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Supplementary Note 1. Device fabrication

The POM micro-disk is fabricated in a 550-nm-thick c-axis aligned AIN layer on an oxidized high-resistivity silicon
substrate. A 200-nm-thick silicon dioxide (SiOs) layer is first deposited on top of the AIN as hard mask via plasma-
enhanced chemical vapor deposition (PECVD). The photonic pattern is then defined using electron-beam lithography
(EBL) with Ma-N 2403 resist, followed by resist reflow technique to improve surface smoothness. Fluorine-based
reactive-ion etching (RIE) is performed to transfer the pattern in the SiOs mask layer. The AIN is then shallow-
etched using chlorine-based RIE with a thin layer (~100nm) left as the protection layer during the later releasing
process. The second EBL is performed with ZEP 520A resist to define the releasing areas where the rest of the AIN is
etched through by the second chlorine-based RIE. In order to integrate with the “Ouroboros” chip, PECVD SiO5 and
silicon nitride (SiN) layers (5 um and 500 nm thick, respectively) are deposited successively around edge areas of the
AIN chip as spacers besides the micro-disk. The SiN protects the SiOs spacers from being etched during the releasing
process. The device is then released in buffered oxide etch (BOE) to etch the sacrificial SiO4 layer beneath the AIN
and suspend the micro-disk. The releasing process is precisely timed so that the SiO5 anchor of the micro-disk has a
minimized tip size around 100 nm in radius. The chip is finally cleaved to prepare for fiber side coupling at the two
ends of the photonic waveguide.

The superconducting “Ouroboros” is fabricated in a 50-nm-thick NbN film deposited on a 150-pm-thick sapphire
substrate. The “Ouroboros” structure is defined by EBL using hydrogen silsesquioxane (HSQ) resist. After individual
fabrication and characterization of the micro-disk and the “Ouroboros”, the two chips are aligned under a microscope
and integrated together. The “Ouroboros” chip is flipped over and placed on top of the AIN chip with the circular
capacitor pad of the “Ouroboros” aligned above the AIN micro-disk. The SiOs spacers maintain a ~ 5-pum gap between
the “Ouroboros” and the micro-disk so that optics and superconductivity would not compromise each other. This
gap, on the other hand, is still much smaller than the microwave wavelength and mode size, which ensures large
piezo-electromechanical coupling. The aligned chips are then bonded together by applying ultraviolet (UV) epoxy at
the edges. Two ultra-high numerical aperture (UHNA) optical fibers with cleaved flat end surface are aligned to the
two ends of the coupling waveguide of the micro-disk. The alignment is performed by precisely adjusting the positions
of the fibers using motorized stages to maximize the optical transmission. The fibers are then secured to the chip using
UV epoxy. The integrated superconducting POM device is then enclosed in a copper box holder for measurement.
Only three close-fit ports of the box are left open for the microwave probe and two optical fibers. In this way, optimal
shielding from the environmental noises and perturbations can be obtained. A home-made superconducting coil is
placed outside the box holder above the “Ouroboros” to provide magnetic field for frequency tuning. The coil is made
by winding a long niobium-titanium (NbTi) superconducting wire with its two terminals connected to the DC line
breakout under the 4K plate of the dilution refrigerator. A DC current (less than a few tens of milli-Ampere) is sent
to the coil to generate a magnetic field of 16 mT/A at the “Ouroboros” position.

Supplementary Note 2. Electromechanical coupling rate gem

The electromechanical coupling rate ge,, can be characterized by measuring the microwave reflection spectrum of
the coupled modes. Since in our system, the mechanical resonance of the micro-disk is out of the frequency tuning
range of the “Ouroboros”, we experimentally characterize gy using a separate device, fabricated in the same way
but the “Ouroboros” has slightly lower resonant frequency which can be aligned with mechanical thickness mode of
the micro-disk.

