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Abstract: Optomechanical crystals provide coupling between phonons and photons by confining
them to commensurate wavelength-scale dimensions. We present a new concept for designing op-
tomechanical crystals capable of achieving unprecedented coupling rates by confining optical and
mechanical waves to deep sub-wavelength dimensions. Our design is based on a dielectric bowtie
unit cell with an effective optical/mechanical mode volume of 7.6 X 1073 (A/nsi)3 /1.2 1073 Anecn”.
We present results from numerical modeling, indicating a single-photon optomechanical coupling
of 2.2 MHz with experimentally viable parameters. Monte Carlo simulations are used to
demonstrate the design’s robustness against fabrication disorder.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The interaction between optical waves and displacement in mechanical structures has been
studied extensively in the field of cavity optomechanics. While the initial work in this area
focused on observing signatures of radiation pressure in the strongly driven macroscopic systems,
later experiments enabled coherent control of nano-mechanical modes in the quantum regime
[1]. Optomechanical crystals (OMCs), made from periodic patterns of photonic and phononic
crystals, have been particularly successful in this avenue. The strong interaction rates caused
by co-localization of optical and mechanical waves in these devices has enabled a range of
demonstrations such as quantum ground-state cooling [2], photon-phonon entanglement [3],
coherent control of solid-state atomic defects [4], and transduction of microwave to optical
photons [5].

Previous efforts on designing optomechanical crystals have focused on maximizing the
interaction rate while reducing the mechanical and optical sources of dissipation. These
requirements can be met in micromachined silicon structures, where the large dielectric index
and photo-elastic coefficients result in single-photon coupling rates above 1 MHz, together with
optical quality factors in the range 10°> — 10° [6]. Further, GHz-frequency silicon mechanical
modes are shown to achieve ultralong decay times (exceeding 1 s) at cryogenic temperatures
[7]. Despite these attractive features, current state-of-the-art devices suffer from small phonon-
photon conversion efficiencies because of their limited (optical) power handling capability
at cold temperatures [8]. In light of these limitations, devices with enhanced single-photon
optomechanical coupling are desired [9]. However, obtaining significant improvement with
existing design procedures appear challenging as previous results have been obtained through an
extensive numerical optimization procedure [6].

Here, we pursue an alternative design strategy that is motivated by recent development of
ultra-small mode volume photonic crystal cavities [10,11]. As we show, applying this concept to
the design of dielectric optomechanical resonators leads to enhanced coupling rates by reducing
the effective optical and mechanical mode volumes to the deep sub-wavelength regime. Using
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finite element method (FEM) simulations, we show that a single-photon optomechanical coupling
rate of 2.2 MHz can be achieved with this design for experimentally viable parameters. We
perform Monte Carlo simulations to model the fabrication disorder, which demonstrate that the
enhancements in optomechanical coupling rate are not accompanied by prohibitive radiative
loss. The average disorder-limited quality factor for our design is found to be approximately
3 x 10°, which corresponds to a net enhancement of the single-photon readout rate by a factor of
2 compared to the the state-of-the-art.

2. Body

In its most basic form, an optomechanical system can be understood by considering a Fabry-Perot
cavity made of a fixed and a moving mirror. In this canonical picture, displacements in the
moving mirror (x), results in a change in the overall length (L), and subsequently a change in
the resonance frequency of the cavity (Awop = wp7). The optomechanical interaction rate in
this system is found to be proportional to the rate of change of the optical resonance frequency
with respect to the mechanical displacement, which scales inversely with the cavity length
g o« % = % [1]. Previous work has relied on this principle for optimizing the optomechanical
coupling by reducing the mode volume of an optical cavity, which in dielectric resonators can
approach the diffraction limit (Vg ~ (1/n)?, set by the effective in-material wavelength of light)
[12].

