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Optomechanical crystals for spatial
sensing of submicron sized
particles

D. Navarro-Urrios?*, E. Kang?, P. Xiao?, M. F. Colombano'?, G. Arregui?, B. Graczykowski**,
N. E. Capuj*®, M. Sledzinska?, C. M. Sotomayor-Torres®’ & G. Fytas®**

Optomechanical crystal cavities (OMC) have rich perspectives for detecting and indirectly analysing
biological particles, such as proteins, bacteria and viruses. In this work we demonstrate the working
principle of OMCs operating under ambient conditions as a sensor of submicrometer particles by
optically monitoring the frequency shift of thermally activated mechanical modes. The resonator has
been specifically designed so that the cavity region supports a particular family of low modal-volume
mechanical modes, commonly known as -pinch modes-. These involve the oscillation of only a couple
of adjacent cavity cells that are relatively insensitive to perturbations in other parts of the resonator.
The eigenfrequency of these modes decreases as the deformation is localized closer to the centre of
the resonator. Thus, by identifying specific modes that undergo a frequency shift that amply exceeds
the mechanical linewidth, it is possible to infer if there are particles deposited on the resonator, how
many are there and their approximate position within the cavity region. OMCs have rich perspectives
for detecting and indirectly analysing biological particles, such as proteins, viruses and bacteria.

In the last decade photonic crystals (PhCs) have been used as optical sensing platform, in particular for label-free
biosensing"2. PhCs cavities strongly confine light in ultra-low volumes, enabling the detection of chemical species
down to nanometric dimensions when placed in close proximity to the cavity region by monitoring the spectral
shift of an optical resonance®. Alternatively, sensors based on nano-electro-mechanical system (NEMS) can be
extremely sensitive as mass and/or force sensors based on the frequency shift of the supported mechanical modes
and/or variations of their quality factors*. Indeed, they can achieve mass resolution in the nanogram scale and
resolve forces as small as 10 pN even when operating in a fluid environment®. Both sorts of devices, if combined
with advanced chemical surface functionalization techniques and the integration in microfluidic systems®, pave
the way towards ultra-compact lab-on-chip platforms with very high performance and real time monitoring”®.

More recently, cavity optomechanical systems’ have also been proposed as successful sensing platforms since
they exhibit similar characteristics to those of NEMS while adding the possibility of optically transducing the
mechanical motion even in liquid environments'’. Mechanical modes can be thermally activated by Langevin
forces or, by exploiting radiation pressure forces, driven to a regime of coherent high amplitude oscillations''.
Indeed, in the latter regime, recent experiments have elegantly demonstrated an enhanced sensing resolution
down to a single molecule, achieved by monitoring the change of the mechanical spring constant as the optical
detuning between the laser and the resonance is modified!?.

A particularly suited class of cavity optomechanical system for sensing applications are optomechanical crys-
tal cavities (OMC’s), nanostructured materials which simultaneously behave as photonic and phononic crystal
cavities'®. They can provide a combination of the sensing characteristics of PhCs and NEMS and extend further
the sensing capabilities of these systems by exploiting optomechanical coupling effects, which are engineered
by structural design'*"'¢. In this work we present a novel OMC-based sensing device that addresses the issue of
counting and spatially localizing submicrometric analytes. In fact, this is a pervasive issue that often compromises
the analysis of the registered data. For instance, when dealing with standard NEMS sensors such as cantilevers or
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Figure 1. Optomechanical crystal geometry and experimental setup. (a) Left. Sketch of the unit cell of the
OMC. The nominal geometrical parameters are a=362 nm, w= 1396 nm, hy= 992 nm, h, =190 nm and
thickness =250 nm. Centre. Band diagram of the pinch mechanical band and dependence of the X-point band
edge energy on the reduction factor. Right. Deformation profile of the pinch mode at the X-point calculated
with a FEM solver. The simulations have been performed by importing single mirror cells of the fabricated
geometry and applying Floquet periodic conditions. (b) Experimental setup used for the optomechanical
characterization of the fabricated OMCs. (c) Reflection spectra around the first optical resonance of the OMC.
(d,e) SEM micrographs of the characterized OMCs with one and two submicrometer particles on top and have
been highlighted in red and green, respectively. The cavity region is delineated by a dashed yellow box in (d). (f)
Zoom of the region of the OMC holding the particles. The diameter of the particles is 495+ 16 nm.

strings over which one or several analytes are positioned, their effect on the mechanical mode of the resonator
significantly depends on their specific location®.