As shown in Fig. 1a, when the “Ouroboros” resonance is tuned to lower frequencies by the external magnetic field,
avoided crossing is observed, indicating strong electromechanical coupling. Figure 1b plots the amplitude and phase
spectrum at Bext = 0.09mT (gray dashed line in (a)), which can be fitted by using the microwave reflection coefficient
without the optomechanical coupling
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From the fitting (red lines in Fig. 1b), we extract &= = 2.7 MHz. The intrinsic microwave and mechanical @ factors

and dissipation rates of this devices are Qc; = 1.7 x 103 (52 = 6.4MHz) and Qy, = 1.4 x 10* (52 = 0.74 MHz).

It is worth pointing out that the slightly different resonant frequencies and @ factors of the device have negligible
influence on the microwave and the mechanical mode profiles and their overlap; hence won’t affect the electromechan-
ical coupling. As discussed in the main text, this directly measured ge from the characterization device agrees very
well with the fitted value based on the power dependence of the photon conversion efficiency in our superconducting

POM system. For a conservative estimation, we use 95;“ = 2.7MHz and calculate Cyp, ~ 7.4.
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Supplementary Figure 1. Measurement of the electromechanical coupling rate gem. a Microwave reflection spectrum
at different external magnetic fields. As the “Ouroboros” resonance is tuned across the mechanical resonance of the micro-disk,
avoided crossing is observed. b Line plot of the spectrum at Bexy = 0.09 mT (gray dashed line in a) with both amplitude and

phase responses. The red lines are the fitting using coupled mode formula, which extracts a coupling rate %m = 2.7 MHz.

Supplementary Note 3. Measurement setup

Detailed measurement setup of the pulsed microwave-optical photon conversion is shown in Fig. 2. An ultra-high-
frequency lock-in amplifier (Zurich Instruments UHFLI) is used to send two low-frequency (dp = 40 MHz) signals
to an IQ mixer (MarkiIQ-0618LXP), with their phase difference fine-tuned around 90° for synthesizing microwave
single sideband from an RF source (Anritsu MG3693C) at ~ 10 GHz as local oscillator (LO). This upconverted single-
sideband microwave tone can be swept by varying the frequency of the LO, and sent to either the converter (switch
pos. 1) as a c.w. microwave input or an optical single-sideband modulator (SSBM, Fujitsu FTM7961) to generate an
optical input (switch pos.2). The optical single sideband is generated from a stable tunable laser (Santec TSL-710),
which at the same time serves as the pump after amplified by an erbium-doped fiber amplifier (EDFA) and filtered
by a tunable filter to reduce noise. This c.w. pump is pulsed by switching on/off an acoustic-optic modulator (AOM,
Gooch & Housego T-M080). This is done by sending a 3-ps trigger pulse with a repetition period of 1ms from a
function generator to a TTL switch to modulate the 80-MHz RF carrier of the AOM. At the same time, the trigger
pulse is split and sent to the Zurich UHFLI as the external trigger for temporal measurement. The output signal of
the converter at ~ 10 GHz is downconverted to 40 MHz using the same RF source and sent to the Zurich for detection
in time domain.
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Supplementary Figure 2. Measurement setup of the pulsed photon conversion. UHFLI: ultra-high-frequency lock-in
amplifier. SSBM: single-sideband modulator. EDFA: erbium-doped fiber amplifier. AOM: acoustic-optic modulator. TTL:
transistor-transistor logic switch. HEMT: high-electron-mobility transistor amplifier. PD: photodetector. LNA: low-noise RF
amplifier.
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Supplementary Figure 3. Measurement repeatability and efficiency calibration principle. a Directly measured
bidirectional conversion signals at different pump power P.,. The upper panel shows repeated measurement of S,e at lower
powers after sweeping to the highest applied pump power. The results overlap very well with the original data without hysteresis
effect. The lower panel shows the consistent power dependence of Si,e and Seo. The |Seo|2 curve is manually shifted up by
30.5 dB for comparison purpose. b Signal flowing diagram showing the relation between the directly measured scattering matrix
elements S;; and the intrinsic on-chip elements ¢;;5, (¢, j = o,e). The gain and loss factors (s and (’s) can be calibrated out
together to obtain the intrinsic conversion efficiency.

