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Abstract
Recent studies of optomechanical resonators based on 2Dmaterials, aremainly focused on their
response at a fixed point.Most studies focus on the oscillating behaviour of the centre of the system,
where the amplitude of the fundamentalmode ismaximum. Thismethodology overlooks the spatial
distribution of higher frequency oscillationmodes inwhich the nodal lines cross the central point.
Thesemodes are of interest as they contain information of the stress and defect profiles, among other
physical properties of the resonator/cavity system.Understanding the frequency response and spatial
distribution of thesemodes is key both for fundamental science but also for the technological
exploitation of these devices. In this work, we study themechanicalmodes of few-layerMoS2
electromechanical resonators down to 5Kwith circular and rectangular boundary conditions.We
have developed a novel technique to perform radio frequency spectralmapping of the resonators’
optical response as they oscillate in real time.With this technique, we gain direct insight on the spatial
distribution of the strain fields in themodal spectra of our devices.

Vibrations andwaves are an inherent part of nature. Fromquantum systems [1] to gravitational waves [2], most
scientific studies involve oscillations in one formor another. Large oscillations like thosemeasured by
earthquake early detection systems [3, 4], andmolecular scale vibrations such as those used in infrared and
Raman spectroscopy [5], aremonitored every day formany differentfields spanning from astrophysics to early
disease diagnostics. Since the advent of two dimensionalmaterials, the study of theirmechanical vibrations and
strain dependences has emerged as a fundamental research fieldwithmany open questions and interesting
applications [6] inNanoelectromechanical systems (NEMS). By their ownnature, devicesmade of two
dimensionalmaterials are in themesoscopic scale. Their ultra-thin nature gives rise to quantumphenomena,
such as out-of-plane electronic confinement or quantized emission [7, 8]. However, their lateral dimensions are
typically large enough that theirmechanical properties can be effectively describedwithin classical frameworks,
in particular in the case of opto-mechanical oscillators [9].

In the nanoscale domain,NEMS are exploited for transducing electrical signals tomechanicalmotion, and
vice-versa [10].Mechanical drum resonators based on two-dimensionalmaterials are a specific kind ofNEMS
that have become a hot research topic over the last few years [11–13]. From the fundamental point of view, they
show a strong nonlinear response and canwithstand large deformations without reaching rupture [14]. They are
technologically significant because they exhibit Q-factors in the tens of thousands, and possiblemuch higher, in
the frequency range of tens ofmegahertz (MHz) to gigahertz [15–18] and exhibit electro-optical [9] and electro-
acoustical [19] transduction. They embody an interesting playground for the fundamental studymechanical
systems [20–22] and dynamical processes at surfaces [9].When the thickness of the 2Dmaterial is sufficiently
small to allow some transparency in theUV–vis-NIR, a short of Fabry–Perot etalon [15] can bemanufactured in
the formof a nanoelectromechanical-optical system (NEMOS). The performance of the drum-head as a
membrane or a plate, strongly depends on the thickness of thematerial and the baseline strain profile [23]. These
also influence the optical cavity in terms of resonancewavelengths and finesse. Built-in stress induced during the
deterministic transfer of the 2Dmaterial onto the cavity resonator (seeMethods), can lead to anisotropies in the
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mode shapes [24]. Point defects or adsorbates on theMoS2, can also impact the symmetries of themechanical
modes. In general, built-in stress and defects lift-up the degeneracy ofmany of themodes. There aremultiple
approaches for the study of 2D resonators [25]. In the last years, studies of the frequency dependence and spatial
mapping of the vibrationalmodes ofmicrometre-scale resonators based on different 2Dmaterials have been
carried out in differentmicromechanical systems such as circular graphene drums [26], black phosphorus
resonators [27], boron nitride [28] , graphene [29], or the anisotropic response study [30] of CdNb2O6 layered
perovskites. Someworks focus on single pointmeasurements of the frequency spectra [31–33], estimating the
modal response from themand thus overlooking the spatial distribution of themechanicalmode deformations
i.e. and thus, of the strain fields. Other research show extended images of some of the resonantmodes of drum
resonators but as a collateral result from theirmain topics [24, 34, 35]. To enhance the capture efficiency in
biomedicinemass spectroscopy, squaremembrane resonators are used to amplify the capture area and avoid
degeneratemechanicalmodes [36, 37].

