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FIG. S-1. Nelder-Mead simplex search pattern. A slice of the multidimensional parameter space explored by the Nelder-
Mead minimization method. The color of the points indicate the normalized value of the fitness function. This slice includes
multiple Nelder-Mead search runs with randomly generated starting points and convergence to multiple hot-spots in the two-
dimensional space of hi,c and ho,c.
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FIG. S-2. Diagram of the experimental setup. A 1550nm external cavity tunable laser is used to generate the optical pump
signal in this work. The laser is initially passed through a single 50 MHz-bandwidth filter to suppress broadband spontaneous
emission noise, after which it can be switched between two different paths: (i) a heterodyne spectroscopy path, and (ii) a
photon counting path. In the photon counting path, an acousto-optic modulator (AOM) in series with a fast switch (Ag.) is
used for generating high-extinction optical pulses. The modulation components are triggered by a digital delay generator. In
the heterodyne spectroscopy path, the light is divided into two paths, one path is passed through an electro-optic intensity
modulator (EOM) and a filter to generate the local oscillator (LO) signal, the other path is sent to the optomechanical device.
Upon reflection from the device under test, a circulator routes the reflected laser light to either: (i) an EDFA, tunable variable
optical coupler (VC), balanced photodiodes (BPD) and spectrum analyzer, or (ii) a sideband-filtering bank consisting of three
cascaded fiber Fabry-Perot filters (Micron Optics FFP-TF2) and a SPD operated at 760 mK. λ-meter: wavemeter, EOM:
electro-optic intensity modulator, AOM: acousto-optic modulator, Ag.: Agiltron 1x1 MEMS switch, SW: optical 2× 2 switch,
VOA: variable optical attenuator, EDFA: erbium-doped fiber amplifier, BPD: balanced photodetector, SPD: single photon
detector, TCSPC: time-correlated single photon counting module (PicoQuant PicoHarp 300).
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FIG. S-3. Optical coupling to devices. a, Schematic shows the design of the full quasi-2D snowflake OMC device, including
central OMC cavity region (black), front mirror section of the OMC cavity (green), OMC cavity to line-defect waveguide
transition region (red), and tapered coupling waveguide (blue). b, Broadband reflection spectrum of the optimized coupling
waveguide design. Dashed vertical line is the nominal operating wavelength. c, Zoom-in of the coupling curve around the
operational point, where the blue solid curve is the simulated coupling level and the dashed grey curve is the measured
single-pass coupling efficiency level, ηcpl.
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FIG. S-4. Cross-structure acoustic bandgap shield. a, SEM image of an individual unit cell of the cross-crystal acoustic
shield. The dashed lines show fitted geometric parameters used in simulation, including cross height (hc = 223 nm), cross
width (wc = 75 nm), inner fillet radius (r1 = 35 nm), and outer fillet radius (r2 = 35 nm). Thickness of silicon device layer is
220 nm. b, Bandstructure of the realized cross-crystal shield unit cell, with the full bandgap highlighted in pink. Solid (dotted)
lines correspond to modes of even (odd) symmetry in the direction normal to the plane of the unit cell. The dashed red line
indicates the mechanical breathing-mode frequency at ωm/2π = 10.27 GHz.
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FIG. S-5. FEM modelling of thermal conductance. a, FEM-simulated, measured and fitted curves of np for both a 1D
nanobeam OMC cavity and a quasi-2D OMC cavity versus number of intra-cavity photons nc. Dashed lines are simulated data
and solid lines are fitted curves to measured data. To obtain the material properties used in the simulation, we fit the 1D
nanobeam measurement data to a phenomenological thermal conductance model described in the text. The material properties
determined from the simulation of the 1D nanobeam were then used to simulate np versus nc for the quasi-2D OMC cavity. b,
FEM-simulated temperature profile of the 1D nanobeam OMC cavity. c, FEM-simulated temperature profile of the quasi-2D
OMC cavity. In both b and c the intra-cavity photon number is nc = 100 and the temperature scalebar is plotted on the right.
The area indicated by blue boxes in the center of both OMC cavities are the heat source used in FEM simulations, where the
size the boxes are on the order of optical volume of cavity mode, and total heating power within the boxes volume is Pth. The
size of the geometries in b and c are not shown on the same scale.
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FIG. S-6. Simulated optical energy density. Plot of the FEM-simulated time averaged optical field energy density of the
quasi-2D OMC cavity with coupling waveguide for a, ∆ = 0 GHz and b, ∆ = 10 GHz. Both plots are plotted in logarithm
scale and normalized to maximum energy density in each simulation.
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FIG. S-7. Acoustic mode occupancy at base temperature. Plot of the measured (filled blue circles) occupancy of the
quasi-2D OMC phonon mode at an applied DR temperature of Tf ∼ 10 mK as a function of time within the read-out pulse.
Here the read-out photon number is chosen to be small (nc = 9.9) to minimize parasitic heating during the initial time bins
of the pulse. Other measurement parameters are τpulse = 10 µs, τoff = 240 µs, and measurement photon-counting bin size
τbin = 25.6 ns. This measurement is performed on a zero-shield device with parameters (κ, κe, g0, ωm, γ0) = 2π(1.11 GHz,
455 MHz, 1.18 MHz, 10.238 GHz, 21.8 kHz). Calculated curves based upon a phenomenological heating model [1] are shown
for T0 = 11 mK (red), 31 mK (yellow), 63 mK (blue), 95 mK (green), 129 mK (cyan) are also plotted for reference.
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FIG. S-8. Schematic of bi-directional microwave-to-optics transducer. Mode-O, mode-M, and mode-µ represent the
optical mode, mechanical mode, and microwave mode, respectively. Optical decay rate κoi, mechanical decay rate γi and the
microwave decay rate κµi are shown. The optomechanical parametrically enhanced coupling rate due to a laser drive is given
by G = g0

