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Appendix A: Theory
1. Coupled mode theory for optical modes hybridization

Using a pair of optical resonances increases the intracavity photon number for a given input optical power, resulting
in an enhanced optomechanical interaction. Such an optical doublet is implemented here by evanescently coupling
two micro-rings, forming a photonic molecule. Consider two bare optical modes with resonance frequencies w; and w;
that correspond to the left and right micro-rings, respectively. The two modes couple with a rate J, which yields the
Hamiltonian [1]

H = hunafay + hwedla, — hJ (alai +af ar) (A1)

and the equations of motion
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With Laplace transform, they can be rewritten in frequency domain as

(s ) G = (G): (43)

where Yo[s] = (s + iwo + Ko/2) ', 0 =1, denote the susceptibilities. Diagonalizing the matrix yields the eigenvalues
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Here we define the average optical frequency @ = (w) + w,) /2, average linewidth & = (k) + k,) /2, relative detuning of
the micro-rings § = w) — wy, and linewidth difference p = k) — ;. The difference in resonance frequency and linewidth
of the two supermodes can be computed as
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where Ay — A_ = Ak/2 + iAw. In the strong coupling regime where 2J > n/2, we simply have Aw ~ v/4J? + §2
and Ar =~ p/1 —4J2/(4J2 + §2). The two supermodes are thus centered at @ with a splitting of Aw, resulting in
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Solving for the eigenvectors gives the participation ratios of the bare cavity modes in the supermodes
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where |ux|? + |v+|? = 1 and ¢4 is a global phase factor. In particular, the supermode a_ = u_a; + v_a, has a
resonance frequency w_ = @ — Aw/2 and linewidth k_ = & — Ax/2. It is referred to as the symmetric supermode.

The rationale behind the nomenclature can be seen by considering the limit of zero detuning § = 0, where we
simply have a_ = (4 + a,) /v2 with w_ = @ — J and k_ = &. On the other hand, the antisymmetric supermode
G4 = uya+vya, has a resonance frequency wi = @+ Aw/2 and linewidth ky = R+ Ak/2. When 6 = 0, this reduces
toay = (a) — a,) /vV2 with wy =@+ J and x, = &.

2. Transducer Hamiltonian and input-output relations

In terms of bare micro-ring modes, the transducer Hamiltonian is given by
A = hwnb'h + hanafa + hesafa, - i (afa, +afar) = hgoalan (b+0) + Harne (A9)

Note that the piezo-coupled acoustic mode interacts with only one of the micro-rings. To compute quantities directly
related to the experiments, we rewrite the Hamiltonian in terms of the supermodes (Appendix A 1) as

H = hwmb'b+ hw_ala_ + hwiala, — hgo (|x|2af_a, +ly2alay + wytala_ + ayal a+) (z} + BT) + Harive (A10)
such that a; = za_ + ya. The driving term is given by
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for input optical and microwave fields a;, and ¢,. By going into the frames rotating at the laser drive frequency wr,,
we obtain

H = hwmb'b — hA_a'a_ — hA alay
— Fgo (\x|2dT_A_ + \y|2d1d+) (lA) + I;T) — hgo (my*dl&_ + x*y&T_?u_) (l; + Z;T) (A12)
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where Ay = wp, — w+. Considering small deviations of the supermodes around their steady-state amplitudes a4 ~
[VFeoxt/ (s /2 —iAL)] /0 e+ and letting the input field operators denote just the Langevin force, the Hamiltonian

H = hwmb'b — BA _a"a_ —hALala,
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can be further simplified. In the large intracavity photon number limit, the O (d2) terms are ommited as their
contribution to the system dynamics is hidden by the O (a) terms. The O (a2) constant terms are removed by
shifting the position origin by the steady-state displacement
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using the translation operator Tj(l‘ss) = exp (zssp/(ih)), p being the momentum operator associated with & =
Typp (3 + ET). The resulting effective Hamiltonian is then given by
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Finally, by defining effective optomechanical coupling rates