Supplementary Note 4. Measurement repeatability and efficiency calibration

The bidirectional conversion signals in our experiment are highly repeatable within the largest applied pump power
at 17.2dBm. As indicated as cyan stars in upper panel of Fig.3a, we repeat the S, measurement at low powers
after sweep up to highest pump power. It can be seen that even after a few hours of delay between measurements,
the results still overlap very well with previous data, confirming no hysteresis effects. This indicates that during our
experiment, the “Ouroboros” remains well in its superconducting state with stable and repeatable resonant frequency
even in presence of the pump induced heating and the external magnetic bias field. In addition, we plot the measured
Seo at different pump powers in the lower panel of Fig. 3a to show consistent power dependence as the Sy (|Seo‘2 is
manually shifted by 30.5dB for comparison purpose), revealing the bidirectional and reciprocal nature of the M-O
photon conversion.

The conversion efficiency is calibrated by measuring the full spectra of the scattering matrix elements, following the
procedure described in [1]. The principle of the calibration is illustrated in Fig. 3b. The directly measured scattering
matrix elements S;; are proportional to the intrinsic elements of the converter up to a constant gain or loss factor.
Although it is difficult to calibrate individual gain or loss factor along each path, they can be canceled out together to
obtain the intrinsic conversion efficiency since conversion is reciprocal. The on-chip efficiency (peak of the spectrum
at w = wy,) can be obtained by
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where Soobg and Seepe denote the background of the reflection spectra S,, and Se. without resonance, namely,
181 and agfs. By fitting the reflection and conversion spectra at the optimal pump power of 16.2dBm, we extract
|So0.bglwm]|” = (4.2740.02) X 1072, [See pg[wm]|” = (6.4440.24) x 1072, [Spelwm]|? = (1.2940.04) x 1073, [Seo [wm]|* =
(1.1540.02) x 10~°. Using Eq. (S2) and the propagation of uncertainty, we can calibrate the highest on-chip conversion
efficiency to be (7.3 £0.2) x 107, corresponding to an internal efficiency of (5.8 +0.2)%.

In our experiment, the microwave and the optical input powers are set to be low enough to avoid any nonlinear
effects. As an example, we give the typical signal power levels that are used when the optical pump power is 16 dBm
with the highest conversion efficiency. For microwave-to-optical conversion, the typical microwave input power is
around —70dBm (photon number rate ~ 103 Hz), and the converted optical power is around —55dBm (photon
number rate ~ 1019 Hz). For optical-to-microwave conversion, since an optical single-sideband modulator was used
to generate the optical input, the sideband power is typically controlled to be ~50dB lower than the pump. So at
16 dBm pump power, the optical input power is around —35dBm (photon number rate ~ 10'2 Hz), and the converted
microwave power is around —110 dBm (photon number rate ~ 10° Hz).



Supplementary Note 5. Pulse response and conversion spectrum
A. Optical cavity photon response

We first calculate the response of the classical intra-cavity field a(¢) under a pulse pump input ayy, (¢), which is related
to the input pump power via P, (t) = hw0|ain(t)|2. To first order approximation, the optomechanical backaction can
be neglected and a simply follows

a(t) = (ZAO - %)a(t) + fFacin(t). (S3)

If the rising edge of the input is a perfect step function, namely, o, () = 0 when t < 0 and @, (t) = g is constant
when ¢ > 0, the intra-cavity photon number can be solved as (¢ > 0)
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Neay(t) = |a(t)]” = A2+ r2/d

[1 + et — 2cos (Agt)e” T, (S4)

which reaches steady state with a time constant 1/k,. Similarly, the falling edge will have the same response time.
The cosine oscillation term in solution Eq. (S4) is due to the perfectly sharp step edge of the input which doesn’t exist
in experiment. Therefore, in numerical calculation in Fig.3b of the main text, we used a Gauss error function for a
smoother input, instead of a step function, to reduce the artificial oscillation.