√
nc, where nc is the number of intra-cavity photons in the optical cavity due to the laser drive.
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1. CAVITY DESIGN OPTIMIZATION

Using a Finite-Element Method (FEM), we simulated the OMC cavity geometry to determine the optical and
mechanical cavity mode frequencies (ωo and ωm), vacuum optomechanical coupling rate, g0, and scattering-limited
optical quality factor, Qc,scat. To maximize γOM = 4g2

0nc/κ, we attempted to maximize both g0 and loaded Q-factor
Qc. Intrinsic quality factors of fabricated devices rarely get higher than Qc,i = 106 due to fabrication imperfections
and optical absorption, while simulated Qc,scat is generally high (Qc,scat > 5 × 106) for a properly formed optical
cavity. Therefore, we filtered out simulated geometries in which Qc,scat < 2× 106 to prevent radiative scattering from
degrading Qc in the fabricated device. After filtering out low Q designs, we assigned each design a fitness value simply
given by F ≡ −|g0|. We had 9 parameters over which we optimized F , which were d, hi, wi, ho, wo, hi,c, wi,c, ho,c, and
wo,c. The parameters hi,c, wi,c, ho,c, and wo,c are for the ‘C’-shape holes in the center of the cavity. Parameters of the
other cavity ‘C’-shape holes between the mirror and the center on both sides were vaired quadratically with distance
from the center holes. Note a, r and w were previously optimized for the large optical and mechanical bandgaps, and
the thickness of the device layer, t = 220 nm, was fixed by the choice of substrate.

For a computationally expensive fitness function with a large parameter space, a good choice of optimization
algorithm is the Nelder-Mead method [2]. Such a simplex search algorithm does not have smoothness requirements
for the fitness function, making it quite resistant to simulation noise. A modern variant of this method is also
implemented in fminsearch function of MATLAB. An optimization for quasi-2D OMC design is creates as follow:

1. To ensure realizable (ones we can fabricate) geometries are generated in a simulation, the parameter sets need to
meet certain conditions. For example, ho−hi ≥ 60 nm (55 nm for some of iterations) and wo/2−wi/2 ≥ 60 nm,
where 60 nm is a conservative gap size we can realize with the limits of our device fabrication. Therefore,
parameter sets are bounded for the generation of initial values and intermediate steps with the Nelder-Mead
method.

2. Randomly generate an initial parameter set (d, hi, wi, ho, wo, hi,c, wi,c, ho,c, wo,c) within the bounds we set in
step 1.

3. Run the optical simulation to determine the optical wavelengths (ωo) of all the optical modes near 1550 nm
with scattering-limited Q-factors larger than a threshold value (in practice only the fundamental mode we are
interested in for most cases). If this fails, set F = 0 and go to step 6.

4. Scale all parameters except t, including a, r, and w, to move the optical mode with highest Qc,scat to approxi-
mately 1550 nm.

5. Run the optical simulation again, in addition to the mechanical simulation, with scaled parameters, to determine
ωo, ωm and g0, and compute the fitness of the current scaled parameter set. If F did not change appreciably
over the last few iterations, we reached a local minimum. Otherwise, we choose a new initial point by going to
step 6.

6. Generate a new parameter set via the Nelder-Mead method and go to step 3.

By continually repeating the optimization algorithm, we mitigated the problem of converging on a local minimum.
A visual representation of the search pattern is shown in supplementary figure S-1. We follow these steps until we
have a design with a g0 and Qc,scat that we are satisfied with. The visual representation of supplementary figure S-1 is
formed by ∼ 5000 individual simulations (each individual simulation is defined after step 5 has finished successfully).
We slice the multidimensional parameter space using hi,c and ho,c since the gap formed by these two parameters was
where both mechanical displacement and optical field are most concentrated. Also, mechanical resonance ωm highly
depends on hi,c. Indeed, we noticed that most of the local minima lie on the line formed by ho,c − hi,c = 60 nm; this
is because the intensity of optical field on the boundaries of the gap becomes stronger as the gap becomes narrower,
hence the moving boundary was able contribute a larger amount of coupling due to higher overlap between optical
and mechanical fields. This implied that if we could create a narrower gap in the realized devices we could get an
even higher g0. However, for current measurements, we chose a conservative gap value of ho,c − hi,c ≥ 60 nm.