9- = go (lz[Pa- + z*yay),

N (A1l6)
9+ = g0 (Jylag + zy*a_),
and going into a rotating frame defined by the operator
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in the interaction picture. The time evolution of the bosonic modes can be computed using the Heisenberg-Langevin
equations given by
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We can move to the frequency domain by using the Fourier transform
alw] = F(a(t)) [w] = / a(t)e™tdt (A20)
along with the properties
F(La(t)) fo) = —iwal]
i w] = —iwalw],
F (at)e) [w] = afw - A}, (A21)
atlw] = F (a'(t)) w] = (a[-w])'
We then have
a-[w] = ig-x-[w] (Bl = (wm + A)] + 8w + (wm = A-)]) + e x- Wil = A,
atlw] = g4 x4 [w ( w— (wm +A4)] + BT[W + (wm — A+)]) + VEex+ X+ [W]din[w — A4, (A22)
blw] = ig" Yom [l [ + (wm + A)] + ig— Xm[w]al [ + (@ — A)]

~lw
89 X[l [w + (@ + A)] + igaxmlwlah [0+ (wn — Ap)] 4 yRecmXm[wlén[w],

with the susceptibilities x_[w] = (—iw + r_/2) ™", x4|w] = (—iw + r4/2) " and xm[w] = (—iw + £m/2)"". The bath
operators are linked through the input-output relations
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in frequency domain. They satisfy the commutation relations [&in[w],djn[w’] = dlw — w'] and [éin[w],éjn[w’] =
Ow — W]

3. Conversion efficiency and added noise
a. Anti-Stokes configuration

For the following analysis, we consider the triply resonant configuration where w; —w_ = wy, and the optical pump
is on resonance with one of the optical supermodes. First, we consider the anti-Stokes configuration where A_ = 0
and A, = —wy,. From Eq. A24, we have the input-output relation

out[w] = Gin[W] — \/Kex,— G- [W] = \/Kex,+G+[w — W] (A25)



The equations of motion is given by

a-fu] = ig-x-w] (bl — wa] + B + wm] ) + yFexox- [w]ain[w]
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Here we drop the terms that contain susceptibilities and ladder operators with an offsetted frequency dependence (with
the exception of the bath operators), since they necessarily imply an attenuation of at least ./ (2w, ) compared to the
dominant terms. This approximation is valid in the resolved-sideband regime k_, kK, < wy,. Supplementary Figure 1a
shows the signal flow graph representing the equations of motion, from which we deduced the transfer functions between
the microwave field at wy, and the optical field at wy, + wy, using Mason’s rule [2]

* — S*
aout [w-i—wm]<—c [w] élut [w]<_ai]\n [w+wm]

i et x4 Xt ] Xm ] (A27)
L+ g 12X+ [w]Xm W] .

ot [w+wm] e in 0] =Oeout (W] din[wtwm] =

The optical-optical and microwave-microwave transfer functions can also be derived as
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The other transfer functions (e.g., S+ (-] s [w]) are expected to be small given the minuscule weight of the

corresponding edges in the signal flow graph. The photon number flux at the optical output of the transducer is given
by
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To capture the noise properties of the optical output, one has to measure its symmetrized power spectral density
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where S, [w] = 3 + <6jn [wW]éin [w]> is the power spectral density of the microwave photon flux at the input port. We

define the on-chip photon number transduction efficiency as
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and the added noise during up-conversion as
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the output channel still respect the bosonic commutation relations [3]. The last approximation of Eq. A32 gives the
steady-state efficiency of the transducer (w — 0), which depends on anti-Stokes cooperativity Cy = 4¢3 / (k4km) as
well as extraction efficiencies of the antisymmetric supermode kex +/£4 and the acoustic mode Kex,m/km. Similarly,
the symmetrized power spectral density of the output photon number flux at the microwave port is

Stlo] = 5 ({eomlisl, ehualel }) = 3 + (ehuslotols]) = meled] (Sl +wml +Shigea ). (430

While the expressions for the conversion efficiency are identical for both up- and down-conversion, the added noise
for down-conversion is instead
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b. Stokes configuration

We follow the same recipe to derive the conversion efficiency and added noise for the Stokes configuration where
A_ =wy and Ay = 0. We have the optical input-output relation

