponding refractive index is assigned and perfectly matched layers (PMLs) are added all around to absorb radiated waves and reduce FEM reflections at the boundaries. Once the azimuthal order is chosen, the simulation provides all the WGMs supported by the structure in a specific frequency range. In Figs. . (b,c) the field profiles for two TE whispering gallery modes are reported. The former has a radial and azimuthal order equal to and respectively, while for the latter p= and m= . In Fig. . (b) the main field components are shown. Consistent with Eqs. . , the radial component of the electric field ( ) assumes its maximum value in correspondence of the maximum of the magnetic field ( ). Contrarily, peak value is found at the location of the magnetic field maximum derivative with respect to .

In * ∇ 2 = 2 2 + 1 + 1 2 2 2 + 2 2 † ( ) ( ( ) ) ( ( ) ) = (2) ( ) (2) ( )
for TM modes ‡ https://doc.comsol.com/ . /doc/com.comsol.help.woptics/WaveOpticsModuleUsersGuide.pdf mode and + 1 is about nm, leading to a high mode density in the telecom range. Nevertheless, for a fixed waveguide geometry and waveguide distance from the disk, only few modes can be excited by the light travelling through it. To investigate this selection rule, the D axisymmetric simulations do not apply any more since the waveguide breaks the . MODELLING OF GAAS DISKS OPTICAL AND MECHANICAL MODES rotational symmetry.

A valid alternative consists of reducing the problem to a D planar geometry where the vertical dimension (ì ) is neglected and the refractive index of each domain is replaced by its (frequency dependent) effective value (

). This geometry is reported in Fig. . (a), where light injection from a micro-lensed fiber is simulated by the introduction of a background Gaussian field with m waist and focal plane at the tip of the waveguide. The field is guided through the waveguide and integrated across the output port in order to calculate the transmitted power. Fabry-Pérot reflections at the ends of the waveguide are attenuated by its adiabatic tapered endings (Fig. . (b)). When the injected light is resonant with them, WGMs can be excited inside the disk (Fig. . (c)) with a coupling efficiency dependent on the width of the waveguide, on its distance to the disk, and on the radial and azimuthal orders of the WGM under test. 
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With this simulation technique we can predict the optical transmission spectrum for a specific waveguide geometry. Fig. . (a) shows the full optical spectrum calculated for a waveguide width and distance from the disk of nm (as used in the lithographic mask design). Comparison of this spectrum with one obtained experimentally is not straightforward. Indeed, beyond nano-fabrication tolerances, the optical transmission at resonance for an optical modes also depends on the ratio between the disk-waveguide coupling rate ( ) and the intrinsic loss rate of the cavity ( ), the latter not being accessible through FEM (see Chapter of Ref.[ ]):

= - -2 Δ + -2 Δ 2 ( . )
with Δ the laser-cavity detuning. Fig. . (b) shows how the optical mode contrast (1 -/ at resonance) evolves as function of for a fixed value of (= 10 rad/s). For / < the disk and the waveguide are in an "under-coupled regime", while the "over-coupled" regime is found for the opposite case. The "critical-coupling" regime is reached when photon injection rate perfectly balances the internal loss rate of the cavity ( / = ). For a proper calculation of the mode contrast in Fig. . (a), should be known for each optical mode, a task that is beyond what FEM can do. Neither the axisymmetric, nor the D simulation based on the effective refractive index, can be employed to calculate the optical cavity frequency shift induced by the landing of a droplet/particle on the disk surface since, in this case, most of the geometrical symmetries employed to simplify calculations are broken. We will see in Chapter and that, in the limit of small perturbation, such a calculation can be carried knowing the optical field profile over a D slice of the disk. This requires specific boundary conditions to be selected. In Fig. . (a) a perfect magnetic conductor (PMC) boundary condition cuts the disk along an horizontal plane at half disk thickness, forcing the magnetic field to be orthogonal to the surface. This condition is satisfied on this plane for all TE whispering gallery modes of a disk ( ì = ì ). With a PMC the number of elements to be computed is divided by two with a consequent improvement in the simulation time. Perfect electric conductors (PECs) conditions can be added along vertical planes as shown in Fig. . (b). This boundary condition will force the electric field to be fully directed along 

Modelling of GaAs disks mechanical modes

To describe the mechanical modes supported by a GaAs disk, we first make the approximation that the material mechanical properties are isotropic and reducible to a Poisson ratio ( ) and Young modulus ( ). The elastic wave equation for "in-plane" modes of a plate in absence of external forces writes:

1 -2 ì ∇( ì ∇ • ì ) - 2(1 -) ì ∇ × ì ∇ × ì = 2 ì 2 ( . )
with ì the displacement vector. Here, we just focus on the "in plane" modes since the vertical displacement of the "out of plane" vibrations does not couple efficiently with the optical WGMs. From Helmoltz's theorem, ì can be written as the sum of a scalar and vector potential fields: a curl-free component describing pressure waves (∇Φ) and a divergence-free component for shear waves (∇ × Ψ) [ , ].

ì = ì ∇Φ + ì ∇ × ì Ψ ( . ) ì ∇ 2 Φ ( . ) 2 ì Ψ 2 = 2 (1 + ) ì ∇ 2 ì Ψ ( . )
For plates with at least one symmetry axis, the amplitudes of the scalar and vector potentials are of the kind:

Φ = ( / ) ( ) ( . ) Ψ = (ℎ / ) ( ) ( . )
with m the mode order, the first kind Bessel function, the radial direction and and ℎ the dimensionless frequency parameters:

= (1 -2 ) ( . ) ℎ = 2 (1 + ) ( . )
For modes with rotational invariance ( = ), the displacement vector becomes:

ì = 0 0 1 ( 0 / )ì ( . )
From their characteristic profile, these modes are called "Radial Breathing Modes" (RBMs) and their eigenfrequencies can be retrieved by imposing a vanishing stress at the free edges. This boundary condition leads to the following relation:

0 1 ( 0 / ) 0 ( 0 / ) = 1 - ( . )
The profiles and eigenfrequencies of the first three orders RBMs are shown in Figs. . (a,b). The number of nodes in the mode profile increases together with the mode radial order, while the frequency linearly increases with the inverse of the disk radius. This analysis does not account for the vertical dimension of the disk (ì ), making the mode profile and eigenfrequencies independent of the disk thickness. To unveil the role of this parameter and to introduce the anisotropy of GaAs material, a D numerical simulation is more suitable.

The linear relation between the applied stress and the resulting strain is provided by the stiffness tensor. For a cubic lattice, the elastic tensor simplifies to only three independent coefficients, 11 , 12 and 44 from which the speed of longitudinal and transverse acoustic waves can be calculated in all directions [ ]. The stress tensor becomes: 

             1 2 3 4 5 6              =             
                          1 2 3 4 5 6              ( . )
For materials with isotropic mechanical properties: 

GPa

. GPa . GPa . GPa . . GPa . GPa .

Table . : D elastic parameters for cubic GaAs at K

The anisotropic stiffness tensor is employed to numerically calculate the RBMs mode profiles : Mode profile of the first three RBMs numerically calculated for a disk of m radius and nm thickness. In the top line, the absolute value of the displacement in shown and two of the symmetry planes are drawn with a dashed line. The vertical component of the displacement vector is reported on the bottom line, confirming the quasi in-plane nature of motion. § https://doc.comsol.com/ . /doc/com.comsol.help.sme/StructuralMechanicsModuleUsersGuide.pdf the modes are symmetrical with respect to a rotation of / around the axis, planes of symmetry can be exploited to reduce the domain of the simulation to a slice of section / . An additional symmetry plane in the vertical direction cutting the disk at half thickness can be added to reduce the computational cost.

FABRICATION, MODELLING AND MEASUREMENT TECHNIQUES OF OPTOME-CHANICAL DISK RESONATORS

The eigenfrequencies found on COMSOL differ from the ones obtained with the analytical formula by about the . % for the RBM , % for the RBM and % for the RBM , pointing out the large impact of the disk vertical dimension and anisotropy of GaAs stiffness tensor on higher order modes. 

Influence of the pedestal on the mechanical mode profiles

When the disk only is considered in the FEM simulation domain, the eigenfrequencies are purely real, since no energy loss channel is available. Adding the surrounding air
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and the supporting pedestal, an imaginary part of the eigenfrequencies can be obtained because of air damping effect and mechanical coupling of the disk with the substrate. Previous works such as Refs.

[ -] demonstrated that for "in-plane" modes, the latter contribution is much larger than the former and a lot of efforts were devoted to reduce it. Without implementing a double mechanical shield as proposed in Refs. [ , ], dissipation towards the substrate can be limited by reducing the pedestal size. fast the RBM mechanical quality factor ( = ( )/2 ( )) reduces with increasing pedestal radius. The corresponding geometry employed in the FEM simulation is reported in Fig. . (b). It includes the disk, the pedestal, a portion of the substrate and PMLs. The latter must be thick enough to absorb the speed wave and avoid back reflections. For this reason, we made it as thick as the acoustic wavelength at this frequency ( = / ∼ 36 m). To select the proper thickness of the substrate, we carried a numerical convergence study and found that, for the larger pedestal radius, the appropriate value was ∼ m. Symmetry planes helped reducing the computational cost.

RBM1

RBM2 M190 Besides energy dissipation, the presence of a pedestal induces a distortion of the mode profiles, and coupling of "in-plane" modes to the "out of plane" vibrations. Fig. . shows the profile of the first and second RBMs, together with M , for a rectangular rather than circular pedestal cross section at the disk contact, like the one obtained under some of our conditions by HF underetching. The displacement field is modified at the disk centre and a vertical modulation is added from the coupling to "out of plane" modes. For RBM the distortion is stronger than for RBM and M , because of a larger displacement at the pedestal location. This effect is sometimes responsible for the appearance of multiple peaks in the RF spectrum in correspondence of RBM instead of a single resonance. For this reason, reducing the pedestal size and reaching a more isotropic underetching would improve the mechanical quality factor and make the mechanical mode profiles more regular.

Calculation of the optomechanical coupling rate

The optomechanical coupling rate quantifies the optical (angular) frequency variation (

) per unit of displacement ( ). Two different contributions to this coupling are distinguishable: the geometric and the photoelastic couplings [ ]. To understand the former, we can consider the mechanical displacement in a vibration to shift the disk/air interface where the refractive index varies abruptly from a high to a low value [ ]. This geometric change modifies the boundary conditions for optical modes. The geometric coupling can be calculated as the surface integral of the unperturbed optical field over the moving dielectric interface [ ]:

= - = 2 ∫ (ì • ì ) Δ | ì | 2 -Δ -1 | ì ⊥ | 2 (| ì |) ∫ 0 | ì | 2 ( . )
In this expression, the displacement vector ì is normalized to its maximum value (| ì |), ì is the normal unit vector of the elementary surface ( ), Δ is the difference in the dielectric constant between the disk and the air, ì and ì ⊥ are respectively the tangential and normal components of the electric and displacement fields. The volume integral at the denominator normalized the electric field so that 1/2

∫ 0 | | 2 = 1.
Beside geometrical coupling, the mechanical strain associated to a vibration is responsible for a change in the dielectric constant of the material, via its photoelastic properties. For an optical material, like GaAs, the perturbed element of the dielectric tensor writes:

( ) = -0 2 ( . )
with and the photoelastic and strain tensors. The three independent components of GaAs cubic lattice listed in Table . are larger than in Silicon, providing a stronger photoelastic contribution to optomechanical coupling ¶ . -.

-.

-. The photoelastic coupling can be written as [ ]:

= - = 2 ∫ ì • • ì (| ì |) ∫ 0 | ì | 2 ( . )
where the argument of the volume integral at the numerator becomes a sum over all tensor components:

ì • • ì = -0 2 2 { * } 44 4 + 2 { * } 44 5 + 2 { * } 44 6 + | | 2 ( 11 1 + 12 ( 2 + 3 )) + | | 2 ( 11 2 + 12 ( 1 + 3 )) + | | 2 ( 11 2 + 12 ( 1 + 2 )) ( . )
To calculate the geometric and photoelastic coupling between RBMs and WGMs, a FEM simulation has been used. It involves the two modules discussed in the previous sections: Electromagnetic waves and Solid Mechanics, which provide the eigenfrequency and spatial profile of respectively the optical and the mechanical modes. Symmetry boundary conditions are used in both to reduce the number of elements to be calculated (Fig. of the latter follows the one from the optical mode. This explains why the photoelastic coupling is more efficient for the mechanical modes whose regions of high strain overlap with the optical field lobes. Therefore, in our experiments we employed optical modes with large radial order in order to facilitate the measurement of the second and third RBMs whose strain profile also localizes at intermediate radial distance from the disk centre. The radial strains of the RBMs and of the other in-plane modes are shown in Fig. .

Measurements techniques of GaAs disks

In this section, the experimental set-up employed for the measurement of the optical and mechanical modes of GaAs disk resonators is presented with the corresponding characterization techniques. In Chapter , when dealing with actuation/detection experiments, changes will be made in this set up with the integration of an electro-optic modulator (EOM) before the device input.

A sketch of the set-up is shown in Fig. . . The light of a continuous wave tunable laser in the telecom range ‖ is injected into the waveguide (WG) coupled to the disk by means of a micro-lensed fiber * * . A TE or a TM mode can be excited in the optical cavity depending on the polarization controller (PC) selection. % of the output optical signal that has been collected by another micro-lensed fiber is amplified by an Erbium-doped fiber amplifier (EDFA) † † and converted into a current by a large bandwidth photodetector (PD-AC) ‡ ‡ . The remaining % is sent to an InGaAs switchable gain detector (PD-DC) § § to look at the DC part of the signal. Using the latter, the optical transmission of the waveguide/disk is studied by interfacing a data acquisition system (DAQ) with LabView software. Simultaneously, the RF components of the output signal are acquired by feeding the PD-AC output current ‖ T S-HP High Power external cavity Tunable Laser https://www.exfo.com/umbraco/surface/file/ download/?ni=17917&cn=en-US&pi=17918 * * TSMJ-X--/ -. --https://www.amstechnologies-webshop.com/media/pdf/c8/d3/56/ TSMJ _ TMMJ _ TPMJ-Tapered-Lensed-Fibers-OZ-Optics-Datasheet.pdf † † Keopsys CEFA-C-WDM-LP https://www.keopsys.com/wp-content/uploads/PDF/CEFA-C-WDM-LP _ brochure-v1-0.pdf ‡ ‡ Newport -BB-F https://www.newport.com/medias/sys _ master/images/images/h21/had/ 8797026713630/818-BB-Non-amplified-High-Speed-Fiber-Photodetectors-User-s-Guide.pdf § § PDA CS(-EC) InGaAs Switchable Gain Detector https://www.thorlabs.com/drawings/ bcc7537e88a93eaa-03093254-C748-4742-440B3CCF79C75437/PDA10CS-EC-Manual.pdf into an Ultra High Frequency (UHF) (bandwidth= MHz) Lock-in Amplifier ¶ ¶ . The alignment of the fibers with the waveguide is done by manually moving the fibers along the XYZ axis using high precision micro-alignment stages while monitoring from the top with a microscope objective. The chip, the micro-lensed fibers and the corresponding alignment stages are installed inside a plexiglass enclosure to avoid degradation and contamination of the sample from dust and particles present in the lab atmosphere. The resulting loaded optical quality factor is = nm/ pm= . x 4 . The power travelling through the waveguide can be estimated calibrating the transmission of all the optical components and assuming that the coupling between the micro-lensed fibers and the waveguide is symmetric for the injection and the collection of light. The overall transmission from the injection to the collection fiber is about % * * * . With increasing input power the optical cavity frequency red-shifts because of thermo-optic effect inducing a non-linear distortion of the optical spectrum that will be detailed in the Chapter . To extract the RF components of the electrical signal coming from the AC photodetector, a lock-in detection is used. This technique is suitable to extract the amplitude and the phase of a signal in a noisy environment employing an homodyne detection (down-mixing) and a low-pass filtering (LPF). The signal is extracted from a adjustable bandwidth of detection around a reference frequency and all the other components are rejected. This operation, called demodulation, can be done with respect to a reference signal provided by the lock-in itself or by an external source. A sketch of this detection scheme is shown in Fig. . for an internal reference source. The signal coming from the device under test (DUT) is split and separately multiplexed by the reference signal on one side, and by a • delayed copy of it on the other. Mathematically, this operation corresponds to multiply the input signal by a complex exponential:

Principles of lock-in detection

DUT +90°M ixer Mixer LPF LPF LO Lock-In Amplifier θ R Q I V in V r
= √ 2 ( + ) + -( + ) • √ 2 - = [( -) + ] + -[( + ) + ] ( . )
where and are respectively the input and reference signals angular frequencies, and are the amplitude and phase (with respect to the reference) of the input signal. The low pass filter removes the component rotating at ( + ): * * * It can increase up to % depending on the device quality. ( . ) and its bandwidth is chosen in order to accommodate the user needs: a large cut-off frequency provides a larger time resolution, while a small one allows reduction of the noise level. In the frequency representation, the demodulation shifts the frequency components by -f . Setting the reference frequency in correspondence of our RBM brings its RF component at Hz (Fig. . (a)) and by applying a filter, all side peaks are neglected. The amplitude ( ) and the phase ( ) are obtained from the in-phase ( ) and quadrature ( ) components by applying the following relations:
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= 2 + 2 ( . ) = 2( , ) ( . ) 
Lock-in detection will be employed in the next chapters to measure mechanical resonance shifts with high SNR.

Optomechanical spectroscopy

The laser wavelength is set on the blue-flank of the optical resonance ( < ) and the output signal from the AC photodiode is analysed by the UHF-LIA instrument. In absence of any driving mechanism of the mechanical resonator, the Fast Fourier Transform Tool of out UHF-LIA can be employed to measure any modulation of the optical power induced by the Brownian motion of the disk vibration. Provided enough signal-to-noise ratio (SNR) is reached, these modulations appear in the RF spectrum with a certain linewidth related to their mechanical quality factor. Many peaks related to the mechanical modes described in Sec. are recognisable in Fig. . , while some others have been matted since they originated from instrumental noise. As expected from its larger optomechanical coupling and quality factor (∼ ), RBM has the highest SNR in this spectrum, while RBM profile is slightly distorted because of coupling to a satellite mode. The other in-plane modes (M , M and M ) show a clean Lorentzian shape with small linewidth due to their insensitivity to pedestal shape, dimensions, and associated losses. The RF spectra shown in Fig. . have been acquired at larger resolution ( kHz) and zooming on RBM . Increasing the laser wavelength (always on the blue-detuned flank of the optical mode), we approach the minimum of the WGM transmission resonance, increasing the number of photons injected in the cavity, then boosting the optical drive mechanism of the mechanical mode. A similar increase of the SNR is found by increasing the input power at fixed laser contrast in the optical resonance, which corresponds to fixed detuning between the laser and the employed WGM.

FABRICATION, MODELLING AND MEASUREMENT TECHNIQUES OF OPTOME-CHANICAL DISK RESONATORS

[ ] L. Ding 

. Introduction

The small dimensions of mechanical micro-and nano-resonators induces a large responsivity to external perturbations, making these systems ideal for sensing purposes [ , ]. Actuation of the mechanical system is necessary to increase the vibration amplitude and improve its sensing performances [ , ]. Among multiple actuation mechanisms, optical driving of mechanical resonators enables broadband actuation up to the GHz mechanical frequency range. At the same time, optical techniques permit ultrasensitive, eventually quantumlimited, detection of motion. For these reasons, several optomechanical devices [ , ] have been pushed forward for magnetic field [ ], mass [ -] or atomic force sensing [ , ]. Driving and detecting the mechanical sensor in an all-optical way, with a single laser source, offers an obvious advantage of simplicity, well suited for integration. The oscillating sensing mode, where the mechanical system is sinusoidally forced, is then obtained under coherent modulation of the laser, while the output light is demodulated.

Early experiments in optomechanics, while not aiming at sensing, did implement such modulation/demodulation approach in order to characterize the dynamical response of the system under study [ , ]. In [ ], the effect of photothermal forces, where photons are absorbed and thermally distort the mechanical system, was considered within a delayed force model. The latter efficiently depicted the behaviour of employed cantilevers of mechanical frequency = × kHz, but was inadequate for high frequency devices operating in the good cavity limit with the optical cavity decay rate [ ]. In contrast, the canonical optomechanical radiation-pressure model [ ] correctly works at arbitrary high mechanical frequency, and modulation/demodulation experiments in this regime have been popularized as being the optomechanical analogue of electromagnetically induced transparency [ , ]. Unfortunately, the latter model neglects photothermal interactions, which are often sizable at room temperature and of concrete importance for operational optomechanical sensors [ -]. In a recent paper [ ], a model was introduced that solved for that discrepancy by writing three coupled equations for the cavity mode, the mechanical and thermal degrees of freedom of a resonator, allowing quantitative modelling of dynamical backaction effects at ultra-high frequency with significant photothermal interactions. Despite its prime importance for sensing, the oscillating mode with a sinusoidally-forced resonator was however not treated. This is done in this Chapter, where the model of Ref. [ ] is extended and solved in the case of a modulated input laser and demodulated output optical signal. We derive compact analytical expressions for both quadratures of the demodulated signal, including in a regime where (non)linear absorption is present, giving rise to a nonlinear component of the optical force. We confront these expressions to systematic experiments on optomechanical disk resonators with mechanical modes in the ultra-high frequency range, varying the modulation frequency, the optical operating conditions such as detuning and power, and the investigated mechanical modes. The validation of the tested model prepares the ground for the calibrated use of integrated oscillating optomechanical sensors optically operated at room temperature, a required step for concrete applications.

. Photon absorption processes in GaAs disks resonators

Telecom photons are absorbed inside the cavity at rate abs despite their energy ( opt ≈ 0.8 eV) is smaller than the GaAs band-gap (E gap = . eV at K). As depicted in Fig. . (a), photon absorption contributes to the photon loss rate leading to a total optical line width equal to:

= rad + abs + ex . ( . )
with rad the sum of radiative contributions to optical losses (bending and scattering losses) and ex the exchange rate with the integrated waveguide. In previous works [ -] the absorption of single telecom photons in GaAs disks has been attributed to the presence of mid-gap electronic states. To investigate the hypothesis that these electronic states are located at the disk surface, the reconstruction layer that normally covers the surface of GaAs has been chemically removed and replaced by a thin and uniform layer of alumina. These with TPA the intensity loss per unit length, the speed of light and the group index, Γ TPA and TPA the TPA confinement factor and volume defined as

= + + κ rad κ ex κ abs κ κ rad κ ex κ abs (a) κ lin κ TPA κ abs κ lin κ TPA = + (b) 
Γ TPA = ∫ V disk 4 | ( )| 4 ∫ V tot 4 | ( )| 4 ( . ) TPA = ∫ V disk 2 | ( )| 2 2 ∫ V tot 4 | ( )| 4 ( . )
Thanks to the strong modal confinement ( opt ≈ 100 • ( / GaAs ) 3 ) and quality factor of our devices ( opt ≈ 6 • 10 4 ) the circulating intensity circ = in 2 g opt opt can reach GW/m 2 for currently employed input powers of about µW. In this regime, TPA rate becomes comparable to linear absorption ( lin ≈ GHz) and both effects, linear and nonlinear in the circulating power, become responsible for photon absorption: abs = lin + TPA .

( . )

. The micro-disk thermal response to optical power absorption

Photon absorption is responsible for heating up the disk. The temperature variation induced by the absorbed optical power ( abs = abs opt ) depends on the ability of the disk to dissipate heat, parametrized by the thermal resistance th :

Δ = abs th = abs opt th ( . )
The thermal response of the disk to optical power absorption is studied numerically with time-dependent simulations on Heat transfer in solids package from COMSOL. The heat source introduced in the model follows the spatial profile of the WGM. Consequently, at t= , when the heat source is activated, the temperature profile depends on the local intensity of the optical mode under test (left side of Fig. . ). Nevertheless, when thermal equilibrium is attained, the temperature profile is independent of the tested mode (right side of Fig. . ). We can define a mean value for the temperature increase over the disk volume at thermal equilibrium (Δ eq = 1/ • ∫ Δ eq (ì )) whose maximum deviation from the real local value is found close to the pedestal. temperature varies in time following an exponential behaviour:

Δ (ì , ) = Δ eq (ì )(1 --/ th ) ( . )
with Δ eq (ì ) the position dependent equilibrium temperature increase and th the characteristic thermal relaxation time of the device. For the same heat source, th and Δ eq increase when the pedestal is thinned, consistently with the increase of the thermal resistance th for narrow thermal contacts. Since the real shape of the pedestal is more complex than the truncated cone reported in Fig . , numerical simulations can just provide a rough estimation of th and th . The former is in the order of few microseconds for our resonators, while the latter is in the range of 10 4 K/W. The deviation from their real value depends on our limited control on nano-fabrication processes. 

. Photothermal forces

The heating of the disk induces an uniform thermal expansion and no shear strain. The resulting strain components are:

     1 = 2 = 3 = th Δ 4 = 5 = 6 = 0 ( . )
where the indexes to correspond respectively to directions xx, yy, zz, xy, yz, zx. th is the thermal expansion coefficient of GaAs ( . ×10 -6 K -1 at K). The mechanical stress resulting from this expansion can be calculated considering the anisotropic stiffness tensor of the material [ ]: 

             1 2 3 4 5 6              ℎ =             
                          th Δ th Δ th Δ 0 0 0              =              th Δ ( 11 + 2 12 ) th Δ ( 11 + 2 12 ) th Δ ( 11 + 2 12 ) 0 0 0              ( . )
Each mechanical mode of the resonator is impacted its own way by this thermal stress. In a lumped element model associated to a given mechanical mode, the effective mass on a
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spring is subjected to a photothermal force F pth , whose amplitude is given by

pth n = ∫ 6 =1 ℎ = th ( 11 + 2 12 ) ∫ Δ (ì )( 1 + 2 + 3 ) ( . )
with the ℎ strain field component of the considered mechanical mode. For each mechanical mode, we can introduce the parameter defining the photothermal force induced by a uniform temperature increase of the disk of K.

= th ( 11 + 2 12 ) ∫ ( 1 + 2 + 3 ) ( . )
Its value is reported in .

Thermo-elastic softening effect

The Young modulus of GaAs can be calculated from its stiffness matrix as:

0 = ( 11 + 2 12 )( 11 -12 ) 11 + 12 ( . )
11 and 12 having the following temperature dependence [ ]:

11 = 121.7 [GPa] -0.0144 [GPa • -1 ] • Δ 12 = 54.6 [GPa] -0.0064 [GPa • -1 ] • Δ ( . )
When temperature increases, the material softens and, consequently, its mechanical resonance frequencies red-shift. This thermo-elastic softening effect (TE) acting on the ℎ mechanical resonance can be calculated from the expression m, = 0 (1-) eff as:

Δ m, m, = 1 2 0 0 Δ = -6 • 10 -5 [K -1 ] • Δ ( . )
This effect becomes relevant for large absorbed powers and for disks of high thermal resistance.