2. MEASUREMENT SETUP

The measurement setup used for device characterization is shown in Fig. S-2. A fiber-coupled, wavelength-tunable
external cavity diode laser was used as the laser pump in all of our measurements. A small percentage of the laser
output was sent to a wavemeter (λ-meter) for frequency stabilization. The laser was then passed through an initial
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50 MHz-bandwidth tunable fiber Fabry-Perot filter (Micron Optics FFP-TF2) to reject laser phase noise at the
mechanical frequency [3]. After this prefiltering, the light could be switched by 2×2 mechanical optical switches
between two paths: (i) a balanced heterodyne detection path for performing spectroscopy of the cavity acoustic mode
of the quasi-2D OMC cavity, and (ii) a photon counting path in which the laser could be modulated to create a train of
high-extinction optical pulses and detection is performed using a single photon detector (SPD) and a time-correlated
single photon counting (TCSPC) module.

For the balanced heterodyne path, a 90 : 10 beam-splitter divided the pump laser into local oscillator (LO, 90%,
0.5 - 1 mW) and signal (10%) beams. The LO was modulated by an electro-optic modulator (EOM) to generate
a sideband at δ/2π = 50 MHz above that of the acoustic mode frequency (ωm ≈ 10 GHz). This LO sideband is
then selected by high-finesse tunable Fabry-Perot filter before recombining it with the signal. The signal beam is
sent to a variable optical attenuator and optical circulator which directs it to a device under test in the dilution
refrigerator. The reflected signal beam carrying mechanical noise sidebands at ωl ± ωm was recombined with the LO
on a tunable variable optical coupler (VC), the outputs of which were sent to a balanced photodetector (BPD). The
detected difference photocurrent contains a beat note corresponding to the acoustic cavity mode response near the
LO detuning δ, chosen to lie within the detection bandwidth of the BPD.

For the photon counting path, the laser is prefiltered and routed to an electro-optic phase modulator (φ-EOM)
which is driven at the mechanical frequency to generate optical sidebands for locking the pump-cancelling filters (on
the detection side). The laser is then directed via 2×2 mechanical optical switches into a ‘high-extinction’ branch
consisting of an acousto-optic modulator (AOM, 20 ns rise and fall time, 50 dB extinction) and a pair of Agiltron
NS 1×1 high-speed switches (Ag., 100 ns rise time, 30 µs fall time, total of 36 dB extinction). The AOM and Ag.
switches are driven by a digital delay generator to generate high-extinction-ratio optical pulses. The digital delay
generator synchronizes the switching of the AOM and Ag. switches with the TCSPC module connected to SPD. The
total optical extinction of the optical pulses is approximately 86 dB. After the ‘high-extinction’ branch, the laser light
is also passed through the variable optical attenuator (VOA) and a circulator as in the balanced heterodyne path.
The reflected signal beam carrying mechanical sidebands was routed to the detection side of the photon counting
path. There, the light passes through three cascaded high-finesse tunable fiber Fabry-Perot filters (Micron Optics
FFP-TF2) insulated from ambient light, and then sent to a SPD inside the dilution refrigerator.

The SPDs used in this work were amorphous WSi-based superconducting nanowire single-photon detectors devel-
oped in collaboration between the Jet Propulsion Laboratory and NIST. The SPDs were designed for a wavelength
range λ = 1520 − 1610 nm, with maximum count rates as large as 107 counts per second (c.p.s.) [4]. The SPDs
are mounted on the still stage of the dilution refrigerator at ∼ 800 mK. Single-mode optical fibers are passed into
the refrigerator through vacuum feedthroughs and coupled to the SPDs via a fiber sleeve attached to each SPD
mount. The radio-frequency output of each SPD is amplified by a cold-amplifier mounted on the 50 K stage of the
dilution refrigerator as well as a room-temperature amplifier, and read out by a triggered PicoQuant PicoHarp 300
time-correlated single photon counting module. After filtering out long-wavelength blackbody radiation inside the
DR through a bandpass optical filter and isolating the input optical fiber from environmental light sources at room
temperature, we observed SPD dark count rates as low as ∼ 0.6 (c.p.s.) and a SPD quantum efficiency ηSPD ' 60%.