Gout [w] = @inlw] — Md_[w + wm| — \/@M[W] (A36)

and the equations of motion
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Using the signal flow graph shown in Supplementary Fig. 1b, the transfer functions between the microwave field at
wm and the optical field at wy, — wy, can once again be derived as
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While the microwave-microwave transfer function is identical to Eq. A29, the optical-optical transfer function is
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The photon number flux at the optical output of the transducer has a symmetrized power spectral density
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as well as the added noise during up-conversion
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where C_ = 492 / (k_kmy) is the Stokes cooperativity. The output photon number at the microwave port for the
Stokes configuration is given by
L/g, .
Sl = 5 ({eoulol éhulio)}) = 2 + (ehueleleoulio]) = 1-[0] (oo — wim] + Sggea_[1]) (Add)

The photon number on-chip conversion efficiency is again the same for both up- and down-conversion, but the added
noise for the down-conversion process is instead

|Séout w]<—Cin[w |2
Sradea -] = (14 1] = [Stmesuenl) + =2 2 S ] (Ad5)

Xm X-
e  [e '
-1 1/2 1/2 1 -1 12 12
K, -K K, -K,
] G| Bt e[ < . 1
t t ig
—> Cout[w] TR 7».— > Cout[W] K2 7.
_1 ex,m . ex, + 1 _1 ex,m ex,

*

Xrm X

Supplementary Fig. 1. Signal flow graphs of the frequency conversion processes. a Effective beam-splitter process.
b Effective two-mode-squeezing process. The bath operators are indicated by rectangles, the internal modes of the transducers
by circles and the coupling rates by arrows.

4. Estimation of correlated microwave-optical pair generation rates

Equations A41 and A44 suggest that entangled pairs of microwave and optical photons can be generated in the
Stokes configuration since it gives rise to an effective two-mode squeezing Hamiltonian [4-6]. In order to verify that
the HBAR transducer can generate entangled pairs of microwave and optical photons, we compute the on-chip pair
generation rate, expected to be equal to the output photon flux from the lower frequency optical mode as in standard
spontaneous parametric down-conversion (SPDC) scheme. Integrating over the transduction bandwidth, we have

R= / il [wldout [w]> dw =~ /oo n-|w]dw =~ g (/{1 + Ii;ll)_l n-[0]. (A46)

—0o0

In practice, the pump laser should be filtered for the optical output to be dominated by heralding photons, and other
losses from the measurement setup can further reduce the effective rate. For °¢ = 7.9 x 107°, k_ = 27 x 166 MHz
and Ky = 27 x 13 MHz, this would corresponds to an on-chip pair generation rate of R ~ 27w x 1.5kHz. Losses in
the measurement chain have to be accounted for to estimate the count rate at the detector. In order to measure
entanglement between the microwave and optical fields, the on-chip rate must be higher than the thermal decoherence
rate of the acoustic mode I'dec = KmMth,m(wm ), where the thermal occupancy is given by the Bose-Einstein distribution
Ngnm(w) = [exp (hw/(kpT)) — 1]~ given a temperature 7' and Boltzmann’s constant kg. For wy, = 27 x 3.5 GHz
and Ky = 27 x 13 MHz, the decoherence rate I'%°¢/(27) at 800 mK is 56 MHz and 0.7 Hz at 10 mK. Therefore, the
transducer needs to be operated in the mixing chamber of the dilution refrigerator, with a pulsed pump to reduce
heat load. The total rate of optical heralding is hence gated by the pump duty cycle.



To evaluate the non-classical correlation required for the DLCZ protocol [6, 7], one can compute the second-order

cross-correlation function. Since no input signal needs to be sent to the transducer for SPDC, (ai,) = <d.T > =

<d;rndin> = (GinQin) = < :rn fn> =0 and <éfn[w]éin[w]> = Nh,m(w), leading to

oAt A s
(2) <Couta0uta0utCOUt
ac = At A AT A
Cout Cout Aoyt Gout
2
N (1St sl ® +1-) Nth,m (A47)
(77— + |Séom(—6m |2nth,m) (1 + nth,m) 1 + Tlth,m
* * * *
(Séouted;n SGOUteclnSCOUtHaT Scout<_Cin + SaouM—am Sdout&éi’fn‘s{:omedi‘\n Séouﬁ—éin) Nth,m

+
N (M= + [Sepue t1n [*Mtnm) (1 + Ntnm)

where the frequency dependences are omitted for readability. Non-classicality is expected to lead to violation of the

Cauchy-Schwarz inequality, given by gac) </ g(i) gﬁc) Therefore, it is desirable to minimize both microwave thermal
occupancy (cooling) and optical transmission (attaining critical coupling).