In this work, we performed a systematic study of themodal spectra of differentMoS2 resonators.We shape
our drum resonators as a two-terminal capacitive structure utilising electrical actuation and optical readout [32].
Our resonators consist ofMoS2flakes suspended over circular and rectangular holes. The pits are etched on a
SiOx/Si highly doped substrate bymeans of a lithography process (seemethods). Figures 1(a)–(b) shows a
crucial step of themicrofabrication process of one of the devices, the exfoliation and transfer of the 2Dmaterial.
The systembehaves in awaywhere one of the electrodes is fixed, and the other is amovable plate or amembrane
allowed to oscillate within a certain range and boundary conditions, in a similar fashion to an electrostatic
speaker or amicrophone. This allows for the electromechanical actuation or sensing, since an applied electric
fieldwill charge the capacitor and deform the 2Dmembrane towards the substrate, leading to a change in the
inter-plate distance and thus the capacitance of the structure [38]. The experimental set up for frequency
mapping of the resonators is shown infigure 1(c). A through-the-lens scheme is employed for optical

Figure 1.Deterministic transfer ofMoS2 and experimental set up. (a), ExfoliatedMoS2flake on a PDMS stamp. Scale bar 40 μm. (b),
Optical image of the sameflake after being deterministically transferred onto rectangular and circular wells with Ti/Au contacts. The
colour of the flake is given by the refractive index and the strain contrast between the gold layer (supported-black), the SiOx substrate
(supported-green) and the Si substrate (suspended-light pink). Scale bar 40 μm. (c), Schematic representation of the system set-up for
the electro-optical characterization of theMoS2 drum resonators. RF sweeps are conductedwhile the reflected intensity as a function
of frequency is recorded to acquire the spectralmaps.
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illumination and read-out. ACW532 nm laser is guided by a series ofmirrors and beam-splitters to the
microscope objective creating a diffraction limited spot onto the device under test. The reflected light is collected
and routed into a fast photodiode for imaging and data acquisition. The electrical driving is achieved using anRF
feedthrough installed in the vacuumchamber. RF sweeps are performedwhile the reflected optical intensity is
recorded as a function of frequency to acquire the spectralmaps.

The employedMoS2 is semi-transparent, and under illuminationwith a diffraction limited spot, the system
provides an optical contrast proportional to coupling between the 2Dmaterial thickness, its complex refractive
index changes induced bymechanicalmotion, and the changes during the oscillation of the resonator geometry
in vibrationalmodes. The quasi-Fabry–Perot cavity is formed by theMoS2 acting as a top oscillatingmirror and
the Si substrate asfixed bottommirror. This type ofNEMOShave been designed to have characteristic optical
lengths in the range of hundreds of nanometres, comparable to thewavelengths of visible radiation. Under
mechanicalmotion of the topmirror, it provides interferometric contrast as the inter-plate distance changes
[15]. This contrast is also affected by the dynamical evolution of themembrane, as the optical properties of the
two-dimensionalmaterial (such as bandgap nature, refractive index or absorption coefficient) changewhen
subjected to strain induced bymechanical deformation or oscillations [39].

In this article we identify and characterise the resonantmodes of circular and rectangular 2Ddrum
resonators to gain new insights into this type ofNEMOS. Thismethod combines opticalmicroscopy and radio
frequency responsemapping of the devices under cryogenic and vacuum conditions. It utilises changes in the
overall reflectivity of the optical cavity and high sensibility optical imaging of themodes using lock-in
techniques.With this informationwe figure out the eccentricity of the circular device, the dynamic nature of the
system (eithermembrane or plate) and the phase velocity of themechanical wave.

MoS2 circular resonators actuation and readout

Our devices consist of 45 nm-thick parallel Ti/Au electrodes defined by optical lithography and lift-off
deposited on top of a SiO2/Si substrate. Circular and rectangular wells are defined in a second lithography step
followed bywet etching of the SiOx. TheMoS2 flakes are deterministically transferred onto thewell. Details on
the fabrication process are further detailed in theMethods section and in Supplementary Information figures
S1–S3. The devices are placed in a closed-cycle optical cryostat, equippedwith XYZpositioners and anXYZ
scannerwhich allow us to navigate and scan the resonators under amicroscope objective with high spatial
resolution (figure 2). A constantDC voltage can be used to set a pre-tension of themembranewhile awaveform
generator sends anRF signal to actuate the electromechanical resonator at the selected frequency range. The
optical readout is performed in a through-the-lens approach, where a diffraction limited spot of a 532 nmCW
laser, is focused on the surface of theMoS2. The signal reflected by the Fabry–Perot etalon is send back into a
high bandwidth (250MHz) photodiode. The output signal of the photodiode is fed to the input ports of the
scanner electronics, or to a digital signal processor acting as a frequency response analyser or lock-in amplifier,
depending on themeasurement scheme.