The tunable fiber Fabry-Perot filters used for both pre-filtering the pump and filtering the cavity have a bandwidth
of 50 MHz, a free-spectral range of 20 GHz, and a tuning voltage of ≤ 18 V per free-spectral range. Each of the
filters provides approximately 40 dB of pump suppression at 10 GHz offset compared to peak transmission; in total,
the filters suppress the pump by > 100 dB. The three cascaded filter need to be regularly re-locked since they drift
during measurement due to both thermal drift and acoustic disturbances in the environment, so they were placed
inside a custom-built insulated housing to further improve stability. For the re-locking routine, we switch out of the
‘high-extinction’ (SW-2A,2B) branch and SPD branch (SW-5), as well as the branch which leads to the device under
test (SW-3A, the other side connection not shown), to avoid sending large amount of power into the cavity and SPDs.
We then drive a EOM (not shown) to generate large optical sidebands on the pump laser signal, one of which is aligned
with the cavity resonance (ωm/2π). This modulated signal is sent to the cascaded filters. To re-lock the filter chain,
a sinusoidal voltage (0.5 V) was used to dither each filter while monitoring its transmission. The DC offsets of the
dithering sinusoidal signal are then changed while reducing the sinusoidal voltage amplitude to maximize transmission
of the desired sideband. After re-locking, the cavity, SPD and ‘high-extinction’ branches are switched back into the
optical train, and a new round of measurements can be performed. The total filter transmission was recorded at the
end of a re-locking routine and subsequent measurement run, and the previous measurement run was discarded if the
transmission shifted by more than a few percent.
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3. OPTICAL COUPLING TO DEVICES

The device sample is mounted at the mixing chamber of the DR, with a fiber-to-chip coupling realized by an end-
fire coupling scheme with an anti-reflection-coated tapered lensed fiber [5]. The tapered lensed fiber was placed on
a position-encoded piezo xyz-stage in close proximity to the device chip. After cooling the experiment from room
temperature to ∼ 10 mK, we optimize the fiber tip position relative to a tapered 1D coupling waveguide on the device
layer by monitoring the reflected optical power on a slow photodetector.

The design of the tapered 1D coupling waveguide is similar to those found in Refs. [6] and [5]. The tip of the
waveguide was designed to mode match the field of the waist of the lensed fiber. The major distinction for the 2D
case was that the other side of the tapered waveguide coupler was also designed to mode match to the line-defect
waveguide in the 2D region as shown in Fig. S-3a. The mirror in the 2D line-defect waveguide region was introduced
gradually, to avoid excess scattering in this region. The shape of the center of the line-defect waveguide was slowly
changed from a geometry that provides no photonic bandgap, over a number of periods ntrans, to the ‘C’ shape which
provides a photonic bandgap. Following ntrans, there were a variable number of mirror periods nmirr. Reducing nmirr

made a partially transparent mirror which serves as one side of the cavity’s end-mirrors. Thus, a controllable amount
of the incident light was permitted to leak through to the cavity region while both of the mirror and defect region of
the cavity were highly reflective at frequencies far from resonance.

Supplementary Figure S-3b shows the broadband reflection spectrum of the optimized coupler, calculated by a
finite-difference-time-domain simulation [7]. The amplitude and free spectral range of fringes in the spectrum are
consistent with a low finesse Fabry-Pérot cavity formed by weak waveguide-air-interface reflection R ≈ 1.6% and the
near unity reflectivity of the quasi-2D OMC cavity mirror. A single-pass coupling efficiency ηcpl is estimated from the
broadband reflection spectrum shown in Fig.S-3c. The actual measured single-pass efficiencies were ηcpl ≈ 60.7% for a
zero-shield device and ηcpl ≈ 59.7% for an eight-shield device. The difference between simulations and measurements
is attributed to slight fabrication offsets—a small offset on the scale of several nanometers for the width of tapered
1D coupling waveguide may cause significant mode mismatch on both sides.

4. ACOUSTIC SHIELD

To minimize mechanical clamping losses, the quasi-2D OMC was surrounded by an additional shield structure
designed to have a complete phononic bandgap at the quasi-2D OMC cavity mode frequency [8, 9]. Geometrically,
the structure consists of a square lattice of cross-shaped holes, or equivalently, an array of squares connected to each
other via narrow bridges. We call this the ‘cross-shield’ or ‘cross-structure’. The phononic bandgap in the cross-
structure comes from the frequency separation between the normal-mode resonances of the individual squares and
the lower frequency ‘acoustic bands’. These acoustic bands are strongly dependent on the width of the connecting
narrow bridges, ac-hc, where ac is lattice constant and hc is the height of cross holes as indicated in Fig S-4a.