Here the proposed design exploits low modal-volume mechanical modes —pinch modes- that involve the
oscillation of a few adjacent crossbars of the cavity cells and are relatively insensitive to perturbations in other
parts of the resonator. We show that, in most cases, the mechanical modes are spatially modified in a way that the
analyte blocks the affected crossbars due to its additional mass. Thus, the observed frequency shift is independent
of the elastic properties of the analyte or its adhesion force to the OMC. In order to extract more information
about the analyte, we discuss the possibility of bringing together its natural frequencies to that of the affected
pinch mode so that both modes hybridize. We also consider the emergence of new mechanical modes involving
the collective oscillation of the affected crossbars and the analyte, the frequency of which depends mostly on
the analyte mass.

Description of the geometries and experimental setup

The fabricated structures are 1-dimensional silicon OMCs based on a unit cell consisting of a crystalline sili-
con rectangular block of lattice constant a with a rectangular hole. In this work we focus on the lowest energy
frequency even-even mechanical band that is commonly known as ‘pinch’ mode band, which, for the present
fabricated structure, lies below 0.6 GHz'>"7. The band diagram has been computed with a finite elements method
(FEM) solver both using an imported cell of the fabricated structure and the nominal cell (central panel of Fig. 1a
and Supplementary Information, respectively). The pinch mode is a localized, in-plane mechanical vibration
and its deformation profile for a wave number k,=1/a in the axial direction of the OMC, i.e., at the X-point, is
illustrated in Fig. la.

The cavity region is highlighted in Fig. 1d with a dashed yellow box and consists of an odd number of holes
with the spacing between them reduced quadratically from the nominal lattice constant at the beam perimeter
(a) to Ta for the cell in the centre of the OMC (I'<1). On both sides of the OMC the nominal cell is repeated
10 times, thus acting as an effective mirror for optical and mechanical cavity modes. Optical modes are drawn
up in energy from the X-point of a TE-like band, which is placed at about 170 THz. In this sense, the depth of
the cavity region has been engineered so that it supports optical modes within the spectral range of our light
sources, i.e., between 180 and 210 THz. Given that the pinch mechanical modes are drawn from a band edge at
the X-point, each crossbar vibrates 180° out of phase with respect to its nearest neighbors. Consequently, vibra-
tion of neighboring cells add up in anti-phase to the overall optomechanical coupling. If the cells composing
the cavity region are sufficiently different, a pinch cavity mode is localized just in one or two cells, otherwise it
involves the deformation of several cells. In terms of the sensor design, this implies that the cavity region cannot
be distributed over an arbitrary large number of cells, since the spatial resolution would be lost at the expense
of increasing the sensing area. Thus, a compromise has been found considering the number of cells, pinch
modes spatial localization and spectral resolution (> 1-2 MHz, the experimental mechanical linewidth). The
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cavity region was therefore distributed over 27 cells and the maximum reduction of the pitch in the centre of
the OMC was I'=0.9. The total number of cells composing the OMC is 47 and the sensing area is about 12 um?
(see Fig. 1d). As illustrated in Fig. 1a by plotting the band edge at the X-point as a function of I' the confinement
potential pushes the pinch band to lower frequencies. This implies that the pinch modes within the cavity region
have eigenfrequencies (Q),,,) of decreasing values as the modes are localized in cells closer to the centre. More
details concerning the nominal design and the fabrication of the OMCs can be found in the Supplementary
Information (Sections S1 to S3).