Appendix B: Fabrication process flow

Supplementary Fig. 2. Process flow for the fabrication of piezoelectric actuators on top of the photonic circuitry.
a Sputtering of the metal and piezoelectric layers. b Patterning of the top metal, piezoelectric and bottom metal layers. ¢ XeF,
etching of the bottom metal to avoid shorting the electrodes. d Sputtering of a second top metal layer to connect the top of
the actuators to a feedline. e Dry etching of the oxide cladding to define the chip facets and the actuator holes. f Dry etching
of the silicon substrate to suspend the actuators. g Deep reactive ion etching of the substrate to facilitate chip release.

The piezoelectric actuators are monolithically integrated on Si;N, waveguides, fabricated using the photonic Dam-
ascene process [8, 9]. The 850-nm-thick SizN, film is deposited using low-pressure chemical vapor deposition into



the Damascene preform, with 2.8 pm thermal oxide below the waveguides. After annealing to drive hydrogen im-
purities out of the SizN, layer, 2.1-um-thick TEOS oxide and 1.0-pm-thick low-temperature oxide top claddings are
deposited and subsequently annealed. The metallic and piezoelectric films—95 nm of Mo, 1.0 um of AIN and another
95nm of Mo—are sputtered through foundry services provided by Plasma-Therm [10]. They are then patterned
using chlorine-based reactive ion etching to form the actuators, ground planes and integrated heaters. We employ
the same Band-Aid process as in Ref. [11] to localize the electrodes atop the suspended cladding. In particular, when
connecting the Al feedline to the top electrode by a lift-off process, the bottom electrode is etched back using XeF, to
avoid short-circuiting the electrodes. The process to suspend the cladding in the vicinity of the actuator is combined
with the chip singulation steps of the Damascene process. First, a hole is opened in the middle of the arc-shaped
actuator. The chip facets are simultaneously defined where trenches in the SiO, are etched by C,Fg deep reactive
ion etching (DRIE) between neighboring chips. A second photolithography is performed to protect the facets while
leaving the etched holes exposed for further processing, resulting in narrower trenches between chips. The Si substrate
is then isotropically etched with SFg until the SiO, cladding below the actuator is suspended [12]. Following cladding
suspension, the Si substrate is etched anisotropically until the desired chip thickness of 250 ym is reached. A final
isotropic Si etch removes the parts of the substrate protruding from the SiO, facet, providing proper access to the
bus waveguide nanotapers with lensed fibers, or even using the butt-coupling scheme. To facilitate this last step, we
employ ion-beam etching at a 20° tilt angle to remove the passivation layer formed on the hole sidewalls during the Si
DRIE. The chips are ultimately released by grinding the back side of the wafer. This convoluted process, summarized
in Supplementary Fig. 2, ensures that all the actuators on the wafer are fully suspended, while the chip facets do not
become exceedingly fragile from the undercut.

Appendix C: Optical characterization

1. Resonance linewidths

Fitting the hybridized transmission spectrum in Fig. 2c to the coupled mode theory presented in Appendix A 1 and
in Ref. [2] yields x,/(27) = 154 MHz and &;/(27) = 190 MHz, with Kex1/(27) = Kex,r/(27) = 60 MHz.

2. Hybridization of optical resonances via integrated thermo-optic heaters

For the purpose of rapid characterization of the photonic molecules at room temperature, the bottom electrode
of the piezoelectric actuator also serves as an integrated heater to control the relative detuning between the micro-
rings by thermo-optic effect. As seen in Fig. 2a, we pattern Mo to make three electrical connections to the bottom
electrode. The top and bottom connections are connected to ground, whereas the central connection is biased to a
constant voltage. The finite resistance of Mo at room temperature leads to Joule heating as current flows through
the bottom electrode, modifying the refractive index of the SisN, waveguide buried directly underneath. The heaters
were only used for fast search of devices with adequate mode splitting.