B. Conversion signal response

Now we analyze the pulse response of the conversion photon. Due to the fast response of the neay(t), the op-

tomechanical coupling gom(t) = gom,01/Mcav(t) can be simply treated as a step function. In other words, the pump
pulse serves as a fast switch to quickly turn on and off the optomechanical coupling. In the resolved-sideband limit

(Wm > ko), the Heisenberg equations of motion of the intra-cavity field a(t) = (a, é,b) can be written as [2]
a(t) = Aa(t) + Bain(t), (S5)

where ain (t) = (@in1, Gin2, Cinl; Cin2, bin2) T is the input term. The subscript (1, 2) denotes the coupling or the intrinsic
(noise) port, respectively. Matrices A and B are given by

iAo — 5 0 iGom (t) VFoc Foi O 0 0
A= 0 —iwe — 5 1Gem , B= 0 0  Fec Fei O (S6)
igom (t) igem _Z'Wm - % 0 0 0 0 v/ KFm
Combining with the input-output relation
aout(t) = BTa(t) — ajn (1) (S7)

and setting the noise input terms to be zero, we can numerically calculate the temporal profiles of the conversion
signals as plotted in Fig. 3b of the main text.

The physical understanding of the transient conversion response is as follows. In general, characteristic response
time of a cavity is determined by its total energy exchange rate (including all dissipation and coupling channels). For
the mechanical mode, besides its own intrinsic dissipation k., the electromechanical coupling provides an effective

2
energy transfer rate ~ 4,’;& = ComFm- When gop, is turned on by the pump pulse, the effective optomechanical energy

transfer rate is ~ C’om/fmo. Therefore, the mechanical total energy exchange rate is I'y, ~ (1 + Cem + Com)&m, which
results in a response time ~1/T',;, < 1ps. Similarly, the microwave total rate is I'y ~ (1 4+ Com)ke and 1/T¢ < 1 ps.
Therefore, as confirmed by the numerical results, the conversion signals can quickly reach steady state during the
3-us pump pulse. It is worth pointing out that, due to the pump induced heating, the temperature of system will
gradually increase during the pulse. However, since the thermal dynamics is a much slower process compared with
the photon conversion, it is a good approximation to treat the temperature and resonance frequencies as constants
when analyzing the conversion dynamics. In our experiment, the measurement time constant of each temporal data
point is set to be as short as 30 ns. During such short period of time, the temperature change of the system can be
neglected, and hence, the conversion process can be treated as a quasi-steady state.



C. Conversion spectrum

Solving Eq. (S5) and (S7) in the frequency domain, we can define the scattering matrix Sfw] from agut[w] =
S[w]ain|w], which can be expressed as

Sw] = BT [—iwlz — A]7'B — Ij, (S8)

where I and I are 3x 3 and 5 x5 identity matrix, respectively. The (1,3) and the (3,1) elements of S correspond to the
microwave-to-optical and the optical-to-microwave conversion coefficients (toe and te, in the main text), respectively;

namely, S13lw] = aout1[w]/cin1[w] = toelw] and S31[w] = Cous1[w]/ain1[w] = teow]. The M-O photon conversion
— 2 2 .
spectrum n[w] = [tee|w]|” = |teo|w]|” can be obtained as
HC C HO c 4C0mCom
= = , S9
] = S o 2 (59)

Com (1= i25) + (1 - 1255 ) [ Com + (1 — i%25p) (1 — 1253

which reduces to Eq. (2) in the main text when A, = —wy, and w = wy,.

