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The demonstration of a quantum link between microwave and optical frequencies would be an important
step toward the realization of a quantum network of superconducting processors. A major impediment to
quantum electro-optic transduction in all platforms explored to date is noise added by thermal occupation
of modes involved in the transduction process, and it has proved difficult to realize low thermal occupancy
concurrently with other desirable features like high duty cycle and high efficiency. In this work, we present
an efficient and continuously operating electro-optomechanical transducer whose mechanical mode has
been optically sideband cooled to its quantum ground state. The transducer achieves a maximum efficiency
of 47% and minimum input-referred added noise of 3.2 photons in upconversion. Moreover, the thermal
occupancy of the transducer’s microwave mode is minimally affected by continuous laser illumination with
power more than 2 orders of magnitude greater than that required for optomechanical ground-state cooling.
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I. INTRODUCTION

The past two decades have seen remarkable progress in the
control of increasingly complex quantum systems, toward
the ultimate goal of realizing a general-purpose quantum
computer [1]. Superconducting electrical circuits operating
at microwave frequencies and temperatures below 100 mK
have emerged as a leading platform for quantum computing
[2,3], but microwave photons have energies much smaller
than thermal energy at ambient temperature, and thus cannot
be used to mediate the exchange of quantum information
between distant quantum processors. Optical photons, con-
versely, are uniquely well suited for the transmission of
quantum information over long distances at room temper-
ature [4,5]. A quantum state-preserving interface linking
microwave and optical frequencies, or quantum transducer, is
thus a critical element in a future quantum internet [6].

Of the various figures of merit for quantum transduction
[7], perhaps the most important is the input-referred added
noise N,qq = Nou/1;:, Where Ny, is the noise measured at
the transducer output in photon units and 7, is the transducer
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efficiency. The utility of N,4q as a performance metric stems
from the fact that it can be compared directly to the signal to
be transduced. Although high efficiency is not strictly a
requirement for all transduction protocols [7], achieving
N,aa <1 photon requires high efficiency insofar as N
cannot be made extremely small. Thermal occupancy of any
mode involved in the transduction process will contribute to
N 44> and thus an ideal transducer should operate with every
participating mode in its quantum ground state.

In all systems that have been explored as potential
platforms for quantum electro-optic transduction [8,9],
ground-state operation is made challenging by the presence
of laser light required to bridge the energy gap between
microwave and optical photons. Laser illumination can lead
to bulk heating of various materials used in transducers
[10,11], and the superconducting microwave circuits inte-
gral to most transducer architectures are especially sus-
ceptible. High-energy optical photons impinging on the
superconductor will break Cooper pairs, increasing the
thermal occupancy of the microwave mode and adding
noise to the upconverted quantum state [10,12].

One approach to mitigating the detrimental effects of
laser illumination is to pulse transducer operation, at
the cost of a reduced duty cycle. Using this method,
several recent experiments have demonstrated ground-state
operation [11,13-15] and even added noise Nqq,p < 1 in
upconversion [10,16]. However, achieving this perfor-
mance has generally required low duty cycles <1073
and low efficiency 7, < 107>, with two exceptions with
better performance in only one of these metrics [11,16].

Published by the American Physical Society
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Duty cycle and efficiency are both important figures of
merit for certain applications, such as the generation of
entangled microwave-optical photon pairs [17-19], but
thus far continuous operation with high efficiency has
been demonstrated only in an electro-optomechanical
platform that used a low-frequency mechanical mode to
mediate transduction [20]. This transducer suffered from
multiple sources of added noise including the residual
thermal occupancy of the mechanical mode.

In this work, we demonstrate continuous and efficient
electro-optic transduction mediated by a mechanical mode
that has been optomechanically sideband cooled to its
quantum ground state, reaching a minimum occupancy of
0.34 phonons. We operate this transducer in upconversion,
and achieve input-referred added noise as low as Nyqq p =
3.2 photons and a maximum efficiency 7, = 47%. The
residual added noise is dominated by fluctuations introduced
by the strong microwave pump that couples the mechanical
mode to a superconducting microwave circuit, and could be
reduced by increasing the vacuum electromechanical cou-
pling rate. Notably, however, laser light near the super-
conducting circuit is not a significant contribution to the
added noise, even with power more than 2 orders of
magnitude greater than that required for optomechanical
ground-state cooling. Our results lay the groundwork for
quantum transduction and continuous entanglement gener-
ation using a membrane-based electro-optic interface with
improved microwave circuit performance.