Submicrometer silica particles (diameter d=495+ 16 nm) were dispersed in ethanol up to a concentration
of 38 mg/L. After ethanol evaporation, several particles were deposited on the OMCs. Other particles remained
underneath the OMC:s sitting on the silicon substrate, which lays 2 um below the OMC, since the last ethanol
volume prior to evaporation lies under the OMC. We ensured that these particles were not in contact with the
OMC by SEM inspection in a tilted configuration and therefore do not have any effect on the measurements
described in this work (see SI, Section S8).

The experiments were made in a standard set-up to characterize optical and mechanical properties of OMCs
(Fig. 1). A tuneable infrared laser (L1) covering the spectral range 1440-1640 nm was connected to a tapered
fibre in the shape of a microloop'®. The polarization state of the light entering the tapered region was set with a
polarization controller (FPC). The fibre was brought into contact with the etched frame, while the thinnest part
of the fibre rests above the central region of the OM crystal. The long tail of the evanescent field, which is several
hundreds of nanometers, and the low spatial resolution (~5 um?) of the tapered fibre allowed the local excitation
of resonant optical modes of the OMC (Fig. 1b).

The OMC is a bi-directional photonic cavity, hence it can optically couple to both forward and backward
propagating fibre modes. By using a fibre circulator it is possible to collect both the reflected and transmitted
signals, which are detected by InGaAs fast photoreceivers PD1 and PD2, respectively. Figure 1c shows a normal-
ized reflected spectrum of the OMC under study around the highest energy optical resonance within the spectral
range of the tuneable laser. The optical quality factor of this particular mode is on the order of 10% while the
coupled power fraction, i.e., the amount of coupled optical power as referred to the incident one, exceeds 90%.
To check for the presence of a radiofrequency (RF) modulation of the reflected signal we connect the output of
PD1 to the 50 Q) input impedance of a signal analyser (SA) with a bandwidth of 13.5 GHz. All the measurements
were performed in an anti-vibration cage at ambient conditions. The experimental approach requires the optical
transduction of the mechanical spectrum of a specific OMC when there is one particle (Fig. 1d) and two particles
(Fig. 1e,f) on the OMC. Both are compared to the reference mechanical spectrum of the OMC without particles.

The followed procedure to position the particles was first to deposit two particles on the OMC, which were
positioned only two cells away from each other on the outer cells of the cavity region after the ethanol evapo-
rated (Fig. le). We then proceeded to remove the particle placed further from the centre (Fig. 1d) and finally the
remaining one using the tip of a tapered fibre. It is worth noting that the optical spectra did not suffer significant
changes when depositing the particles. Indeed, because of the rather low refractive index of the particles in com-
parison with that of silicon and the small overlap between the particles and the optical mode, the latter appeared
at roughly the same spectral position with similar quality factors as that of Fig. 1¢ during the whole experiment.

FEM simulations of the fabricated OMC

To model the fabricated OMC and account for the differences from the nominal design, the in-plane geometry
was imported from the SEM micrographs into a FEM solver, where the thickness is that of the top Si layer of the
SOI wafer. This procedure ensures a reasonably good agreement between the measured optical and mechanical
modes and those extracted from simulations. We have also considered the case of including a spherical SiO,
particle positioned on one of the crossbars of the OMC, aiming to resemble the situation reported in the SEM
micrograph of Fig. 1d.

Figure 2b shows the computed spectral dependence of the single-particle OM coupling rate (g,/2m) without
the particle taking into account photo-elastic and moving-boundary contributions (see SI, Sections S2 and $3)'¢.
The optical mode used for these calculations (see Fig. 2a) appears at around 200 THz and it was checked that it
is not meaningfully affected by the presence of the particle (not shown), which is consistent with the experiment
observation. We measure a sizeable reduction of the expected values of ), , with respect to the nominal design
(details in SI, Section S3) associated to an effective increase of h, of the fabricated geometries. In order to mimic
the experimental RF spectrum, we have represented each mode by a Lorentzian line shape and added up the
contributions of all modes. The inspection of the spatial profile of the mechanical modes providing large g, sup-
ports their association to pinch-like modes, also confirming that Q,, , decreases as the modes become localized
closer to the centre of the OMC (details in SI, Section S3). Notably, not all pinch modes display large coupling g,
values, so these modes would be eventually hidden below the noise level of the experiment. The mass and modal
volume of such modes are on the order of 0.1 pg and 0.1 pm?, respectively.