3. Thermal response characterization through cavity-enhanced photothermal spectroscopy

For the purpose of programming the pulse sequence to alleviate thermal effects, we study the thermal response of the
present transducer due to optical pump heating. Specifically, thermally induced refractive index change causes a shift
in resonance frequency of the Si3sN, micro-ring, which is detected using cavity-enhanced pump-probe spectroscopy
[13]. The intensity-modulated pump addresses a TE resonance, while the probe measures the resulting side-of-fringe
modulation of another TE mode. To ascertain the physical mechanism of each cross phase modulation (XPM) process,
we sweep the pump modulation frequency to leverage the separation of time scales. Seen in Supplementary Fig. 3,
the response exhibits three plateaus. We associate the process at modulation frequencies 22 1 MHz with Kerr-induced
XPM. The two slower processes at ~ 100 kHz and ~ 1 kHz are characteristic of photothermal XPM in quasi-free-
standing microresonators such as spheres [14] and toroids [15]. Here, the former “local” time scale can be attributed to
thermalization of the mode volume with the acoustic resonator, while the thermalization of the suspended structure
with the rest of the chip constitutes the latter “global” time scale. Therefore, it is expected that for future cryogenic
operations, employing a pulse-on time (7,,) shorter than the local time scale to gate the optical pump will significantly
reduce thermal occupancy in the cladding acoustic mode. The pulse repetition rate (fiop) and hence pulse-off time
can then be chosen based on the available cooling power.
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Supplementary Fig. 3. Thermal response measurement through pump-probe spectroscopy. a Schematic of the setup
used for optical pump-probe spectroscopy. A pump laser, addressing a micro-ring resonance and modulated by an intensity
modulator (IM), induces photothermal and Kerr cross-phase modulations. As a result, the frequency of a nearby resonance
is also modulated, which is detected by a probe laser. The power of the probe laser is adjusted by a variable attenuator
(ATT). The pump and probe polarizations are optimized with their respective fiber polarization controllers (FPC). The white
boxes represent fiber beam splitters. b Measured cross-phase modulation response of a micro-ring as detected at the “Probe”
photodetector with the pump filtered. The dotted and dashed lines indicate the 3-dB response bandwidths of the “global” and
“local” photothermal processes, respectively.

Appendix D: Characterization of acoustic resonances

The microwave reflection measurements (also known as Si;) shown here were measured at room temperature
using custom probes (GGB industries nickel-alloy 40A-GS-135-PC-N Picoprobe) and a vector network analyzer
(Rhode&Schwarz ZNB-20). The spectrum shown in Fig. 2d is corrected using a calibration substrate (GGB in-
dustries CS-8) to remove the phase delay and attenuation introduced by coaxial cables and probes. However, this
calibration procedure was only used to get the S-parameter, and was not applied during the total conversion efficiency
measurements shown in Figs. 3 and 4. In a previous version of the transducers and in Ref. [12] where the Band-Aid
process (Appendix B) is not employed, the piezoelectric actuator extends beyond the suspended cladding and covers
the electrical feedline, causing two detrimental effects for transduction. First, the resulting stray capacitance leads to
excess microwave insertion loss. Given the small size of the suspended area (~ 1000pm?) compared to that of the
feedline (= 10000 um?), this effect is readily seen in Supplementary Fig. 4, where the spectrum without the Band-Aid
process exhibits reduced background reflection. Second, the part of the actuator on top of the unreleased cladding
leads to resonant excitation of HBAR modes extending over the entire Si substrate. These modes have a smaller
free spectral range (FSR) of around 19 MHz and a lower microwave extraction efficiency. The theory presented in
Appendix A does not correspond to the case of such a multimode system as it assumes being in the sideband-resolved
regime, implying the high density of substrate modes is inappropriate for low-noise frequency conversion. The feedline
Band-Aid, discussed in Appendix B and shown in Supplementary Fig. 4, enables the removal of the piezoelectric layer
above the substrate, leaving only HBAR modes well confined in the oxide cladding.