While the diffraction limit is sometimes considered as the ultimate bound for mode confinement
in an all-dielectric resonator, recent progress has established deep sub-wavelength confinement
(with large intrinsic quality factors) by employing defects in photonic crystals waveguides
(Veig ~ 1073(2 /n)3 [11]). Additionally, this concept has been extended to mechanical waves,
where embedding defects in phononic crystals has resulted in ultra-small mechanical mode
volumes (Ve ~ 10_4’131 ech [13]). The combination of these developments motivates exploring
geometries for co-confinement of optical and mechanical waves to sub-wavelength dimensions,
with a potential for enhanced optomechanical coupling. For this purpose, we investigate defects
in photonic/phononic crystals in silicon nano-beams, where the material and structural properties
result in comparable phase velocities for (GHz-frequency) mechanical and (telecommunication-
band) optical waves.

We begin by demonstrating sub-wavelength confinement of light in a narrow air gap that forms
a defect in a one-dimensional photonic crystal waveguide. For designing the primitive unit cell,
we start with the simple case of a circular hole in a silicon nanobeam, and successively modify
the cell by introducing defects in form of a narrow beam, and a narrow beam interrupted by a gap
(see Fig. 1(a-c)). For a structure with a lattice constant of A, we perform finite element method
(FEM) simulations with periodic boundary conditions (k,A = r, see Fig. 1(a)) to find the optical
mode and calculate the mode volume following the definition

[ ave)E®m)P

max [e(r)|E(r)|2] ’ M
where E(r) is the electric field profile and € = ¢, is the electric permittivity. The reduction of
mode volume in the structures with a defect can be understood by considering the electromagnetic
boundary conditions. In the case of the narrow beam inside the circular hole, the continuity of the
tangential component of the electric field results in the enhancement of the peak electromagnetic
energy density by a factor of €. Similarly, for the case of the gap interrupted beam, the continuity
of the normal component of the displacement field, D(r), on the dielectric/air interface (inside
the gap) leads to further enhancement of the peak energy density. Repeated application of the
strategies in these two steps results in a ‘bowtie’ structure, which can be considered the limit of
an infinite concatenation of air gaps and narrow beams [10,14]. As seen in Fig. 1(d), a bowtie
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structure interrupted by a narrow gap at its the center supports an optical mode confined to the

sub-wavelength air volume between the two tips.
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Fig. 1. (a-d) Simulated electric energy density in a photonic crystal unit cell. Wave
propagation is along the y-direction, and the lattice constant is denoted by A. The quasi-TE
mode has dominant electric field in the x-direction. The gradual improvement in the
confinement with each step is evidenced by the reduction in the electrical mode volumes,
expressed in terms of the wavelength in vacuum. The color map is in logarithmic scale.
(e-h) Simulated displacement field for the ‘breathing’ mechanical modes supported by the
unit cell. The coloring depicts normalized mechanical displacement amplitude.

The confinement of the electromagnetic energy density in the air gap provides an opportunity to
achieve coupling between the optical mode and the ‘breathing * mechanical modes that typically
arise in a nanobeam. Figure 1(e-h), depicts the displacement profiles of these modes in our
design (assuming periodic boundary conditions, k,A = 0). The change in the effective size of
the air gap caused by the mechanical motion gives rise to optomechanical coupling, with the
single-photon coupling rate calculated as

 —w § dAQ() - DAEI @) - A IDHm))
0772 Jdv e(r)Em)P '

@

Here, the surface integral is evaluated over the dielectric-air interface, 71 denotes the unit surface
normal, Ae = e — 1), Ae™! = elo(l /€& — 1), and Q(r) is the displacement profile of the
mechanical mode. To calculate the single-photon optomechanical coupling, we have normalized
the kinetic energy of the mechanical mode to the quantum zero-point fluctuation

1
G [ VoI = Jhon, G

where p(r) and wy, are the local mass density and the mechanical resonance frequency.