. The thermo-optic effect

The temperature increase induced by photon absorption changes the refractive index of the optical cavity and red-shifts the WGMs proportionally to the thermo-optic (TO) coefficient of the material. For bulk GaAs, / = 2.35 • 10 -4 K -1 [ , ] and the TO red-shift at telecom wavelength is equal to:

Δ opt = Δ ≈ 105 pm K • Δ ( . )
See Appendix C for more details on the dependence of the effective refractive index on temperature. The Δ responsible for the thermo-optic effect is the mean value of the temperature increase weighted by the local electric field intensity over the disk and the surrounding air [ ]:

Δ = ∫ Δ ( ) ( )| | 2 ∫ ( )| | 2 ( . )
This quantity can deviate from the previously discussed Δ eq up to % depending on the WGM under test. For the sake of simplicity, in the following discussion we will neglect this
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aspect and model with unique Δ will be considered. Fig. . (a) reports some measured optical transmission spectra for a WGM at nm for different input powers. A Lorentzian response is found in the low power regime with a cavity linewidth of about 25 pm ( = 19 GHz) and a contrast of about 100%. Increasing the input power, the optical resonance develops a triangular shape and the contrast slightly reduces. The cavity resonance position depends quadratically on the injected power (see . . To appreciate the impact of linear and nonlinear photon absorption the TPA rate (a), temperature (b) and detuning (c) are reported in Fig. . as function of the laser wavelength for the same set of powers shown in Fig. . (a). The closer the laser wavelength to the resonance, the larger the impact of TPA resulting from the increased number of photons in the cavity, with a consequent nonlinear evolution of the TO effect. Simultaneously, the temperature linearly increases up to . K for µW injected in the waveguide (Fig. . (b)) and the laser-cavity detuning slowly approaches zero (Fig. . (c)). Higher temperatures have been found for disk with larger thermal resistance. For the largest power and smaller detuning, TPA is twice as large as linear absorption. In this regime, it is responsible for increasing the cavity linewidth and reducing the contrast.

1551.
. THE . The three coupled equations Fig. . illustrates how the discussed thermal effects can combine with the canonical optomechanical coupling to give rise to a close set of interactions between the optical, mechanical and thermal degrees of freedom. This interplay can be described by the following three coupled equations:

= - 2 + Δ + om + cav Δ + √ ex in , eff + eff Γ + eff 2 = pth + opt , Δ = - 1 th Δ -th abs | | 2 , ( . )
TO TE, F pth κ abs Photons are absorbed at a rate abs and the consequent temperature increase of the cavity induces a red-shift of the optical and mechanical resonance frequencies through thermo-optic (TO) and thermo-elastic softening (TE) effects respectively. Photothermal forces (F pth ) induced by thermal expansion contribute to the driving of the mechanical motion, while the optomechanical coupling (g om ) describes the canonical interaction between the displacement and the optical field.

with Δ = cav the laser-cavity detuning, om =cav / the frequency pullparameter, the refractive index, / the thermo-optic coefficient. The optical fields are written in the rotating frame. | | 2 is normalized to the total number of photons inside the cavity ( cav ) and in such that | in | 2 corresponds to the input power in the waveguide. We chose a phase reference such that ¯ ( ¯ ) is real (complex) valued. eff and Γ and are the mechanical resonator's effective mass, damping rate and (temperature-dependent through the TE softening effect) resonant frequency. th and th are the disk thermal resistance and relaxation time introduced in section . . Photothermal force ( pth ) and radiation pressure and electrostriction ( opt ) all contribute to the driving of the mechanical resonator. Radiation pressure arise from the momentum transfer from the photon to the cavity walls Δ = 2 over a single round trip cav opt =

2 cav cav = cav cav = om cav ( . )
where we used the definition of om = cav and the relation | cav | ≈ cav . Considering both radiation pressure and electrostriction, hence both the geometrical and photo-elastic components [ ] of om , leads to a F opt of . x -14 N per photon. These constitutive equations serve as a starting point to describe modulation/demodulation experiments of interest for sensing in the oscillating mode.

. The all-optical actuation/detection scheme The operating point is selected via the applied bias voltage in order to work on a linear region of the transfer function of the EOM. With the addition of an RF signal, a sinusoidal modulation of the output light intensity can be achieved. This hold true until the amplitude of the RF signal is small compared to the width of its linear region. EOM of this kind are subjected to thermal drifts with the effect of changing the operating point by shifting the transfer function with respect to the bias voltage. To avoid this problem a PI-controller is introduced in order to lock the mean output power from the EOM.

disk can be written as the sum of a central carrier at and two side-bands at + Ω and -Ω. In the rotating frame at we find

in ( ) = ¯ in 1 + 2 + Ω + 2 -Ω ( . )
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where Ω and are the modulation frequency and depth. The details of this calculation can be found in Appendix B. Two micro-lensed fibers ‡ provide injection into and collection from the waveguide coupled to the disk where a TE or a TM mode can be excited depending on the polarization controller (PC) selection. As long as the side-band amplitudes are small compared to the carrier, a first order perturbation treatment [ ] allows us to write the intracavity field response to the modulation as

( ) = ¯ + ( ) with ( ) = --Ω + + Ω ( . )
It is reasonable to make the same assumption for the displacement

( ) = ¯ + ( ) with ( ) = -Ω + * Ω ( . )
and temperature increase of the disk:

Δ ( ) = Δ + ( ) with ( ) = Δ -Ω + Δ * Ω ( . )
Note that can be complex, while and are real-valued. The steady-state values solutions of Eqs. . are given by:

¯ = √ ext /2 - Δ ¯ in ¯ = ¯ opt + ¯ pth eff 2 Δ = th ( abs + ¯ TPA ) | ¯ | 2 ( . )
where we remind that ¯ is real with our chosen convention. Here the Δ is the previously described detuning modified by the TO effect where we added the contribution from the optomechanical coupling:

Δ = Δ + om ¯ + cav Δ ( . )
In the limit of a first-order perturbation treatment, the three coupled equations Eqs. . become:

= - 2 + Δ + + + √ ex in eff + eff Γ + eff 2 = ¯ ( + * ) + = - 1 th -th abs | ¯ | 2 ( + * )( + ¯ ) ( . ) ‡ TSMJ-X- -/ -.
--https://www.amstechnologies-webshop.com/media/pdf/c8/d3/56/TSMJ _ TMMJ _ TPMJ-Tapered-Lensed-Fibers-OZ-Optics-Datasheet.pdf

. THE ALL-OPTICAL ACTUATION/DETECTION SCHEME

The output optical signal is first amplified by an Erbium-doped fiber amplifier (EDFA) § and then converted into a current by a large bandwidth photodetector (PD) ¶ . The resulting electrical signal is proportional to the modulus squared of the output light from the disk:

| out ( )| 2 = ¯ in - ex ¯ + 2 ¯ in - ex - -Ω + 2 ¯ in - ex + + Ω 2 ( . )
which comprises a DC term and two additional components oscillating at Ω and 2Ω. It is fed into an UHF Lock-in Amplifier ‖ that demodulates this signal at Ω and decomposes it into an in-phase (I) and quadrature (Q) component:

= {( ¯ * in - √ ex ¯ )( ¯ in - √ ex ( -+ + ))} = {( ¯ * in - √ ex ¯ )( √ ex ( --+ ))} ( . )
or into an amplitude ( = 2 + 2 ) and phase ( = arctan / ). Injecting the field ansatz (Eq. . , . , . ) into the governing equations (Eq. . ), we find:

Ω + Δ - 2 -(Ω) + (Ω) + Δ (Ω) ¯ + √ ¯ 2 = 0, -Ω + Δ - 2 
+ (Ω) + * (Ω) + Δ * (Ω) ¯ + √ ¯ 2 = 0, (Ω) - ¯ -(Ω) + ( + (Ω)) * -Δ (Ω) = 0, Δ (Ω) Ω - 1 ℎ + ℎ ℎ ¯ ( -(Ω) + ( + (Ω)) * ) = 0, ( . ) with (Ω) = eff ( 2 m -Ω 2 -ΩΓ m ) -1 ( . )
the mechanical susceptibility.

The resulting expressions of -and + as function of the frequency Ω are: 

+ (Ω) = 4 √ ex 2 ¯ in (Ω + Δ -/2) + ¯ in + ¯ * in ( * opt + * th ) Δ2 + Δ( * opt + * th ) -(Ω -/2) 2 ( . ) § Keopsys
(Ω) = 4 √ ex 2 ¯ in (-Ω + Δ -/2) + ¯ in + ¯ * in ( opt + th ) Δ2 + Δ( opt + th ) -(Ω + /2) 2 ( . ) with opt (Ω) = 2 ¯ 2 2 om (Ω) ( . ) th (Ω) = 2 ¯ 2 ( cav / × / + om (Ω)) th L ( lin + 2 ¯ TPA ) 1 -Ω th ( . )
while the temperature and displacement components are:

Δ (Ω) = th ( lin + 2 ¯ TPA ) ¯ 1 -Ω th × Δ( - * ) + ( /2 -Ω)( + * ) Δ2 + Δ( opt + th ) -(Ω + /2) 2 ( . ) (Ω) = (Ω) ¯ om + ℎ ( lin + 2 ¯ TPA ) 1 -Ω ℎ Δ( - * ) + ( /2 -Ω)( + * ) Δ2 + Δ( opt + th ) -(Ω + /2) 2
( . ) When thermal effects are switched off, and under the approximation of a single sideband in the input field, Eqs. . and . lead back to the results established in the context of optomechanically induced transparency with a mere radiation pressure/ electrostriction interaction [ ]. Expressions for the temperature and displacement modulation components as function of the frequency Ω are extracted from our model as well:

Δ (Ω) = th ( lin + 2 ¯ TPA ) ¯ 1 -Ω th × √ ex 2 Δ( ¯ in -¯ * in ) + ( /2 -Ω)( ¯ in + ¯ * in ) Δ2 + Δ( opt + th ) -(Ω + /2) 2 ( . ) (Ω) = (Ω) ¯ om + th ( lin + 2 ¯ TPA ) 1 -Ω th × √ ex 2 Δ( ¯ in -¯ * in ) + ( /2 -Ω)( ¯ in + ¯ * in ) Δ2 + Δ( opt + th ) -(Ω + /2) 2 ( . )
.

Experimental results of the all-optical actuation/detection

With the model now in hands, we start by presenting results of modulation/demodulation both in the kHz-MHz frequency range and close to the first order Radial Breathing Mode (RBM ), whose resonant frequency is located at 132 MHz for the present disk ( m radius, nm thickness).

An optical power of 200 W is injected in the integrated waveguide and the laser wavelength is tuned to the blue flank of the optical WGM resonance (Δ > 0). When sweeping the modulation frequency from 10 kHz to 100 MHz, a dip in the phase and a decrease in the amplitude appear in the demodulated signal (Fig. . (a)), as consequence of a thermal phase lag. Indeed, as apparent in the first line of Eq. . , the TO effect, just as the canonical optomechanical coupling, modifies the amplitude and the phase of the cavity ). With all parameters of Table . fixed this way, the fit of the response in the high frequency region is obtained with no additional adjustable parameter (Fig. . (b)).

-12

X phase (rad) 0 X amplitude (m) 

(a) (b) R th , 0 R th 0 = 0 = R th , , 0 
Frequency (Hz) To better appreciate the relative contributions of the photothermal force and radiation pressure/electrostriction in our experiments, in Fig. . (a,b) we extract from our model the mechanical displacement modulation component (Eq. . ) as function of the modulation frequency (solid line) and compare it to situations where the photothermal forces only are switched-off (thin dashed line, = 0) and where all thermal effects are switched off (thick dashed line, , R th = 0). At frequencies below MHz the amplitude of is three order of magnitude larger when the photothermal force is present (Fig. . (a)). It reduces above the thermal frequency (∼ MHz), following a first-order filter function. At the same time, a /2 phase lag is present at modulation frequencies higher than MHz, which disappears when thermal effects are switched off. At even higher frequency, close to the mechanical resonance, the amplitude also increases by a decade when the photothermal force is present ( ≠ 0), despite the two order of magnitudes difference between thermal and mechanical frequencies (Fig. . (b)). A phase shift is retrieved in when scanning over the mechanical resonance, in accordance with an harmonic oscillator response. This overall behavior is consistent with that of a damped mechanical oscillator driven by two types of forces, radiation pressure/electrostriction (conservative) and photothermal (dissipative), of different intensity and response function. In order to further test the validity of our model, which includes a photothermal force that has both linear and nonlinear components in the number of photons, we now systematically vary the incident optical power and the laser-cavity detuning. Figure . reports the amplitude and phase response of the demodulated optical signal at the RBM resonance frequency, as a function of the power (a, b) and detuning (c, d). The red-shift of the mechanical resonance due to TE softening of the material starts to be noticeable when the number of intracavity photons increases, i.e. at larger power and/or smaller detuning.

Here again, the full model (solid line) reproduces well the experimental data, all over the explored range. For the largest power and smaller detuning, TPA is twice as large as linear absorption and gives rise to a dominating nonlinear photothermal force.

The model presented here can be in principle applied to any mechanical mode of a 

. Noise processes and frequency stability

As anticipated in the previous chapters, the smallest mass detectable by a mechanical sensor is proportional to the mass of the sensor itself and to the minimum detectable shift of is resonant frequency (Δ = -2 eff Δ m / m ). In order to minimize the term Δ / , one has to drive the mechanical vibration at larger amplitudes. In our all-optical
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modulation/demodulation protocol, this can be easily achieved by increasing the RF signal applied to the EOM up to the onset on nonlinearities. Fig. . 

( ) = 1 2( -1) -1 1 ¯ +1 -¯ 0 2 ( . )
A -7 frequency stability is obtained for the largest EOM driving voltage ( mV, . % of modulated input power), at ms of integration time ( ). This plot provides an estimation of our mass sensitivity and allows selecting the proper working conditions (bandwidth and modulation depth) to be employed in sensing experiments. 

. Introduction

Investigations on surface wettability and evaporation dynamics at the nanoscale sparked large interest in the last decades as consequence of the recent advances in the field of micro and nano-fluidics, in particular applied to inkjet printing, spray cooling and liquid nano-dispensing. All these techniques faced the same question: are models established in the macroscopic world still valid at the nanoscale? and dealt with similar issues such as the production, delivery and imaging of droplets at this scale. A rapid and sensitive probe is required to explore the properties of droplets smaller than few femtoliters since, besides resolution problems imposed by the diffraction limit, imaging techniques also failed to follow their rapid spreading and evaporation dynamics. Ellipsometry [ -] and quartz micro-balances [ , ] have demonstrated to be appropriate techniques for investigation of thin liquid films but they failed to handle nanoscale and localized amounts of liquid. Micro and nano mechanical systems [ -] have been employed as mass sensors to study the evaporation of micro-sized droplets but they suffered up to now from a limited sensitivity (tens of femtograms [ ]) and, in presence of electrical connections, their performances tend to degrade when working in a humid environment. Droplets with diameters in the range of few tens of nanometers have been imaged with transmission electron microscopy techniques [ -] but their shape and dynamics was strongly affected by unavoidable charging from the electron beam.

In this chapter we will start by introducing some basic concepts on surface wettability and evaporation dynamics and provide some examples from the literature about the investigation of these phenomena at the nanoscale. In the followings, real-time tracking of single droplets of -propanol liquid that evaporate from a micrometric to a nanometric size over a few milliseconds, all the way down to attolitter volumes, will be demonstrated with an optomechanical disk sensor, following the method described in Fig. . . After being generated from a liquid solution by an ultrasonic piezo-ceramic nebulizer, individual droplets softly land onto the resonator surface, perturbing both its optical and mechanical modes. Disentangling these two effects by looking at the DC and RF components of the optical signal exiting the cavity, the size and the evaporation dynamics of the droplet can be inferred. The interpretation of experimental results relies on a numerical and analytical modelling of the interaction of the droplet with the optical and mechanical degrees of freedom of the disk resonator and enables to unambiguously determine the geometrical evaporation mode. As a result of its small dimensions, ultra-high mechanical frequencies and efficient optomechanical transduction, the resonator offers a sensitivity to punctual mass adsorption of ag ( zL) while ensuring a time resolution of a millisecond. The fast evaporation dynamics is then modelled with minimal assumptions: as a consequence of their strong curvature, sessile nanodroplets evaporate even when the surrounding gas is saturated, a phenomenon expected from the Kelvin effect [ -] but that had not been observed yet. Our millisecond-resolved measurement of an individual nanodroplet enables a direct observation of this nanoscale phenomenon. 

. Surface energy and wettability

Surface tension ( ) is the amount of free energy per unit area required to increase the surface area of a medium [ ]. In the case of liquids, surface tension is related to the deficit in cohesion energy per unit area experienced by a molecule wandering at the interface with air compared to those within the liquid mass [ ].

Table . reports the surface tension from some common liquid at ambient lab conditions. Among them, water shows higher surface energy compared to non-polar liquids because of For "total wetting" regime, a layer of uniform thickness is formed and no equilibrium contact angle can be defined. "Partial-wetting" and "non-wetting" regimes are characterized by contact angles respectively smaller and larger than • .

The spreading of a droplet on a solid surface is not an inherent property of the liquid phase but depends on the solid-liquid pair. Solid surfaces are generally divided in "high energy" and "low energy" surfaces. The former include ionic, covalent and metallic materials while molecular crystals and plastics belong to the latter category. The wettability regime of a liquid that totally spreads on a substrate is termed "total-wetting" (Fig. . (a)). When instead a droplet is formed, a contact angle is defined at the contact line of the three phases (solid/liquid/gas). In this case we can distinguish between "partial-wetting" (Fig. . (b)) and "non wetting" (Fig. . (c)) for respectively smaller and larger than the angle of • . The sketches reported in Fig. . are valid for droplet dimensions smaller than the capillary length of the liquid (∼ few millimiters). In this regime, the droplet adopts the shape of a spherical cap. The Young's equation provides an expression for by imposing the equilibrium of the forces acting at the contact line in the direction parallel to the surface (Fig. . ). These involve the solid and liquid surface tensions, and , and their interfacial energy per unit surface :

= - ( . )
Interestingly in Eq. . , the contact angle does not depend on the droplet size. The radius of curvature of the (spherical) droplet ( ) is related to the overpressure inside its volume, given by the Laplace's equation:

- = 2 ( . )
To ensure thermodynamical equilibrium of the droplet in its vapour, Kelvin's law must be satisfied: ) is necessary to stabilize a droplet. Since this condition is hard to reach, droplets are always evaporating or condensing.

- = ( 
The previous discussion on surface wettability concerns the ideal case of a droplet interacting with a clean and smooth surface. In real experiments, wetting is chiefly impacted by the solid surface imperfections, such as the presence of surface roughness, geometrical defects, dusts and electric charges. Refs. [ ] and [ ] demonstrate that microliter water droplets display different contact angles when lying on a GaAs surface, depending on the implemented surface pre-treatment of the wafer. This study reveals that the native oxide layer formed at the GaAs surface when exposed to air can modify its surface energy. In a similar way, geometrical imperfections at the solid surface can reduce the liquid-solid contact area and change the equilibrium contact angle. The wettability of intrinsically hydrophilic materials can for example be modified by etching a nano-structured pattern on their surfaces to reach hydrophobic regimes [ ].

. Wetting at the nanoscale

The apparent scalability of Young's equation has been tested in the past, mapping the topography of droplets at the nanoscale. In the 's, sub-micron droplets have been characterized by means of atomic force microscopy (AFM) with nanometric resolution [ -]. In Ref. [ ] the contact angle of sulfuric acid droplets on mica has been measured with a clean dependence on the droplet size that contradicted the Young's law (Fig. . (a,b)). For contact radius of ∼ 1 m, the droplet profile is indeed a spherical cap, whereas for smaller droplets, a Lorentzian profile was found. Similar results are reported in Ref. [ ] for methyl-terminated self-assembled monolayers (Fig. . (c,d)). A possible interpretation of this effect is the increasing impact of surface inhomogeneity at this scale, and the presence of long-range forces acting at the nanoscale. In fact, the small height of these droplets (∼ nm) implies that the solid-liquid and liquid-air interfaces can influence each other via long-range interactions, distorting the profile of the droplet [ , ]. The so-called Derjaguin's pressure combines all these forces accounting for long range van der Waals forces existing between neutral molecules, for the electric repulsion and attraction of the free ions in the droplet, and for the hydration layers belonging to the distinct interfaces. The intensity of the Derjaguin's pressure can be calculated from the corresponding Hamaker . WETTING AT THE NANOSCALE constant (A is generally in the range of ∼ 10 -21 ):

Π = - 6 ℎ 3 ( . )
where ℎ is the distance between the interacting molecules. This pressure is larger than the hydrostatic pressure for ℎ in the nanometric range. Zooming on the contact line, all droplets reported in Fig. . show a distorted profile with respect to the canonical spherical cap. There is rather a smooth transition zone ensuring the continuity of the hydrostatic pressure between the liquid constituting the droplet and an underlying thin liquid layer partially wetting the solid [ ]. Until now, we neglected this effect.

In presence of water or other volatile molecules in the environment, thin films adsorb on solid substrates changing their interfacial properties. Evidences of this effect are reported in Refs. [ ] and [ ]. In the former the adhesive force between an AFM tip and an oxide substrate is shown to increase with increasing air humidity. Oppositely, in the latter the amphiphilic nature of alcohol molecules is shown to reduces the tip-substrate adhesion. In fact, when water absorbs on a solid substrate, it creates an "ice-like" structure with mechanical properties that greatly differ from bulk liquid water (Fig. . (a)). The hydrophilic group (OH) of alcohols guarantees good absorptivity on the "ice-like" water layer, leaving the alkyl group pointing outwards because of its hydrophobicity. This ordering avoids the creation of hydrogen bonds between the water films present on the AFM tip and on the substrate, reducing their adhesion even at very low alcohol concentration. The thickness of water and alcohol films as function of the relative humidity and alcohol concentration in the environment are reported in Fig. . (b,c).

In light of the above studies, in the experiments we are going to describe later in the chapter, the solid semiconductor substrate terminated by its native oxide, on which a sessile droplet lays in a humid environment and with non-zero concentration of -propanol in air, should be seen as a stack of a solid material covered by an "ice-like" layer of water of approximatively Å thickness (at RH≈ %) and a -propanol layer of few nanometers.

The presence of such adsorbed films drastically changes the solid surface energies affecting the wetting conditions.

. Spreading and evaporation of sessile droplets

The dynamics of a droplet landing on a solid surface with a certain initial velocity can be seen as consisting of an initial step of impact followed by a step of spreading, a transient regime of damped mechanical oscillations and, finally, a slower stage of evaporation. For the -propanol sub-micrometer droplets considered in this work, the impact on the surface is gentle and the induced oscillations rapidly attenuate so that they can be neglected in the limit of a millisecond time resolution. Thus, we will just focus on the spreading and evaporation. During these two stages, the edge (contact line) of the droplet is set in motion and the equilibrium contact angle is replaced by a dynamic one, named "advancing" and "receding". During the evaporation step, a dynamic contact angle can be defined also in the case of total wetting.

Spreading occurs more rapidly than evaporation hence during this stage we can approximate the volume to be constant. Simultaneously, the contact angle and the height of the droplet reduce while the base radius increases (in Fig. . the evolution from ( a,b) to ( a,b)). Under the condition of partial wetting, the first evaporation stage occurs with a fixed based radius and a reducing contact angle (Fig. . ( a)). This regime, often referred to as constant contact radius mode (CCR), is absent under the condition of total wetting. The final evaporation stage, common to all wetting conditions, is the shrinking of the droplet radius at constant contact angle (CCA) (Fig. . ( a,b)).

Because of surface heterogeneities, experiments can deviate from the aforementioned behaviour. For example, the frames reported in Fig. . show different evaporation dynamics that we observed for a water droplet on a silicon substrate (a) and for -propanol droplet on a GaAs surface (b). Both substrates have been cleaned with acetone and -propanol, dried with a 2 gun and dehydrated on the hot plate at on the surface. A spherical cap is indeed produced when water is deposited on the silicon surface and the evaporation follows the CCR mode (Fig. . (a)). In contrast, in the case of -propanol, a very small contact angle of the droplets is produced and maintained during a CCA evaporation. Evaporation of droplets down to micrometer size relies on the diffusion of evaporated constituting molecules at the droplet surface into the surrounding environment, and can be described by Fick's law:

= -× ∇ ( . ) with = the outgoing mass flux ( ) from the droplet surface , the diffusion constant of the liquid molecules and their concentration in the gas atmosphere. From this relation, in Langmuir derived the evaporation rate of spherical droplets of radius [ ]:

= - 4 ( 0 -∞ ) ( . )
with ∞ and 0 the vapour pressure of the evaporating species at a distance larger than the ATTOLITER DROPLET DETECTION USING OPTOMECHANICAL DISK RESONATORS mean free path from the droplet and at the droplet surface respectively. In case of a sessile droplet of contact angle , Eq. . has to be corrected by a factor ( ) to account for the solid substrate:

= - 4 ( 0 -∞ ) ( ) = - 4 ( 0 -∞ ) (0.27 × 2 + 1.30) ( . )
where we applied the relation = × ( ) between the contact radius ( ) and the curvature radius ( ) and the polynomial fit of the function ( )/ ( ) found by Hu and Larson [ ] and valid for contact angles between and • . The evaporation rate can be calculated introducing the constitutive geometrical relation:

= ( ) 3 (1 - ( )) 2 2 + ( ) 3 ( . )
in Eq. . and solving for a constant (CCR) or (CCA). The former will give an almost linear reduction of the mass upon time, while the power law ( ) 2/3 -2/3 0 ∝ is found instead for the latter.

. Fast imaging of sessile droplets evaporation

Our study of the evaporation of -propanol sessile droplets on GaAs surfaces has been assisted by the implementation of an optical imaging setup constituted by interchangeable long working distance objectives of X, X and X magnifications * , a tube-lens with cm focal distance and a Phantom fast camera system † with MHz frame maximum acquisition rate. Capture time could be reduced, function of the illumination and magnification conditions. Fig. . reports the spreading and evaporation dynamics of five -propanol droplets of different dimensions on a GaAs substrate. At variance with the "macroscopic" droplets produced by a micro-pipette like shown in Fig. . , they have been generated by piezoelectric spraying as discussed in the next section. A common behaviour can be identified for most of those droplets: after softly landing on the GaAs wafer substrate, the liquid spreads creating a circular puddle; the contact radius increases until an equilibrium contact angle is found; during this interval of time we assume that evaporation occurs in the CCR mode. Subsequently, the puddle recedes and evaporation occurs in the CCA mode until complete drying. Droplets (a), (b) and (c) are resolved enough to distinguish the creation of toroidal and then D patterns during the CCA evaporation. For droplet (c), a pinning centre on the left induces an asymmetric evaporation profile while droplet (e) seems to follow the CCR mode during whole evaporation. This latter behaviour is actually quite frequent for droplets smaller than m.

