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Conclusion

The presented design shows leading performance when compared to previous 
efforts in clamped optomechanics. With strong coupling and sideband-resolved 
operation, there is potential for scalable optomechanical circuitry for both classical 
and quantum technology applications.
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FIG. 4. Fabrication and measurement of the OMC. (a) Top-down scanning electron micrograph of two silicon clamped
OMCs next to an optical bus waveguide. We measure the device in reflection. Scale bar indicates 1 µm. Light enters through
the center waveguide at the top of the figure and couples evanescently to the OMCs. (b) To extract the pump detuning ∆, we
perform optical sideband spectroscopy of one of the OMCs measured with a vector network analyzer and a blue-detuned pump
laser. The inset shows a zoomed in view of the dashed region with higher resolution where we observe an electromagnetically
induced transparency feature at the mechanical frequency. (c) The measured thermal spectrum with model fit (orange) shows
a strongly coupled fundamental mechanical mode at ωm/(2π) = 5.365 GHz along with two higher-order modes. (d) Mechanical
linewidth of the fundamental mechanical mode as a function of optical intracavity photons. We consecutively carry out the
experiment with a first blue- then a red-detuned pump. (e) We observe cooperativity of unity and mechanical lasing for an
on-chip pump power of 375 µW.

TABLE I. Table comparing clamped optomechanical structures on key parameters.

Reference Liu et al. (est.) [8] Zhang et al. [9] Sarabalis et al. [10] This work
g0/(2π) (kHz) 87 51 290 500
ωm/(2π) (GHz) 7.5 0.66 0.48 5.37
κ/(2π) (GHz) 9.7 4.9 8.2 1.5
γ/(2π) (MHz) 16 0.6 2.6 6.3
ωm/κ (-) 0.77 0.14 0.058 3.6

C0 ≡ 4g2
0/(κγ) (-) 2.0 · 10−7 3.5 · 10−6 1.6 · 10−5 1.1 · 10−4

optics and mechanics. We observe a record zero-point
optomechanical coupling rate for clamped OMCs of
g0/(2π) = 0.50 MHz – in excellent agreement with
simulation. Their single-photon cooperativity exceeds
that of previous clamped OMCs by about an order of
magnitude. We suspect that further improvements of
the optomechanical overlap are in reach. In addition,
clamped OMCs can have significantly larger thermal
contact area than suspended structures so they may
suffer less from pump-induced mechanical heating in
cryogenic environments [6, 7]. The operation of our
clamped OMCs does not require in-plane bandgaps and
relies on robust confinement of mechanical modes with
frequencies and wavevectors outside the mechanical
continuum. Our approach is not restricted to SOI; it is
applicable to a wide range of materials and substrates.
The clamped OMCs can be combined with e.g. spins or
superconducting qubits. This opens a new avenue for
scalable classical and quantum optomechanical circuits
for applications in transduction, sensing, and acoustic
processing of electromagnetic signals [3, 22]. Mechanical

systems are often seen as a universal bus. Having
them clamped on a substrate while coupling strongly to
light unlocks new opportunities in communication and
computation.
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angles, the two modes belong to the A representation of the C2

group and thus are quasi-BICs which only couple to the
longitudinal acoustic waves. As a result, their quality factor over
104 is significantly higher than unconfined modes.

The interaction between the optical and mechanical modes can
be analyzed using mode symmetry (SI). Roughly, because the M-
point optical mode energy density is even with respect to the xz-
plane, mechanical modes that are odd with respect to the xz-
plane, including the BICs for θ= 0° and 45°, will not interact with
the optical mode. For other cases, the optomechanical coupling
could be nonzero (see Table 1 for a summary), thanks to the
incommensurable symmetry of the optomechanical crystal and
silicon lattice crystal. The bare optomechanical coupling of a unit
cell, g, including both moving boundary and photoelastic effects,
is calculated and plotted in Fig. 1f. For example, the BIC at
θ= 15° has g/2π= 1.96 MHz, with a contribution from the
moving boundary and photoelastic effect of 0.61 and 1.35 MHz,
respectively. The coupling g of the “snowflake” optomechanical
crystal will increase with smaller air gaps. Here, with a practical
air gap w ≈ 30 nm, the BIC optomechanical crystal achieves a

coupling rate (per unit cell) on par with one-dimensional
suspended optomechanical crystals21.

Photonic crystal band-edge multimodes. The optomechanical
crystal device is fabricated from a silicon-on-insulator wafer with
a 220 nm thick silicon device layer and 3 μm buried oxide. The air
gap of the “snowflake” as small as 30 nm is achieved. The device
consists of several functional components (Fig. 2). The hexagonal
BIC optomechanical crystal has N unit cells along each edge and
is surrounded by photonic crystal mirrors with a triangular lattice
of cylindrical holes on five edges. The photonic crystal mirror,
with the same lattice constant as the snowflake optomechanical
crystal, is designed to have a complete TE-like bandgap with the
center wavelength around 1550 nm to suppress the lateral
radiation of the optical band-edge mode. The photonic crystal
mirror is also slightly displaced to minimize the out-of-plane
radiation due to the boundary effect on the finite-size optical
mode (Fig. 2d). One side of the hexagonal snowflake crystal is
connected to a waveguide terminated with an apodized grating
coupler for coupling light from a single-mode optical fiber. This
configuration makes the optomechanical crystal effectively a one-
port device with (mode-dependent) external, i.e., to-waveguide,
and intrinsic loss rate of κe and κi, respectively. The former can be
controlled by the number of photonic crystal mirror layers
between the waveguide and optomechanical crystal (Fig. 2c) to
achieve different coupling conditions including the critical cou-
pling, i.e., κe � κi, which is desirable for sideband-resolved
mechanical spectroscopy.