Figure 2.Experimental set up for high resolutionmode imaging. Schematic diagramof the lock-in acquisition setup for imaging of the
vibrationalmodes of theMoS2 resonators.
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High resolutionmode imaging

After the spatialmodes and their frequencies have been identified by the frequency responsemaps (see
supplementary S4), high sensitivity images can be obtained by switching the photodiode reflected intensity
signal from the frequency response analyser to a lock-in amplifier. Lock-in filtering allow us to obtain high
fidelitymagnitude and phase images of very narrow frequency windows,muzzling spurious noise from the
environment. To do so, we perform fast spatial scans at a very specific frequency and afixed phase, to
simultaneously record themagnitude and phase shift (orX andY) outputs of the lock-in amplifier as raster
images, just as other scanning probe techniques do [40].

A schematic representation of the high resolution imaging setup is shown infigure 2. For this step, we use an
external waveform generator andDCpower supply through a bias-tee to tune the actuation parameters in a
broader voltage range from1mV to 20VRMS. Thefiltered signals are fed to the analog-to-digital ports of the
scanner electronics to obtain live raster images of the resonantmodes.

Mode imaging of circular resonators

At room temperature, the frequency response of the device presents several overlapping peaks and a continuous
response acrossmost of the spectral range (Supplementary information figure S5). Spectralmaps also reveal a
spatial overlapping of themodes, whichmakes very difficult to assign a specific frequencies to individualmodes
(Supplementary video 1).Magnitude images show small amplitude variations and disorderedmode shapes.

At lower temperatures, wewould expect an enhancement in the quality factor [41] and an increase of the
resonant frequencies (Supplementary video 2). This reduces the overlaps betweenmodes,making themmore
distinguishable from each other. Figure 3 shows a series ofmagnitude and phase images taken at 5Kon a 25 nm-
thickMoS2 resonator showing different vibrationalmodes. Atfirst sight, we can see that themodes do not
correspond to a circular system, since all images do not show radial symmetry and present a preferential axis
instead. Despite the circular boundary conditions of thewell, themodes resemble the behaviour of an elliptical
drum [42, 43]. This can be attributed to imperfections in the lithography process which can lead to distortions in

Figure 3.High resolution imaging of resonantmodes at 5K. (a)–(d), Phase images from experimental results (e)–(h)Magnitude
images from experimental results. Scale bar 2.5 μm. (i), Frequency chart of themeasuredmodes by this technique.
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the actual shape of the etched holes, extended defects or thickness variations across the flake; butmost likely
from induced stress in a preferential direction coming from the deterministicmechanical exfoliation process.
Another hypothesis regarding the atomic arrangement of thematerial has been presented in a detailed study
focused onCaNb2O6 [30]. Thismaterial is already intrinsically anisotropic due to its highly asymmetric crystal
structure in the a–b plane, so the presentedmodes are anisotropic. The time evolution of themode can be
reconstructed by concatenating a series of images of constant phase differences (Supplementary video 3).

Infigure 4, all the observedmodes at 5 K between 30MHz and 130MHz are presented in sequential order.
Higher resolution images of the vibrationalmodes are presented in Supplementary figure S6.

At room temperature,mechanical resonances appear as broad, overlappingmodes. Upon cooling, these
modes progressively break their degeneracy, revealing distinct resonances characterized by a rotation of their
primary axes with frequency. Additionally, the increase in quality factor at lower temperatures uncovers
previously unresolvedmodes, enabling detailed analysis ofmode shapes and spatial anisotropies. Themeasured
resonance frequencies and spatial profiles of themodes are consistent withfinite element numerical results in
elliptic coordinates [43]. Following the frequency of themodes, we gather information of the axis ratio of the
apparent ellipse. Through the theoretical study, we figure out that the aspect ratio of the system is a/b≈ 1.10, so
the eccentricity is e= 0.416. Aswe show in figure 5, error barsmark the frequency range inwhich themode
exists due to nonlinear features.

Calculated phase velocity with rectangularmodes

Tounderstandmore deeply our devices, and to avoid uncontrolled asymmetries in the shape of the device, we
fabricate wells with rectangular boundary conditions and different aspect ratios. At the room temperature, we
observe the expected behaviour, with clear degeneratedmodes (Supplementary information figure S7), small
oscillation amplitudes and lowquality factors. Otherwise, at 5Kwemeasure the representedmodes in the chart
infigure 5. All the locatedmodes are presented in the Supplementary information (figure S8).