These video frames do not allow direct estimation of the receding contact angle but helped the interpretation of droplets sensing experiments that are presented later in this * Mitutoyo Infinity Corrected Long Working Distance Objectives https://www.edmundoptics.com/f/ mitutoyo-infinity-corrected-long-working-distance-objectives/12298/ † Phantom v . https://www.atecorp.com/ATECorp/media/pdfs/data-sheets/Phantom-v7-3-Datasheet. .

Nebulization of micro-droplets

In this thesis, micro-droplets landing on optomechanical resonators have been produced with an ultrasonic spraying (nebulization) technique. Based on capillary wave mechanism, it is a simple and cheap solution to achieve soft landing of the micrometer droplets onto the resonator. The mean droplet diameter produced by commercial nebulizer is related to the standing wave wavelength ( ) induced at the liquid surface by the piezo-electric transducer (PZT) constituting the chip. Kelvin's law provides a mathematical expression for as function of the liquid surface tension ( ) and density ( ) and the capillary frequency ( ):

= 8 2 1/3 ( . )
The proportionality factor that allows estimating the average droplet diameter ( ) from and the typical size distribution are reported in Ref. [ ] for different ultrasonic nebulizers platforms such as mist makers, piezo-ceramic chips and surface-acoustic wave nebulizer (SAWN). They operate at RF driving frequencies ( = /2) respectively close to kHz and MHz and MHz, allowing for the generation of water droplets of mean diameter equal to , and m. In our experiments, we employed the commercially available piezo-ceramic nebulizer shown in Fig. . (a). We estimate that the generated -propanol ( = . N/m, = kg/m 3 ) droplets (Fig. . (b,c)) have mean diameter of m and we assume that their size distribution can be assimilated to the one reported in Ref. [ ] for water and shown in Fig. ( . ) (d). After ejection from the nebulizer, the size of the droplets is expected to change during the time of flight towards the resonator because of evaporation. Applying Langmuir's equation (Eq. . ) to a -propanol droplet of m diameter, evaporation is expected to occur in less than ms. Since we do not force the droplet flight to the resonator by any means, this time is not sufficient to cover the full distance between the nebulizer and the resonator (∼ cm). Still, our experimental analysis shows that small droplets of ∼ m diameter are able to reach the resonator. A possible explanation can be found in the evaluation of ∞ in Eq. . . Our experiments are performed in ambient conditions, where the partial pressure of -propanol is equal to zero. Nevertheless, the droplet density inside the generated mist becomes high during the nebulization and the droplet evaporation can increase the -propanol partial dose to saturation. When ∞ = , the term 0 -∞ can be approximated as follows: (Eq. . ):

0 -∞ = 2 -1 ≈ × 2 ( . )
where we account for the drop-overpressure induced by the surface tension and radius of curvature. It follows that the droplet radius reduces in time as follows [ ]:

3 ( ) = 3 0 - 6 2 ( ) 2 × ( . )
For -propanol this relation becomes: 

. Droplet detection using mechanical resonators

Droplets evaporation has been extensively investigated at the macroscopic scale, but there is a lack of experimental studies at the microscopic and nanoscopic scale. The diffraction limit prevents high resolution optical imaging of droplets smaller than m, and traditional mass sensors compatible with liquid droplets have too limited sensitivity to measure the time-resolved evaporation of small liquid volumes. Fig. . andTable . provide the reader with an overview of the few works available in literature that tried to overcome this problem. They all made use of "dynamic" mode mechanical sensors, whose interaction with the analyte produces a shift in the resonant frequency. ‡ p=nRT/V≈ . kPa with the number of moles estimated from the nebulization rate ( . mL/h) and V assimilated to the mist cloud dimension ( cm) 3 . Ref Quartz-crystal resonators such as micro-balances (QCMs) have been employed since the s to measure the mass of absorbed solid films, by looking and the variation of their mechanical resonance frequency. In , Rodahl et al. [ ] showed how QCMs can be exploited to follow the evaporation dynamics of a millimeter size water-glycerol droplet. Compared to rigid adsorbate, liquid viscosity induces a dissipative effect that adds to the resonant frequency shift. Despite this noticeable attempt, QCMs are more suited to measure extended thin liquid films of uniform thickness. As such, they are operating as areal mass sensors, and their sensitivity to liquid mass loading is restricted to the penetration depth of shear-waves in the deposited liquid ( nm in this case). This concept will be detailed in the next section. In , Arcamone et al. [ ] solved the problem of small droplet creation and delivery by interfacing the sensor, a quad-beam mechanical resonator (QBR), with a nanodispenser obtained by drilling a small hole into an AFM tip. Mechanical alignment of the latter on the QBR allowed delivery a droplets as small as nm in diameter. The fundamental out-of plane vibration of the QBR vibrated at . MHz and its uniform deformation allowed for a spatially independent sensitivity to mass accretion. Despite its low mechanical frequency resolution (∼ kHz), better performances could be reached in terms of mass resolution (estimated to fg) compared to QCMs, thanks to the reduced dimensions of QBRs. In the same years, Golovko et al. [ ] followed the evaporation dynamics of water droplets of a few tens of micrometers in diameter deposited on a cantilever. Looking at the timeevolution of its fundamental flexural resonance frequency (∼ . kHz) and its static vertical deflection, induced by the forces acting on the droplet triple line, they could analyse the evaporation mode of the droplet and confirm their interpretation with an optical visualization apparatus. On hydrophobic surfaces, evaporation switched from the CCA to the CCR mode, while CCR was maintained all along the evaporation on hydrophilic surfaces. The authors compromise on the mass sensitivity by increasing the dimensions of the cantilever to make droplet delivery less challenging. The other drawbacks of this platform are in the position-dependence of the responsivity to mass accretion and the disruptive effect of the laser-based optical detection of the cantilever, which can induce heating by light absorption. Dual resonators have been employed by Prasad et al. in [ ] to spatially separate the mass sensor from the electrical transducer, and avoid interference of the mechanical and electrical signals. As for QCMs, the sensitivity of the in plane vibration of the sensor to the deposition of the droplet depends on the landing position. The overall sensitivity is limited ( g), as a result of poor transduction and read-out.

Penetration depth of shear waves in liquids

In plane vibrations of a solid surface in contact with a liquid induce the creation of shear waves in the liquid. Because of the viscous reaction of the liquid, these waves cannot propagate and are attenuated over a distance called "penetration depth". For an in-plane vibration along r direction, the velocity distribution inside the liquid in the direction perpendicular to the plane (z) can be calculated solving a Navier-Stokes relation for incompressible liquids:

( , ) = 2 ( , ) 2 ( . ) 
with and the liquid dynamic viscosity and density. The solution to this heat conduction equation is:

( , ) = 0 ( ) - (1 + ) ( ) ( . )
where 0 ( ) is the velocity at the solid liquid interface, the oscillation frequency of the solid surface and the "penetration depth":

= ( . )
The thickness of this film defines the shear contact region between the solid and the liquid, and decreases with increasing frequency. For the QCM of Ref. [ ] and the dual-resonator of Ref. [ ], working at few MHz, corresponds to nm in water, while for our optomechanical resonators working at MHz (first RBM), reduces to nm in water and nm in -propanol.

The amplitude of the velocity field induced by the fundamental RBM of our optomechanical disk, when fully immersed in a -propanol bath, has been numerically calculated by D axi-symmetric FEM simulation and reported in Fig. . (a). This required the implementation of a multiphysics study that solved for the solid mechanics equations of the disk together with the Navier-Stokes equation for the liquid, with continuity of the tangential velocity at the solid-liquid interface (no-slip condition). On the top and bottom surfaces of the disk, the in-plane vibration of the disk induces shear waves that : Shear waves are excited by the in-plane vibrations of RBM and the resulting amplitude of the velocity field is shown in panel (a). Shear waves are exponentially attenuating when entering in the liquid (red curve) over a characteristic thickness called "penetration depth" ( ). When bulk liquid is replaced by a thin liquid film (d< ), the attenuation profile is less rapid (yellow curve) because of wave reflection ot the liquid-air interface.(d) Amplitude of the velocity field for different thickness of the liquid film calculated with Eq. . compared to Eq. . (black curve).

exponentially decay in the liquid. Fig. . (b) shows a zoom on the top surface of the disk where the velocity profile along the z-direction is reported with a red curve. When the bulk liquid is replaced by an adsorbed liquid film on the resonator (Fig. . (c)), the velocity profile changes depending on the relative thickness of the film with respect to the penetration depth. Because of impedance mismatch, shear waves are reflected at the liquid-air interface and the solution to Navier-Stokes equation needs to account for the counter propagating wave (Chapter of Ref. [ ]): ) .

( , ) = 0 ( )        ( -)(1+ ) (1+ )        ( ) ( . 

SAUERBREY'S EQUATION

As reported in Fig. . (d), Eqs. . (bulk liquid) and . (liquid film) result in a similar velocity profile when the film thickness is much larger than , while they considerably deviate from each other when the film gets thinner.

. Sauerbrey's equation

In , Sauerbrey developed an equation relating the change of the vibration frequency of a piezo-electric crystal (Δ ) to the mass deposited on it (Δ ). It can be written as:

Δ = - 1 2 Δ ( . )
with and the initial vibration frequency and mass of the crystal. This relation can be obtained assuming that the slow addition of a small mass does not affect the mean kinetic energy of the vibrational mode nor its spatial profile but shifts its resonant frequency.

For a non-uniform mode profile Ψ ( ) of an ℎ mechanical mode of the harmonic resonator, the mean kinetic energy can be expressed as:

< >= 1 4 2 2 ∫ Ψ 2 ( ) ( . ) 
with the maximum displacement amplitude. If a rigid point mass 0 lands on the resonator at the position 0 , it will start oscillating in phase with the underlying body at a modified frequency , hence acquiring the following kinetic energy:

< ( 0 ) >= 1 4 2 2 Ψ 2 ( 0 ) 0 ( . )
Imposing that the kinetic energy remains unchanged before and after the particle deposition, the following relation can be found:

2 = 1 + 0 Ψ 2 ( 0 ) ∫ Ψ 2 ( ) ( . )
When 0 is small compared to the mass of the resonator, Sauerbrey's equation for a not-uniform displacement of the resonator can be deduced:

Δ = - 1 2 0 Ψ 2 ( 0 ) ∫ Ψ 2 ( ) ( . )
Eq. . states that a mechanical resonator is sensitive to mass deposition only if the mass lands at a position of non-zero displacement (Ψ ( 0 ) ≠ 0). It also implies that the resonator's response depends on the mechanical mode employed to sense the deposited mass.

When the deposited mass cannot be approximated as punctual, the numerator of Eq. .
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should be replaced by an integral over the mass volume ( 0 ):

Δ = - 1 2 0 ∫ 0 Ψ 2 ( ) 0 ∫ Ψ 2 ( ) ( . )
where we assume the density of the added mass ( 0 ) to be uniform.

As discussed in the previous section, the velocity in the liquid surrounding the resonator is attenuated far from the moving solid-liquid interface. Therefore, the kinetic energy of the liquid volume in shear contact with the resonator cannot be calculated as if it was moving in phase with the resonator. In fact, this condition is verified only at the solid-liquid boundary where no-slip condition have been set. This means that for a liquid film deposited on the resonator, Eq. . must account for this attenuation along the z direction:

< > = 1 4 2 2 ∫ Ψ 2 ( , = 0) ( -)(1+ ) (1+ ) 2 ( . )
In practice, except for really thin liquid layers, Sauerbrey's equation for a rigid adsorbed mass (Eq. . ) always overestimates the frequency shift induced by the adsorption of a volume of liquid onto the resonator.

In case of a droplet landing on the resonator, Eq. . does not hold any more since the reflection of the shear wave at the spherical liquid-air interface is not the same as for a flat film. Therefore, the frequency shift induced by a liquid droplet was calculated in this thesis with FEM simulations, as described in the next section.

. Droplet detection with RBMs of disk resonators

As introduced in Chapter , RBMs are in plane vibrations of the disk resonators with fundamental resonant frequency at MHz for a radius of m and thickness of nm. In our experiments, its frequency stability (Allan deviation) can be pushed down to × -8 for sufficiently large driving amplitude and optimised integration bandwidth (see Chapter

), allowing detection of masses in the range of few tens of attograms. In terms of liquid droplet this corresponds to a water bead of zL ( × -21 L) with nm radius. In the present case, we used a measurement bandwidth of kHz (rather than the optimized Hz) in order to increase the time-resolution during the droplet evaporation, and we reduced the driving amplitude of the resonator to allow tracking of multiple mechanical modes in parallel. In this regime, sensitivity to mass adsorption is limited to few hundreds of attograms, but is still quite competitive with respect to the aforementioned techniques.

The resonant frequency shift due to a droplet landing on the resonator has been numerically calculated on COMSOL. As with liquid films, the physics software packages involved in this problem are Solid Mechanics for the disk and Thermo-viscous Acoustic for the incompressible liquid droplet, with an adiabatic and no-slip boundary conditions at the solid-liquid interface (Fig. 

= 1 -2 ℎ ( . )
with the Poisson ration of the shell that has been taken to be . . The liquid flow induced by this additional pressure becomes significant when / is comparable to the shear stiffness of the liquid ( ) . For -propanol, this occurs for very small curvature radius close to r∼ nm. Working here with bigger droplets, we estimate that the maximum error we can made by neglecting surface tension in our FEM simulations is of the order of %. shows the RMS value of the velocity amplitude for a droplet deposited on a vibrating disk at the RBM frequency. The in-plane vibration of the disk induces shear waves that are attenuated inside the droplet. The amplitude of the shear wave depends on the landing position of the droplet, with a minimum value at the disk centre and a maximum at the edge. The resulting frequency shift (Δ ) can be calculated with an eigenfrequency study, and compared with the result obtained with the bare disk with no droplet ( ). The results for the normalized shift (Δ / ) are shown in Fig. . (b) as function of the droplet volume for different contact angle (from to • ) and base radius (from to nm). The same liquid volume is responsible for a larger resonant frequency shift if the droplet spreads on the surface with a smaller contact angle and larger contact radius, since this region enlarges the shear contact with the disk. For this reason, the evolution of the frequency shift with respect to time for a CCR or CCA evaporation mode, will be different.

. Droplet detection with optical WGMs

Whispering Gallery Modes (WGMs) are extremely sensitive to environmental perturbations because of their evanescent extension in the surrounding medium. When a uniform film of a material with dielectric constant adsorbs on the disk with a small thickness ℎ , perturbation theory applies and the resonance frequency shift can be calculated as [ ]:

= - 1 2 ℎ • ∫ ( * • ) --1 ( * ⊥ • ⊥ ) 2 ∫ 0 * 0 0 ( . )
where = -, and stand for the perturbed fields in presence of the adsorbate. For a TE mode, the electric field is parallel to the top and bottom surfaces of the disk and perpendicular to the disk edges. When ℎ « , we can assume that at the interface the field inside the film is:

= = ( . ) ⊥ = ⊥ = ⊥ → ⊥ = ⊥ • 0 ⊥ = 0 ⊥ ( . )
It follows that:

= - 1 2 ℎ ∫ | | 2 --1 2 0 | ⊥ | 2 2 ∫ 0 * 0 0 ( . )
For a TE mode with a radial mode larger than (p> ), the contribution from the perpendicular component of the electric field can be neglected.

= - 1 2 ℎ ∫ | | 2 2 ∫ | 0 | 2 ( . )
In the here considered case of a droplet landing on a resonator, pure numerical calculation of the resonant frequency shift of the WGM in the perturbed case requires huge computational power since the whole geometry (disk+droplet) needs to be considered. In fact, the presence limited the systematic use of FEM simulations to the mode energy and profile calculation in absence of the adsorbate. This allowed exploiting all relevant symmetry planes (see Chapter ). The mode energy is then integrated over the volume occupied by the particle ( ), and the following equations applies.

= - 1 2 ∫ | | 2 --1 2 0 | ⊥ | 2 2 ∫ 0 * 0 0 ( . )
This discussion serves as basis for detection of solid particles with optical cavities, for which a plethora of examples are available in literature [ -], but it can be extended to the case of liquid droplets and film [ ]. Fewer examples have been found on this topic, probably for the same reason mentioned in mechanical detection. In this chapter, we will apply Eq. . for the calculation of the WGM resonance shift induced by a droplet landing on the disk, and we will dedicate Chapter to the case of solid particles detection. The simulations of WGM frequency shift dependence on the droplet volume reveal a behaviour similar to that found for the RBM shift (Fig. . ). For the CCA mode the evolution of the shift is faster than for the CCR mode, as a consequence of the larger intensity of the electric field at the disk surface. The optical perturbation is generally smaller than for a thick droplet than for a wide one, for the same occupied volume. : Optical resonance shift dependence on droplet volume. When the volume changes following a CCA evaporation mode (along a dashed line), the optical resonance shift evolves more rapidly than for a CCR mode (along a solid line). This can be explained considering that the integral of the optical energy over a certain volume is maximized for a wider droplet (large base radius and small height ℎ) than for a thicker one (small base radius and large height).

. EXPERIMENTAL RESULTS

. Experimental results

Now that we introduced the production and delivery techniques for small liquid droplets, and the analytical and numerical methods to calculate their mechanical and optical impact on the resonators, our experimental results on attoliter droplets detection are presented.

In the all-optical actuation/detection scheme detailed in Chapter , the optical output signal from the optomechanical device is amplified and transduced into an electrical signal by the photodetector. Two different photo-diodes are employed: one providing the DC component of the output optical power, and the other its RF spectrum. Any change in the laser-cavity detuning induced by an optical resonance shift changes the output signal. Since our sensing experiments have been performed in a regime for which the optical modes adopt a triangular shape in the waveguide transmission spectrum because of thermo-optic effect (see Chapter ), any variation in the measured DC photodiode voltage (Δ ) can be linearly converted into a optical resonance shift (Δ ), as sketched in Fig. . (a). In Fig. . (b) the DC photo-diode voltage and the corresponding resonance shift (Δ / ∼ -Δ / ) are monitored this way during landing of a -propanol droplet on the disk surface. Synchronisation of these time traces with the frames acquired with our fast camera allows real-time visualizing the landing position on the resonator, while enabling a rough estimation of the droplet base radius. Based on these two informations, and on our knowledge on the optical mode profile, the contact angle of the droplet can be deduced by reversing Eq. . . At time t= , the optical wavelength shift that takes place is about -ppm and the value of the base radius extracted from the first camera frame containing the droplet is nm. This allows us to estimate a contact angle of around • , which corresponds to a liquid volume of aL. The main source of uncertainty stems from the limited resolution of our imaging system (about nm), which affects our precision on both droplet radius and radial and azimuthal landing position, eventually leading to a % uncertainty in the estimation of the droplet volume. The evaporation of the droplet is investigated by analysing the video frames and optical signal at t> , in order to distinguish evaporation in the constant contact radius (CCR) and constant contact angle (CCA) modes. In our experiment, the base radius remains unchanged during the first three frames after landing (< ms), while the photo-diode signal remains flat, showing no evident evaporation. Subsequently, the relative optical shift starts decreasing in amplitude, without reaching back to its initial value. At the same time, there is no droplet visible anymore in the video frames (∼ ms), which is consistent with a strong reduction of the droplet height. The relative optical shift evolution between and ms can be reproduced by FEM simulations of a spherical droplet using the CCR evaporation mode, while the CCA mode is in contrast excluded by our data. In CCR mode at time t= ms, the contact angle is close to • , which corresponds to a height of nm. In order to exclude hybrid evaporation modes that our imaging system could hardly distinguish, we need to confront this CCR interpretation to an independent set of data. To that purpose, we make use of a powerful feature of our experimental approach: the possibility of dual optical and mechanical sensing by the resonator. The close agreement with experimental data reinforces the interpretation of a CCR evaporation mode for the droplet over the first ms, before it disappears from our video images. The upper and lower bounds of the "error bars" must be interpreted as two alternative scenarios for the droplet geometry that account for the uncertainties in the droplet position with respect to the electromagnetic field distribution and in the droplet initial base radius. Once the initial position and base radius of the droplet are set, the evolution of the droplet geometry along its evaporation is forced to follow one of the possible trajectories, with no possibility to switch from one scenario to the other. ms, for the elucidated CCR mode. Blue square symbols: volume inferred from measurements, for the droplet position and initial contact radius estimated from the video frames. The uncertainty in these two parameters (≈ nm) generates bounding scenarios for the droplet volume, which correspond to the upper and lower frontiers of the blue area. Red lines: evaporation models including the Kelvin effect. The solid line is obtained with the same droplet position and initial contact radius as for the blue squares, while the dashed lines are obtained with the bounding values for these two parameters corresponding to the two bounding scenarios. Now that the CCR mode of evaporation is established, we turn our attention to the physical mechanism governing the evaporation dynamics. It is a fast evaporation, with a droplet volume of attolitters that reduces to in ms, as shown in Fig. . . In the CCR mode, remains constant while and the sphere radius evolve. At room temperature, for the parameters of -propanol and for the initial = nm observed in our experiments, the calculation from Eq. . predicts a reduction in volume by a factor two in s if ∞ = . × and in . ms if ∞ = . × . These timescales are much shorter than that observed in our experiments, hence we deduce that ∞ ≈ , which confirms that the mist produced by the nebulizer saturates the environment of the resonator. Under this condition, Eq. . does not predict evaporation to take place. The missing ingredient is the Kelvin effect linked to the strong curvature of the droplet [ ] which replaces the saturation pressure in Eq. . by = ×

Time (ms)

2

, with the liquid surface tension. With this ingredient included, we are able to reproduce the measured dynamics of evaporation with no adjustable parameter, as represented by the solid line of Fig. . . This constitutes a direct observation of the role of surface tension in the evaporation of a nanodroplet.

Our above analysis is based on the assumption that the droplet landing on the disk adopts a spherical cap shape. As already discussed in section . , AFM studies revealed that the topography of sub-micron droplets is in contrast distorted by surface inhomogeneities and the presence of long-range forces. In such cases, a transition zone close to the contact line ensures the continuity of hydrostatic pressure between the spherical part of the droplet and an underlying thin film of liquid constituted of molecules continuously adsorbing and desorbing on the substrate. Dynamic molecular simulations do predict the existence of such a regime [ -]. Our present experiments are carried within an environment saturated by the sprayed mist of -propanol molecules, hence the sessile droplets we investigate should be accompanied by such extended film lying on the resonator surface. This thin (precursor) film is essential to understand the wetting of the deposited droplet and the final stages of its evaporation. However, detecting such film with sufficient time-resolution to reveal its dynamics has remained out of reach, owing to the very small volume of liquid involved. Our optomechanical measurement is efficient enough to address this problem, enabling real-time analysis of the last steps of evaporation of a single nanodroplet with millisecond resolution.

To investigate the evolution of the droplet into a film, we took advantage of our original ability to perform dual optical and mechanical sensing experiments in real-time. We analysed the optical and mechanical resonance shifts, together with their ratio, over a longer interval of time approaching a second, as reported in Fig. . . Since optical and mechanical interactions of the liquid and resonator differ in nature, we hope the ratio of optical and mechanical signals to provide information about the droplet geometry. ms after droplet landing, the optical and mechanical signal did not completely come back to their initial values before landing and their ratio changed from (during the first ms) to . (after ms). The value of can be reproduced by FEM considering a spherical droplet localized at the identified landing position, consistent again with our above interpretation of the first stages of evaporation. The analysis of the ratio of signals during the first ms seems hence to consolidate our picture of a first short stage of evaporation where the sessile droplet is indeed spherical. At longer time, the conclusions are very different. The ratio value of . could in contrast not be explained by an spherical droplet, whatever its dimensions, but could instead be reproduced by assuming an extended film of -propanol to envelop the disk resonator. For a thin film of thickness t « , the ratio R of normalized mechanical and optical shifts becomes independent of t:

= Δ / Δ / = ∫ ( )| ( )| 2 ∫ | ( )| 2 ∫ Ψ ( ) 2 = 3.5 ( . )
with and the liquid density and relative electric permittivity, the effective mass of RBM mode, ∫ and ∫ is the integral over the disk volume and surface, ( ) the space dependent electric field amplitude and Ψ( ) the space dependent mechanical mode profile. The numerical factor of . results as well for the specific optical ( ( )) and mechanical (Ψ( )) modes employed in our sensing experiments.

From the final value of both optical and mechanical resonance shifts at t> ms, we estimate an accumulated amount of liquid of aL (Fig. . (b)). If uniformly distributed over the disk surface, this would correspond to a film thickness of less than Å, consistent with the thin film condition. Between the end of the initial evaporation (∼ ms) and the .
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final thin film regime (> ms), we anticipate a hybrid regime where the evaporating droplet evolves into a puddle of growing diameter. In Fig. . (b), we model this regime by approximating the droplet as a cylindrical puddle of varying diameter and height. At each time, there is a unique diameter that enables retrieving the proper value of R, and a unique height that allows retrieving the observed individual shifts. This minimal model enables estimating the detected liquid volume at each time (blue symbols). While simple, it shows that the residual liquid volume of ∼ aL is spreading in time over the surface with a somewhat irregular dynamics, probably a consequence of the presence of pinning centres on the surface. Their ratio is reported with yellow triangles. This ratio value remains initially constant at during the first ms, consistent with a localised droplet with a spherical cap, and then increases up to . , consistent with the stabilization of an uniform liquid film on the disk surface. (b) The detected volume of liquid is finally deduced by FEM simulations during the first ms, and using Eq. . during the final stage (> ms).

Despite our limited understanding of the dynamics in play between the disappearance of the droplet in the video frames and the final stabilization of a liquid film, the repeatability of this behaviour over multiple droplet landings and multiple resonators, give robustness to the above interpretation (see Appendix D).

Miniature optomechanical resonators appear here as a new tool to study wetting and evaporation dynamics of nanoscale liquid volumes with high temporal resolution. The high sensitivity of our dual optical/mechanical sensing device allows detection with millisecond resolution of a liquid volume in the range of tens of attoliters, either localized (within a spherical droplet) or distributed over the disk surface (in the form of a thin film). This enables us tracking the fast dynamics of a nanodroplet evaporating in a saturated environment, a situation that had been theoretically discussed and believed to play a role in the evolution of aerosols, but which had not been measured at the single droplet level because of a lack of suitable techniques. With multimode tracking of different mechanical resonances we expect to increase our precision in the estimation of the droplet geometrical parameters. Beyond this first original outcome, the high sensitivity and time resolution of optomechanical techniques open to several interesting problems in nanoscale fluidics, such as fast thermodynamic transitions to solid and glass states in nanoscale droplets, or the response of a nanoscale droplet to rapidly evolving boundary conditions at liquid-solid interfaces.