Supplementary Note 6. Noise analysis

The added noise during the photon conversion process can be analyzed by calculating the power spectrum density
(PSD) of the output fields. For a field 4(t), the power spectrum density is given by Sx[w] = 5 erOO: dw' (& [-w]2[w]),

27 J—

where #[w] is the Fourier transform of #(¢). The input thermal noise terms satisfy relations

<Ain2 [w]b! 5[w']) = (Mh,m + 1)278(w + w'),
(b o [w]bin2[w']) = Tien,m2m8(w + w'), .
(Cinz[w] A;rn2 W) = (Rth,e + 1)270(w + w'),
<61Tn2 [W]éin2[w']) = fitn, 270 (w + W),
with
1 1
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Here, Ty, and T, are the temperatures of the intrinsic mechanical and microwave thermal baths, respectively. Note
that we have neglected the thermal noise of the optical mode since it will be at the quantum ground state even at
room temperature.

For microwave-to-optical conversion (upconversion), the input fields are the microwave signal &1, the

microwave noise ¢,2, and the mechanical noise Bing. Then the optical output PSD can be expressed as

I . I .
Sumtil] = Bral’3- [ el +S1aPos [ d/(ol-wlinale)
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The first term is the converted optical signal, the second and the third terms are noise. The added noise of the
converter is defined as the noise referred to the input. Plugging in Eq. (S10), we can get the microwave added noise
Nup,e and the mechanical added noise nyp m as

2
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In our experiment, the microwave thermal bath is estimated to have only a few photons (fitn,e ~ 1.6 at 1K, and 5.6
at 3K). Therefore nyp . can be easily suppressed to below one when the microwave coupling port is very over-coupled
(Ke,i € Ke,). For the mechanical added noise, when w = we = W, we have nypm = o N’ZCC Tigh,m. Namely, a large
Cem and the over-coupling condition can suppress the mechanical added noise even if device is physically in a “hot”
thermal bath. These theoretical analyses, in fact, reveal the effect of radiative cooling—that is by over coupling the
microwave mode to a cold bath, the electromechanical modes can be cooled to quantum ground state despite the large
thermal occupancy of their physical environment.

For optical-to-microwave conversion (downconversion), the input fields are the optical signal d;n1, the me-

chanical noise BinZ, and the microwave noises from both the intrinsic bath ¢, and the coupling port ¢,1. Hence, the
microwave output PSD is

1 [t R R 1 [t " .
Seoun o] = Baal*z [ dw (el l-wltm]) + Bass [ du Bal-wlbual)
| e L e (515)
2 ~ ~ 2 ~ ~
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The first term is the converted microwave signal, the second and the third terms are the mechanical and the microwave
noises. The last term is the noise coming in from the microwave input port, which then gets reflected and comes
out as part of the microwave output. For practical quantum operation, a circulator is needed to separate the input
and the output fields of the microwave port. The microwave input should be thermalized at ~ mK environment to
make sure this last term in Eq. (S15) contributes zero noise. This is also consistent with our idea and experimental
implementation of the radiative cooling [3]. Similarly, the microwave and the mechanical added noise during the
downconversion can be obtained as

2 o L 2
n CISsal’ e [ i@+ A [ —i(w — w)]] Feji (S16)
down,e — 5 Nth,e = 2 o th,e,
|S3,1| JemYomPFo,c
2
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Ndown,m = ” 5 "th,m = 2 Tth,m- (817)
|S371| gomK)OwC
We see that the thermal noises contribute differently in different conversion directions. When w = we = wpy, = — A,
2 .
the microwave added noise simplifies t0 Ndown,e = ML@ﬁme. As we have discussed in the main text, a

ComCem FKo,c Ke
high conversion efficiency requires large and matched Cy,, and Cep,, so the first factor would be around one. An
over-coupled optical port will reduce the second factor to close to one. Therefore, it is again very crucial to over
couple the microwave port (ke i/ke < 1) to suppress 7itn . The mechanical added noise at w = wy, = —A, becomes

Ko

Ndown,m = Cim = Tth,m- Hence, it is important to have a large Cy, to suppress the mechanical noise during the

optical-to-microwave photon conversion.
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