The coupling rate from Eq. (2) is strongly dependent on the difference in the electric energy
density across the moving dielectric-air interfaces. In our design the mechanical mode has
significant displacement near the bowtie tips (see Fig. 1(h)), where the optical energy is stored.
The degree of localization of the mechanical field can be quantified by calculating the effective
mode volume for the displacement field

_ [avpm)iQ)P
©7 max [pmIQmP]

For the simulated unit cell we find Vo = 1.2 X 10_3/1?11 cche While the good overlap and the
strong confinement of the optical and mechanical fields indicate the possibility of achieving
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large optomechanical coupling, an explicit evaluation requires forming a cavity from a linear
array of the proposed unit cell. Before attempting to do this, we first calculate the coupling rate
with the optical and mechanical fields normalized to a single cell. This calculation is useful
considering the simplified case of a cavity composed of N unit cells, where the coupling rate
in the cavity is directly proportional to that of the unit cell via go = go,unit cenn/ VN (assuming a
uniform optical and mechanical energy distributions across the cells). Thus, calculating gounit cell
can serve as a crude proxy for gog, which allows us to use it as a performance metric in optimizing
the design at the single-cell level. This approach is particularly advantageous in speeding up
FEM simulations, which tend to be quite expensive for structures with multiple cells due to the
need for fine meshing in the vicinity of the bowtie.

Establishing the potential for enhanced coupling rate in the bowtie unit cell, we proceed to
make a confined optomechanical cavity. The cavity is formed by modifying the geometry of the
unit cells in a one-dimensional array to transition from ‘mirror’ regions on the two extremities to
a central cavity region. In this approach, excessive radiation loss can be avoided by constructing
a cavity with smooth field envelopes based on a unit cell with optical and mechanical band
gaps [15]. Figure 2 presents the mechanical and optical mode profiles and band structures for
the primitive unit cell in our design. We employ elliptical holes in place of circular ones as
controlling the ellipticity provides greater control over the mechanical properties. We find an
optical band structure with a gap of about 27 THz centered around 1550 nm (see Fig. 2(d)). Our
strongly localized optical mode corresponds to the X-point of the air band. Similarly, we find a
gap of around 300 MHz, centered at 2.6 GHz, in the mechanical band structure (see Fig. 2(e)).
The breathing mode of interest corresponds to the I' point of the upper band.

We study the variations in the optomechanical coupling at the unit cell level as a function
of the various geometrical parameters in our design. In evaluating the coupling strength we
mainly focus on moving boundary contributions which dominate optomechanical coupling. The
contributions due to photo-elastic effect are in phase with the moving boundary contributions
and have a value around 50kHz at the unit cell level, which corresponds to less than 1% of total
coupling and is safe to ignore for the rest of our analysis. We find the gap size between the
two tips in the bowtie as the most dominant parameter, resulting in a monotonic increase in the
coupling rate (accompanied by a reduction in the optical mode volume) that can be fitted by a
power law (see Fig. 3(a)). This sharp increase is a strong indication of the role of confinement in
boosting the optomechanical interaction. The choice of gap dimension in the range of 5-40 nm is
motivated by previous reports of fabrication of bowtie structures with 12 nm wide bridges [11]
and 20 nm air gaps [16—18]. The second studied parameter for controlling the coupling rate is the
tip width of the bowtie. We find that even though the optical mode volume decreases in structures
with a narrower tip, the optomechanical coupling rate tends to be independent of the width for
a wide range of parameters (see Fig. 3(b)). This can be understood considering a quasi-static
electric field between the two tips in analogy to the field lines in a parallel-plate capacitor [14].
Finally, the optomechanical coupling rate is found to be a weak function of changes in the tip
angle and the hole’s geometry (see Fig. 3(c,d)).

In light of the information we have obtained from the unit cell parameter sweeps we proceed
to build the optomechanical cavity. In order to confine the optical mode to the central region,
we reduce the frequency of the optical air mode down into the bandgap by increasing the local
lattice constants (see Fig. 4(a)). For the mechanical mode, we modify the frequency of the central
cavity region by modifying the local ellipse parameters (see Fig. 4(b)). Quadratic tapering is
used between the center unit cell and the mirror regions to obtain a smooth envelope. Using a
primitive unit cell with a gap size of 20 nm and mirror sections with 25 cells (on each side), we
find an optical mode at 1520 nm with a simulated radiation limited Q of 1.6 x 10° (see Fig. 4(e))
and with an optical mode volume of 6 x 1072(1/ nsi)’. The confined mechanical mode of the
cavity is found at 2.58 GHz (see Fig. 4(d)). Evaluating the surface integral in Eq. (2), we find an
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Fig. 2. (a) Single-photon optomechanical coupling of the unit cell as a function of gap
between the bowtie tips. The unit cell length is adjusted for each value of the gap to keep
the frequency of the optical mode approximately constant. For the range 10-40 nm, we fit
a power law of the form o gap~™?, with @ = 0.64. The simulation at 1 nm is provided as
a reference to present how coupling strength behaves at the ultimate limit of small gaps,
which breaks the power law at larger gap values. (b) Dependence of coupling rate on the
bowtie’s tip width. (c) Variation in the unit cell coupling strength with the tip’s angle. (d)
Dependence of the unit cell coupling rate to the geometry of the central hole in the unit
cell. To widen the search space, the circular hole in the beam is replaced with an ellipse
parameterized with two distinct diameters (/2 and hy).