We analyzed SEM images of fabricated structures to provide parameters for our FEM simulation. For exampe, we
included filleting of the inner and outer corners (r1 and r2 in Fig. S-4a) in our simulation, arising from the technical
limitations of our nanofabrication methods. The silicon device layer used in the simulations is 220 nm in thickness,
with mass density of 2329 kg/m2, and anisotropic elasticity matrix (C11, C12, C44) = (166, 64, 80) GPa , assuming
a [100] crystallographic orientation along the x -axis. As shown in Fig. S-4b, a bandgap > 4 GHz centered around
∼ 10 GHz is realized through tuning of the cross lattice constant ac, cross height hc and width wc.

5. ELECTROMAGNETICALLY INDUCED TRANSPARENCY MECHANICAL SPECTROSCOPY

Electromagnetically induced transparency (EIT) in optomechanical systems [10, 11] allows for a spectral measure-
ment of the mechanical response via observation of a transparency window in the optical reflection spectrum. A
pump laser tone at ωl is amplitude modulated at frequency ∆p/2π to generate a weak probe tone at ωs,± = ωl ±∆p.
If the pump-cavity detuning is fixed on either the red- or blue-side of the optical cavity (∆ ≡ ωc − ωl = ±ωm),
the optical susceptibility of the cavity strongly suppresses one of the probe sidebands (at ωs,∓) and only the other
probe sideband will have an appreciable intracavity population. For a red-detuned pump, the interaction of the pump
tone and mechanics with the probe sideband yields a reflection coefficienct r(∆, δ) for the probe which contains a
transparency window having a width on the scale of the mechanical mode linewidth:

r(∆, δ) = 1− κe

κ/2 + i(∆− (δ + ωm)) + |G|2
−iδ+γi/2

, (S-1)
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where we have defined δ ≡ ∆p − ωm and G ≡ g0
√
nc. We measure the reflection amplitude R = |r|2 by driving an

EOM weakly to generate a probe tone and observing the count rates of sideband-scattered probe photons. The pump
is locked at ∆ = +ωm and the cascaded filter stack is locked to the cavity frequency. The RF modulation power is
chosen to generate a sideband intracavity photon number (nc,+) much smaller than the carrier photon number (nc),
nc,+ � nc.

6. THERMAL CONDUCTANCE SIMULATIONS OF 1D AND 2D OMC CAVITIES

Here we utilize FEM simulations to model the impact of geometry on the thermal conductance of different OMC
cavities at millikelvin temperatures. Specifically our approach is as follows. We take previous measurements of a 1D
nanobeam OMC cavity and compare it to the results of simulations of a similar 1D OMC cavity geometry with variable
material properties. We then find what scaling of the material properties allows us to match experiment to simulation
for the 1D OMC cavity. Using these same scaled values of the material properties we then perform simulations of
the quasi-2D OMC cavity. Closing the loop, we find that the simulated values of the hot bath temperature are
in correspondence with the measured values for the quasi-2D cavity. This would indicate that a simple geometric
difference in the connectivity of the 1D and 2D cavities to the external chip bath can explain the lower measured hot
bath occupancy for the quasi-2D OMC cavity, validating our original design concept.

Under steady state conditions, the power flow from the hot bath into the DR bath, Pth, is equal to the power flow
into the hot bath due to optical absorption. Here, we have implicitly assumed no other sources of heating other than
optical absorption and that the hot bath loses energy via coupling to phonons which radiate into the chip bath at
the periphery of the device. Also assuming the optical absorption process is linear, we find that the power flow into
the hot bath is a fraction ηabs of the total input optical power, such that Pth = ηabsPin ∝ nc (we ignore nwg here for
simplicity).

For the temperature range considered in this work (where phonon transport is ballistic), the lattice thermal con-
ductivity scales as a power law of the phonon bath temperature [12, 13]. We thus define the thermal conductance
from the center of OMC cavity to the DR bath of both the 1D (Cth,1D) and quasi-2D geometries (Cth,2D) such that
Cth ∝ (Tp)α. The exponent α is equal to the effective number of spatial dimensions d of the geometry. The hot bath
is assumed to thermalize at an effective temperature Tp and to radiate energy (lattice phonons) into the periphery of
the cavity as a black body such that the power lost out of the hot bath goes as (Tp)α+1. We can thus write a simple
model for the thermal conductance between the hot bath and the periphery of the cavity (T0),

Pth = Cth∆T ≈ CthTp, (S-2)

where ∆T = Tp − T0 and in the range of measured np (np > 0.5, Tp > 400 mK) ∆T ≈ Tp since T0 � Tp. We define
Cth as Cth = ε(Tp)α, where ε depends on the geometry of the cavity and its material properties, which allows us to
write,

Pth = εTα+1
p = ηabsPin ∝ nc. (S-3)

The power law exponent α in the thermal conductance model is estimated to be α0 ≈ 2.3 from the measured data
(see Supplementary Figure S-5a). This is consistent with a Si slab of thickness t = 220 nm that has an approximately
2D phonon density of states for acoustic modes of frequency in the vicinity of the upper band-edge of the phononic
bandgap of the quasi-2D snowflake structure (ω/2π & 10 GHz).