ATTOLITER DROPLET DETECTION USING OPTOMECHANICAL DISK RESONATORS

Tracking several mechanical modes would allow interpretation of the experimental results independently of the use of the fast video camera. In the current state, we are able to track up to four mechanical modes but, except for RBM , the full interpretation of the results has not being achieved yet. We will enter into the details of multimode tracking in Chapter , when focusing on solid nanoparticle detection. 

. Introduction

The great potential of nanomechanical devices in terms of mass sensing has been widely demonstrated in the literature [ , ]. Their small size enables great performances, notably in the Mega-Giga Dalton mass range that remains inaccessible by other conventional mass spectrometry techniques. Over the years, nano-fabricated mass sensors have taken on a variety of geometries and adopted a variety of read-out and actuation techniques. Of all of them, the optical transduction boasts an outstanding sensitivity to displacement, which is of utmost importance when working with small resonators. The effectiveness of this technique is notably apparent in micro-and nano-resonators where optomechanical coupling is amplified by confining the mechanical resonator within a high-Q optical cavity of small mode volume [ , ]. Concomitantly, optical actuation is both wideband and low-noise: it enables large signal-to-noise ratio in the coherent measurement of the amplitude and phase response of the mechanical resonator, leading to an favourable detection limit in sensing applications [ -]. We have already demonstrated in Chapter that the in-plane mechanical modes of a semiconductor disk resonator, more difficult to address with standard electrical techniques, can be simultaneously driven and detected by an all-optical operation, relying on the large coupling of these modes with optical cavity modes [ ]. Compared to conventional beam-shaped nanomechanical devices, the large area of these disks provides a considerable advantage in terms of detection surface area for mass spectrometry and, thus, a potentially reduced analysis time. In addition, in-plane vibrations are less affected by viscous damping, ensuring high-level performances both in air and liquid environment [ , ]. In this Chapter, we report on multimode nanomechanical and optical mass spectrometry performed with an optically driven and detected gallium arsenide (GaAs) optomechanical disk resonator operated in ambient air environment. On top of offering a dual mechan-
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ical/optical sensing capability, our device presents a capture area that is two orders of magnitude larger than recently demonstrated solutions for nanomechanical and nanooptomechanical mass sensing [ -]. This device is optimized to weigh masses ranging from MDa ( . ag) up to tens of GDa ( . fg), suggesting possible applications for detection of biological objects in this mass range such as viruses and bacteria. Its multimode nature should ultimately give access to other physical properties of the analyte on top of its mere mass. [ ], coherent drive of the mechanical motion of the resonator can be obtained by sinusoidally modulating the injected optical power. Due to optomechanical coupling, information about the amplitude and phase from the mechanical displacement are imprinted in the output optical signal and can be inferred by a simultaneous demodulation of the latter. This all-optical modulation/demodulation . OPTOMECHANICAL MASS SPECTROMETRY scheme allows any frequency shift of a mechanical resonance due to external perturbations to be effectively translated into a change in the measured amplitude and phase signals.

. Optomechanical mass spectrometry

According to Sauerbrey's equation Δ /Δ = -/( 2)× ( 0 ) 2 , the sensor responsivity to mass adsorption on the resonator depends on ( 0 ), the mechanical displacement at the particle landing position. A microscope objective (MO in Fig. . (b)) coupled in situ during mass landing events with a fast camera (acquiring 3 frames/s) is employed to estimate 0 before accurately measure it with a Scanning Electron Microscope (Fig. . (c)). Prior works exploited multimode mechanical analysis with cantilevers in order to disentangle this spatial information from the analyte mass [ , ]. Following this idea, we identified here several mechanical modes in the ultra-high frequency range as good candidates for this task. Belonging to the family of radial breathing modes (RBMs) and Wine Glass Modes (WineGlass), the deformation profiles of these modes, shown Fig. . (d), mainly consists of "in-plane" vibrations. This explains their strong coupling to optical whispering gallery modes (WGMs) that allows their Brownian motion to be measured with high displacement sensitivity, as evidenced by the high signal-to-noise ratio of the peaks in Fig. . (d).

The minimum resolvable mass by the sensor depends on both the steepness of the phase-frequency response, which can be approximated as linear on resonance, and on the signal to noise ratio in the detected phase variations. While the former is essentially determined by the mechanical quality factor, the latter can be easily improved by increasing the input laser modulation depth. This indeed increases the coherent displacement induced by the laser-generated photothermal force and radiation pressure/electrostriction, while the random motion related to thermomechanical noise remains unchanged. By adding several modulation frequencies to the injected power, simultaneous tracking of multimode mechanical frequencies can be performed in real-time. ) as function of the integration time employed during the demodulation of the output signal from the disk. The bandwidth that provides the smallest frequency noise is generally found in between and Hz. The best results are found for the RBM whose relative frequency stability reaches down to × -8 . With an effective mass of pg for this mode, this value leads to a minimum detectable mass of ag that corresponds to a sphere of nm diameter and same density as water. This is about the dimension of a small virus such as Phi (Bacillus phage). We first tested our device by depositing latex nanoparticles of nm diameter * on the sensor surface. The nanoparticles were first diluted in a -propanol solution ( . × 9 particles/mL) and then sprayed with the same commercial piezo-ceramic nebulizer employed for sub-micron droplet sensing experiments. Compared to the latter, the distance between the nebulizer and the optomechanical device has been increased. This provides a longer evaporation time for the liquid droplets contained in the mist and allows depositing almost dry nanoparticles on the disk. In most of our experiments, the residual liquid droplets accompanying the nanoparticles were so small not to be visible in the video frames acquired by the fast camera.
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Since the mass of a single latex nanoparticle is ∼ times larger than our minimum detectable mass, we decided to compromise on the latter to increase the measurement time resolution and work with a kHz measurement bandwidth. Figure . (a,b) shows the time traces of the phase signal obtained by demodulating the output optical power at the frequency of RBM and the photodetector (PD) voltage, which is proportional to the DC output optical power of the sensor, acquired during a single nanoparticle deposition event. The displacement profile of the mechanical mode and the squared modulus of the electric field of the optical WGM employed in these experiments are shown in inset.

Once the nebulizer is activated (t= s), a -propanol mist is created and guided by the flux towards the resonator region. The droplets and molecules of this mist slightly modify the device optical transmission by changing the environment refractive index and generating a thin -propanol layer on the resonator and waveguide surfaces. As evident from the decrease in the phase and increase in the PD signals occurring just after the nebulizer activation, this modifies our working point and slightly red-shifts the mechanical and optical resonances. On top of this slow evolution (second time scale) associated with the sprayed mist, the landing of the nanoparticle on the disk (t≈ . s) is recognizable by the large and abrupt jump in the two signals followed by a rapid small transient ( ms timescale) corresponding to the evaporation of the residual liquid -propanol enveloping the nanoparticle (see Fig. . (b)). This landing event is in parallel observed by the fast camera, which allows us associating these abrupt jumps in the optomechanical signals to a specific landing position on the disk. At the end of the spray, which generally lasts around one second, the mist continues diffusing and evaporating until a stationary state is reached again after few tens of seconds. After the sensing experiments, the identified landing position was finely checked and its coordinates measured with care within a SEM (Fig. . (c)).

The abrupt RF phase jump of deg was converted into a mechanical frequency shift of -. kHz by taking into account the slope of the phase-frequency response (-. × -2 deg/Hz) and compared to the analytical and numerical calculation of the expected frequency shift induced by the mass adsorption. While the Sauerbrey's equation relies on a point mass approximation and merely accounts for mass loading effects, FEM simulation accounts for the possible influence of the particle aspect ratio and stiffness on the frequency shift [ , ]. Due to the spherical shape of our particles and their moderate rigidity, the point mass approximation generally provides a sufficiently precise estimate of the expected frequency shift. From the experimentally measured frequency shift, and from the experimentally assessed landing position, the Sauerbrey's point mass approximation allowed us to deduce a mass for the nanoparticle equal to . fg, which is % larger than that deduced from information provided by the nanoparticle commercial supplier, such as particle dimensions and density of the employed latex ( . fg). Some statistics about SINGLE NANOPARTICLE MASS SPECTROMETRY WITH OPTOMECHANICAL DISK RESONATORS similar events will be discussed later in this Chapter. A simultaneous change in the PD voltage, hence in the DC output optical power, occurs when the nanoparticle lands on the surface of the disk. As in the case of droplets discussed in Chapter , this effect is related to the red-shift of the optical mode, which is a dispersive effect associated to the polarizability of the landing nanoparticle † . We checked that there was no observable absorptive or dissipative optical effect associated with the nanoparticle landing, at least in our laser frequency range. The optical resonance shift can be inferred from the PD Voltage change knowing the slope of the thermo-optic triangle under our optical operating conditions. As reported in Fig. . (a), the nanoparticle of Fig. . landed close to the major radial lobe of the optical mode energy density, leading to a mV PD voltage jump. We translated this value into a . pm red-shift of the optical resonance and we compared it to FEM COMSOL simulations. As with droplets, the numerical simulation problem has been simplified by reducing the geometry to a small slice of the disk and applying the proper boundary conditions. While the radial position of the nanoparticle with respect to the lobes of the optical mode can be obtained satisfactorily by SEM imaging, its azimuthal position is not defined at priori. We found that the optical resonance shift can change by a factor of more than two when the nanoparticle moves azimuthally from the maximum (red dots in Fig. . (b)) to the minimum (green dots) of the electric field, which corresponds to a rotation around the disk central axis of /2 ( the optical mode azimuthal order). This dependence on the azimuthal position is much stronger than for droplets of similar volume because of their different contact area with the disk. Indeed, as

† = - 1 2 , ∫ | ( )| 2 0 ∫ , | ( )| 2 + ∫ | ( )| 2 ( . )
where , is the nanoparticle polarizability per unit of volume

, = 3 0 , -, , +2 , . 
discussed in Chapter , a larger contact surface allows averaging the electric field effect basically over the whole droplet. Fig. . (b) also shows the dependency of the frequency shift on the fastening conditions of the nanoparticle onto the disk surface. By cutting a larger hemispheric cup from the bottom part of the particle, a larger contact radius with the disk has been obtained, with an increased effect on the optical frequency shift. Despite the experimental optical frequency shift was consistent with the simulated FEM values, an estimation of the adsorbate volume from this quantity can lead to a % error on the nanoparticle radius if the azimuthal position of the nanoparticle remains uncertain. With this experiment we demonstrated the possibility of applying optomechanical disk resonators to the sensing of nanoparticles of ∼ fg and the interest in exploiting both the optical and mechanical resonance perturbations to collect more informations about the analyte. A discussion on the possible sources of uncertainty in the estimation of the nanoparticle mass will be provided later in this chapter. . and from its smaller mechanical Q factor, the phase signal from RBM is more noisy and the phase jump due to the landing event is smaller compared to RBM . The optical mode intensity at the particles landing position is much smaller than in the previous case, leading to an almost negligible optical resonance shift (Fig. . (b)). The radial and azimuthal position of the cluster and the distribution of the three particles are shown in Fig. . (c). It is worth noting that the three particles are touching each others and that they are all in contact with the disk. From a mechanical point of view, the latter condition is important to guarantee that the disk vibration is properly transferred to all nanoparticles in the same way. Within the point mass approximation, the mass of the cluster deduced from RBM and RBM signals are

. fg and . fg respectively, meaning % more and % less than the nominal value of . fg. As will be discussed in further work, the mode profile of RBM is distorted by the somewhat irregular shape of the pedestal sustaining the disk (see Chapter ). This, in consequence, affects the estimation of the landing mass from the Sauerbrey's formula, and renders the information extracted from RBM less trustable. This distortion is far less pronounced for RBM . To further test the sensitivity of our sensor, we performed experiments with silica nanoparticles of nm diameter ‡ . Their mass of . fg is large enough to be detected with RBM with Hz bandwidth. In Fig. . (a), the RBM phase signal and the PD Voltage are shown during the landing of a single silica nanoparticle on the disk surface. While the phase jump is still much larger than the phase noise, the change of the PD voltage is small and comes closer to the noise floor. From the former experimental value, we evaluated as above the nanoparticle mass and found of value a . fg, which sits % above the nominal value. source of uncertainty, especially for RBM (up to % of the measured mass). The optical mode red-shift induced by both the adsorption of a nanometric -propanol layer on the disk and by the landing of the nanoparticle modifies the laser-cavity detuning and introduces new sources of uncertainty. On one hand, changing the detuning means changing the phase-frequency slope. This effect is responsible for an overestimation of the nanoparticle mass. A systematic characterization of the device and the application of the model described in Chapter are needed to decouple this contribution from that of the nanoparticle mass. In addition, changing the detuning leads to a change in the mechanical resonance of the disk through thermo-elastic softening and then to an underestimation of the nanoparticle mass. Proper knowledge of the optical spectrum and thermo-optical response of the device allows deconvoluting these optical and mechanical effects, using the model described in Chapter . According to recent findings reported in Ref. [ ], possible mechanical coupling between the disk and nanoparticle vibrational modes can lead to a wrong interpretation of the experimental results when using the point mass approximation. This effect is discussed in more details in the next section. A spherical nanoparticle displays several mechanical modes whose eigenfrequencies are related to its Young modulus ( 0 ), density ( ) and radius in the following way f ∼ 1/ 0 / . When the nanoparticle adheres on a surface (see Fig. From SEM imaging, we found that the nanoparticles can stick to the disk in different ways, forming a contact area whose radius can vary by almost a factor (Fig. . (a)). We studied the flexural mode of the latex nanoparticle by FEM simulations for different radius

. Mass spectrometry of nm silica nanoparticles

. Coupling between the nanoparticle and disk mechanical modes

. COUPLING BETWEEN THE NANOPARTICLE AND DISK MECHANICAL MODES

of the contact with the disk. As reported on the left axis of the plot in Fig. . (b), we found higher oscillation frequency for increasing contact radius. For these simulations the contact area has been changed by removing an spherical cap from the bottom part of the nanoparticle and compensating the material density of the rest of the nanoparticle in order to keep the overall mass of the nanoparticle constant. On the right axis of the plot in Fig. . (b), we reported the ratio between the disk and nanoparticle mechanical frequency, which parametrizes the coupling regime between the disk and nanoparticle vibrational mode. Based on this value and on Fig. [ ], we expect to be in the "inertial regime" for large contact radius and to enter the "coupling regime" in the opposite case of a small contact radius (see the range defined by the green arrow in Fig. . (a)). The point-mass approximation (Sauerbrey's equation) applies in the inertial regime, whereas it becomes inadequate to estimate the frequency shift induced by mass absorption in the coupling regime. In the latter, mechanical mode splitting and hybridized quality factors are instead expected.

From the single latex particle deposition event presented in Fig. . , FEM simulations for the disk mechanical frequency shift have been performed to check for possible coupling of the particle and disk mechanical modes. The results are reported in Fig. . for varying contact area while the value inferred from the analytical formula (point mass approximation), and the one obtained experimentally are shown as dashed lines. The analytical formula is able to reproduce the FEM results for large contact radii but deviates in the opposite situation. For this specific nanoparticle, the contact radius is equal to nm (see inset of ) as function of the ratio between the mechanical frequencies of the disk and the nanoparticle (Λ). Three different regimes can be defined: inertial, coupling and insensitive. In the former, the point mass approximation provides a good estimate of the mechanical frequency shift while in the coupling regime, hybridization of the modes occurs. No mechanical shift is expected in the insensitive regime. (b) By varying the contact radius, a deviation in the mechanical frequency shift induced by the particle adsorption on the disk surface is found between the results of the point-mass approximation (Analytical) and of FEM simulation. The experimental frequency shift and the particle contact radius are also shown.

This mechanical coupling effect can partially explain why we sometimes estimated larger masses in case of latex nanoparticle but it does not explain our silica nanoparticles dataset. Indeed, a smaller coupling effect between the disk and silica nanoparticles is expected

SINGLE NANOPARTICLE MASS SPECTROMETRY WITH OPTOMECHANICAL DISK RESONATORS

because of their smaller dimensions and larger Young modulus ( GPa) and density ( kg/m 3 ) that shift their flexural mode to higher frequencies ( . x -2 < Λ < x -2 ).

Despite the quantitative analysis of our sensing experiments reveals that a fine control on the physical processes occurring at the device level is necessary to successfully interpret our measurements, the demonstrated ease of implementation and remarkable sensitivity makes disk optomechanical resonators a suitable platform for mass spectrometry at the single nanoparticle level. After our first steps, the device performances still have room to be pushed further, depending on the required compromises for each applications. This paves the way towards multimode optomechanical spectrometry of biological particles in the tens of MDa range, such as viruses. 

Conclusion

During this doctoral thesis carried out in the framework of the Viruscan project, we have developed an optomechanical sensor consisting of a Gallium Arsenide disk resonator, optimized for virus analysis. With this target in mind, the sensor was designed in order to provide sufficient sensitivity to mass adsorption while maintaining a large surface area available for detection. Due to the strong optomechanical interaction that characterizes GaAs disk resonators, multiple mechanical modes were measured with large signal-to-noise ratio, foreshadowing the possibility of simultaneous access to multiple analyte information. The initially encountered difficulty in controlling higher-order radial breathing modes (RBMs) has been mitigated by investigating new families of mechanical modes which, despite their lower optomechanical coupling to whispering gallery modes (WGM), are less affected by geometric irregularities related to device fabrication. We tested the responsivity of our sensor with both nm latex nanoparticles, whose density and elasticity are similar to that of common viruses, and silica nanoparticles of nm diameter, whose size is close to that of large viruses like Sars-Cov-. These experiments not only validated our expectations in terms of resonator sensitivity, but also provided values that were quantitatively consistent with those predicted theoretically. This was made possible by a detailed understanding of the physical processes that govern the sensor. To this end, by combining numerical and analytical tools, we created a model capable of describing our optomechanical device in the operation regime used in mass detection experiments with all-optically driven and detected optomechanical systems.

Our optomechanical sensors will be employed for experiments with samples containing nanoparticles or inactivated viruses inside the latest prototype of the Viruscan instrument towards the end of this thesis. This will inaugurate a series of experiments aimed at pushing the sensor performances further towards the detection af ever smaller analytes. Beyond mass spectrometry, the possible applications of our optomechanical sensors are numerous, starting from our first demonstration of liquid nanodroplet detection. The high sensitivity has allowed investigating wetting and evaporation dynamics at the nanoscale with high temporal resolution, where often techniques generally fail. Like mass and stiffness of viruses can be inferred by simultaneous tracking of multiple mechanical modes, we expect that several properties of liquid media at the nanoscale, such as density, viscosity and compressibility can be measured in a similar way. The simultaneous sensing of solid and liquid phases (like solid particles immersed in liquid droplets or solid spheres filled with liquid) is a further promising perspective not only for diagnostic purposes, but for rheology of soft materials and biophysical applications in general.

Temperature dependence of the effective refractive index C

The effective index methods (EIM) provides an estimation of the effective refractive index seen by the mode propagating inside a slab waveguide. For a nm thick GaAs slab surrounded by air, the effective index at telecom wavelength is plot in Fig. C. . From its 

( 0 ) = ( 0 ) - 0 = 3.47 (C. )
To account for the bending losses, the effective refractive index of a WGM inside a disk also contains an imaginary part. But, as long as the radius of curvature of a disk is large, its real part can be approximated with the one of the corresponding straight slab of same thickness. This allows solving for each field component independently from the others. Along the disk thickness, the continuity of the tangential component of the field at the air boundary provides the following implicit relation:

( ) ( ) - (2) ( ) (2) ( ) = 0 
( ) ( ) - (2) ( ) (2) ( ) = 0 (C. )
with and

(2) the first-kind Bessel function and second-kind Hankel function respectively, = / , the disk radius. The eigenmodes of the disk can be found solving this relation for the parameter (or ). All the existing solutions satisfy a general condition: = that allows us calculating the optical frequency dependence of small perturbations of or . For a small temperature variation, thermal dilatation and thermo-refractive effect
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change the resonant frequency in the following way:

= + (C. )
The first term writes:

= ( ) × ( ) = - × + = - + = - (C. )
while the second becomes:

= × = - × ℎ = -ℎ (C. )
Here, we exploit the fact that the product ( ) has to compensate for a variation of the disk radius Video frames are shown in panel (a) with a high contrast filter in order to better identify the droplet position and initial size before evaporation. The optical (blue) and mechanical (red) resonance shifts are reported on a short (b) and long (c) time interval while their ratio is shown with yellow dots. As long as the droplet is visible at the camera, the ratio is close to . . It then increases up to . in the final stage.

The small dimensions of mechanical micro-and nanoresonators induce a large responsivity to external perturbations, making these systems ideal for sensing purposes. 1,2 Actuation of the mechanical system is necessary to increase the vibration amplitude and improve its sensing performances. 3,4 Among multiple actuation mechanisms, optical driving of mechanical resonators enables broadband actuation up to the GHz mechanical frequency range. At the same time, optical techniques permit ultrasensitive, eventually quantum-limited, detection of motion. For these reasons, several optomechanical devices 5,6 have been pushed forward for magnetic field, 7 mass, [8][9][10][11] or atomic force sensing. 12,13 Driving and detecting the mechanical sensor in an all-optical way, with a single laser source, offer an obvious advantage of simplicity, well suited for integration. The oscillating sensing mode, where the mechanical system is sinusoidally forced, is then obtained under coherent modulation of the laser, while the output light is demodulated.

Early experiments in optomechanics, while not aiming at sensing, did implement such a modulation/demodulation approach in order to characterize the dynamical response of the system under study. 14,15 In Ref. 15, the effect of photothermal forces, where photons are absorbed and thermally distort the mechanical system, was considered within a delayed force model. The latter efficiently depicted the behavior of employed cantilevers of mechanical frequency ω m = 2π × 10 kHz, but was inadequate for high frequency devices operating in the good cavity limit ω m ≳ κ with κ being the optical cavity decay rate. 16 In contrast, the canonical optomechanical radiation-pressure model 6 correctly works at an arbitrary high mechanical frequency, and modulation/demodulation experiments in this regime have been popularized as being the optomechanical analog of electromagnetically induced transparency. 17,18 Unfortunately, the latter model neglects photothermal interactions, which are often sizable at room temperature and of concrete importance for operational optomechanical sensors. [19][20][21] In a recent paper, 22 a model was introduced that solved for that discrepancy by writing three coupled equations for the cavity mode, the mechanical and thermal degrees of freedom of a resonator, allowing quantitative modeling of dynamical backaction effects at an ultra-high frequency with significant photothermal interactions. Despite its prime importance for sensing, the oscillating mode with a sinusoidally forced resonator was, however, not treated in this latter work.. This is done here, where the model of Ref. 22 is extended and solved in the case of a modulated input laser and demodulated output optical signal. We derive compact analytical expressions for both quadratures of the demodulated signal, including in a regime where nonlinear absorption is present, giving rise to a nonlinear component of the optical force. We confront these expressions to systematic experiments on optomechanical disk resonators with mechanical modes in the ultra-high frequency range, varying the modulation frequency, the optical operating conditions, such as detuning and power, and the investigated mechanical modes. The validation of the tested model prepares the ground for the calibrated use of integrated oscillating optomechanical sensors optically operated at room temperature, a required step for concrete applications.

An electron micrograph of the optomechanical system under investigation is shown in Fig. 1(a). It consists of a gallium arsenide (GaAs) disk patterned on a GaAs (200 nm)/Al 0.8 Ga 0.2 As (1800 nm)/GaAs (substrate) epitaxial wafer using e-beam lithography and inductively coupled plasma etching. Hydrofluoric acid under-etching is employed to selectively remove the AlGaAs and shape the disk pedestal. This structure supports optical whispering gallery modes (WGMs) that can be excited via an integrated suspended waveguide at a rate κ ex [Fig. 1(b)]. Radiative contributions to the WGM cavity losses (bending and scattering losses) are grouped under the rate κ rad . Intracavity photons are absorbed at a rate κ abs . As depicted in Fig. 1(c), a single telecom (sub-bandgap) photon can be absorbed in a transition involving a midgap state 23,24 (κ lin ), while a pair can be directly absorbed by two-photon absorption (κ TPA ), such that κ abs = κ lin + κ TPA . Both effects, linear and nonlinear in the circulating power, are responsible for heating up the resonator. For a ΔT temperature increase of the disk, the local stress induced by thermal expansion is given by 25

σ th ij = C ijkl β th δ kl ΔT, (1) 
with C ijkl being the stiffness tensor and β th being the thermal expansion coefficient of the material. Each mechanical mode of the resonator is impacted its own way by this thermal stress. In a lumped element model associated with a given mechanical mode, the effective mass on a spring is subjected to a photothermal force F pth , whose amplitude is given by 25

F pth = ∫ V dVσ th ij S ij = α × ΔT, (2) 
where S ij is the strain field of the considered mechanical mode. Another consequence of the temperature increase in the disk is the red shift of optical and mechanical resonances. The first is a consequence of the thermo-optic (TO) effect, while the second is related to the thermo-elastic (TE) softening of the material at a high temperature. When combined with the canonical optomechanical coupling between the motion x and the optical cavity field a, these various thermal effects give rise to a close set of interactions between optical, mechanical, and thermal degrees of freedom [Fig. 1(d)], governed by three coupled equations as follows:

ȧ = - κ 2 a + i(Δ + g om x + ω cav n g dn eff dT ΔT)a + √ κ ex a in , m eff ẍ + m eff Γ m ẋ + m eff ω 2 m x = F pth + F opt , Δ T = - 1 τ th (ΔT -R th κ abs ̵ hω L |a| 2 ),
with Δ = ω Lω cav being the laser-cavity detuning, g om = -∂ω cav /∂x being the optomechanical frequency-pull parameter, and n g and dn eff /dT being, respectively, the effective group refractive index and thermo-optic coefficient. Optical fields are written in the rotating frame. |a| 2 is normalized to the number of photons in the cavity and a in such that hω L |a in | 2 is the input power in the waveguide. We chose a phase reference such that ā ( āin ) is real (complex) valued. m eff , Γ m , and ω m are the mechanical resonator's effective mass, damping rate, and (temperature-dependent through TE) resonant frequency. Forces acting on the mass include a photothermal (F pth ) and a radiation pressure and electrostrictive (F opt ) contribution. The latter is given by F opt = hg om |a| 2 , where g om is calculated numerically considering both the geometrical and photo-elastic coupling. 26 R th and τ th are the thermal resistance and relaxation time of the resonator. This model serves as a starting point to describe modulation/demodulation experiments of interest for sensing in the oscillating mode.