optomechanical coupling rate of go/2m ~2.2 MHz, which is a factor of 2 larger than the largest
reported values in previous work on GHz mechanical frequency optomechanical crystals. We
can further increase the optomechanical coupling to above go/2n ~3 MHz by reducing the gap
dimensions down to 10 nm (see Fig. 4(d)). Repeating the simulations for gap sizes in the range
10-40 nm, we find the radiation-limited optical quality factor to be consistently above a million.

The small radiation-limited loss in our design is encouraging considering the difficulty in
attaining large quality factors in slotted photonic crystal cavities [19]. However, in a practical
setting, the maximum attainable quality factor is further limited by the fabrication disorder [20-22].
We evaluate the performance of our design by modeling disorder as random displacements in
the central position and changes to the lateral dimensions of the negative patterns etched into
the dielectric structure [20,23,24]. These random changes can be modeled as independent and
identically distributed Gaussian random variables with zero mean and standard deviation o-. We
implement the disorder simulations variations in the parameters as follows; the central position
of the holes vary by o, the semi-axis lengths of the ellipses similarly vary by o and the gaps
between tips vary by 20-. We note that the change in the gap also translates into a change in the
tip width. We implement Monte-Carlo simulations to extract statistics for the optical mode in the
presence of disorder.
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Fig. 3. (a) Isometric drawing of the unit cell. The unit cell parameters for the defect (mirror)
cell are {a = 520 (450)nm, t = 220nm, Wey = 700nm, hy = 320 (360)nm, hy = 205 (170)nm,
gap = 20nm, wyjp = 40nm, 6 = 60° }. The nanobeam extends along the y-direction. (b)
Logarithmic electromagnetic energy density plot of the optical mode. The optical mode is at
the X-point of the air band and has quasi-TE polarization with even x symmetry where the
dominant electric field lies in the x-direction. (c) Displacement profile of the breathing mode
at ["-point with exaggerated deformation (d) Optical band structure of our unit cell, where
only the quasi-TE bands are plotted. The red plot depicts the air band (mode of interest)
and the blue band is the dielectric band. The grey shaded region is the light cone, and the
yellow shaded region is our (quasi-)bandgap (for TE modes). (¢) Mechanical band structure
of the unit cell for the modes with even x and z symmetries. The breathing mode belongs to
the I"-point of the red band. The shaded region depicts the mechanical (quasi-)bandgap (for
modes with even x and z symmetries).

Figure 5(a) presents the simulated decay rates as a function of disorder in our 20 nm gap
design. Fitting the data, we find a linear relation between average decay rate and the variance of
disorder (k o %), in line with previous findings in photonic crystal devices [20,24]. We further
bench-mark our deigns for a range of gap parameters using a disorder parameter of o = 1 nm
(based on previous reports in devices with a single-layer electron-beam lithography [22]). As
evident in in Fig. 5(b), we find an average quality factor of approximately 3 x 10° for the gap
sizes of 20 nm and beyond. The disorder becomes much more significant for the 10 nm gap
design, nonetheless the average quality factor remains in the vicinity of 10°. To put these results
in a better context, we have simulated the effects of disorder on the design from Ref. [6] which
results in an average quality factors of 6 x 10°.