Assuming a thermal conductivity for the Si slab which is proportional to (Tp)α0 , FEM simulations were performed
on both the 1D nanobeam and the quasi-2D snowflake OMC cavity geometries. As a thermal excitation source we
placed a heating source in the center of both OMC cavities with size corresponding to that of the optical mode volume
of the cavity mode. The average temperatures within the optical mode volume (Tp,(1,2)D) was then calculated versus
intra-cavity photons (nc) for the 1D nanobeam cavity. We adjusted the material properties (thermal conductivity
and absorption coefficient) in order to match the simulated curve to the measured data of the 1D nanobeam cavity
from Ref. [14]. Finally, we used these adjusted material properties to simulate the quasi-2D cavity. All measured and
simulated curves are plotted in Fig. S-5a. We also plot the temperature profile of the 1D and quasi-2D OMC cavities
at nc = 100 in Figs. S-5b and S-5c, respectively.

By comparing the simulated curves in Supplementary Figure S-5a, we estimate that the thermal conductance of
the quasi-2D and 1D structure has a ratio of ε2D/ε1D ≈ 42. For the same optical pump power applied to the 1D and
quasi-2D OMC cavities we have that nc,1D = nc,2D and Pth,1D = Pth,2D. This yields the relation between thermal
conductance and acoustic mode occupancy for the two cavity geometries,
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ε1D

(
~ωm,1Dnp,1D

kB

)α0+1

= ε2D

(
~ωm,2Dnp,2D

kB

)α0+1

, (S-4)

where we have assumed np ≈ kBTp/~ωm in rewriting the bath temperatures in each cavity in terms of the bath
occupancy at the acoustic cavity mode frequency. Considering that the acoustic mode of the quasi-2D OMC is at
frequency ωm,2D/2π ≈ 10.27 GHz while that of the 1D resonator is at half this frequency at ωm,1D/2π ≈ 5 GHz, we
can write for the ratio of the effective bath occupancies in the two cavities,

np,1D

np,2D
≈ 2

(
ε2D

ε1D

)1/(α0+1)

= 6.2. (S-5)

This simulated ratio is in good agreement with the measured ratio of the phonon bath occupancy of the 1D nanobeam
OMC cavity in Ref. [14] and the quasi-2D OMC cavity of this work, np,1D/np,2D = 7.94/1.1 ≈ 7.2.

7. FITTING OF THE MECHANICAL LINEWIDTH DEPENDENCE ON INTRACAVITY PHOTON
NUMBER

In order to fit the mechanical linewidth dependence on intracavity photo number nc, we see that the linewidth can
be broken into three distinct regimes: (i) at the lowest powers (nc . 10) the linewidth saturates to a constant value
given by γφ (γ0 is entirely negligible on this scale), (ii) a low-power regime (100 < nc < nth ≈ 1000) with a relatively
strong dependence of linewidth on optical power, and (iii) a high-power regime (nc > nth ≈ 1000) with a second,
weaker dependence of linewidth on optical power, where nth is the threshold for nc used between (ii) and (iii) in the
fitting. In order to capture this behavior in a single fitting function we have defined,

γ = G(γφ + ΓLn
ξL
c ) + (1−G)(γφ,H + ΓHn

ξH
c ), (S-6)

with G = 1/(1+nc/nth)2 a saturation parameter which is used to smoothly transition between the low and high power
regimes. In this model, nth, ΓL, ΓH, ξL, ξH, γφ and γφ,H are all fitting parameters. The best fit gives nth ≈ 1000,
ΓL = 1.1 kHz, ΓH = 9.01 kHz, ξL = 0.61, ξH = 0.29, γφ = 14.54 kHz and γφ,H = 23.91 kHz, corresponding to γ/2π =
γφ/2π+(1.1 kHz)×n0.61

c , with γφ/2π = 14.54 kHz in the low-power regime and γ/2π = 23.91 kHz+(9.01 kHz)×n0.29
c

in the high power regime. At lower powers we find a power-law scaling and overall magnitude of damping of the
breathing mode of the quasi-2D OMC cavity which is close to that for the 1D nanobeam cavities of Ref. [14]. In the
high-power regime we find a fit with a power-law exponent that is approximately half of that in the low-power regime.
The physical reason for this change in power-law is still under exploration.