Figure 2 shows the experimental setup employed to perform optical actuation and detection of the mechanical device previously described. The light of a tunable telecom laser is amplitude-modulated by a Mach-Zehnder electro-optic modulator (EOM), generating two sidebands in the input field: 27 a in (t) = āin (1 + β/2e +iΩt + β/2e -iΩt ), where Ω and β are the modulation angular frequency and depth. Two micro-lensed fibers provide injection into and collection from the waveguide coupled to the disk, where a TE or TM WGM is excited depending on the polarization controller (PC) selection. The intracavity field response to the modulation is 17 a(t) = ā + δa(t) with δa(t) = A -e -iΩt + A + e +iΩt , while we write the displacement and temperature increase: The amplitude of the laser power is modulated by an electro-optic modulator (EOM). The polarization is selected with a polarization controller (PC). Light is injected into the integrated waveguide evanescently coupled to the disk resonator, and then collected and amplified by an erbium-doped fiber amplifier (EDFA). The signal is converted into current by a high-bandwidth photo-detector (PD) and finally sent to an Ultra-High Frequency Lock-in Amplifier (UHF-LIA), where it is mixed with the reference signal.

x(t) = x + δx(t), ΔT(t) = ΔT + δT(t) with δx(t) = Xe -iΩt + X *
the optomechanical coupling and the thermo-optic effect. The output optical signal is first amplified by an erbium-doped fiber amplifier (EDFA) and converted into an electrical signal by a photodetector (PD), which is then fed into an Ultra-High-Frequency (UHF) Lock-in Amplifier (LIA). This latter signal is proportional to the modulus squared of the output light field,

|a out (t)| 2 = | āin - √ k ex ā + ( β 2 āin - √ k ex A -)e -iΩt + ( β 2 āin - √ k ex A + )e +iΩt | 2 , (4) 
which comprises a DC term and two additional components oscillating at Ω and 2Ω. The LIA demodulates this signal at Ω and decomposes it into an in-phase (I) and quadrature (Q) component,

I = Re{( ā * in - √ κ ex ā)( āin β - √ κ ex (A -+ A + ))}, Q = Im{( ā * in - √ κ ex ā)( √ κ ex (A --A + ))}, (5) 
or into an amplitude (R = √

I 2 + Q 2 )
and phase [θ = arctan(Q/I)]. Injecting the field ansatz into the governing equations, we find andζ * pth being their complex conjugates, and

A + (Ω) = i 2 2ϕ(Ω + Δ -iκ/2) + (ϕ + ϕ * )(ζ * opt + ζ * th ) Δ2 + Δ(ζ * opt + ζ * th ) -(Ω -iκ/2) 2 , ( 6 
)
A -(Ω) = i 2 2ϕ(-Ω + Δ -iκ/2) + (ϕ + ϕ * )(ζ opt + ζ th ) Δ2 + Δ(ζ opt + ζ th ) -(Ω + iκ/2) 2 , ( 7 
)
with ϕ = √ κ ex āin β/2, ζ opt = 2 ā2 ̵ hg 2 om χ(Ω), ζ th = 2 ā2 (ω cav /n g × dn eff /dT + αg om χ(Ω))R th ̵ hω L (κ lin + 2 κTPA )(1 -iΩτ th ) -1 , ϕ * , ζ * opt ,
χ(Ω) = [m eff (ω 2 m -Ω 2 -iΩΓ m )] -1
being the mechanical susceptibility. When thermal effects are switched off, and under the approximation of a single sideband in the input field, Eqs. ( 6) and ( 7) lead back to the results established in the context of optomechanically induced transparency. 17 Expressions for ΔT c and X are given in the supplementary material.

With the model now in hands, we start by presenting the results of modulation/demodulation both at low frequencies (10 kHz to 100 MHz) and at high frequencies, close to the first-order Radial Breathing Mode (RBM1), whose resonant frequency is located at 132 MHz for the present disk (11 μm radius and 200 nm thickness). An optical power of 200 μW is injected in the integrated waveguide, and the laser wavelength is tuned to the blue flank of the optical WGM resonance (Δ > 0). (Note that systematic measurements on the red-detuned flank could not be completed because of limiting thermo-optic instabilities.) When sweeping the modulation frequency from 10 kHz to 100 MHz, a dip in the phase and a decrease in the amplitude appear in the demodulated signal [Fig. 3(a)], as a consequence of a thermal phase lag. Indeed, as apparent in the first line of Eq. ( 3), the thermo-optic effect, just as the canonical optomechanical coupling, modifies the amplitude and the phase of the cavity optical field. Being a consequence of photon absorption, the former is filtered by the thermal response of the device (in the microsecond range) and hence distinguishable from the latter. Much larger amplitude and phase shifts in the demodulated signal are, however, found closer to the resonant frequency of RBM1 [Fig. 3(b)], whose mode profile is shown in the inset. The photothermal force DC amplitude is three orders of magnitude larger than the radiation pressure (αR th ω cav κabs /g om = 3 × 10 3 ), which contributes to an efficient driving of motion even at the frequency of RBM1. The experimental results of Figs. 3(a 6) and ( 7)] (solid line), when using the parameters listed in Table I. The vast majority of these parameters have been independently measured or calculated with the finite element method (FEM), while τ th has been obtained from the fit of the low frequency region (≤100 MHz) [Fig. 3(a)] and found to be consistent with the FEM value. The amplitude of the absorptive effects, parameterized by κ lin , κ TPA , and R th , was obtained by fitting the thermo-optic shift and distortion of the WGM resonance 

κ TPA = Γ TPA β TPA c 2 V TPA n 2 g ̵ hω L |a| 2 , (8) 
with Γ TPA and V TPA being the TPA confinement factor and volume, c the speed of light, and n g the group index. With all parameters of Table I fixed this way, the fit of the response in the high frequency region is obtained with no additional adjustable parameter [Fig. 3(b)].

To better appreciate the relative contributions of the photothermal force and radiation pressure/electrostriction in our experiments, in Figs. 3(c) and 3(d), we extract from our model the mechanical displacement modulation component X as a function of the modulation frequency (solid line) and compare it to situations where the photothermal forces only are switched off (thin dashed line, α = 0) and where all thermal effects are switched off (thick dashed line, α and R th = 0). At frequencies below 10 6 Hz, the amplitude of X is three orders of magnitude larger when the photothermal force is present [Fig. 3(c)]. It reduces above the thermal frequency (∼10 6 Hz), following a first-order filter function. At the same time, a π/2 phase lag is present at modulation frequencies higher than 10 6 Hz, which disappears when thermal effects are switched off. At even higher frequencies, close to the mechanical resonance, the X amplitude also increases by a decade when the photothermal force is present (α ≠ 0), despite the two orders of magnitude difference between thermal and mechanical frequencies [Fig. 3(d)]. A π phase shift is retrieved in X when scanning over the mechanical resonance, in accordance with a harmonic oscillator response. This overall behavior is consistent with that of a damped mechanical oscillator driven by two forces, radiation pressure/electrostriction and photothermal, of different intensity and response function.

In order to further test the validity of our model, which includes a photothermal force that has both linear and nonlinear components in the number of photons, we now systematically vary the incident optical power and the laser-cavity detuning. Figure 4 reports the amplitude and phase response of the demodulated optical signal at the RBM1 resonance frequency, as a function of the power (a and b) and detuning (c and d). When the number of intracavity photons increases, i.e., at larger power and/or smaller detuning, the red shift of the mechanical resonance due to thermal softening of the material becomes visible. Here again, the full model (solid line) reproduces well the experimental data, all over the explored range. For the largest power and smaller detuning, TPA is twice as large as linear absorption. In this regime, it is responsible for increasing the cavity linewidth and gives rise to a dominating nonlinear photothermal force. For a given optical power and detuning, the oscillation amplitude can be enhanced by increasing the modulation depth (β). This generally results in improved performances for sensing applications. Measurements of the frequency stability of our optomechanical disk sensor down to 10 -7 are shown in the supplementary material.

The model presented here can be applied to any mechanical mode of a sensor, by using the proper mechanical susceptibility, proper optomechanical coupling, and proper photothermal force. In Fig. 5, we report the experimental data acquired on the secondorder RBM (RBM2), together with the fit by the model. Both the peak amplitude and phase jump are smaller with respect to those of RBM1. This is the consequence of a lower mechanical quality factor (Q RBM2 /Q RBM1 = 0.4) and of an increased spectral distance to the thermal cut-off frequency, which reduces the photothermal actuation efficiency. Similar data and analysis on a yet different category of mechanical modes, called the wine glass modes, are reported in the supplementary material.

APL Photonics

In conclusion, we have developed and systematically tested a model that correctly depicts all-optical actuation and detection of optomechanical devices operating at ultra-high frequencies in the oscillating mode. In contrast to prior models, it does account for photothermal forces, both linear and nonlinear, while also embedding radiation pressure and electrostrictive effects, without limitation on the mechanical frequency range. These features are essential for a precise description of chip-based semiconductor optomechanical sensors working at room temperature, which are currently under development. Their modeling will enable the accurate interpretation of the demodulated sensor output when a physical signal (to be detected) triggers its response.

See the supplementary material for the measurements of the device thermo-optic resonance shift, mechanical frequency stability, and mechanical wine glass modes and for the derivation of X and ΔT c . 

I. SUPPLEMENTARY FIGURES

II. SUPPLEMENTARY EQUATIONS

In presence of a small amplitude modulation of the input light at frequency Ω, the governing equations (Eq.3 of the main text) lead to the following relations:

iΩ + i ∆ - κ 2 A -+ i g om X + ω cav n g dn e f f dT ∆T c ā + √ κ ext āin β 2 = 0, -iΩ + i ∆ - κ 2 A + + i g om X * + ω cav n g dn e f f dT ∆T * c ā + √ κ ext āin β 2 = 0, X χ -hg om ā A -+ (A + ) * -α∆T c = 0, ∆T c iΩ - 1 τ th + hω L R th κ abs τ th ā(A -+ (A + ) * ) = 0, (1) 
The resulting expressions of A -and A + as function of the frequency Ω are given in the main text, while the temperature and displacement components are:

∆T c (Ω) = hω L R th (κ lin + 2 κTPA ) ā 1 -iΩτ th × i ∆(φ -φ * ) + (κ/2 -iΩ)(φ + φ * ) ∆2 + ∆(ζ opt + ζ th ) -(Ω + iκ/2) 2 (2) 
X(Ω) = χ(Ω) ā hg om + α hω L R th (κ lin + 2 κTPA ) 1 -iΩτ th i ∆(φ -φ * ) + (κ/2 -iΩ)(φ + φ * ) ∆2 + ∆(ζ opt + ζ th ) -(Ω + iκ/2) 2 (3) 
Multimode Optomechanical Weighting of a Single Nanoparticle 

■ INTRODUCTION

The potential of nanomechanical devices for mass sensing has been well illustrated in the literature. 1,2 Their small size enables great performance for masses between the megadalton and several gigadaltons, which remain poorly accessible to other conventional mass spectrometry techniques. This mass range is of utmost biological interest, hosting entities such as viruses and bacteria, and the first promising steps were indeed taken to weight capsides with nanomechanical resonating strings, whose motion was read out by electrical means. 3 Over the years, nanomechanical mass sensors have taken on a variety of geometries and adopted several actuation and readout techniques. Among them, all-optical techniques bring about a wide-band and low-noise-actuation capacity, [4][5][6] together with an outstanding sensitivity to mechanical motion, which are central advantages in working with high-frequency resonators of small size. Such optical techniques naturally benefit from optomechanical concepts, 7,8 and miniature optomechanical resonators were recently investigated for the mechanical sensing of objects of nanoscale mass, [9][10][11][12][13][14] with an improving level of control. This culminated in ref 14, where single-particle nanomechanical mass spectrometry in the megadalton range was demonstrated using an optomechanical nanoram device with a capture area of 4.5 μm 2 . A single mechanical mode of the nanoram was operated under vacuum and transduced through coupling with the optical mode of a separated ring resonator.

We investigate here the possibility of measuring not only the mass but also other mechanical properties of the analyte. A multimode sensing approach can serve this purpose, and we employ in this work semiconductor disk optomechanical resonators 15 designed to measure individual nano-objects collected on a large capture area. In these disks, mechanical and optical modes are in contrast colocalized, which opens the possibility for dual mechanical and optical sensing of the deposited analyte. The colocalization also induces an intense coupling between light and motion, 16,17 which enables efficient optical actuation and readout of multiple mechanical modes at the same time, 18 providing a path toward multimode mechanical sensing. Finally, the in-plane vibrations of disk resonators, which resemble those of bulk mode resonators, 19,20 are little affected by viscous damping, ensuring high-level performances in both air and liquid environments. [21][22][23] We take advantage of all these assets here and report on the optomechanical measurement of individual nanoparticles by a gallium arsenide (GaAs) disk resonator operated optically in an ambient air environment. The disk combines an experimental mass detection limit of 40 MDa with a capture area of 380 μm 2 , two decades above recent realizations. 11,12,14 We demonstrate dual mechanical and optical sensing, as well as multimode mechanical sensing, obtaining multiple concomitant informations on the deposited particles in real time. The optomechanical device is optimized to weight masses up to tens of GDa, and we were able to measure and quantitatively analyze the deposition of individual nanoparticles that mimic intermediate viruses, be it by their size and mass (150 nm diameter nanoparticles) or by their elastic modulus (soft latex nanoparticles).

■ EXPERIMENTAL SECTION

Our optomechanical sensor, shown in Figure 1A, consists of a GaAs disk of 11 μm radius and 200 nm thickness sitting on a aluminum gallium arsenide (AlGaAs) pedestal. A suspended optical nanowaveguide held by two hexagonal anchoring pads is positioned in the resonator vicinity to allow evanescent laser light injection and collection into and from the disk. 24 By sinusoidal modulation of the telecom laser at a radio frequency close to mechanical resonances, the disk mechanical motion is actuated and information about the mechanical amplitude and phase is imprinted on the output optical signal and analyzed by demodulation. 18 This all-optical modulation/demodulation scheme, combined with a proper understanding of the demodulated signal, 18 allows real-time tracking of the frequency shift of multiple mechanical modes at the same time. In the point-mass approximation, an adsorption event produces a modal mechanical frequency shift of the resonator

Δ = - f f m u r m 2 ( ) m m eff 0 2 (1) 
that depends on the resonance frequency f m , on the effective mass m eff the considered mechanical mode, on the adsorbed mass m, and on the normalized modal displacement u(r 0 ) at the analyte landing position r 0 . In our setup, we mounted an imaging system using a microscope objective and a fast camera (acquiring 10 3 frames/s) to measure r 0 in situ in real time when nanoparticles land on the resonator (Figure 1B and the Supporting Information). After optical experiments, a scanning electron microscope (SEM) can also be employed to image the decorated resonator and increase the resolution on the radial and azimuthal landing coordinates r 0 and θ 0 (Figure 1C).

Having in mind prior work on multimodal mechanical sensing with cantilevers, 25,26 we identified several mechanical modes of the disk as good candidates for such purposes. These modes appear as the prominent peaks in the optomechanically measured Brownian motion spectrum of the resonator, with frequencies spanning from 100 to 600 MHz (Figure 1D). Some belong to the family of radial breathing modes (RBMs), one is a wine glass mode (M190), and two others are less classified highorder modes (M290, M490). They all mainly consist of "inplane" vibrations of the disk, which favor their coupling to optical whispering gallery modes (WGMs). In our setup we achieved simultaneous tracking of four of these mechanical modes in real time, with a frequency stability of 5 × 10 -8 reached by RBM1 (Figure S1). With an effective mass of 250 pg for this mode, this leads to a minimum detectable mass of 27 ag, corresponding roughly to a sphere of diameter 40 nm with the density of water. This is the dimension of a small virus such as Phi29 (Bacillus phage).

■ RESULTS AND DISCUSSION

We first tested our device by depositing latex nanoparticles on its surface. Originally in suspension in a 2-propanol solution, the nanoparticles have a nominal diameter of 300 ± 15 nm. They were diluted (1.35 × 10 9 particles/mL) and sprayed with a piezoceramic nebulizer, which resulted in the generation of a mist surrounding the resonator. The resonator was optically probed with the input laser tuned onto the blue flank of a WGM resonance. Figure 2A shows time traces, during a spray, of the demodulated phase signal close to the mechanical RBM1 frequency (red) and of the DC output optical power converted into an electrical signal by a photodetector (DC voltage). By acquiring these two signals, we analyzed in parallel the effect of particle deposition on both the mechanical RBM1 and optical WGM, whose mode profiles are shown in the inset. Once the nebulizer was activated (t = 0 s), the 2-propanol mist was generated and guided by the flux toward the resonator. The constituting droplets and molecules modified the surroundings Immediately after nebulization, the RF phase decreased, which is consistent with the formation of a growing liquid layer of 2propanol on the resonator surface, red-shifting the mechanical resonance. At the same time, the device output power increased, which under our conditions is consistent with a red shift of the WGM produced by such a growing layer. A few seconds after nebulization, the output power started in contrast to decrease, which indicates that the mist diffused away and that the thickness of the deposited layer was progressively decreasing upon evaporation. After the end of the spray, which generally lasted around 1 s, this evolution went on until a new steady state was reached, after a few tens of seconds. The thin layer remained invisible to our optical imaging system all along, apart from a blur in our camera images created by the mist. On top of this slow evolution (second time scale) associated with the sprayed mist, the landing of the nanoparticle on the disk at t ≈ 1.36 s was recognizable by a large and abrupt jump in the two signals, mechanical and optical, followed by a small and rapid transient (10 ms time scale) corresponding to the evaporation of a residual liquid envelope around the nanoparticle (see Figure 1B). This landing event was concomitantly observed by the fast camera, which allowed associating the jump to the arrival of a nanoparticle at a specific position r 0 on the disk. When required, the landing coordinates r 0 and θ 0 were measured with increased spatial resolution in the SEM (Figure 2C) after sensing experiments.

The RF phase jump of -42°was converted into a mechanical frequency shift of -4.1 kHz by prior calibration of the phasefrequency response (slope of -10.35°/kHz). This shift can be compared to analytical (eq 1) and finite element method (FEM) calculations. While FEM accounts for the possible effects of particle geometry and stiffness, 26,27 the point-mass approximation of eq 1 generally provides the first useful estimate of the mass for our spherical particles when their elastic properties can be neglected (a detailed discussion of this approximation will be made below). From the measured frequency shift and landing position, and from the knowledge of RBM1 mode profile, we analytically deduced for the landed nanoparticle a mass of 22.4 fg. For this specific event, this came relatively close to the mass anticipated from information given by the commercial supplier, such as particle dimensions and latex density (14.8 fg), still with a 46% difference between the two values. Several possible sources of deviation will be discussed below.

Simultaneously with the mechanical RF signal, the nanoparticle landing onto the disk produced an abrupt drop in the DC output optical signal. There was no observable dissipative optical effect associated with the nanoparticle landing; hence, the drop is related to a red shift of the WGM. This dispersive effect is associated with the polarizability of the particle, and a perturbative formula is often employed to model the shift: 28

∫ ∫ ω ω α Δ = - | | ϵ ϵ | | E r r r E r r 1 2 ( ) d ( ) ( ) d V V opt opt V 2 0 r 2 np WGM (2) 
where α V is the spherical particle volume polarizability in air (α V = 3ϵ 0 (ϵ r -1)) /(ϵ r + 2) with ϵ r being the dielectric permittivity). |E(r)| 2 is the modulus squared of the WGM electric field, integrated over the nanoparticle volume (V np ) or over the optical mode volume (V WGM ). Provided these parameters and the landing position with respect to the WGM are known, eq 2 enables estimating V np from the optical shift. In our experiments we deduced the optical shift from the change in the DC output signal, using a prior calibration of the thermo-optic response of the resonator. 29 For the event reported in Figure 1B, the 20 mV voltage jump corresponded to a 6.7 pm red shift for the WGM resonant wavelength. Because the shift strongly depended on the azimuthal position of the nanoparticle with respect to the azimuthal lobes of the WGM, which was not precisely known, an averaging approach brought us first to infer that the volume of the nanoparticle is 3.09 × 10 -20 m 3 with ±55% uncertainty. If the single nanoparticle of Figure 2 did land on a lobe of the WGM, the lower estimation must be kept: the nanoparticle volume was evaluated to be 1.39 × 10 -20 m 3 , which comes very close to the nominal value of 1.41 × 10 -20 m 3 (14.4 fg) indicated by the supplier. This configuration would be consistent with a picture where optical gradient forces would favor the deposition of dielectric nanoparticles on the lobes of the mode. This may not always be the case, however, and such a residual uncertainty in the estimation of the particle volume from a single optical signal illustrates the interest in acquiring multiple signals at the same time. In our work, multiple information is provided by dual optical and mechanical interactions of the analyte with the resonator.

In the same spirit, we next employed our device to perform multimode mechanical measurement of latex nanoparticles by simultaneously tracking both RBM1 and RBM2. The phase signals for both mechanical modes are reported in Figure 3, together with their mode profiles in the inset, as a cluster of three nanoparticles lands onto the disk. Because of a comparatively smaller mechanical quality factor and optomechanical coupling, the signal from RBM2 was more noisy and the phase jump smaller. The WGM optical density at the particles landing position was much smaller than that in the prior case, leading to a negligible optical resonance shift for the present event. As was evidenced by subsequent SEM imaging, the three landed particles were touching one another, forming a triangle at the surface of the disk that ensured equivalent contact of each particle with the disk surface after landing. This condition guaranteed that the disk vibration is coupled equivalently to A FEM analysis showed that the mode profile of RBM2 was distorted when the shape of the pedestal sustaining the disk was noncylindrical, thereby affecting the estimation of the landing mass from eq 1. This effect is sizable when the landing position is close to the pedestal and is less pronounced close to the disk periphery. In our experiments, this effect induced a larger mass uncertainty when RBM2 was used, while the modal distortion was far less pronounced for RBM1, providing a more accurate mass estimation. Modes M190, M290, and M490 also present small modal distortion and might be used for sensing in future experiments. We further tested the sensitivity of our device by performing sensing experiments with silica nanoparticles of 150 nm nominal diameter, 8 times smaller in volume. This is about the dimension of a large virus such as SARS-CoV-2. In Figure 4A, the RBM1 phase signal and the DC optical output voltage are tracked in time during the landing of a single silica nanoparticle on the disk surface. A 100 Hz measurement bandwidth was employed, which was shown to provide the best sensitivity (Supporting Information). While the mechanical phase jump was still substantially larger than the noise, the change in DC voltage was faint and approached the noise floor. Starting from the RBM1 phase jump, we employed eq 1 again and deduced a nanoparticle mass of 5.8 fg, which comes 50% above the value derived from the supplier nominal information. As is visible in Figure 4B, a small amount of soft matter, probably a liquid, seems to accompany the particle and to be trapped at its interface with the disk. It is responsible for a residual additional mass in the after-landing state, which is yet another source of deviation.

To obtain a more global viewpoint on the precision and implications of our optomechanical approach for measuring single landing nanoparticles, we analyzed a larger set of data. The histograms in Figure 5 gathers latex (blue) and silica (green) nanoparticle masses obtained by our optomechanical sensor, which were inferred through eq 1. Each inferred mass was normalized by an expected mass. For silica particles, we measured the exact dimensions of each landed particle with our calibrated SEM and employed a referenced value for silica density to obtain the expected mass. For latex particles, we chose instead to normalize by the nominal mass corresponding to the dimensions and density given by the supplier. Indeed, once the particle was extracted from the nebulized liquid solution, we observed that latex particle dimensions evolved on a minute time scale after landing, making mass estimation trough the SEM poorly reliable, in contrast to silica. In the histograms, the column width corresponds to our experimental error in evaluating the mechanical frequency shift in detection events. This evaluation was affected by the aforementioned mist and nanometric liquid layer forming on the device during the spray, which modified the optical and mechanical frequencies through thermal effects, hence affecting the phase-frequency slope of our RF signal. A proper characterization of the device and the application of the actuation/detection model of ref 18 enabled decoupling this contribution from that of the nanoparticle mass, with a residual error of ±20%. A few conclusions can be drawn out of these histograms. First, optomechanical weighting seems to consistently provide a mass that is within a factor of 2 of the expectation. Despite this overall satisfactory agreement, the histograms are centered close to 1.5 and come with a sizable dispersion. Sources of dispersion were already discussed above: inaccurate a priori knowledge of the deposited particles, deformation by the pedestal of the employed mechanical Nano Letters pubs.acs.org/NanoLett Letter modes, and error in estimating mechanical shifts. On top come systematic deviations. The first is the presence of a residual liquid meniscus trapped between the nanoparticle and the disk, whose relative mass contribution is more important for the smallest particles and is anticipated to dominate the deviation for our silica particles. This effect is less relevant for our latex particles, whose volume sits a decade above. The second source of deviation though is the mechanical coupling between the disk and nanoparticle vibrational modes, recently addressed in ref 13.

A spherical nanoparticle attached to a surface displays a flexural mode whose oscillation frequency depends on its dimensions, elasticity, density, and contact area with the surface. FEM calculations show that the in-plane vibrations of the disk can efficiently excite such a flexural mode of our latex nanoparticles, while the effect is negligible for our silica particles. In this "mechanical coupling regime", the point-mass approximation becomes inadequate, leading to an overestimation of the adsorbed mass. With the contact radius of 61 nm we measured in the SEM, the numerically calculated shift for the event of Figure 2 is for example 1.5 times larger than the point-mass approximation result, explaining the off-centering of the histogram for latex nanoparticles. A more systematic FEM study of this mechanical coupling effect is shown in the Supporting Information, which shows its relevance to our data.

If the residual liquid effect can be neglected for latex particles, the deviated shifts enable analyzing the nanoparticle elasticity, provided its density is known. From our set of measurements, and with an average contact radius of 56 ± 5 nm, we obtain this way a material Young modulus of 2.7 ± 0.6 GPa, which is consistent with the referenced value of 3 GPa for latex.