Figure 2c reports the frequency shift of the mechanical modes (AQ) with respect to the original eigenfre-
quency Q,, , when the particle is introduced. We observe a significant shift towards higher frequencies exceeding
0.3% whenever the original mode involves the crossbar with the particle. As expected, the modes affected to a
greater extent appear in the high frequency range, given that the particle is placed almost at the boundary of the
cavity region and higher frequency modes tend to localize away from the center (details in SI, Section S3). This
is illustrated for the mode highlighted with the green dashed box, which displays both large coupling g, and AQ
values. The deformation profiles of that particular mode with and without the particle are displayed in Fig. 2d
(bottom and top panels, respectively). Since the presence of the particle substantially increases the overall mass
of the crossbar, the original mode accommodates to a new spatial configuration in which that crossbar remains
fixed. We have also modified the Young modulus and density of the particle and its position along the crossbar
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Figure 2. Finite-Element-Method simulations of the fabricated OMC with and without a submicrometric
particle. (a) Spatial profile of the simulated optical mode employed for the evaluation of the single-

particle optomechanical coupling rates (g,/2m). (b) Computed g,/2m covering the frequency range of the
pinch mechanical modes family. (¢) Relative frequency shift of the mechanical modes with respect to the
eigenfrequencies displayed by the OMC without particles. The dashed green box highlights the case of the
mechanical modes visualized on panel (d). The geometry has been imported from the SEM micrograph of the
fabricated OMC.

and verified that the modified mode does not change further its frequency or spatial distribution (see SI, Sec-
tion S5). The previous statement holds unless there are mechanical eigenfrequencies of the isolated particle that
are similar to those of the original pinch modes, in which case the modes hybridize (see SI, Section S6) similarly
to what was experimentally demonstrated in Ref.!® by coupling the vibrating modes of a S. epidermidis bacterium
to those of an optomechanical disk resonator. Interestingly, the vibrating modes of that particular bacterium have
an expected fundamental frequency of 500 + 100 MHz'?, which is compatible with the range covered by the pinch
modes of the OMC reported here. Regarding other spectral regions of interest, mechanical modes involving the
deformation of the silica particle (d =495 nm) start appearing at much higher frequencies (few GHz), consistent
with those observed in an isolated particle of the same size (see SI, Sections S6 and S7). Another feature worth
mentioning is the onset of pinch-like modes that involve the collective oscillation of the particle and the bar
in contact with it (details in SI, Section S6). These latter modes appear at significantly lower frequencies than
those shown in Fig. 2, given that their mass is about a factor of two larger. It is worth noting that, in Fig. 2, there
is another computed mechanical mode at 0.472 GHz displaying a large frequency shift, but a very low g, value,
which would hinder its eventual RF signal.

Experimental results

When light is coupled to the optical mode reported in Fig. 1¢, thermally driven motion of the mechanical modes
is seen by processing the reflected light with the spectrum analyser. Here, mechanical modes with non-negligible
g, appear as narrow Lorentzian peaks in the frequency spectrum, as reported in the bottom panel of Fig. 3. In the
specific region between 0.35 and 0.55 GHz the OMC presents strong transduced signal associated to the pinch
mechanical mode family. As expected, there is a rich substructure of peaks related to different cavity pinch modes
coming from the same original mechanical band. Mechanical quality factors on the order of 10? are measured in
this frequency region, which translate into mechanical linewidths between 1 and 3 MHz (about 0.5% of Q. ).
Given the frequency range of the modes and the humidity of our lab (between 45 and 50%), mechanical losses
are likely dominated by viscoelastic losses due to interaction with the surrounding medium?®. In fact, mechani-
cal modes around 2 GHz presents significantly larger quality factors (see SI, section S10), which is in agreement
with the inverse dependence of viscoelastic losses with frequency. The during differences between computed
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Figure 3. Experimental demonstration of the sensing principle (a) Transduced mechanical modes in the
frequency range of the pinch modes family for the case of the as-fabricated OMC (black), the OMC with one
particle (red) and with two particles (green). (b) Relative frequency shift of the mechanical modes with respect
to the eigenfrequencies displayed by the as-fabricated OMC. The horizontal black dashed line corresponds to
the typical mechanical linewidth of the observed modes. The blue dashed box highlights the region in which the
mechanical modes are significantly affected by the presence of particles.