8. MODELING OF ADDITIONAL HEATING IN THE COUPLING WAVEGUIDE

In order to better understand the source of the modifies back-action cooling curves measured for the quasi-2D OMC
cavities of this work, we performed optical FEM simulations on the full device, including the OMC cavity, 1D coupling
waveguide and 2D line-defect waveguide. As mentioned, the coupling waveguide in quasi-2D devices was designed to
be physically connected to one end of the OMC cavity instead of evanescently coupled to the OMC cavity as in 1D
nanobeam OMC devices [14, 15]. We find below that due to the weak reflectivity of the air-waveguide interface, a
weak cavity is formed in the waveguides. As a result, there are two major areas of optical absorption found to be
contributing to the hot bath: (i) intra-cavity photons nc coupled into the OMC cavity and (ii) photons being coupled
into the weak cavity. In such a scenario, the occupation of the hot bath np can depend on both intra-cavity photon
number nc and the input laser power Pin in the coupling waveguide. Here we use an effective waveguide phonon
number nwg (nwg ∝ Pin) to represent the contribution from photons in the weak cavity of the coupling waveguide.

In order to estimate the effect of the optical absorption in the coupling waveguide in comparison to that in the cavity
we performed FEM simulations using a geometry which was tuned to approximately the same optical properties as
the eight-shield device used for characterizing the hot bath in the main text (κ/2π = 1.187 GHz, κi = 1.006 GHz). For
optical laser detuning ∆ = 0, shown in Fig. S-6a, a large portion of the input photons that couple into the coupling
waveguide are coupled into OMC cavity, with the electric field energy in the OMC cavity one order-of-magnitude
higher than in the weak cavity region (nc � nwg). For optical laser detuning of ∆ = 10 GHz ≈ ωm, shown in
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Figure S-6b, a much smaller portion of photons coupled into the coupling waveguides are eventually coupled into
OMC cavity due to the large cavity reflection due to the cavity detuning (κ � ωm). In this case the electric field
energy in the OMC cavity is only a few percent of the energy in the weak cavity region (nc � nwg). Taken together,
these two simulations provide strong evidence for the conclusion in the main text that: (i) for on-resonance optical
pumping one can ignore the effects of nwg, and (ii) for back-action cooling with laser detuning ∆ = ω, the optical
absorption in the coupling waveguide directly proportional to Pin should add significant heating of the acoustic mode
of the quasi-2D OMC cavity.

9. MODE THERMALIZATION MEASUREMENTS

To measure the true base temperature T0 of the quasi-2D OMC cavity devices on the chip we used a low-power
(nc = 9.9) laser pump and studied a device with relatively high mechanical damping γ0 = 21.8 kHz (zero-shield
device, Qm = 4.69× 105) so that data integration time was minimized. With relatively high mechanical damping, the
mechanical mode quickly thermalizes to its base temperature between subsequent incident optical pulses so that we
could use a rapid measurement repetition rate 1/τper (τper = τpulse + τoff � γ−1

0 ). The initial mode occupancy during
the pulse then approximately corresponds to the base bath occupancy n0. In order to remove initial heating from the
optical pulse, we fit the entire curve of the measured phonon occupancy throughout the pulse using a phenomenological
model of the dynamics of the hot bath and the heating and damping of the acoustic mode [14], and extrapolated the
fit back to the start of pulse to estimate n0.

Supplementary Fig.S-7 shows the measured acoustic mode occupancy versus time within the optical pulse of the
quasi-2D OMC cavity. Theoretical curves from the phenomenological model for T0 = 11 mK (red), 31 mK (yellow),
63 mK (blue), 95 mK (green), 129 mK (cyan) are plotted for reference. From these curves the base temperature of
the surface of the Si chip is estimated to be T0 . 63 mK, corresponding to a base mode occupation of n0 . 4× 10−4.

10. PHONON MEDIATED QUANTUM STATE TRANSDUCTION BETWEEN MICROWAVE AND
OPTICAL PHOTONS

In this section we provide an example of coherent quantum transfer protocol that demonstrates the significance
of quantum cooperativity – phonon mediated bi-directional microwave-to-optical transduction [16–21]. In particular,
we present the analysis of a proposed piezo-optomechanical quantum transducer and study how the transduction
efficiency and signal-to-noise ratio depend on Ceff. Figure S-8 shows schematically the different elements of the
proposed transducer. In this scheme, a microwave frequency mechanical mode of an optomechanical cavity is coupled
resonantly to a tunable superconducting microwave resonator (frequency (ωµ) through the piezoelectric effect with
rate Jpa. The optical mode (frequency ωo) of the optomechanical cavity is coupled to the input fiber with coupling
rate κoe, and it suffers from intrinsic loss to environment with rate κoi. The superconducting microwave resonator is
coupled to a transmission line with rate κµe and it has intrinsic loss rate κµi to the environment.