The device is measured using the setup shown in Fig. 3a. An
angle-polished optical fiber is used to guide light via the on-chip
apodized grating coupler23,24 to the optomechanical crystal and

Fig. 1 Two-dimensional optomechanical crystal with mechanical BICs. a A schematic diagram of the two-dimensional silicon-on-insulator optomechanical
crystal and its unit-cell structure. The optomechanical crystal could be rotated by an angle θ relative to the silicon crystal lattice. b Optical band structure
near the M point (top) and mechanical band structure near the Γ point (bottom) for θ= 0. The relevant optical and mechanical bands are highlighted in
color. c Simulated fundamental TE-like optical mode at the M point (normalized total electric field) and mechanical modes 1 and 2 at the Γ point
(normalized total displacement field). d Simulated radiative quality factor of the mechanical modes with respect to θ. e Mechanical mode symmetry is
illustrated using the normalized z-direction displacement, momentum-space transverse polarization distribution, and the winding number. f Unit-cell
optomechanical coupling of mechanical modes 1 and 2 with the fundamental TE-like optical mode.

Table 1 Summary of mechanical mode representation and
optomechanical coupling.

0° 15° 30° 45°

Mode 1 A1, quasi-BIC A2, BIC A1, quasi-BIC A2, BIC
g ≠0 ≠0 ≠0 0
Mode 2 A2, BIC A1, quasi-BIC A2, BIC A1, quasi-BIC
g 0 ≠0 ≠0 ≠0
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ABSTRACT: Integrated optomechanics finds increasingly broad-
ening applications, requiring tight confinement of photons and
phonons within nanometric-scale photonic circuits. However, most
existing integrated optomechanical devices use unconventional
materials or suspended structures that hinder co-integration with
scalable photonic technologies. Here, we show a new opto-
mechanical confinement approach, using subwavelength structura-
tion of silicon to tightly confine near-infrared photons and 600-
MHz phonons in nonsuspended silicon waveguides, fully
compatible with standard silicon photonics. Indeed, phonons are
confined by velocity reduction in silicon and destructive
interference of radiation to the cladding, while photons are confined by metamaterial index guiding. We experimentally
demonstrate optomechanical microresonators with optical excitation and readout of mechanical modes with a record quality factor
of 1120 for silicon-on-insulator devices, measured under ambient conditions and room temperature. The measured optical quality
factor is ∼40,000, and the estimated coupling rate is 51 ± 18 kHz. These results are the first step for a new generation of
optomechanical devices implemented with scalable silicon photonic technology, having great potential for applications in optical and
wireless communications, radar, sensing, metrology, and quantum technologies.
KEYWORDS: opto-mechanics, silicon-on-insulator, antenna, radiation pressure, cavity

■ INTRODUCTION
Photon−phonon interactions in integrated waveguides hold
the promise of new functions, including high-precision
processing of microwave signals in the optical domain,1

nonreciprocal optics,2 and quantum state control and trans-
port.3 A central problem to be solved in integrated
optomechanical devices is the simultaneous confinement of
photons and phonons. Several solutions have been demon-
strated yet requiring nonstandard materials or suspended
geometries challenging to integrate with scalable on-chip
photonic technologies.4−11 At the same time, silicon photonics
provides high-performance integrated optical circuits, with
unique potential for large-scale, low-cost production. Never-
theless, simultaneous confinement of photons and phonons in
silicon-on-insulator (SOI) waveguides remains an open
challenge. The reason for this is the high stiffness of silicon,
which results in higher mechanical phase velocity in the Si
waveguide core than in the silica cladding, preventing phonon
confinement.3,5 The most commonly used solution to
circumvent this limitation is to mechanically isolate the Si
waveguide core from the substrate by partial or total removal
of the silica cladding to form suspended Si waveguides.12−23