Infigure 6, we distribute themeasuredmodes by the number of antinodes in each axis. Themodes shaded in
grey in the chart represent those that could not be directlymeasured due to limitations arising from the
nonlinear response observed atmode (3 ,1). Specifically, the amplitude of thismode is sufficiently large that it
causes the system’s frequency response to deviate from linearity, thus impacting the accessibility ofmeasure
(2,5) and (1,6)modes. This nonlinearity introduces significant challenges when attempting to characterize the
behaviour of the system. As the amplitude increase, the jump-down frequency becomes higher, so the device
response spans around 4MHz at 2Vpp.

When plotting themode number against themeasured frequency, we observe that the trend of the resulting
curve indicates the systembehaves as amembrane rather than a plate, aligningwith the behaviour predicted by
equation (1) [44]. Each eigenfrequency determines a different out-of-plane vibration that can be expressed as a
function of two natural numbers (m,n), which are the quantity of antinodes in each axis onto themode of
vibration.

Figure 4. Finite element fittingwith experimental results. Red lines point out the theoretical frequency of an ellipticalmembrane of
1.10 axis ratio, whereas the blue area select the response region of the resonator.
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This fitting allows us to also determine the phase velocity of the transverse waves, calculated to be 260m s−1.
The velocity is /c T s= sowe can further derive the average stress (T)within the system, found to be

Figure 5.High resolution imaging of rectangular resonantmodes at 5K. (a)–(d), Phase images from experimental results. (e)–(h)
Magnitude images from experimental results. Scale bar 5 μm (i), Frequency chart of themeasuredmodes.

Figure 6.Chart ofmeasured rectangularmodes at 5K. (a) Fixed number of antinodes in the horizontal axis. (b) Fitting of thesemodes
using themembrane theoretical behaviour. (c) Fixed number of antinodes in the vertical axis. (d) Fitting of thesemodes using the
membrane theoretical behaviour.
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0.342GPa, if we take the density of theMoS2 (σ) as 5.06 g cm
−3. The discussion relatedwith the plate or

membrane behaviour is in Supplementary information figure S9.

Conclusion

Wehave developed amethod for imaging the resonantmodes of 2DNEMS. PerformingRF spectra of the
reflected intensity of a laser beam at each point of a scan area allows us to conduct a quick survey of themodes
with frequency and spatial information.

Once themodal spectra are characterised, high resolution raster images can be obtained using lock-in
techniques to getmore precisemagnitude and phase information of each of the resonantmodes. To the best of
our knowledge, this is the first time that resonantmodes of 2Ddrum resonators have been faithfully imaged at
low temperatures. Our results contribute with a new insight in the dynamical behaviour of electromechanical
resonators based on two dimensionalmaterials.

Our results showhownominally circular devices behave as ellipticalmembranes. Small deviations from
circularity lead to a set ofmodes that correspond to those of elliptical drum resonators. Furthermore, we carried
out our experiments at different temperatures, showing how the degeneracy of somemodes breaks at lower
temperatures when their spectral shapes narrowdown.

Further research has to be carried out to clarify if this asymmetry is down to a tension field as a result of the
exfoliation procedure, a systematic error in the lithography optics such as a small amount of astigmatism, or
even to a preferential orientation of the crystal lattice of themembrane.

These results can help design new transduction schemes for drum resonators, since the frequency ratios of
themodes and the physical position of the antinodes are different from those of circularmembranes. Inmany
cases, the laser is focused on the centre of the resonator, which is not ideal if themodeswere to be elliptical, since
many of the resonantmodes will present a node there,minimising the optical contrast for the electro-optical
conversion. Taking into account themode shapes can help develop new optical transduction schemes for light
amplitude or frequencymodulation.

Membrane systems can transmit only in-plane forces and have no bending stiffness.Whereas plate systems
have significant bending stiffness, loaded in out-of-plane direction. Comparing each systems (Supplementary
information figure 9), let us conclude that our systemhas to bemodel as amembrane system, although it is
25 nm thick. This is opposed to the results inmany articles [23, 31] inwhich they claim that the elastic transition
begins for thickness above 7 nm.