The system Hamiltonian for this open quantum system is given by,

H = H0 +Hint +Hdrive +Hsignal +Hnoise, (S-7)

H0 = ~(ωo −
κo

2
i)â†â+ ~(ωm −

γ

2
i)b̂†b̂+ ~(ωµ −

κµ
2
i)ĉ†ĉ, (S-8)

Hint = ~g0(â†b̂+ âb̂†) + ~j0(ĉ†b̂+ ĉb̂†), (S-9)

Hdrive = −~
√
κoei(α

∗
in(t)â+ αin(t)â†), (S-10)

Hsignal = −~
√
κoei(â

†
inâ+ âinâ

†)− ~√κµei(ĉ
†
inĉ+ ĉinĉ

†), (S-11)

Hnoise = −~
√
κoii(â

†
nâ+ ânâ

†)− ~
√
γi(b̂†nb̂+ b̂nb̂

†)− ~√κµii(ĉ
†
nĉ+ ĉnĉ

†). (S-12)

where αin(t) = α0 exp (−iωdt) is the optical pumping field at ωd. Here, the intrinsic loss channels introduce environ-

mental noise (ân,b̂n,ĉn) into the system, and signals (âin,out and ĉin,out) are coupled into and out of the transducer via
external coupling channels to the optical fiber port (left side in Fig. S-8) and the superconducting transmission line
(right side in Fig. S-8).

These equations can be solved in the linearized regime assuming a red-detuned drive and sideband resolution. The
transducer conversion efficiency is found to be limited by the internal mechanical decay, while the transducer noise
is set by thermal mechanical noise and noise from each of the external ports. For the details of the treatment see
Refs. [22] and [23]. The conversion number efficiency is the same for either conversion direction, and is given by ηo�µ.
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The signal-to-noise ratio when considering an input signal corresponding to a single photon is related to the inverse of
an added noise occupancy number. For optical-to-microwave conversion the appropriate single photon signal-to-noise
is SNRo→µ, whereas for microwave-to-optical it is SNRo←µ. The solutions for conversion number efficiency and single
photon signal-to-noise ratios are:

ηo�µ =

∣∣∣∣∣
∣∣∣∣ 1

D

∣∣∣∣2√κoeκµeGJ

∣∣∣∣∣
2

, (S-13)

SNRo←µ =
κµeG

2J2

κoi

∣∣(ωm − ω − γ
2 i)(ωµ − ω −

κµ

2 i)− J2
∣∣2 n̄ob+γG2

∣∣ωµ − ω − κµ

2 i
∣∣2 n̄mb +G2J2κµin̄µb

, (S-14)

SNRo→µ =
κoeG

2J2

κµi

∣∣(ωm − ω − γ
2 i)(ωo − ω − κo

2 i)−G2
∣∣2 n̄µb+γJ2

∣∣∆o − ω − κo

2 i
∣∣2 n̄mb +G2J2κoin̄ob

, (S-15)

with

D ≡
(

(∆o − ω −
κo

2
i)(ωm − ω −

Γ

2
i)(ωµ − ω −

κµ
2
i)−G2(ωµ − ω −

κµ
2
i)− J2(∆o − ω −

κo

2
i)

)−1

. (S-16)

Here the thermal noise bath occupancies are labelled as n̄mb, n̄ob, and n̄µb, corresponding to the mechanical thermal
bath, the optical cavity thermal bath, and the microwave electrical resonator thermal bath, respectively. Note that
the conversion efficiency can be maximized with respect to the frequency ω by looking for the extrema points of D
assuming the resonant condition, ∆o ≡ (ωo − ωd) = ω = ωm = ωµ.

To highlight the importance of quantum cooperativity for optomechanical and piezoelectric interactions we can
further simplify equations for SNRo←µ and SNRo→µ at the maximum conversion efficiency points,

SNRo←µ =
κµeJ

2

γAn̄mb

=
κµeκµ

4A
Ceff
µ,m,

(S-17)

SNRo→µ =
κoeG

2

γBn̄mb

=
κoeκo

4B
Ceff

o,m

(S-18)

where the quantum cooperativities are defined as Ceff
µ,m = Cµ,m/n̄mb and Ceff

o,m = Com/n̄mb, with standard coopera-

tivities at the microwave and optical ports given as Cµ,m = 4J2/γκµ and Com = 4G2/γκo, respectively. In the above

equations, A ≡
∣∣ωµ − ω − κµ

2 i
∣∣2 and B ≡

∣∣∆o − ω − κo

2 i
∣∣2, and we have dropped terms related to n̄µb and n̄ob since

they are very small in the system discussed here (milliKelvin temperatures). We have also neglected spontaneous
scattering noise (quantum noise) in the optomechanical interaction [22] due to the very large sideband ratio that we
have in our 2D OMC system. From these simple relations we can see the importance of the quantum cooperativity
for quantum transduction applications. In order to transduce single photons with SNR greater than unity one needs
Ceff
µ,m and Ceff

o,m to be larger than unity (the pre-coefficients in Eqs. (S-17) and (S-18) are always less than or equal to
unity, depending on the level of overcoupling to the optical and microwave external lines).
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