We fit the measured complex reflection to obtain the mechanical quality factor Q, = 284 and microwave extraction
efficiency Kex,m/km = 0.11 for the transduction mode [16]. This fit model comprises multiple Fano resonances, given
by

_ io—iwT _ i$r QQT/QZ
SEE[w] = Ae <1 2 € 1+ 22@{(1‘*) — Wr)/wr (Dl)

and the result is shown in Supplementary Fig. 5a. In addition, we simulate the microwave reflection of the designed
stack geometry using finite-element method (FEM). Fitting the simulated spectrum leads to Qm = 205 and Kex,m/fm =
0.61. The discrepancy is attributed to difference in clamping losses and piezoelectric coefficients between the fabricated
and simulated devices that lift the degeneracy of electromechanical modes. We extract the effective mass of the
transduction HBAR mode from FEM simulations as

et = b [ o eeray = o
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Supplementary Fig. 4. Elimination of substrate HBAR modes. Microwave reflection spectra obtained with and without
applying the Band-Aid process. The respective stack compositions are indicated as insets.

where p(r) is the local mass density and x(r) is the mechanical displacement, corresponding to xzpp =
VI (2megwm) &~ 2 x 1078 nm.

The admittance is obtained by fitting the microwave reflection measurement to Y[w] =
Zy' (1 - Sgelw]) / (14 Sgelw]), Zo being the characteristic impedance of the transmission line. Fitting the
admittance to a modified Butterworth—van Dyke model yields a static capacitance of around 200fF [17]. The
small static capacitance is advantageous for reducing microwave insertion loss but comes at the cost of a reduced
electromechanical transduction factor. Suspending the cladding decreases the acoustic mode volume, thereby
enhancing the electromechanical coupling to the microwave port by improving the confinement in the piezoelectric
layer.

Resonance|w/(27) [GHz]|x/(27) [MHz]|kex/k [%]| ¢ [°]
1 3.479 13 11
2 3.495 27 6 5
3 3.463 28 6 11
4 3.440 40 4 —11
5 3.397 38 2 —11

Supplementary Table I. Parameters for the Fano resonance fit of the microwave reflection corresponding to Eq. D1.

Appendix E: Characterization of bidirectional transduction
1. Non-Lorentzian transduction bandwidth

For an ideal transducer, the transduction lineshape is expected to be Lorentzian in the low-cooperativity limit.
Nevertheless, the measured lineshape (Figs. 3b and 3d) is evidently non-Lorentzian. We attribute this deviation
to the presence of a second mechanical mode contributing to the transduction process. Supplementary Figure 5b
shows the normalized susceptibilities of the principal mechanical mode, the auxiliary mechanical mode as well as
the susceptibility of the higher frequency optical mode, considering that the device is operated in the anti-Stokes
configuration. Supplementary Figure 5c illustrates the transduction spectrum that would be obtained from the
theory exposed in Appendix A considering an additional mode and compares it with the experimental data shown
in Fig. 3b. The only free parameters for the fit are the vacuum optomechanical coupling rates (g3 ~ 27 x 20 Hz and
g8 ~ 27 x 35 Hz), the other values being the same as in Appendix E 2. The difference with the vacuum optomechanical
coupling rate estimated in Appendix E 2 comes from the off-resonant contribution of the second mechanical mode.
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Supplementary Fig. 5. Spurious acoustic modes near the main resonance. a Fit of the measured microwave reflection
using multiple Fano resonances. The top panel shows the amplitude of the reflection, while the bottom panel depicts its
phase after removing the background electrical delay from the cables. The experimental data is shown in blue, the total fit
red, and the response of single Fano resonances in the other numbered curves. The parameters used for the fit are indicated
in Supplementary Table I. b Susceptibilities of the two acoustic resonances relevant for transduction (solid line for the main
resonance, dashed line for the secondary mode), as well as the higher frequency optical mode (dashed-dotted line). The absolute
value is normalized to the peak of the main acoustic resonance at 3.479 GHz. ¢ Simulated total transduction efficiency in the
anti-Stokes configuration using the two acoustic resonances from b. The triangles correspond to the experimental data from
FQig. 3b. The vacuum optomechanical coupling rates are the only free parameters of this fit, which gives g¢ ~ 27 x 20 Hz and
go ~ 2m x 35Hz.