Methods

Device fabrication
Onto a 290 nm-SiO2/Si(N++)wafer, we deposit Ti(5 nm)/Au(40 nm) parallel electrodes with optical
lithography and e-beam evaporator.We pattern circular and rectangular shapeswith a radius of r≈ 2.5 μm, and
sides of L≈ 5 μmandM≈ 10 μmthrough a second optical lithography step. Following that, we selectively
remove the SiO2 on the uncovered areaswithHF, creating similar wells on thewhole device in one step andwith
a depth defined by the thickness of the SiO2 layer (Supplementary figure 3). Different etching techniqueswere
considered, such as focused ion beammilling and plasma etching (Supplementary figures 1 and 2), but we opted
for theHFwet etching for its chemical sensitivity, for whichwe can use the lithographic resist or the gold
contacts as hardmasks. HF selectively removes the 290 nmof silicon oxide andwill not etch silicon away. This
technique yields wells of a constant andwell-defined depth, with theminor drawback of producing a slight
underetching below the gold contacts if the gold is used as themask.

After the electrodes deposition and holes etching,MoS2flakes are deterministically transferred onto the
wells using awell-known thermally assistedmechanical exfoliation [45], forming the desired capacitor structure
thatwill act as a drum resonator. The thickness of the flakes ranges from10nm to 30 nm (Supplementary
information figure 10).

A total of 40 samples have been fabricated comprising over 10 resonators each. Representative results from
three of them are shown in this article. The results shown in themain text of this paper correspond to one device.
The rest of them show similar qualitative behaviour, differing only in their characteristic frequencies due to
thickness andwidth variations.

Preliminary characterisation
AFMcharacterization is used to estimate the thickness of the flake and relative positions.Which are 25 nmand
around 280–290 nm from the bottom to the supported flake, respectively. This results are shown in
Supplementary information figure S10 and Supplementary information figure S11. The cavity depth is
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measured to know exactly the amount of etched SiOx.With the AFMmeasurement of the suspended part, we
can estimate the initial distance between the flake and the bottomof thewell before applying any voltage.

Cryogenicmicroscopy setup
Thedevices areplaced in a closed-cycle cryostat (AttocubeAttoDRY800)with a coarseXYZpiezoelectricmicro
positioner (1xAttocubeANPz102/RES/LT, 2xAttocubeANPx311/RES/LT) and afineXYZpiezo scannerwith
nanometric resolution (1xAttocubeANSz100/LT, 1xAttocubeANSxy100/LT).Wehaveoptical access to thedevices
throughopticalwindows andamicroscopeobjective (AttocubeLT-APO/VIS/0.82) situated inside the cryostat.

ACMOS camera (ThorlabsDCC1645C-HQ) can be placed in the optical path, allowing us to image the
MoS2 resonator and track the exact position of the laser spot over its surface. The Fabry–Perot cavity created by
theMoS2 and the bottomSi surface, transduce the vertical displacement of themembrane into changes of the
reflected intensity of the laser.

The reflected signal at each point is registered using a 150MHz bandwidth photodiode (Thorlabs
PDA10A2). This signal is used for all the different techniques used throughout this paper: acquisition of the
reflectivity reference images, reflectance spectra and high resolution imaging.

The illumination source used for probing the optical signal of the resonators is aModu-Laser Stellar ProAr-ion
laser (CW,488nm,up to 50mW). For thisworkwekept the laser power below1.5mW,which keeps thepower
density reaching the device to under 200mWcm−2 after crossing the different elements of the optical setup.

Electrical excitation of device resonance
Electrical signals are fed to the device via a high-vacuumRF feedthrough installed in the cryostat.We electrically
drive themembrane by applyingDC andAC voltage between the two separated electrodes, so the total voltage is

V VDC
V

2

pp= + , using either the function generator of the digital signal processor (Moku:lab, up toVpp= 2V,

VDC= 1V), or an external arbitrary function generator (RSProAFG-31051, up toVpp up to 20V) depending on
the experiment requirements.

Frequency-resolved opticalmeasurement of themechanicalmodes
The optical signal reflected from the device is detected using a 150MHzbandwidth amplified silicon photodiode
(Thorlabs PDA10A2) and fed to aMoku:Lab signal processor. Using theAPI provided byMoku and the trigger
ports of our Attocube scannerwewrote a Python script that enables us tomeasure the frequency response
spectrumof the device at each point of a defined scan area. This enables us to perform fast spectralmaps by
scanning over the sample while recordingwith the frequency responsewith spatial resolution, which serve us as
a quick surveymethod to identify the different resonantmodes. Once this survey isfinished, we can switch the
Moku:lab towork as a lock-in amplifier and conduct higher resolution scans at specific frequencies, phases and
amplitudes to characterise the individualmodes.
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