■ CONCLUSIONS

In conclusion, we have demonstrated that multimode weighting of individual nanoparticles can be achieved by an optomechanical sensor. This approach enables accessing multiple mechanical and optical informations in real time, which may lead to the analysis of several physical properties of the analyte at once, beyond its mere mass. The quantitative modeling of our sensing experiments reveals that a fine control and understanding of every aspect is important, from the device physics and engineering to the analyte pretreatment and guiding to sensor. The current device, with a large capture area that approaches the state of the art focusing capabilities for electrospray ionization methods, is well suited for future investigations of biological particles. This is notably the case for a large range of viruses with masses in the tens of MDa range, which could be addressed by such a multiphysics approach. Figure S3: SEM images of latex (A) and silica (B) nanoparticles deposited over two distinct optomechanical resonators, and accumulated along several sprays. Sensor performances do not severely degrade after a single deposition event, allowing the same device to be used for multiple detection events. The ratio between the eigenfrequency of the disk RBM1 and that of this flexural mode is shown in red stars. (b) At small contact radius, when this ratio approaches one, there is a strong deviation between the mechanical frequency shift expected from the point-mass approximation (Analytical) and that found by FEM simulation of the flexural nanoparticle vibration interacting with the disk (filled blued circles). An example of particle contact radius imaged by SEM is reported in inset, together with the associated measured frequency shift (Experimental dashed line).

Mechanical coupling between the disk and the particle

The vibrations of a nanoparticle attached onto the disk surface were simulated by 3D FEM. The vibration profile of the flexural mode arising in such case is shown in the inset of Fig. S4 (a). On the left axis of the plot, we report the flexural mode frequency for a latex nanoparticle of 300 nm diameter, for an increasing contact radius with the underlying surface.

The frequency ratio between the disk fundamental radial breathing mode (RBM1) and the nanoparticle flexural mode is reported on the right axis. Since this value parametrizes the mechanical coupling between the disk and nanoparticle vibrational modes, we expect to fall in the "inertial regime" for a ratio smaller than 1 (large contact radius) and to enter the "coupling regime" in the opposite case (ratio close to 1, and small contact radius). In these FEM simulations, the particle/disk contact area has been obtained by removing a spherical cap from the bottom part of the spherical nanoparticle, and compensating the material density of the rest of the nanoparticle in order to preserve its overall mass.

The point-mass approximation (Sauerbrey's equation 1 of the main text) applies in the in-ertial regime, whereas it becomes inadequate to estimate the frequency shift induced by mass absorption in the coupling regime. In the latter, mechanical mode splitting and hybridized quality factors between the disk and nanoparticle are instead expected. For instance, FEM simulations in this regime have been performed to calculate the frequency shift induced by the landing of the single latex particle introduced in Fig. 2 Optomechanical measurement of single nanodroplet evaporation with millisecond time-resolution

Introduction

Surface wettability at the nanoscale still poses many questions: the processes ultimately governing the evaporation of sessile nanodroplets are incompletely known, while the final stages of their evaporation down to an extended molecular film is little documented. This insufficient knowledge persists despite remarkable advances in micro and nano-fluidics techniques, and despite numerous applications in nano-printing, spray cooling and liquid nanodispensing, which spark interest for these fundamental questions. At the nanoscale not only the production and delivery 1 but also the realtime imaging and analysis of droplets remain outstanding challenges, limiting our capacity of investigation. The evaporation time of nanodroplets is expected to be shorter than their macroscopic counterparts, requiring fast probes to track their evolution, while a very high sensitivity is required to measure their miniature mass. In order to access intrinsic phenomena, the observer should additionally not perturb the droplet evolution while measuring it. There is today no probe technology for nanodroplets meeting all these requirements at once. Droplets smaller than few femtoliters are difficult to track by optical imaging, which faces the resolution limit imposed by diffraction. Atomic Force Microscopy (AFM) and Transmission Electron Microscopy (TEM) can break this limit and have proved to be powerful tools to analyze nanoscale droplets, however with restrictions. Non-contact AFM has been employed to analyse the shape of sessile droplets of a few microns of diameter and less with minimal perturbation, 2 however at smaller volume these experiments are increasingly difficult. Recent works have employed a two-dimensional material covering a substrate (for example graphene on mica) in order to extend AFM measurements to yet smaller droplets of few tens of nanometers diameter, 3,4 however in this case it becomes difficult to disentangle interactions between the substrate, the liquid and the 2D material. Spectacular results were obtained as well by a non-contact extension of AFM dubbed scanning polarization force microscopy (SPFM), which achieved lateral resolution of 10 nm to study droplets on pristine surfaces. 5,6 Environmental TEM has also allowed direct visualization of sessile nanodroplets with diameters of tens of nanometers, however in these experiments the incident electron beam leads to unavoidable charging of the droplets, whose shape and dynamic evolution become ruled by electrostatic effects. [7][8][9] Unfortunately, all of these microscopy techniques are inherently slow, with typical time resolution of a minute. The fast evaporation dynamics of nanodroplets has thus remained experimentally out of reach.

Micro and nanomechanical mass sensors 10,11 have been applied to the investigation of small liquid volumes as well, by looking at mechanical resonance shifts induced by the liquid adsorbate, in the spirit of quartz microbalances 12 but with improved sensitivity. [13][14][15][16] In 13 notably, the time evolution of evaporating glycerol droplets of 1 to 5 µm of diameter (1.5-150 aL) could be tracked with a time resolution of 10 s and a mass sensitivity of 64 fg, showing an evaporation behavior consistent with that prevailing at the macroscopic scale. In order to open investigations at the nanoscale, and to track the much faster dynamics of infinitesimally small liquid volumes, we propose here a new approach. We make use of a miniature optomechanical disk resonator that supports co-localized optical and mechanical modes. As a result of it's small dimensions, ultra-high mechanical frequencies and efficient optomechanical transduction, 17,18 the resonator offers a sensitivity to punctual mass adsorption of 100 ag (100 zL) while ensuring a time resolution of a millisecond. On top of providing mechanical measurement of the nanoscale liquid adsorbate, the device allows extracting optical information in parallel, leading the possibility of a multiphysics analysis. With this platform, we achieve real-time tracking of single droplets of 2-propanol liquid that evaporate from a micrometric to a nanometric size over a few milliseconds, all the way down to attolitter volumes, where a transition to an extended film is observed. The multiphysics signals enable to unambiguously determine the geometrical evaporation mode. The fast evaporation dynamics is then modeled with minimal assumptions: as a consequence of their strong curvature, sessile nanodroplets evaporate even when the surrounding gas is saturated, a phenomenon expected from the Kelvin effect [19][20][21] but that had not been observed yet. Our millisecond-resolved measurement of an individual nanodroplet enables a direct observation of this nanoscale phenomenon.

Results and discussion

A scanning electron microscope (SEM) image of our optomechanical device is shown in Figure 1a. It consists of a Gallium Arsenide (GaAs) disk of 11 µm radius and 200 nm thickness sitting on an 1.8 µm Aluminum Gallium Arsenide (AlGaAs) pedestal. The optical Whispering Gallery Modes (WGMs) supported by the device can be excited via an integrated waveguide placed in vicinity, which is itself input by a tunable telecom laser. On top of these optical modes, the disk supports co-localized in-plane mechanical modes, providing intense optomechanical coupling between both. 22 The input light can be modulated close to a mechanical eigenfrequency, while the output light is demodulated, providing efficient actuation of the disk mechanical displacement, and de- tection of its amplitude and phase. 23 The coexistence of and mechanical modes in the structure provides a dual detection approach for an analyte that would land onto the disk. In our experiments, this landing analyte is additionnally imaged in real-time thanks to a ×100 magnification microscope objective coupled to a fast camera with 1 kHz frame acquisition rate. The detection protocol of sub-micron 2-propanol droplets is illustrated in Figure 1b. After being generated from a liquid solution by an ultrasonic piezo-ceramic nebulizer, individual droplets softly land onto the resonator surface, perturbing both its optical and mechanical modes. Signatures of these interactions can be retrieved by analyzing the DC and RF components of the output optical signal, respectively. In the followings, we make use of both these optical and mechanical signatures in a dual and complementary manner.

The evanescent part of the WGM in the air surrounding the disk is perturbed by the landing of a droplet, and the optical resonance frequency red-shifted in consequence.The larger the WGM field amplitude within the droplet, the larger the resonance shift. This optical sensing approach has been extensively used to measure solid adsorbate particles, [24][25][26][27] while few examples exist for adsorbed liquids. 28 We use it here to measure our landing droplets. Figure 2a reports the DC photodiode voltage (left axis) acquired upon landing of a single 2-propanol droplet on our optomechanical resonator. This quantity can be linearly converted into an optical resonance shift (right axis), thanks to the knowledge of the thermo-optic optical response of our device, in a blue-detuned regime where we are operating here. 29 The frames captured by the fast camera are shown in correspondance of the time-axis (top of Figure 2a), allowing real-time top-view visualization of the landing position of the sessile droplet, while enabling a rough estimation of the droplet base radius. At time t=0, the relative resonance shift is about -20 ppm and the base radius is estimated to be of 650 nm. With these two information, and assuming a spherical geometry for the droplet, the WGM optical field can be computed in presence of the droplet via the Finite Element Method (FEM). For the (TE) WGM of radial order p=10 and azimuthal order m=68 employed in this measurement, whose top-view distribution is shown in Fig. 2b, we obtain the vertical field distribution reported in Fig. 2c. Using an analytic formula obtained from a perturbation theory 30 to retrieve the resonance shift

∆ω opt ω opt = - 1 2 
V d δǫ r E * 0 (r)E d (r)dr

V W GM ǫ r E * 0 (r)E 0 (r)dr (1) 
with V d the droplet volume, ǫ r the relative dielectric permittivity, E 0 the unperturbed WGM field, and E d the field in the droplet, taken equal to E 0 at first order, we deduce a droplet contact angle θ b of 12 • at t=0, corresponding to a liquid volume of 46 aL. The main source of uncertainty stems from the limited resolution of our imaging system (about 100 nm), which affects our precision on both droplet radius and radial and azimuthal landing position, eventually leading to a 20 % uncertainty in the estimation of the droplet volume.

The evaporation of the droplet is investigated by analyzing the video frames and optical signal at t>0, in order to distinguish evaporation in the constant contact radius (CCR) and constant contact angle (CCA) modes. [13][14][15][16] In our experiment, the base radius remains unchanged during the first three frames after landing (< 3 ms), while the photo-diode signal remains flat, showing no evident evaporation. Subsequently, the relative optical shift starts decreasing in amplitude, without reaching back to its initial value. At the same time, there is no droplet visible anymore in the video frames (∼ 6 ms), which is consistent with a strong reduction of the droplet height. The relative optical shift evolution between 0 and 7 ms can be reproduced by FEM simulations of a spherical droplet using the CCR evaporation mode, while the CCA mode is in contrast excluded by our data. In CCR mode at time t=5 ms, the contact angle is close to 9 • , which corresponds to a height of 53 nm. In order to exclude hybrid evaporation modes that our imaging system could hardly distinguish, we need to confront this CCR interpretation to an independent set of data. To that purpose, we make use of a powerful feature of our experimental approach: the possibility of dual optical and mechanical sensing by the resonator. We now look at the RF signal associated to the mechanical frequency shift of the fundamental radial breathing mode (RBM1) of the resonator, which resonates at f m = 130 MHz. The displacement profile of RBM1 is reported in Figure 3a: it consists of an in-plane radial vibration, which can generate shear waves inside a liquid droplet deposited on the disk top surface. Because of the liquid viscous response, these waves are attenuated over the penetration depth δ = η πρfm , with η the dynamic viscosity and ρ the density, as illustrated in Figure 3b. Just like a shear wave sensor, 16 our disk mechanical resonator hence senses a limited amount of the deposited liquid (at 130 MHz, δ ∼50 nm in water and δ ∼80 nm in 2propanol). When the liquid thickness is comparable to δ, shear waves are reflected at the top liquid-air interface and must be accounted for. 31 For these reasons, calculating the RBM1 mechanical resonance shift induced by a landed droplet is achieved with a numerical approach that solves the disk elasticity problem together with the droplet Navier-Stokes equations, imposing a continuity of the tangential velocity at the solid-liquid interface (no-slip condition). In our FEM calculations we neglect the effect of surface tension, which only becomes relevant for radius of curvature of ∼10 nm. Figure 3b shows calculations carried in the slice of the disk where the droplet analyzed in Figure 2a did land, revealing a RMS velocity amplitude that decreases towards the top of the droplet, while its bottom is shaken by the disk motion. The mechanical frequency shift is maximized if the droplet lands at the disk periphery, where the disk velocity is larger, or if it spreads on the surface with a smaller contact angle and larger contact radius.

The mechanical shift measured in response to the droplet landing is reported in Figure 3c (right axis), over the same time interval as Figure 2a, together with the phase of the output signal demodulated at the RBM1 frequency (left axis). The latter is converted into the former in the linear region of the phase-frequency response where we drive the resonator, however with a correction that accounts for the direct modification of the mechanical frequency induced by the change of cavity photon number following a landing event. This latter effect is not captured by our FEM mechanical simulations, but it is subtracted from our experimental signal using a prior calibration and a multiphysics model (optical, mechanical, thermal) that describes the actuation/detection of optomechanical resonators. 23 The corrected mechanical shifts reported in Figure 3c can be confronted to those predicted by FEM calculations, provided that the geometry of the droplet is known at each time. Using the CCR evaporation geometry deduced from the optical signals reported in Figure 2a, we obtain the mechanical shifts shown as open square symbols in Figure 3c. The close agreement with experimental data reinforces the interpretation of a CCR evaporation mode for the droplet over the first 7 ms, before it disappears from our video images. ) hold all along the evolution, and enable integrating Eq.2 on a numerical solver. At room temperature, for the parameters of 2-propanol and for the initial r b = 650 nm observed in our experiments, the calculation predicts a reduction in volume by a factor two in 70 µs if p ∞ = 0.9 × p sat and in 0.7 ms if p ∞ = 0.99 × p sat . These timescales are much shorter than that observed in our experiments, hence we deduce that p ∞ ≈ p sat , which confirms that the mist produced by the nebulizer saturates the environment of the resonator. Under this condition, Eq.2 does not predict evaporation to take place. The missing ingredient is the Kelvin effect linked to the strong curvature of the droplet, 19 which replaces the saturation pressure in Eq.2 by p K sat = p sat × exp 2γM RT ρRs , with γ the liquid surface tension. With this ingredient included, we are able to reproduce the measured dynamics of evaporation with no adjustable parameter, as represented by the solid line of Figure 4. This constitutes a direct observation of the role of surface tension in the evaporation of a nanodroplet.

Our above analysis is based on the assumption that a sessile droplet in the capillary regime adopts a spherical shape. At the nanoscopic scale, AFM studies revealed that the topography of sub-micron droplets is in contrast distorted by surface inhomogeneities and the pres-ence of long-range forces. 2,31,[34][35][START_REF] Starov | Wetting and Spreading Dynamics[END_REF] In such cases, a transition zone close to the contact line ensures the continuity of hydrostatic pressure between the spherical part of the droplet and an underlying thin film of liquid constituted of molecules continuously adsorbing and desorbing on the substrate. [START_REF] Strawhecker | Reduction of adhesion and friction of silicon oxide surface in the presence of n-propanol vapor in the gas phase[END_REF][START_REF] Asay | Effects of adsorbed water layer structure on adhesion force of silicon oxide nanoasperity contact in humid ambient[END_REF] Dynamic molecular simulations do predict the existence of such a regime, [START_REF] Nieminen | Letters 6[END_REF][START_REF] Liu | Evaporation dynamics of nanodroplets and their anomalous stability on rough substrates[END_REF][START_REF] Pillai | Dynamics of Nanodroplets on Vibrating Surfaces[END_REF] Our present experiments are carried within an environment saturated by the sprayed mist of 2-propanol molecules, hence the sessile droplets we investigate should be accompanied by such extended film [START_REF] Yakovlev | Kinetics of small molecule adsorption studied using precision ellipsometry[END_REF][START_REF] Gee | An ellipsometric study of methanol and npropanol on quartz[END_REF][START_REF] Barnette | Adsorption isotherm and orientation of alcohols on hydrophilic SiO2 under ambient conditions[END_REF] lying on the resonator surface. 29 This thin (precursor) film is essential to understand the wetting of the deposited droplet and the final stages of its evaporation. However, detecting such film with sufficient time-resolution to reveal its dynamics has remained out of reach, owing to the very small volume of liquid involved. Our optomechanical measurement is efficient enough to address this problem, enabling real-time analysis of the last steps of evaporation of a single nanodroplet with millisecond resolution.

To investigate the evolution of the spherical droplet and its co-existence with an extended film, we take advantage of our ability to perform dual optical and mechanical sensing experiments in real-time. We analyse concomitantly the normalized optical and mechanical resonance shifts for the same landing event as above, but over a longer time interval of a fraction of second, and track the ratio of the two shifts (Figure 5a). This ratio displays some regularity, evolving from a plateau around a value of (during the first 7 ms) to a plateau around 3.5 (130 to 200 ms after droplet landing), while optical and mechanical signals do not recover their original value over this period. The value of 2.5 can be reproduced by FEM considering a spherical droplet localized at the identified landing position, consistent again with our above interpretation of the first stages of evaporation. At longer time, the conclusions are very different: the value of 3.5 is not consistent with a spherical droplet, whatever its dimensions, but it is in contrast reproduced by considering an extended film of 2-propanol enveloping the disk resonator. For a thin film of thickness t << δ, the attenuation of the shear velocity and electric field intensity in the direction perpendicular to the disk surface can be neglected, and the mechanical frequency shift takes the simple form ∆f m /f m = -t 2 ρ S u 2 (r)dS m ef f with ρ the density of the liquid, m ef f the resonator effective mass, u(r) the normalized mechanical displacement amplitude and S dS the integral over the disk surface. In this case, the ratio R of normalized mechanical and optical shifts becomes independent of t:

R = ρ S u 2 (r)dS m ef f W GM ǫ r |E 0 (r)| 2 dV S δǫ r |E 0 (r)| 2 dS (3) 
and adopts the numerical value 3.5 for the specific optical and mechanical disk modes employed in our sensing experiment. The robust experimental observation that this ratio converges towards 3.5, for multiple independent droplet landing events, is a strong indication that an extended thin film is indeed formed at the surface of the resonator in the final stages of the evaporation. From the value of optical and mechanical shifts at t>130 ms, we estimate an accumulated amount of liquid of 22 aL (Figure 5b). If uniformly distributed over the disk surface, this would correspond to a film thickness of less than 1 Å, consistent with the thin film condition. Between the end of the initial evaporation (∼7 ms) and the final thin film regime (>130 ms), we anticipate a hybrid regime where the evaporating droplet evolves into a puddle of growing diameter. In Figure 5b, we model this regime by approximating the droplet as a cylindrical puddle of varying diameter and height. At each time, there is a unique diameter that enables retrieving the proper value of R, and a unique height that allows retrieving the observed individual shifts. This minimal model enables estimating the detected liquid volume at each time (blue symbols). While simple, it shows that the residual liquid volume of ∼25 aL is spreading in time over the surface with a somewhat irregular dynamics, probably a consequence of the presence of pinning centers on the surface. Their ratio is reported with yellow triangles: it remains constant at 2.5 during the first 5 ms, consistent with a localized droplet of spherical shape, and then increases up to 3.5, consistent with the stabilization of an extended liquid film on the disk surface. (b) The detected volume as function of time of liquid is finally deduced by FEM simulations (see main text). It consists first of the CCR evaporation stage governed by the Kelvin effect, followed by the spreading of a puddle precursor film illustrated in blue (at t= 54 ms, puddle diameter= 3.46 µm, height=2.7 nm; at at t=104 ms, puddle diameter= 6.58 µm, height=0.66 nm), and ends with the stabilization of an extended film on the surface.

Conclusions

Miniature optomechanical resonators appear here as a new tool to study wetting and evaporation dynamics of nanoscale liquid volumes with high temporal resolution. The high sensitivity of our dual optical/mechanical sensing device allows detection with millisecond resolution of a liquid volume in the range of tens of attoliters, either localized (within a spherical droplet) or distributed over the disk surface (in the form of a thin film). This enables us tracking the fast dynamics of a nanodroplet evaporating in a saturated environment, a situation that had been theoretically discussed and believed to play a role in the evolution of aerosols, 21 but which had not been measured at the single droplet level because of a lack of suitable techniques. Beyond this first original outcome, the high sensitivity and timeresolution of optomechanical techniques open to several interesting problems in nanoscale fluidics, such as fast thermodynamic transitions to solid and glass states in nanoscale droplets, or the response of a nanoscale droplet to rapidly-evolving boundary conditions at liquid-solid interfaces.

Methods

Experimental setup

The telecom wavelength laser is coupled to the waveguide with two micro-lensed fibers for injection and collection. The amplitude of the laser is modulated at a frequency close to the mechanical resonance (130 MHz, Q m ∼ 10 4 ) with a Mach-Zehnder electro-optic modulator. The modulation of light induce photothermal forces in the disk that actuates its mechanical motion. A lock-in amplifier (UHFLI 600 MHz, Zurich Instruments) is used to demodulate the output signal and read its amplitude and phase in real time. Using the phase-frequency characteristic of the resonator, its mechanical frequency is directly retrieved. More details on the multiphysics processes that come into play in the actuation and detection schemes can be found in. 23 

Numerical modelling

The optical and mechanical modes observed experimentally were identified using COMSOL Multiphysics, a 3D finite element model software. We also used a multiphysics model to establish the impact of a sessile droplet on the optical and mechanical resonance frequencies of the resonator with a no-slip boundary condition at the interface between the liquid sessile droplet and the disk. The results are used to retrieve the geometry parameters (contact angle, base radius, volume) of the droplet from the experimental data.

Figure . :

 . Figure . : Mass scale of biological objects over orders of magnitudes. Regular mass spectrometry (MS) is suitable for measuring masses from few to 6 Daltons while quartz micro-balances are limited to a pg sensitivity.

Figure . :

 . Figure . : Mapping of several kind of biosensors based on their limit of detection (expressed in moles on the left axis and grams per milliliters on the right axis) and analysis time: SPR (surface-plasmon resonance), SMR (suspended microchannel resonator), NW (nanowire), LFA (lateral flow assay), MRR (microring resonator), QCM (quartz crystal microbalance), BBA (biobarcode amplification assay), IFA (immunofluorescent assay), MC (microcantilever). Taken from Ref. [ ].

  Figure . : (a) A mass sensor can be modelled as a mechanical harmonic oscillator with a characteristic resonant frequency = 1/2 / and energy damping rate Γ . (b) Particle adsorption on the sensor induces a
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 5. Figure . : (a) Comparison between the thermodynamical noise limit and experimental frequency stability of mechanical resonators found in literature. Taken from Ref. [ ]. (b) The minimum detectable mass is calculated from the Allan deviation using Sauerbrey's equation.

  (a) taken from Ref. [ ], this condition is not verified in many nanomechanical systems whose experimental frequency stability (Allan deviation) is almost two orders of magnitude larger than the one predicted theoretically considering their thermomechanical noise limit. The minimum detectable mass inferred in consequence is shown in Fig. . (b). It is easy to imagine that these experimental results, obtained under the best operation conditions, would degrade when working in liquids, limiting their detection applicability to analytes of even larger masses. A valid solution to avoid liquid damping was proposed in Ref. [ ] (Fig. . (f)), where a suspended microchannel was integrated within the mechanical resonator, achieving near attogram resolution. Signals from multiple nanoparticles flowing simultaneously through

  (n)) to easily decouple the input from the output transduction signals.

Figure . :

 . Figure . : General model for optomechanical systems. It consists of a Fabry-Pérot cavity with a moving back mirror. The latter oscillates around its equilibrium position changing the length of the cavity (L). Γ is the mechanical energy loss rate,is the intrinsic photon loss rate and is the optical exchange rate with the input/output optical port.

Figure . :

 . Figure . : A gallery illustrating the multiple platforms for micro/nanomechanical mass spectrometry discussed in this chapter, arranged according to their year of publication (from to ). The corresponding references are specified: (a) [ ] , (b) [ ], (c) [ ], (d) [ ], (e) [ ], (f) [ ], (g) [ ], (h) [ ], (i) [ ], (j) [ ], (k) [ , ], (l) [ ], (m) [ ], (n) [ ], (o) [ ], (p) [ ].

  Figure . : (a) SEM picture of the device consisting of a GaAs disk of m radius and nm thickness and of a GaAs waveguide suspended through thin anchoring points by two supporting structures. (b) The disk stands on a thin pedestal of . m height visible from a side-view. (c) Many disks are fabricated on the same chip, aligned on a mesa structure that allows the micro-lensed fibers to approach the waveguide. On this SEM picture the fibers have been added for sake of understanding.

Figure . :

 . Figure . : (a) The main crystalline directions of a ( ) GaAs substrate are shown together with the primary and secondary flats. (b) The wafer consists of a stack of nm GaAs and . m Al 0.8 Ga 0.2 As layers epitaxially grown on a GaAs substrate. (c) Each chip contains a large number of resonators (∼ ) arranged on a mesa along the [ ] crystalline direction, meaning parallel to the primary flat.

Figure . :

 . Figure . : (a) The cubic cell of GaAs lattice is shown with the corresponding ionic bounds. (b) Both Ga and As atoms are found on the { } plane. (c) { }A plane containing only Ga atoms is shown.

Figure . :Figure . :

 .. Figure . : (a) The wafer surface is cleaned in acetone and in -propanol baths and then dried. (b) The resist is spin-coated on the wafer over a nm thick layer. (c) The design of the disk, waveguide and supporting structures is reproduced on the resist through e-beam lithography and then developed. (c) The mask protects the design during the ICP vertical etching. (e) The mask is removed and the pedestal is shaped with hydrofluoric (HF) under-etching. (f) A resist layer is spin coated, exposed with optical lithography and developed. (g) The mesa structure is etched in H 3 PO 4 solution while the mask envelops the disks and their waveguides. (h) The mask is removed to get the final device.

Figure . :

 . Figure . : (a) Zoom on the disk vertical profile after ICP etching. We can identify the irregular surface of the resist, the GaAs layer and the underlying AlGaAs that has been just partially etched. (b) Laser interferometry performed to check the ICP etching rate and depth. The oscillation amplitude inside GaAs increases during the process because of reduced absorption.

Figure . :

 . Figure . : (a) Profile for an isotropic wet etching of AlGaAs. The relative position of { }A and { }B planes with respect to the chip crystallographic direction is shown on the unit cell. (c-d) SEM pictures from two orthogonal directions of a pedestal obtained at • C and % dilution and manual stirring conditions.

Figure . :

 . Figure . : (a) SEM side-picture of a pedestal etched at • C in % dilution and manual stirring. (b) Side view of a pedestal obtained at • C in . % dilution and manual stirring. The shallow vertical etching is even more evident (see text).

Figure . :

 . Figure . : Stiction makes the waveguide collapse on the substrate: it is pulled by the the liquid surface tension when the chip is taken out of the solution.