2. Estimation of cooperavity and vacuum coupling rate

The up- and down-conversion spectra, described in the main text and illustrated in Supplementary Fig. 6, provide
the off-chip efficiency from which the vacuum coupling rate can be estimated. The off-chip efficiency is given by

ntot _ nprobesnﬁber—chipnoc, (E].)

where nprobes and Maper-chip denote the microwave and optical fiber to chip insertion efficiencies, respectively. The
on-chip efficiency can be written as

ext int

1% = ™™ = nonmn™. (E2)
The internal efficiency

- 4Cc
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Supplementary Fig. 6. Experimental dataset examples. a Optical heterodyne spectrum for a local oscillator set between
the carrier and the up-converted sideband, as indicated in the inset. b Microwave probes output measured with an electronic
spectrum analyzer. The input optical spectrum contains both the carrier and sidebands generated by an external electro-optic
modulator. In this example, the modulation frequency is set to 3.480 GHz. ¢ Acousto-optic response for different laser-cavity
detunings on the same transducer.

in the low-cooperativity regime, where the plus and minus signs correspond to the anti-Stokes and Stokes configura-
tions, respectively. The optical and microwave extraction efficiencies

Rex,o
o = ———, E4
n . (E4)
K/ex m
= Fexm E5
7 P (E5)

The single-photon cooperativity Cy is enhanced by the intracavity photons

C = Con, (E6)
B ) nﬁber—chipPin
Ne = Kex|Xol TL
N 4"Lex nﬁber_ChipHn _ 4 77ﬁber—chip13ﬁrl (E7)
Iig th = Ko th ’

where the pump detuning is assumed to be small. The off-chip efficiency with respect to the microwave probe and
optical fiber is thus

tot ~_ , probes

. 4 1 .
nﬁber—chlp X Nenllo X 400 X 1o — nﬁber—chlppin
Ko hw

C40-Pin
th Ko ’

n n

— 16nprobesnﬁber—ﬁber % ﬁmﬁg % (ES)
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where the fiber-fiber coupling efficiency nfiber-fiber — pfiber-chip - pfiber-chip  Cgalibration of the RF probes informed
about the probes collections efficiency npropes = —3dB. A fraction of light is tapped just before and after the
coupling lensed fibers for power monitoring. We obtain a typical pfite™fiber — _8dB and hence pfiter-chiv — _4dB.
Fitting the microwave (optical) reflection spectrum yields ny, = 11% (1, = 35%). Given that the measured efficiency
n** = —60dB at P, = 10dBm, it follows that the single-photon cooperativity is

B Nt x hwr ko
16npr0besnﬁber—ﬁber % 77m77§ X Pin

Co ~8x 10713, (E9)

The vacuum coupling rate between the acoustic and bare optical modes is then

gO=2x,/%mC°z2wx42Hz. (E10)

Here ko = 27 x 170 MHz, k,, = 27 x 13MHz and the additional factor of two comes from the hybridization of the
optical modes (Eq. A16).

3. Estimation of on-chip and internal transduction efficiencies

We have achieved n*°® = —48dB at an input pump power of 21 dBm. With the losses quoted in Appendix E 2,
the on-chip and internal efficiencies can be estimated. For conversion in either directions, the signal goes through the
respective input and output ports exactly once, acquiring an attenuation of nProPespyfiber—chip — _7qB. We therefore
have 7°¢ = 7.9 x 107°. Knowing the extraction efficiencies 7, = 35% and n,, = 11%, we further obtain n'™* = 2 x 1072,

Appendix F: Optimization of optical extraction efficiency

An optimal optical external coupling can be chosen to maximize the total conversion efficiency. Equation E8 can
be rewritten in terms of quality factors by using the relation x = w/@, which yields

2 QQon Qo Pi
X NN X g5 —— =2 x =2 .
Mhmlo gowm Wo  We hwi,

ntot ~ 16nprobcsnﬁber—ﬁber (Fl)

For the optics, we have Q, = Qint + Qext, Where we separate the intrinsic quality factor Qjins, oftentimes fabrication-
limited and hence not easily adjustable, from the external coupling quality factor Qex that can be readily engineered
through coupler design. The optical extraction efficiency can thus be written in the form

—1
No = Rex — ant (1 + th) _ R , (F2)
Kex + Ko Qex Qex 1+R

where R = Qint/Qex and the total optical quality factor

1 1

Qo= ———7=Qint—/5- (F3)
Qin% + chl I+ R
The total efficiency in the low-cooperativity regime is then given by
R2
tot
~F—m, F4
7 (1+R)* (F4)
where
2 p
F = 16nprobes77ﬁber—ﬁber % nmgg Qlent % 1 (F5)

Winw? fuwr,

For a given F, the optimal efficiency is achieved at the critical coupling condition Qex = Qing, or R = 1.