This approach has allowed studying intriguing physical

phenomena. However, the need for suspended silicon
waveguides precludes the co-integration of optomechanical
devices and silicon optoelectronic circuits, limiting their
practical application.
The mechanical group velocity in SOI waveguides can be

reduced, for example, by narrowing their width.24,25 Still, the
energy and momentum conservation conditions required for
photon−phonon coupling impose operation in the leaky
regime for the mechanical mode, resulting in strong phonon
radiation to the silica limiting the mechanical quality factor.
Theoretical studies proposed phonon confinement in non-
suspended waveguides using multilayered geometries or
unconventional materials which are difficult to implement in
silicon photonic technology.26,27 On the other hand, strain-
induced mechanical coupling between semiconducting nano-
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due to inhomogeneity or disorder. In order to remove this degen-
eracy so that we can more clearly resolve the modes, the two fins
are fabricated with different widths. By making the center of the
fins 65- and 90-nm wide, and having the widths increasing para-
bolically in both directions by 30 nm over 7.5 μm, we cause a shift
of 145MHz between the fundamental frequencies of the two fins,
in close agreement with the splitting we expect from simulations
shown in Fig. 1(b) (156 MHz). This perturbation, however, has
consequences for the optical spectrum, as it breaks the transverse
symmetry plane and induces scattering between the quasi-TE
and quasi-TM modes. For our cavity, simulations show an
asymmetry-induced loss rate, as reported above, of κTM � 2π ×
518 MHz from the nearly TE mode into propagating TM waves
(details are found in Supplement 1).

We expect improvements in the design of the photonic crystals
to give us access to the sideband resolved regime, as well as to
higher order and possibly symmetry protected mechanical modes
in these structures. Nonetheless, the design presented has a num-
ber of very desirable features. The mechanical and optical design
problems are largely decoupled. The fins can be designed first to
engineer a mechanical response of interest. The photonic wave-
guide then offers independent degrees of freedom for engineering
the optical modes. For the cavity measured and discussed below,
a, w, and r are not varied along the cavity.

The mechanical motion of the fin resonance, described by
modal displacements xk, causes fluctuations in the nth optical
resonance frequency ωopt;n. Here, index n refers to either of the
TE00 or TE01 modes. The coupling is described perturbatively
by the relation ωopt;n�x0;x1;…��ωopt;n�0��

P
kgOM;nkxk. The

coupling rate for each mode pair gOM;nk contains boundary
(>99% of the contribution) and photoelastic contributions.
Expressions for these contributions can be found in Ref. [16]
in terms of the mode profiles. The resulting optomechanical
interaction Hamiltonian is given by

H int �
X
k;n

ℏg0;nk�b̂†k � b̂k�â†nân; (2)

where b̂k and ân are the annihilation operators for the kth
mechanical mode and the nth optical mode, respectively, and g0;nk
is the respective single-photon optomechanical coupling rate.

Optomechanical coupling to thermally excited mechanical de-
grees of freedom causes the intensity of light reflected off the cav-
ity to fluctuate. We detect these fluctuations by first amplifying
the light coming back from the cavity in reflection using an
erbium-doped fiber amplifier (EDFA, Fiberprime EDFA-C-
26G-S11) and sending the amplifier output to a photodetector
(Optilab PD-40-M). The resulting photocurrent is sent to a spec-
trum analyzer (Rohde & Schwarz FSW26). Representative de-
tected RF spectra of the thermal Brownian motion of the fins
detected on the TE00 and TE01 resonances are shown in
Figs. 2(f ) and 2(g), respectively. For each spectrum, an RF spectral
density SVV �ω� is taken at a given detuning. In addition, a far off-
resonant (nm) spectrum is recorded SVV ;BG�ω�. The plotted
signal is SVV �ω�∕SVV ;BG�ω� − 1, so the noise level is simply 1
and the y-axis can be interpreted as the signal-to-noise ratio.
The noise level is dominated by amplified spontaneous emission
from the EDFA.

To understand the mechanical and optomechanical response
of the system and compare with theory, we extract the mechanical
quality factors Qm;k and the optomechanical coupling rates g0;nk
for each mechanical mode k from the measured RF spectra. The
mechanical Qs are easily inferred by fitting the RF spectra, and
they are plotted in Fig. 1(b) for the two fins. To extract the g0;nk ,
we take advantage of the dependence of radiation pressure back-
action effects on the coupling rate and the intracavity photon
number, which can be independently calibrated to good preci-
sion. This approach has the advantage of not requiring precise
knowledge of the gain of the optical and electronic amplifiers and
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Fig. 2. (a) SEM of the fabricated structure composed of two fins surrounding a wide beam and forming a photonic crystal cavity. The unit cell of the
photonic crystal is shown with the geometric parameters defined. (b) Modulating the width of the fins leads to localized mechanical resonances with
modes labeled f 0 to f 3 (these are only the even modes; odd modes are optically dark). (c) TE optical bands of a symmetric fin cavity unit cell have a
17-THz bandgap. Same variation that leads to trapped phonons (b) causes optical resonances to be trapped in the central region. Transverse component of
the electric field for one such mode (TE00) is overlaid in the SEM in (a, d). Measurement scheme: cleaved fibers are aligned to TE grating couplers. Optical
transmission spectra are recorded on an output channel and intensity fluctuations induced by the mechanics are read out upon reflection. (e) Optical
transmission spectrum for the fin cavity reported here (black) is plotted for comparison alongside the transmission of a through waveguide (red, higher ηgc
than measured for the cavity—see Supplement 1). In the inset, a narrower scan of the TE00 mode is shown. Detected RF power spectral density for the
laser tuned to the slope of the cavity resonance transmission for optical modes TE00 and TE01 are shown in (f ) and (g), respectively.
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