Figure . :

 . Figure . : (a) A strip of resist protects the structure during etching. (b) Not uniform mesa profiles (wiggling of the plateau position and irregular plateau width) are obtained with BCK wet etching for inappropriate stirring conditions. (c) H 3 PO 4 provides more regular and reproducible results thanks to its reaction-limited etching rate. (d) Fabricating the chip along the [ ] direction enables etching a deep mesa of m.

Figure . :

 . Figure . : (a) Representation of the disk and of the cylindrical coordinates employed in this section. (b) TE mode major field components are E , E and H . (c) TM mode major field components are H , H and E .

FABRICATIONFigure . :

 . Figure . : (a) D axisymmetric FEM simulation geometry and constituting domains: the disk (green) is surrounded by air (white) and by perfectly matched layers (blue). The rotational axis of symmetry is drawn in red. (b) The profile of the TE mode of radial order and azimuthal order is reported for a GaAs disk of m radius and nm thickness. (c) The electric field norm for the TE mode of radial order and azimuthal order is shown for the same disk.

Figure . :

 . Figure . : Map of the TE WGMs supported by a disk of m radius and nm thickness obtained with a D-axisymmetric simulation.

Figure

  Figure . : (a) Geometry employed to study the disk-waveguide coupling. The frequency dependent effective refractive index has been assigned to each domain and PMLs have been added to absorb all radiated power. A background Gaussian field with m waist has been introduced to simulate light injection at the waveguide left-side tip. (b) Light is efficiently guided through the waveguide. (c) For a resonant frequency of the disk cavity, the whispering gallery mode is excited.

Figure . :

 . Figure . : (a) Optical spectrum calculated numerically with a planar FEM simulation containing both the disk and the waveguide. (b) The contrast of a mode changes as function of the / ratio. In this plot has been fixed to 10 rad/s.

Figure . :

 . Figure . : (a)The magnetic field is shown for a TE WGM (p= , m= ) with the corresponding arrow plot on the horizontal plane obtained by cutting the disk at half thickness. Since on this plane the magnetic field is always directed along the axis, a perfect magnetic conductor (PMC) can be used as a boundary condition to divide by two the simulation domain. (b) The norm of the electric field is plot on the same surface. The field arrows all lie in the plane and for specific azimuthal angles, they are all directed along ì direction. Here, PECs can be used as boundary conditions. Taking two of them reduces the simulation volume to a small disk slice.

Figure . :

 . Figure . : (a) Radial displacement profile for the RBMs of order , and . (b) The eigenfrequencies of these modes are plotted as function of the inverse disk radius.
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 12 11+ 12 ) ) on a { } plane (equivalent to { } and { }). 0 is maximum along the [ ] direction while is larger along [ ].
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 . Figure . : (a) Polar diagrams of GaAs Young Modulus for different crystalline directions. All the planes equivalent to { } show the same behaviour. (b) Polar diagram of GaAs Poisson ratio.

Figure .

  Figure . : Mode profile of the first three RBMs numerically calculated for a disk of m radius and nm thickness. In the top line, the absolute value of the displacement in shown and two of the symmetry planes are drawn with a dashed line. The vertical component of the displacement vector is reported on the bottom line, confirming the quasi in-plane nature of motion.

Figure . :

 . Figure . : Mode profile of three in-plane modes numerically calculated for a disk of m radius and nm thickness. In the top line, the absolute value of the displacement in shown and two of the symmetry planes are drawn with a dashed line. The black solid lines represent the deformation of the structure during its vibration. The vertical component of the displacement vector is reported on the bottom line, showing again that the motion is mostly in-plane.
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 2. Figure . : (a) The mechanical quality factor is plotted against the pedestal size. The cross section of the pedestal is shown in inset. (b) Simulated geometry on COMSOL. Exploiting symmetry boundary conditions, only / th of the whole structure was considered. Speed waves can propagate in the substrate along a / distance while the PML thickness has been set to to .

Figure . :

 . Figure . : Displacement profile calculated on COMSOL for first and second RBMs, together with M , considering a rectangular cross-section for the pedestal at the disk contact.

  (a)). The variables employed on COMSOL are reported in Appendix A while the resulting optomechanical coupling and "zero point fluctuation" motion ( ) for all the above mentioned in-plane mechanical modes are reported in Tables . and . . The optical mode employed for this calculations is the WGM ( = 68 and = 10) shown in Fig. . (b). RBM RBM RBM m (kg) 2.55 × 10 -13

Figure . :

 . Figure . : (a) The geometry built on COMSOL for the calculation of the optomechanical coupling of RBM with the WGM of orders p= and m= . Two PECs and one PMC have been added to reduce the computational cost. (b) The profile of the optical mode under test is shown from a top and bottom view of the disk slice. (c) The spatial profile of the quantity to be integrated at the numerator (f ) is plotted. The major contribution comes from the displacement of the disk edge. (d) The spatial profile of the quantity to be integrated at the numerator (f ) is plotted from a top and bottom view of the disk slice. The photoelastic coupling contributions reach their maximum values where the electromagnetic field amplitude is larger.
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Figure . :

 . Figure . : The radial strain ( ) of RBMs and M , M and M is plotted.

Figure . :

 . Figure . : Experimental setup employed for the measurement of the WGMs and the RBMs of the GaAs disks.

Figure . :

 . Figure . : Optical spectrum acquired at ∼ W travelled in the waveguide over the full tunability range of the laser. The voltage at the photodiode has been normalized by the maximum value acquired on this wavelength range. (b) Fine scanning of the optical mode at nm showing a pm linewidth and % contrast.

Fig. . (

  Fig. . (a) shows a typical optical transmission spectrum from a GaAs waveguide/disk device obtained by sweeping the laser wavelength between and nm and plotting the signal acquired by the DC photodiode. Each resonance mode in the spectrum shows ¶ ¶ Zurich Instrument UHF MHz Lock-in Amplifier (LIA) https://www.zhinst.com/sites/default/ files/documents/2020-08/ziUHF _ UserManual _ 20.07.0.pdf

Figure . :

 . Figure . : Scheme of a Lock-In Amplifier (LIA) with a reference signal provided by an internal local oscillator (LO). The output signal from the device under test (DUT) enters the LIA and it is mixed with the reference signal to get the in-phase component (I). The quadrature component (Q) is obtained from a parallel branch, where the signal is mixed with the reference signal delayed of • .

Figure . :

 . Figure . : (a) A measured RF spectrum aroundMHz is plotted and the reference frequency of the LO has been set in correspondence of the RBM peak. (b) Down-mixing shift the RF spectrum of -f and the low-pass filter (sketched with the dashed line) selects only a portion of the spectrum.

Figure . :

 . Figure . : Optomechanical radio-frequency spectrum measured with ∼W travelling in the waveguide. The mechanical modes described in the previous sections have been labelled while the peaks coming from the instrumental noise have been matted.MHz is the span reached by our UHF-LIA.

FrequencyFigure . :

 . Figure . : (a) Voltage spectral density from the RBM as function of the laser wavelength acquired at kHz bandwidth. (b) The voltage spectral density has been plotted as function of the input power for a fixed contrast valued of the laser wavelength in the optical resonance.

Figure . :

 . Figure . : (a)Three main contributions to the optical cavity loss rate ( ): the radiative losses ( rad ) that comprehends scattering, bending losses, etc., coupling rate to the waveguide ( ex ) and absorption losses ( abs ). (b) Linear absorption ( lin ) involves single telecom photons processes, while two-photon absorption (TPA) involves pairs of photons.
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  THE MICRO-DISK THERMAL RESPONSE TO OPTICAL POWER ABSORPTIONtreatments significantly reduced the optical absorption and improved the optical quality factor up to a factor of [ ]. The absorption rate of single telecom photons is denoted by lin . Simultaneously, in the whole disk volume, pairs of photons are directly absorbed by two-photon absorption (TPA). The rate of this process can be expressed as [ ]:

FigFigure . :

 . Fig. . shows the exponential transient that occurs between the activation of the heat source and the thermal equilibrium for three different sizes of the pedestal. The local
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 . Figure . : Temperature transient for disks (a), (b) and (c) following the activation of the same heat source. The pedestal shape is the one of a truncated cone with a slope of • . Its top-radius measures , and m for disks (a), (b) and (c) respectively. Larger thermal resistance, relaxation time and equilibrium temperature are found for the smallest pedestal.

  Fig. . reports
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 . Figure . : Profile of the product th ( 11 + 2 12 )( 1 + 2 + 3 ) for different mechanical mode evaluated with COMSOL. The anisotropic stiffness tensor of GaAs has been considered.
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  Figure . : (a) Measured (dots) and fitted (solid line) WGM optical spectra at different input powers. (b) The thermo-optic red-shift of the cavity resonant wavelength is quadratic in the input power Pin, revealing the effect of TPA.

Fig

  Fig. . (b)) meaning that non-linear processes have to be considered to model the thermooptic effect. Expressing Eq. . in the frequency domain (Δ / = -Δ / ) and replacing Δ by the Eq. . , an implicit relation for the optical cavity shift is found [ ]:

Figure . :

 . Figure . : TPA rate (a), temperature increase (b) and laser-cavity detuning (c) as function of the laser wavelength for different input powers.

Figure . :

 . Figure . :Interactions between the optical, mechanical and thermal degrees of freedom. Photons are absorbed at a rate abs and the consequent temperature increase of the cavity induces a red-shift of the optical and mechanical resonance frequencies through thermo-optic (TO) and thermo-elastic softening (TE) effects respectively. Photothermal forces (F pth ) induced by thermal expansion contribute to the driving of the mechanical motion, while the optomechanical coupling (g om ) describes the canonical interaction between the displacement and the optical field.

Fig. . shows

  Fig. . shows the experimental set-up employed to perform optical actuation and detection of the mechanical device previously described. The light of a tunable telecom laser * is amplitude modulated by an electro-optic modulator (EOM). In our experiments, we employed a LiNbO 3 Mach-Zenhder intensity modulator † . In this device, the light is first

Figure . :Figure . :

 .. Figure . :Experimental setup of the all-optical actuation/detection scheme. The amplitude of the laser power is modulated by an electro-optic modulator (EOM). The polarization is selected with a polarization controller (PC). Light is injected into the integrated waveguide evanescently coupled to the disk resonator, and then collected and amplified by an Erbium-doped Amplifier (EDFA). The signal is converted into current by a photodetector (PD) and finally sent to a Ultra-High Frequency Lock-in Amplifier (UHF-LIA), where it is mixed with the reference signal.

.FrequencyFigure . :

 . Figure . : Amplitude and (unwrapped) phase response function of the demodulated optical signal when the modulation frequency is swept between kHz and MHz (a) and around the mechanical resonance frequency of RBM (b). The mode profile of RBM is in inset. The amplitude is normalized by its maximum value over the frequency span.

  (a) and (b) are well reproduced by the model introduced in the previous section (solid line), when using the parameters listed in Table .

  . The thermal relaxation time th has been obtained from the fit of the region at frequency ≤ MHz (Fig.. (a)) and found to be consistent with the FEM value (see section .

Figure . :

 . Figure . : (a),(b): X deduced from the model. The solid line represents the results obtained with the full model when photothemal forces and heating are present ( ≠ 0, th ≠ 0), while the thin and thick dashed lines represents respectively the case where photothermal forces ( = 0) and heating of the resonator ( th , = 0) are switched off.

Figure . :

 . Figure . : Amplitude and (unwrapped) phase response function of the demodulated optical signal when the modulation frequency is swept around the mechanical resonance frequency of RBM for different input powers (a,b) and laser-cavity detuning (c,d). Amplitude is normalized with respect to its maximum value over the frequency span. Dots represent experimental data while the model is shown as a solid line.

.Frequency

  NOISE PROCESSES AND FREQUENCY STABILITY sensor, by using the proper mechanical susceptibility, proper optomechanical coupling, and proper photothermal force. In Fig..we report experimental data acquired on RBM , together with the fit by the model. Both the peak amplitude and phase jump are smaller with respect to those of RBM . This is the consequence of a lower mechanical quality factor RBM2 / RBM1 = 0.4 and of an increased spectral distance to the thermal cut-off frequency, which reduces the photothermal actuation efficiency. The fit by the model is there again very satisfying. Similar data and analysis on a mechanical mode M , belonging to the wine glass modes

Figure . :

 . Figure . : Amplitude (a) and phase (b) response function of the demodulated optical signal at RBM resonance frequency. The amplitude is normalized with respect to its maximum value over the frequency span. Dots represent experimental data, while the model is shown as a solid line. The RBM displacement profile is reported in inset.

Figure . :

 . Figure . : Amplitude and phase of the demodulated output signal around MHz. Dots represent experimental data, while the model is shown as a solid line. The total displacement profile of the mechanical mode is reported in inset. It belongs to the wine glass modes family.

Figure . :

 . Figure . : Frequency stability of the driven optomechanical resonator at amplitudes of the modulated input power.

Figure . :

 . Figure . : Illustration of droplet detection with an optomechanical disk resonator. The DC and RF components of the transmitted optical signal provide information about the interaction of the droplet with the optical and mechanical modes of the disk.

Figure . :

 . Figure .: Different surface wettability regimes: "total-wetting" (a), "partial wetting" (b) and "non-wetting" (c). For "total wetting" regime, a layer of uniform thickness is formed and no equilibrium contact angle can be defined. "Partial-wetting" and "non-wetting" regimes are characterized by contact angles respectively smaller and larger than • .

Figure . :

 . Figure . : Illustration of a sessile droplet with base radius r and contact angle and the forces acting at the contact line.

Figure . :

 . Figure . : Cross sections for three different drops of sulfuric acid (a) and dodecane drops (c). Contact angle as function of the base radius for sulfuric acid (b) and dodecane, decane, and nonane (d). Taken from [ , ].

Figure . :

 . Figure . : (a) Sketch of the "ice-like" structure of adsorbed water films on silicon oxide [ ]. (b) Mean thickness of the adsorbed water film as function of RH value [ ]. (c) Mean thickness of the adsorbed -propanol film as function of its relative pressure [ ]. Insets in (b) and (c) show the attenuated-total-reflection (ATR) infrared spectroscopy of O-H and C-H stretching vibration of the molecules.

Figure . :

 . Figure . : Spreading and evaporation dynamics of sessile droplets for partial (a) and total wetting (b) condition (see text). The droplets rapidly increases its contact radius and reduces its height and contact angle at almost constant volume ( a, b). Constant contact radius (CCR) evaporation stage ( a). The contact line recedes during constant contact angle (CCA) evaporation until complete evaporation ( a, b).

Figure . :

 . Figure . :Video frames recorder in our laboratory, of the evaporation of a water droplet on a Silicon substrate (a) and of a -propanol droplet on GaAs (b). Water adopts the shape of a spherical cap with a contact angle of about • and evaporates in the CCR mode, while -propanol evolves on the surface with a very small contact angle (≈ • ) and evaporates in the CCA mode.

  pdf. NEBULIZATION OF MICRO-DROPLETS chapter.

Figure . :

 . Figure . : Fast camera optical imaging of the evaporation dynamics on a GaAs substrate of five different -propanol microdroplets produced with piezo-electric actuator spraying.

Figure . :

 . Figure . : (a) Commercial nebulizer chip constituted by a liquid solution reservoir, a nozzle plate with a ceramic PZT frame driven by an RF voltage. (b) Standing capillary waves of wavelength ( ) generated at the nozzle plate surface by the PZT vibrations. (c) At large driving voltage applied to the PZT, break-off of the droplet occurs and droplets are generated with a broad dimension distribution. (d) Rescaled water droplet size for a PZT nebulizer chip taken from Ref. [ ].

Figure . :

 . Fig. . shows that the evaporation time of a m diameter droplet can increase by three order of magnitudes, when changing the partial pressure from to the saturation value. Considering the size of the droplets detected by our resonators, and making a rough estimation of the amount of -propanol ejected during each spray ‡ , we consider our experiments to be performed actually close to saturation ( = . kPa).

Figure . :

 . Figure . : Platforms for measurement of the time-resolved evaporation of small liquid masses from Refs. [ ] (a), [ ] (b), [ ] (c), [ ] (d).

  Figure .: Shear waves are excited by the in-plane vibrations of RBM and the resulting amplitude of the velocity field is shown in panel (a). Shear waves are exponentially attenuating when entering in the liquid (red curve) over a characteristic thickness called "penetration depth" ( ). When bulk liquid is replaced by a thin liquid film (d< ), the attenuation profile is less rapid (yellow curve) because of wave reflection ot the liquid-air interface.(d) Amplitude of the velocity field for different thickness of the liquid film calculated with Eq. . compared to Eq. . (black curve).

Figure . :

 . Figure . : (a) COMSOL physics implementation and boundary conditions involved in the calculation of the mechanical resonance frequency shift induced by the landing of a droplet on the disk surface. (b) Sketch of the modified curvature of the droplet induced by shear deformation.

Figure . :

 . Figure . : (a) FEM calculation of the RMS velocity amplitude distribution associated to RBM . Top: The in-plane vibrations of the disk induce shear-waves in the droplet that are attenuated along the vertical direction. Continuity of the velocity field is visible at the solid-liquid as consequence of the imposed no-slip boundary condition. Bottom: Only a thin slice of the disk is reported. The maximum and the minimum amplitude of the velocity field are located at the edge and at the centre of the disk respectively with corresponding maximum and minimum impact of the droplet on the resonance frequency shift. (b) The mechanical resonance frequency shift as function of droplet volume . It evolves differently, depending on the droplet evaporation mode. For the CCA mode (dashed lines) the shear contact region (and hence the resonance shift) evolves more rapidly than in the CCR mode (solid lines).

Fig

  Fig. . (a)shows the RMS value of the velocity amplitude for a droplet deposited on a vibrating disk at the RBM frequency. The in-plane vibration of the disk induces shear waves that are attenuated inside the droplet. The amplitude of the shear wave depends on the landing position of the droplet, with a minimum value at the disk centre and a maximum at the edge. The resulting frequency shift (Δ ) can be calculated with an eigenfrequency study, and compared with the result obtained with the bare disk with no droplet ( ). The results for the normalized shift (Δ / ) are shown in Fig.. (b) as function of the droplet volume for different contact angle (from to • ) and base radius (from to nm). The same liquid volume is responsible for a larger resonant frequency shift if the droplet spreads on the surface with a smaller contact angle and larger contact radius, since this region enlarges the shear contact with the disk. For this reason, the evolution of the frequency shift with respect to time for a CCR or CCA evaporation mode, will be different.

.Figure . :

 . Figure . :Introducing a single PEC in the simulation can reduce the computational cost (a). The presence of the droplet breaks the rotational and vertical symmetry preventing the addition of a second PEC and of a PMC in the orthogonal direction (like in Chapter ). This would create mirrored copies of the adsorbate as shown in (b,c,d).

Fig

  Fig. . (c) shows an the example of a droplet of nm contact radius interacting with a (TE) WGM of radial order p= and azimuthal order m= , whose electric field intensity pattern is shown in Fig. . (a). The impact of the droplet is larger when the landing position is close to the electric field maxima (here located at a distance of . m from the disk centre) since the exponentially decaying tail of the WGM in the droplet volume has a larger amplitude in this case (Fig. . (b)).

  (a)) than to the azimuthal position (Fig. . (b)). This originates from the spatial averaging effect due to the large size of the droplet compared to the spatial scale of the electric field variations. The limited dependence on the azimuthal direction reduces the estimation error associated with the uncertainty over the droplet landing position.

  π/2m 2π/3m 5π/6m

Figure . :

 . Figure . :The WGM optical resonance shift depends on the droplet position in the radial (a) and azimuthal (b) directions. The maximum WGM resonant shift occurs at a distance of . m from the disk centre and the shift then decays toward the edges following the optical mode profile (red curve in right panels). Since the mode spatial scale of variations is generally shorter than the droplet dimensions considered here, the integral of electromagnetic energy over the droplet volume induces an averaging effect, and reduces the impact of our uncertainty over the exact droplet position on the disk.

25 Figure . :

 25. Figure . : (a) A shift in the optical resonance (Δ ) induces a variation in the DC component of the photo-diode signal (ΔV). The relation is linear as long as the resonance profile in deformed into a triangular shape by thermo-optic effect. (b) Experimental data acquired during the landing of a droplet on the resonator. The voltage of the photodiode changes at time t= as consequence of the optical cavity frequency shift. The corresponding frames acquired with our fast camera allowed the identification of the landing position and a rough estimation of the droplet base radius.

Figure . :

 . Figure . : (a)A shift in the mechanical resonance (Δ ) induces a variation in the phase of the RF component of the output optical power. The relation is linear when the modulation frequency is tuned to the mechanical mode resonance frequency. (b) Experimental data acquired during the landing of a droplet on the resonator. The phase changes abruptly at time t= after the arrival of the droplet (yellow line). The corresponding mechanical resonance shift is reported with a pink solid line, considering the correction due to the modified detuning.The black square open symbols are the mechanical resonance shifts calculated with FEM. The grey square open symbols are FEM results corresponding to the two extremal scenarios associated to our uncertainty in the droplet contact radius (+ nm) and position on the disk surface (± nm).

Fig. . (

  Fig. . (a) shows the phase of the RF component of the output optical power as function of the modulation/demodulation frequency (Ω/2 ) around RBM resonance. Once Ω/2 is chosen in the linear part of this characteristic, any change in the signal can be directly linearly translated into a shift in the mechanical mode frequency. Fig. . (b) reports the phase and corresponding frequency shift associated to the droplet detection event already reported in Fig. . (b). Note that a correction was applied to evaluate the phase and frequency shift, a consequence of our actuation/detection model (Chapter ). Indeed, the optical resonance shift modifies the cavity photon number and consequently the disk temperature. The phase-frequency characteristic changes in accordance. The corrected mechanical shifts reported in Fig. . (b) can be confronted to those predicted by FEM calculations, provided that the geometry of the droplet is known at each time. Using the CCR evaporation geometry deduced from the optical signals reported in Fig. . (a), we

Figure . :

 . Figure . : Time evolution of the nanodroplet volume. The data of Figs. . (b) and . (b) are shown in terms of droplet volume, over the firstms, for the elucidated CCR mode. Blue square symbols: volume inferred from measurements, for the droplet position and initial contact radius estimated from the video frames. The uncertainty in these two parameters (≈ nm) generates bounding scenarios for the droplet volume, which correspond to the upper and lower frontiers of the blue area. Red lines: evaporation models including the Kelvin effect. The solid line is obtained with the same droplet position and initial contact radius as for the blue squares, while the dashed lines are obtained with the bounding values for these two parameters corresponding to the two bounding scenarios.

Figure . :

 . Figure . :(a) Optical (blue) and mechanical (red) normalized resonance shift in the ms after droplet landing. The two signals do not reach back their initial value at the end indicating that a residual amount of liquid is still present on the disk surface. Their ratio is reported with yellow triangles. This ratio value remains initially constant at during the first ms, consistent with a localised droplet with a spherical cap, and then increases up to . , consistent with the stabilization of an uniform liquid film on the disk surface. (b) The detected volume of liquid is finally deduced by FEM simulations during the first ms, and using Eq. . during the final stage (> ms).

Figure . :

 . Figure . : (a) SEM Picture of the optomechanical disk resonator employed for nanoparticle sensing. It consists of a Gallium Arsenide (GaAs) disk of m radius and nm thickness sitting on a Aluminium Gallium Arsenide (AlGaAs) pedestal. (b) A microscope objective (MO) installed on the measurement set-up allows estimating the nanoparticle landing position, with a resolution limited by the optical diffraction. (c) A finer measurement of the radial (r 0 ) and azimuthal ( 0 ) nanoparticle position is obtained through SEM imaging. 0 is the azimuthal angle with respect to the < > crystalline axis. The RBMs mode profile dependence on is related to the anisotropic stiffness tensor of GaAs. The physical fastening of the nanoparticle on the disk surface can be inferred from a side view. (d) The Brownian motion of several mechanical modes appears in the RF spectrum of the disk output optical power. The displacement profile of the corresponding mechanical modes is shown in inset. Despite being in plane vibrations, a small vertical displacement component is also present because of the coupling to the pedestal. Some peaks in the spectrum that have been matted are related to electronic noises from the instrumentation.

  Fig. . shows the resulting frequency stability (Allan deviation) measured during multimode tracking of four mechanical modes (RBM , RBM , M , M

Figure . :Figure . :

 .. Figure . :Allan variance calculated for different integration time for a simultaneous all-optical actuation/detection of four mechanical modes. The same laser modulation amplitude corresponding to % of the injected power was set for all the modes of our optomechanical disk sensor. The corresponding minimum detectable mass is reported on the right.

Figure

  Figure . : (a)A slice of the disk is shown in order to better appreciate the relative position of the nanoparticle with respect to the lobes of the optical mode used in these experiments (WGM p= , m= ). The evanescent field in the nanoparticle volume is responsible for its polarization and for the red-shift of the optical mode. (b) The optical resonance shift is plotted with respect to the the contact radius with the underlying disk for two different azimuthal position of the nanoparticles: when it matches the maximum of the electric field (red dots), the optical resonance shift is larger, and vice-versa (green dots). The experimental value of the optical frequency shift is shown as a dashed line, which may indicate that the nanoparticle landed preferentially on the lobes of electric field.

  Fig. . (b) seems to indicate that the single nanoparticle of Fig. . did land on a lobe of the electric field of the involved WGM. This is consistent with a picture where optical gradient forces would favour deposition of dielectric nanoparticles on these lobes. If true, the estimation of the adsorbate volume from the optical resonance shift would improve down to %.

Figure . :

 . Figure . : (a) The phase of the demodulated output power at the RBM (in red) and RBM (in green) resonance frequency during the landing of a cluster of three latex nanoparticles. The mode profile of the two mechanical modes is reported in inset. (b) PD voltage in the same time interval reveals a small shift in the optical mode resonance. (c) Particle distribution inside the cluster and radial and azimuthal position on the disk (r 0 = . m, 0 = • ).

Fig

  Fig. . shows a detection event involving a cluster of three latex nanoparticles, analysed

Figure . :

 . Figure . : (a) The phase of the demodulated output power at the RBM frequency (in red) and the PD voltage (in green) in time correspondence of the landing of a single nm silica nanoparticle. (b) The particle landed at r 0 = . m and 0 = • from < > crystalline direction.

Figure . :

 . Figure . : (a) Different contact area are observed when a nm diameter latex nanoparticle is attached to the disk. (b) The frequency of the nanoparticle flexural mode, whose mode profile is shown in inset, increases with larger contact radius (blue circles). The ratio between the eigenfrequency of the nanoparticle flexural mode and of the RBM of the disk is shown in red stars.

  .

  (a)), a flexural mode of the particle arises and, as expected from its mode profile (inset of Fig. . (b)), it can efficiently couple to the in plane vibrations of the disk.

  .

  (a) taken from Ref.