Research Article Vol. 30, No. 8/11 Apr 2022/ Optics Express 12384 |

Optics EXPRESS

a b c
2
asp "
28 \Q
200 3| \
£ 3 :
= 5 =25 AR
5 K s *
2 190] —e— Air mode 227 T2 N
H 5 © AN
3 —@— Dielectric mode 3 o N
g g 15 .
2 o > ~
P i .
18 1 .
26
0.5

8 6 4 2 0 2 4 6 8 8 6 4 2 0 2 4 6 8 10 20 30 40
Cell Number Cell Number Gap (nm)

" AN
MR )a"'a'ala'a'a( o v

e

Energy Density (a.u.)

Fig. 4. (a) Frequency of the optical band at the X-point, as a function of the cell index in
the central section* of the cavity. (b) Frequency of the mechanical band at the I'-point in the
central section®. (c) Single-photon optomechanical coupling rate for cavities designed based
on unit cells with different gaps between bowtie tips. Dashed line depicts an extrapolated
power-law fit. (d) Mechanical displacement profile with exaggerated deformation. (e)
Logarithmic electromagnetic energy plot of the optical mode showing both localization and
the envelope of the mode. (f) Electromagnetic energy density plotted along a line passing
through the center of the nanobeam and extending through the nanobeam. Dashed line
depicts a Gaussian fit to the envelope of the energy density in the cavity. For the cavity field
profiles, only the central defect regions are visualized. The mirror cells outside the defect
region (25 cells on each side) are absent from the figure.

a . . . . b 6X105
6 st
5
s

_ 4
g, g o
o 7 >
< s 23
g -7 2

2 2 T

-
g |
;
L /I’
1 2 ) 23 4 5 10 20 30 40
o (nm?) Gap (nm)

Fig. 5. (a) Dependence of the decay rate on the disorder present for 20 nm gap cavity. The
fit crosses the origin and has a slope of approximately 1 GHz/nm?. (b) Quality factor in the
presence of 1 nm disorder for different gap values. Each data point consists of 20 realizations
for both plots. The error bars represent one standard deviation.
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3. Conclusions and outlook

In conclusion, we present a novel design concept, supported by numerical simulations, demon-
strating a single-photon optomechanical coupling of go/27 ~2.2 MHz and a radiation-limited
quality factor of 1.6 x 10° in a device with experimentally feasible parameters. These results are
significant, considering the limited success of the past efforts in achieving large optomechanical
coupling in devices with strong mode confinement [25-29], which despite the typical excess
loss caused by the required small features have not been able to surpass the state-of-the-art
limit of single-photon optomechanical coupling (go/27 ~ 1 MHz [6]) while operating in the
resolved sideband regime. We study the effects of fabrication disorder on the optical quality
factor, and find a moderate reduction of Q (to ~ 3 x 10°) in our devices for realistic disorder
levels. However, we note that the significantly larger optomechanical coupling rates in our design
still translate to an overall improvement in the single-photon optomechanical readout rate 4g2/«,
and consequently larger phonon-photon conversion efficiencies compared to the state-of-the-art.
The feasibility of device fabrication for the assumed small gap parameter (~ 20nm), and the
resulting limit on the maximum attainable optomechanical coupling rates remain to be studied in
future work.

Looking ahead, we envision further progress in improving optomechanical coupling in devices
with small mode volumes. While so far we considered contributions due to moving boundaries
for achieving optomechanical coupling, contributions from the photo-elastic effect [6] provide an
entirely separate route towards achieving this goal. Unlike the moving boundary contributions,
which rely on the displacement profile, contributions from the photoelastic effect rely on the local
strength of the strain field. We have investigated photoelastic coupling in a photonics crystal
unit cell with an uninterrupted bowtie at its center, where the electrical and strain fields can be
confined in a narrow bridge. Numerical modeling indicates a mode volume of 4 x 1073(1/ns;)?
(1x 10’5/15’n <) for the optical (strain) field in a structure with 12 nm wide bridge. However,
we did not find a significant optomechanical coupling in this structure due to the challenges
associated with getting strong overlap between the strain field and our air-band optical mode.
Regardless, the possibility of co-confinement of the optical and mechanical modes to a shared
sub-wavelength volume encourages future exploration of designs with superior optomechanical
coupling.
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