(Fig. 2b) and experimental (black curve of Fig. 3a) Q,,, , are probably associated to a non-negligible deviation of
the sidewalls of the OMCs from verticality (see SI, Section S8), contrary to what is assumed in the simulations.

The black curve in Fig. 3a displays the mechanical spectrum of the as-fabricated OMC. When compared
with the curve associated to the OMC with one particle on it (red curve), it is possible to confirm that most
peaks remain relatively unaltered up to 0.48 GHz. However, above that frequency and up to about 0.55 GHz
(highlighted frequency range) there is one RF peak that is strongly affected, while the others remain almost
unaltered. Only a couple of the remaining RF peaks are modified as well by adding the second particle on the
OMC (green curve), while the RF peaks that changed already by the inclusion of the first particle are unaffected.
For instance, the RF peak appearing slightly above 0.5 GHz is only sensitive to the presence of the first particle,
while the adjacent one is only sensitive to the presence of the second particle. The modified pinch modes are
placed in a spectral region that would be associated to mechanical vibrations on the sides of the cavity region,
which is in good agreement with the position of the particles measured by SEM as illustrated in the simulations
of Fig. 2. These results demonstrate that this particular design of OMC enables the detection of single particles
and the identification of the region of the resonator in which they are placed. To better illustrate the observa-
tions made on the RF spectra, in Fig. 3b we represent the frequency shift of the modes (AQ) with respect to the
original eigenfrequency Q,, , for the two cases under study, i.e., one particle (red curve) and two particles (green
curve). We include the mechanical linewidth limit of about 0.5% as a horizontal dashed line. This level is clearly
overcome by three of the peaks under analysis within the highlighted range, demonstrating that it is relatively
straightforward to detect the frequency shift caused by the presence of the particles. The obtained values exceeded
those extracted from the simulations, probably because the contact region has not been accurately reproduced.
In fact, it seems that from the SEM images the nanoparticles contact the OMC in more than one place, affecting
two crossbars instead of only one. In any case, a qualitative good agreement with the simulations has been found.
Finally, when removing the last particle, the mechanical spectrum resembles the original one, without particles,
with minor relative shifts below the mechanical linewidth of the resonances (see SI, Sect. 9).

In summary, we have demonstrated the working principle of a novel sensor based on the modification, with
respect to an as-fabricated reference, of the frequencies of the “pinch” mechanical modes of an optomechanical
crystal cavity of the ladder type. By inspecting which of the original modes are affected, we have experimentally
verified that the working principle of the sensor enables the determination of the position of submicrometer
sized analytes of spherical shape along the cavity region and quantification of how many particles/analytes are
deposited. These quite unique experimental and numerical observations also open the possibility of extracting
a rough upper estimate of the dimensions of the analyte by inferring how many adjacent crossbars are mechani-
cally clamped. The described technique, the accuracy of which can increase by performing a prior calibration
of the OMC, reveals to be robust given that, in general, the particle blocks the contacted crossbar so that the
modifications of the mechanical spectrum do not depend on the size or elastic properties of the analyte. As an
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exception, FEM simulations predict that if the mechanical eigenfrequencies of the original modes and those
of the analyte are brought together to the same frequency, they are expected to hybridize, so that it would be
possible to also extract information about the elastic properties of the analyte and even the adhesion forces. The
relatively standard fabrication requirements and large sensing response of the reported optomechanical sensor
open the possibility of operating it in a fluidic environment and explore surface functionalization techniques.
The latter will have new perspectives for detection of specific biological targets such as proteins, bacteria and
viruses, in particular variants of COVID-19.
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