  Fig. . (b)), which may explain why we measured a frequency shift % larger than the one expected from the point-mass approximation.

Figure . :

 . Figure . : (a) This figure taken from Ref. [ ] shows the mechanical relative frequency shift (Ω = (1 + / ) 1/2) as function of the ratio between the mechanical frequencies of the disk and the nanoparticle (Λ). Three different regimes can be defined: inertial, coupling and insensitive. In the former, the point mass approximation provides a good estimate of the mechanical frequency shift while in the coupling regime, hybridization of the modes occurs. No mechanical shift is expected in the insensitive regime. (b) By varying the contact radius, a deviation in the mechanical frequency shift induced by the particle adsorption on the disk surface is found between the results of the point-mass approximation (Analytical) and of FEM simulation. The experimental frequency shift and the particle contact radius are also shown.

  Figure D. : Experimental results from a second droplet detection event, distinct from main text of Chapter .Video frames are shown in panel (a) with a high contrast filter in order to better identify the droplet position and initial size before evaporation. The optical (blue) and mechanical (red) resonance shifts are reported on a short (b) and long (c) time interval while their ratio is shown with yellow dots. As long as the droplet is visible at the camera, the ratio is close to . . It then increases up to . in the final stage.
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FIG. 1 .

 1 FIG. 1. (a)Electron micrograph: GaAs optomechanical disk (blue) in the vicinity of its coupling waveguide (green), whose extremities are tapered for efficient light injection and collection. The guide is supported by two hexagonal holding pads (left), which play no optical or mechanical role. (b) Three contributions to the optical cavity loss rate (κ): the radiative losses (κ rad ), coupling rate to the waveguide (κ ex ), and absorption losses (κ abs ). (c) Linear absorption (κ lin ) involves single telecom photon processes, while two-photon absorption TPA (κ TPA ) involves pairs of photons. (d) Optical, mechanical, and thermal degrees of freedom in interaction (see text).

2 ©FIG. 2 .

 22 FIG. 2.Experimental setup of the all-optical actuation/detection of mechanical motion. The amplitude of the laser power is modulated by an electro-optic modulator (EOM). The polarization is selected with a polarization controller (PC). Light is injected into the integrated waveguide evanescently coupled to the disk resonator, and then collected and amplified by an erbium-doped fiber amplifier (EDFA). The signal is converted into current by a high-bandwidth photo-detector (PD) and finally sent to an Ultra-High Frequency Lock-in Amplifier (UHF-LIA), where it is mixed with the reference signal.

  ) and 3(b) are well reproduced by the model introduced above [Eqs. (

23

 23 

FIG. 3 . 3 ©

 33 FIG.3. Amplitude and (unwrapped) phase response function of the demodulated optical signal when the modulation frequency is swept between 10 kHz and 100 MHz (a) and around the mechanical resonance frequency of RBM1 (b). The mode profile of RBM1 is shown in the inset. The amplitude is normalized by its maximum value over the frequency span. (c) and (d): X deduced from the model. The solid line represents the results obtained with the full model when photothermal forces and heating are present (α ≠ 0 and R th ≠ 0), while the thin and thick dashed lines represent, respectively, the case where photothermal forces (α = 0) and heating of the resonator (R th and α = 0) are switched off.

FIG. 4 .FIG. 5 .

 45 FIG. 4. Amplitude and (unwrapped) phase response function of the demodulated optical signal when the modulation frequency is swept around the mechanical resonance frequency of RBM1 for different input powers (a) and (b) and laser-cavity detuning (c) and (d). Amplitude is normalized with respect to its maximum value over the frequency span. Dots represent the experimental data, while the model is shown as a solid line.

FIG. 1 .

 1 FIG.1. Supplementary Figure1:(a) Measured (dots) and fitted (solid line) WGM optical response spectrum at different input powers, using the model introduced in Ref.1 . (b) The thermo-optic red-shift of the cavity resonant wavelength is quadratic in the input power P in , revealing the effect of TPA.

FIG. 2 .

 2 FIG. 2. Supplementary Figure2: Frequency stability of the driven optomechanical resonator at different modulation depths given as a percentage of the input power (2β in the main text). The Allan deviation is calculated following Ref.2 . A 10 -7 frequency stability is obtained for the largest EOM driving voltage (750 mV, 34.5% of modulated input power), at 10 ms of integration time (τ A ).
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Figure 1 .

 1 Figure 1. (A) Electron micrograph of the optomechanical disk resonator employed for nanoparticle sensing (left), together with its coupling nanowaveguide (middle) and its two anchoring pads (right). (B) A microscope objective (MO) installed in the setup allows registering the nanoparticle (red dot) landing position. (C) A finer measurement of the radial (r 0 ) and azimuthal (θ 0 ) nanoparticle positions is obtained through SEM imaging. θ 0 is the azimuthal angle with respect to the ⟨100⟩ crystalline axis. (D) The Brownian motion of several mechanical modes appears in the RF spectrum of the disk optical output. The related mechanical modes profiles are shown in the inset. Lighter peaks in the spectrum are related to electronic instrumental noise.

Figure 2 .

 2 Figure 2. (A) RF phase component of the optical output demodulated at the RBM1 resonance frequency (in red, 1 kHz bandwidth), as well as the DC optical output (blue) during a single latex nanoparticle deposition event. The displacement profile of the RBM1 and the modulus squared of the WGM electric field employed in this measurement are shown in the inset. (B) A close-up of abrupt signal jumps corresponding to the landing event. (C) The nanoparticles land at position r 0 = 7.65 μm and θ 0 = 26°, measured with respect to the ⟨100⟩ crystalline axis.

Figure 3 .

 3 Figure 3. Phase of the demodulated output signal at the RBM1 (in red) and RBM2 (in green) resonance frequencies during the landing of a cluster of three latex nanoparticles. The displacement mode profiles of the two mechanical modes are reported as insets.

Figure 4 .

 4 Figure 4. (A) DC output optical power transduced in voltage (green) and phase of the RF component demodulated at the RBM1 resonance frequency (orange) during a single silica nanoparticle deposition event. (B)SEM side view of the 157 nm diameter nanoparticle at its landing position.

Figure 5 .

 5 Figure5. Histogram of latex (blue) and silica (green) nanoparticle masses inferred experimentally through eq 1. Each detection event was normalized to an expected mass (see text). In the case of small clusters (two or three particles), the mass was divided by the number of nanoparticles.

Figure S1 :

 S1 FigureS1: Frequency stability of four mechanical modes of the disk sensor. Allan variances for different integration times, in a configuration of simultaneous all-optical actuation/detection of the four modes. A laser modulation corresponding to 6% of the injected power was chosen for each mode. The minimum detectable mass deduced from these stability data is reported on the right.

Figure S2 :

 S2 Figure S2: Two consecutive frames acquired by the fast camera during a single nanoparticle landing event occurring at the disk border (1 kHz acquisition rate). The landed nanoparticle is indicated with a yellow circle. Other particles, deposited during previous sprays, are also visible.

Figure

  Figure S4: (a) The frequency of the nanoparticle flexural mode, whose mode profile is shown in inset, increases with the contact radius (open blue circles).The ratio between the eigenfrequency of the disk RBM1 and that of this flexural mode is shown in red stars. (b) At small contact radius, when this ratio approaches one, there is a strong deviation between the mechanical frequency shift expected from the point-mass approximation (Analytical) and that found by FEM simulation of the flexural nanoparticle vibration interacting with the disk (filled blued circles). An example of particle contact radius imaged by SEM is reported in inset, together with the associated measured frequency shift (Experimental dashed line).

  of the main text. The results are reported in Fig. S4 (b) for a varying contact radius (filled blue circles), and compared to the shift expected from the analytical formula (point mass approximation, Analytical dashed line) for the same mass, and to the shift obtained experimentally (Experimental dashed line). The analytical formula is able to reproduce the FEM results for large contact radii but deviates in the opposite situation. For this specific measured nanoparticle, the contact radius is equal to 62 nm (see inset of Fig. S4 (b)), which seems to explain why we measured a frequency shift 46% larger than the one expected from the point-mass approximation. This deviation is a consequence of the nanoparticle elasticity in our measurement. It can be used to estimate the nanoparticle Young modulus, provided the contact radius and mass of the nanoparticle are known. arXiv:2205.05944v1 [physics.flu-dyn] 12 May 2022

Figure 1 :

 1 Figure 1: Optomechanical disk for nanodroplet measurement. (a) False-coloured SEM image of the optomechanical resonator employed in these experiments. An integrated waveguide (right-hand side, light grey) is evanescently coupled to the disk (blue). It enables injection (collection) of light into (from) it. (b) Illustration of droplet detection with an optomechanical disk resonator. The DC and RF components of the output optical signal contain respectively information about the interaction of the droplet with the optical and mechanical modes of the disk.

Figure 2 :

 2 Figure 2: Optical measurement of the landing droplet trough the disk WGM. (a) Top: Frames acquired with our fast camera, extracted from the top-view of the disk (left). Bottom: Experimental optical data acquired during the landing of a single droplet on the resonator. The voltage of the photodiode changes abruptly at t=0 as consequence of the landing. (b) Electric field intensity for a (TE) WGM at 1.55 µm wavelength with azimuthal order m=68 and radial order p=10, calculated for a GaAs disk of 11 µm radius and 200 nm thickness. (c) A slice of the disk close to the droplet landing position is shown. Within the droplet volume, the electric field decreases exponentially in the vertical direction. h d , r b and θ b are the height, contact radius and contact angle of the droplet..

Figure 3 :

 3 Figure 3: Mechanical measurement of the nanodroplet by the disk. (a) Displacement profile of the RBM1 for a disk of 11 µm radius and 200 nm thickness. (b) RMS velocity amplitude distribution for the same RBM1 over a disk slice where the droplet did land. The inplane vibrations of the disk induce shear-waves in the droplet that are attenuated along the vertical direction, while the no-slip condition is imposed at the solid-liquid interface. For the sake of illustrating the situation at t=0, the droplet contact angle was artificially increased from 12 • to 35 • . (c) Phase of the experimentally measured output signal demodulated at the RBM1 frequency (yellow), acquired during the droplet landing already reported in Fig.2a. The phase changes abruptly at time t=0 when the droplet lands. The mechanical resonance shift (after correction, see text) is reported in pink. A 1 kHz bandwidth is employed as a compromise between sensitivity to mass adsorption (hundred of attograms) and timeresolution (0.6 ms). The square open symbols are the mechanical resonance shifts calculated with FEM (see text). The associated error bars account for the uncertainty in the droplet contact radius (±200 nm) and position on the disk surface (±200 nm).

Figure 4 :s 3 ( 1 -

 431 Figure 4: Time evolution of the nanodroplet volume. The data of Figures 2 and 3 are shown in terms of droplet volume, over the first 20 ms, for the elucidated CCR mode. Blue symbols: measurements. Red line: evaporation model including the Kelvin effect (see text). The error bars affecting the estimated volume account for the uncertainty in the droplet contact radius (±200 nm) and position on the disk surface (±200 nm) deduced from the video frames.

Figure 5 :

 5 Figure 5: Optomechanical measurement of the transition from a nanodroplet to an extended film. (a) Optical (blue) and mechanical (red) normalized resonance shift during the 200 ms after droplet landing. The two signals do not reach back to their initial value at the end, indicating that a residual amount of liquid is still present on the disk surface.Their ratio is reported with yellow triangles: it remains constant at 2.5 during the first 5 ms, consistent with a localized droplet of spherical shape, and then increases up to 3.5, consistent with the stabilization of an extended liquid film on the disk surface. (b) The detected volume as function of time of liquid is finally deduced by FEM simulations (see main text). It consists first of the CCR evaporation stage governed by the Kelvin effect, followed by the spreading of a puddle precursor film illustrated in blue (at t= 54 ms, puddle diameter= 3.46 µm, height=2.7 nm; at at t=104 ms, puddle diameter= 6.58 µm, height=0.66 nm), and ends with the stabilization of an extended film on the surface.
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this case, the speed of waves is equal in all directions and the isotropy ratio = ( 11 -12 )/2 44 is equal to . Table . reports the elastic parameters for GaAs while Fig. . shows the direction dependent Young Modulus ( 0 = ( 11 +2 12 )( 11 -12 ) ( 11 + 12 )
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		44 =	( . )
	with =	/(1 + )(1 -2 ), the Lame's elastic constant, and = /2(1 + ), the shear
	modulus. In	

Table . :

 . Photoelastic constants for GaAs at .

m. They vary little for wavelengths with energies well below the material bandgap [ ]. ¶ For Silicon, 11 =-. , 12 = . , 44 =-.
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 . Numerically calculated optomechanical couplings for RBMs.

	•	15.4 × 10 19	1.75 × 10 20	1.75 × 10 20
	(m)	5.1 × 10 -16	4.3 × 10 -16	4.0 × 10 -16
	0	7.7 × 10 4	7.3 × 10 4	3.8 × 10 4

1.36 × 10 -13 9.39 × 10 -14 • 8.53 × 10 19 3.77 × 10 19 4.17 × 10 19 • 6.90 × 10 19 1.37 × 10 20 5.35 × 10 19 The quantities to be integrated at the numerators of Eqs. . and . are plotted in Fig. . (c, d). The former has a larger amplitude in correspondence of the disk edge where the mechanical normal displacement (ì • ì ) is maximum, while the spatial distribution M M M m (kg) 1.09 × 10 -13 7.50 × 10 -14 8.14 × 10 -14 • 1.40 × 10 19 7.00 × 10 18 5.28 × 10 18 • 1.12 × 10 19 1.62 × 10 19 1.31 × 10 19 • 2.32 × 10 19 1.75 × 10 20 9.52 × 10 19

model for ultra-high frequency optomechanical resonators optically actuated and detected in the oscillating mode Contents .

  , C. Belacel, S. Ducci, G. Leo, and I. Favero, 'Ultralow loss single-mode silica tapers manufactured by a microheater,' Applied Optics, vol. , pp. -, . : 10.1364/AO.49.002441. [ ] L. Ding, C. Baker, P. Senellart, A. Lemaitre, S. Ducci, G. Leo, and I. Favero, 'High frequency GaAs nano-optomechanical disk resonator,' Physical Review Letters, vol. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Photon absorption processes in GaAs disks resonators . . . . . . . . . . . . . The micro-disk thermal response to optical power absorption . . . . . . . . . Photothermal forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Thermo-elastic softening effect . . . . . . . . . . . . . . . . . . . . . . . . . .

						, pp. -,	.	: 10.1038/nature08524.
	, [ ] R. W. Dixon, 'Photoelastic properties of selected materials and their relevance for p. , . : 10.1103/PhysRevLett.105.263903. applications to acoustic light modulators and scanners,' Journal of Applied Physics,
		vol. , pp.	-	,	.	: 10.1063/1.1709293.
						,
	p.	,	.	: 10.1364/optica.4.000218.
						, pp. -,	.	:
	10.1103/PhysRevLett.120.223601.

[ ] B. Guha, F. Marsault, F. Cadiz, L. Morgenroth, V. Ulin, V. Berkovitz, A. Lemaître, C. Gomez, A. Amo, S. Combrié, B. Gérard, G. Leo, and I. Favero, 'Surface-enhanced gallium arsenide photonic resonator with quality factor of × e ,' Optica, vol.

[ ] M. M. A. J. Voncken, J. J. Schermer, A. T. J. van Niftrik, G. J. Bauhuis, P. Mulder, P. K. Larsen, T. P. J. Peters, B. de Bruin, A. Klaassen, and J. J. Kelly, 'Etching AlAs with HF for Epitaxial Lift-Off Applications,' Journal of The Electrochemical Society, vol. , G , . : 10.1149/1.1690293. [ ] J. C. L. Ding, C. Baker, A. Andronico, D. Parrain, P. Senellart, A. Lemaitre, S. Ducci, G. Leo, and I. Favero, Handbook of Optical Microcavities, st Editio, A. H. W. Choi, Ed. New York: Jenny Stanford Publishing, , p. . [ ] A. Andronico, 'Etude électromagnetique d 'émetteurs intégrés infrarouges et terahertz en AlGaAs,' Ph.D. dissertation, UNIVERSIT E PARIS DIDEROT -PARIS Ufr, . [ ] J. R. Lloyd, 'Wave propagation in an elastic plate resting on an elastic fundation,' Ph.D. dissertation, California Institute of Technology, Pasadena, California, . [ ] Z. Hao, S. Pourkamali, S. Member, and F. Ayazi, 'VHF Single-Crystal Silicon Elliptic Bulk-Mode Capacitive Disk Resonators -Part I : Design and Modeling,' vol. , pp. -, . [ ] J. S. Blakemore, 'Semiconducting and other major properties of gallium arsenide,' Journal of Applied Physics, vol. , R , . : 10.1063/1.331665. [ ] D. T. Nguyen, C. Baker, W. Hease, S. Sejil, P. Senellart, A. Lemaître, S. Ducci, G. Leo, and I. Favero, 'Ultrahigh Q-frequency product for optomechanical disk resonators with a mechanical shield,' Applied Physics Letters, vol. , . : 10.1063/1.4846515. [ ] D. T. Nguyen, W. Hease, C. Baker, E. Gil-Santos, P. Senellart, A. Lemaître, S. Ducci, G. Leo, and I. Favero, 'Improved optomechanical disk resonator sitting on a pedestal mechanical shield,' New Journal of Physics, vol. , . : 10.1088/1367-2630/17/ 2/023016. [ ] M. Hamoumi, P. E. Allain, W. Hease, E. Gil-Santos, L. Morgenroth, B. Gérard, A. Lemaître, G. Leo, and I. Favero, 'Microscopic Nanomechanical Dissipation in Gallium Arsenide Resonators,' Physical Review Letters, vol. [ ] C. Baker, W. Hease, D.-T. Nguyen, A. Andronico, S. Ducci, G. Leo, and I. Favero, 'Photoelastic coupling in gallium arsenide optomechanical disk resonators,' Optics Express, vol. , p. , . : 10.1364/OE.22.014072. [ ] S. G. Johnson, M. Ibanescu, M. A. Skorobogatiy, O. Weisberg, J. D. Joannopoulos, and Y. Fink, 'Perturbation theory for Maxwell's equations with shifting material boundaries,' Physical Review E -Statistical Physics, Plasmas, Fluids, and Related Interdisciplinary Topics, vol. , pp. -, . : 10.1103/PhysRevE.65.066611. [ ] M. Eichenfield, J. Chan, R. M. Camacho, K. J. Vahala, and O. Painter, 'Optomechanical crystals,' Nature, vol. [ ] I. Favero, 'Optomechanical Interactions,' in Quantum Optomechanics and Nanomechanics, Lecture Notes of the Les Houches Summer School, Oxford University Press, . : A multiphysics . The thermo-optic effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . The three coupled equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . The all-optical actuation/detection scheme . . . . . . . . . . . . . . . . . . . . Experimental results of the all-optical actuation/detection . . . . . . . . . . . Noise processes and frequency stability . . . . . . . . . . . . . . . . . . . . . References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  Table . for all the modes shown in Fig. . , for our GaAs disk of radius m and thickness nm, operated at room temperature.If the pedestal is thin enough to obtain an uniform temperature increase over the disk volume at steady-state, pth can be minimally approximated as:

		RBM	RBM	RBM	M	M
	(µN/K)	.	.	.	.	.

Table . : photothermal parameter . THERMO-ELASTIC SOFTENING EFFECT pth = × Δ eq ( . )

Table . :

 . THREE COUPLED EQUATIONS Model Parameters

	Parameter	Value	Units	Source
	cav /(2 )	1.93 × 10 14	Hz	measured
	rad /(2 )	1.62	GHz	measured
	ext /(2 )	1.27	GHz	measured
	lin /(2 ) TPA	0.13	GHz cm GW -1	measured fit and [ -]
	Γ TPA TPA	. 2.42 × 10 -17	-m 3	FEM (based on [ ]) FEM (based on [ ])
	g	.	-	Effective Index Method, ref. [ ] and FEM
	in	210	W	measured
	2	6.87%		measured
	dn /dT 2.35 × 10 -4	K -1	Effective Index Method, refs. [ , ] and FEM
	om /(2 )	2.34 × 10 19	Hz m -1	FEM (based on [ , ])
	eff	255	pg	FEM (based on [ , ])
	m	2 × 131.7	MHz	measured
	Γ m	2 × 135 7.83	kHz N K -1	measured FEM (based on [ ])
	th th th Δ/(2 )	3.99 5.64 × 10 4 5.7 × 10 -6 0.5	s K W -1 K -1 GHz	fit and FEM (based on [ ]) fit and FEM (based on [ ]) Ref. [ ] measured

  shows the measures frequency
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	22.9%
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TABLE I .

 I Model parameters.

	Parameter	Value	Units	Source
	ω cav /(2π) κ rad /(2π) κ ext /(2π) κ lin /(2π) β TPA Γ TPA V TPA n g	1.93 × 10 14 1.62 1.27 0.13 30 0.9994 2.42 × 10 -17 3.47	Hz GHz GHz GHz cm GW -1 ⋅ ⋅ ⋅ m 3 ⋅ ⋅ ⋅	Measured Measured Measured Measured Fit and 29-31 FEM (based on Ref. 28) FEM (based on Ref. 28) Effective index method, Ref. 32, and FEM
	P in	210	μW	Measured
	2β dn eff /dT g om /(2π)	6.87% 2.35 × 10 -4 2.34 × 10 19	K -1 Hz m -1	Measured Effective index method, Refs. 32 and 33, and FEM FEM (based on Refs. 26 and 34)
	m eff ω m Γ m α	255 2π × 131.7 2π × 135 7.83	pg MHz kHz μN K -1	FEM (based on Refs. 26 and 34) Measured Measured FEM (based on Ref. 25)
	τ th R th β th Δ/(2π)	3.99 5.64 × 10 4 5.7 × 10 -6 0.5	μs K W -1 K -1 GHz	Fit and FEM (based on Ref. 22) Fit and FEM (based on Ref. 22) Reference 35 Measured
	(see the supplementary material). The nonlinear absorption rate is	
	proportional to the TPA coefficient β TPA , 28		

= (1 -2 )

‡ non-porous silica nanoparticles of nm diameter from Sigma Aldrich. = kg/m 3 , Young Modulus
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[ ] J. The histogram in Fig. . gathers the nanoparticle masses measured by our sensor and normalized by their nominal value (inferred from the nominal nanoparticle dimensions and from an assumed material density) in case of latex (blue) and silica (red) nanoparticles. Despite an overall satisfactory agreement for latex nanoparticles (the normalized mass is centred close to . ), there is a sizeable dispersion of results, with extreme events up to a factor off. For the silica nanoparticles, which are also smaller, the results are more contrasted: the results are centred close to . , and the dispersion is similar to the latex case. These results are maybe not unexpected. We identify several sources of uncertainties in our measurements that can partially explain these trends:

The dispersion on the nanoparticles dimensions announced by the provider corresponds to % of their diameter, leading to a % dispersion in the mass. In addition, we statistically measured by SEM imaging a mean diameter of nm for latex and nm for silica nanoparticles meaning % smaller and % larger than their nominal value. From our understanding, the diameter of a latex nanoparticle once landed on the surface is not precisely what it was within the liquid solution. This interpretation is supported by SEM observation of the surface after a varying waiting time. Possible residual liquid menisci can stay trapped between the nanoparticles and the disk contributing to the measured mass. Our analysis of nano-droplet evaporation (Chapter ) may allow us to distinguish and track this residual liquid if it evaporates. For some of the disks employed in this study, the pedestal geometrical irregularities are responsible for the deformation of the mode profile and therefore to a wrong estimation of the displacement at the nanoparticle landing position ( ( 0 )). We found that this effect is more pronounced close to the pedestal and can be the dominant 

Indexes:

Ind _ Mec: index for the specific optical result in 'sol1' Ind _ Opt: index for the specific mechanical result in 'sol2'

Operators:

withsol('sol1', f ,setind(lambda,Ind _ Mech)): adresses to variable 'f' from solution number 'Ind _ Mech' in dataset 'sol1' withsol('sol2', f ,setind(lambda,Ind _ Opt)): adresses to variable 'f' from solution number 'Ind _ Opt' in dataset 'sol2'

A FEM VARIABLES FOR THE OPTOMECHANICAL COUPLING RATE CALCULATION

The normal component of the displacement vector at the disk air interface:

NormalDisp=withsol('sol1',u * nx+v * ny+w * nz,setind(lambda,Ind _ Mech))

The optical field energy:

EmwEnergy=1/2 * (IntVolDisk(epsr _ GaAs * epsilon0 _ const * withsol('sol2',emw.normE^2,setind(lambda,Ind _ Opt))) +IntAir(epsilon0 _ const * withsol('sol2',emw.normE^2,setind(lambda,Ind _ Opt))))

The effective mass:

Meff=IntVolDisk(rho _ GaAs * withsol('sol1',solid.disp^2,setind(lambda,Ind _ Mech))) /Max(withsol('sol1',solid.disp^2,setind(lambda,Ind _ Mech)))

Squared absolute value of the electric field tangential to the disk surface: abs _ Et2=withsol('sol2',abs(real(emw.tEx))^2+abs(real(emw.tEy))^2+abs(real(emw.tEz))^2 +abs(imag(emw.tEx))^2+abs(imag(emw.tEy))^2+abs(imag(emw.tEz))^2,setind(lambda,Ind _ Opt))

Squared absolute value of the electric displacement field normal to the disk surface: 

EOM amplitude modulation B

The output field from the EOM can be written as the sum of the two interfering fields coming from the two arms of the Mach-Zenhder [ ]:

with 0 and the input field amplitude and frequency, 1 and 2 the voltage-to-phase conversion efficiency of the two arms and 01 and 02 the static phase acquired by the field along each arm. Eq. B. can be rewritten as:

The working point is set in the linear part of the EOM transfer function where the output intensity is half the input one (a.k.a. quadrature point):

This condition is attained by applying a DC voltage equal to:

and

For 1 = 2 , the EOM works as a purely phase modulator, whereas for 1 = -2 we have pure intensity modulation. For real devices, the chirp parameter = ( 1 + 2 )/( 1 -2 ) can be found in the instrument datasheet. In our experiments, we employed an iXblue Photonics MX-LN GHz nm band Intensity Modulator with declared typical chirp parameter equal to . In this case, Eqs. B. and B. become:

)

and phase modulation can be neglected. The output field is:

For small modulation amplitudes, it can be written as:

For ( ) = (Ω ) we can distinguish a main carrier and two additional sidebands:

The modulation depth reported in Chapter is then given by:

To calculate this conversion factor we looked at the EOM output characteristic with respect to the applied voltage. S. Sbarra, 1 P. E. Allain, 1 S. Suffit, 1 A. Lemaître, 2 and I. Favero 
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