15
Appendix G: Experimental setup and data acquisition

We employ two Toptica CTL 1550 external cavity diode lasers in our experimental setup, depicted in Supplementary
Fig. 7. The first laser (“science laser”), amplified by an erbium-doped fiber amplifier, is used to pump the device and
for generating the optical signal for down-conversion, whereas the second laser serves as the local oscillator for optical
heterodyne detection. The detuning between the two lasers is monitored from their beat note on a photodetector fed
to an electronic spectrum analyzer. Optical transmission spectra are acquired using an oscilloscope while the science
laser is scanned slowly. Their frequency axis is calibrated using a Mach-Zehnder interferometer with a long delay line
in one arm. Optical powermeters are inserted before and after the chip, while a variable optical attenuator is used
to control the power at the chip input. Fiber polarization controllers are used to ensure the science laser address the
TE modes of the microresonators.

FPC
t 1, OO _ t 1.
Carrier . BS _Oscnloscope A LO

| Delay line interference fringes
) ESA beatnote
55 b0
| S ——
—
(Bs | {Bs |

Drive
Powermeter (chip input)

FPC ATT

BS |

DC voltage supply ®—|

Lock-in
amplifier

Powermeter Fast PD Fast PD Heterodyne
(chip output) OSA spectrum (Oscilloscope) (VNA) beatnote

A A

Supplementary Fig. 7. Experimental setup. The setup to measure the conversion efficiency is divided in three parts.
First, part of the laser light is picked to calibrate its frequency using a Mach-Zehnder interferometer where a long delay line is
introduced in one of the arm. The second laser, which provide the local oscillator, is beaten with the science laser for frequency
calibration of the heterodyne signal. Finally, the science laser goes through the chip. Powermeters are placed before and after
the chip in order to measure the insertion loss. The vector network analyzer (VNA) is used during the CW measurements,
either for generating optical sidebands or for exciting the mechanics. During the pulsed measurements, the VNA is only used
during up-conversion, being replaced by the lock-in detection for the down-conversion. Abbreviations used: AOM: acousto-optic
modulator; ATT: variable optical attenuator; AWG: arbitrary waveform generator; BS: beam-splitter; EDFA: erbium-doped
fiber amplifier; EOM: electro-optic modulator; FPC: fiber polarization controller; LO: local oscillator; OSA: optical spectrum
analyzer; PD: photodetector; RFA: radio frequency amplifier; TTL: transistor-transistor logic.

For resonant transduction, the laser is tuned redward into the optical resonance from the blue side [18]. The laser-
cavity detuning is chosen to maximize the acousto-optic response, monitored on a vector network analyzer. Regarding
the acousto-optic response, one sideband is absorbed by the optical cavity, while the beating between the unsuppressed
sideband and the carrier on a photodiode provides the signal. For driving and probing the HBAR, the piezoelectric
actuator on the chip are connected to high-frequency RF probes (Picoprobe model 40A from GGB industries). We
observed that the microwave reflection spectrum remains stable over the time scale of several months, provided the
probe contact condition are maintained. We did not observe any change in resonance or broadening within the
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range of microwave probe power up to 13 dBm and optical pump power up to 25 dBm. For the down-conversion
demonstration, an external electro-optic modulator creates sidebands on the science laser. Their amplitude is adjusted
using the optical heterodyne detection setup. A DC voltage source additionally enables optical mode hybridization
using stress-optic effects via the second actuator.

Pulsed pumping is implemented by driving an acoustic-optic modulator that is switched by a transistor-transistor
logic signal generated by an arbitrary waveform generator. The pulse sequence is chosen such that the optical resonance
does not drift significantly within each pulse, as indicated by a constant steady-state “pulse-on” transmission. Pulsed
up-conversion is recorded utilizing the same heterodyne setup as continuous-wave up-conversion. During pulsed down-
conversion experiments, the microwave output from the RF probes are routed to a lock-in demodulation setup for
detection of weak pulses.
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