II. TRANSDUCER DESIGN AND OPERATION

The transducer, illustrated in Fig. 1(a), consists of micro-
wave and optical resonators dispersively coupled to a single
vibrational mode of a silicon nitride membrane suspended on
a silicon chip [20,21]. The silicon chip substrate is patterned
into a phononic shield [22,23] [inset in Fig. 1(a)] with a band
gap centered on the resonant frequency of the membrane
mode of interest, w,,/2z = 1.45 MHz. Our phononic shield
has only one unit cell to enable integration into the trans-
ducer, but it nonetheless reduces acoustic radiation from the
membrane into the substrate. The improved isolation results
in a lower density of substrate modes near the membrane
mode used for transduction and a low intrinsic energy
dissipation rate y,,/2z = 113 mHz.

The microwave resonator is a superconducting niobium
titanium nitride (NbTiN) inductor-capacitor (LC) circuit in
a flip-chip configuration, whose capacitance is modulated
by the motion of the membrane [21]. The circuit has
resonant frequency w,/2x = 7.938 GHz and is coupled to
a transmission line at rate x, . /27 = 1.42 MHz. Its total
linewidth x, increases from 1.64 to 2.31 MHz as the
microwave power incident on the circuit increases.

The optical resonator is a single-sided Fabry-Perot cavity
(resonant frequency w,/2z =277 THz) formed by a
curved mirror on a superpolished fused silica substrate
opposite a Bragg mirror stack deposited on a silicon chip
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FIG. 1. Transducer design and operation. (a) Illustration of
transducer (not to scale). A vibrational mode of a silicon nitride
membrane (purple) couples to a microwave-frequency inductor-
capacitor circuit (dark blue) and a Fabry-Perot optical cavity
mode (red) confined between two high-reflectivity mirrors (light
blue). The membrane, microwave circuit, and one of the cavity
mirrors are integrated into a stack of three silicon chips. Micro-
wave and optical pumps (blue and red arrows) enhance the
electromechanical and optomechanical interactions, respectively,
and allow upconversion of a microwave signal (green arrow) or
downconversion of an optical signal (orange arrow). The inset
shows the membrane (false-colored purple) suspended on a
phononically engineered silicon substrate (gray). (b) Transducer
frequency scales. The microwave and optical pumps are red
detuned by the mechanical frequency ,, from microwave and
optical resonances w, and w,, respectively. The electromechani-
cal and optomechanical damping rates I', and I', scale with the
corresponding pump powers. (c) Simplified diagram in which the
transducer is represented as a two-port network.

bonded to the flip-chip assembly. This cavity architecture
ensures robust alignment of the membrane to the cavity
axis, suppressing scattering losses. As a result, the total
cavity linewidth x,/2z = 2.68 MHz is dominated by its
external coupling k, /27 =2.12 MHz through the
curved mirror.

The transducer is operated in an optical-access dilu-
tion refrigerator with a 40 mK base plate temperature.
Device design and fabrication details are provided in
Appendix B, and device characterization is discussed
further in Appendix D.

To operate the transducer, we apply microwave and
optical pumps red-detuned by w,, from the respective
resonators [Fig. 1(b)]. The microwave pump generates
an electromechanical beam splitter interaction wherein
phonon excitations of the membrane mode can decay into
propagating microwave photons at a rate I', proportional to
the incident microwave pump power P,, and the optical
pump generates an analogous optomechanical damping

021062-2



OPTOMECHANICAL GROUND-STATE COOLING IN A ...

PHYS. REV. X 12, 021062 (2022)

rate I", proportional to the incident power P, (see Ref. [24]
and Appendix C). These beam splitter interactions enable
bidirectional transduction between microwave and optical
frequencies over a bandwidth givenby 'y =T, + T, +7,,
[21]. The transmission efficiency on resonance between the
external ports of the microwave and optical resonators
[Fig. 1(c)] is given by

by its intrinsic decay rate y,,. Optomechanical damping
couples the membrane mode to a bath with occupancy
Ry = Amino + fefr.o <K Ny, Where the first term represents
the quantum backaction limit [25] from imperfect sideband
resolution and the second term is an effective optical mode
thermal occupancy due to pump power-dependent technical
noise (see Appendix C). Analogous effects contribute to the

electromechanical bath occupancy n,. The membrane mode
(1) occupancy n,, is given by the weighted average of the baths
to which it is coupled,

41,1,
rz -’

M =Nm

where the matched efficiency 17y = €[(k, ext) /Ko [(Ke.ext) / Ke]
is the maximum efficiency achievable in the presence of M
imperfect optical cavity modematching e and loss in the
electromagnetic resonators. The transducer achieves this
maximum efficiency when I', =T, > v,,.

In thermal equilibrium at temperature Teq, the membrane
mode is coupled to a bath with occupancy ng, = kpTeq/ e,

_ Y mMh + F;ne + ano ’ (2)
T

leading to sideband cooling of the membrane mode
[Figs. 2(a) and 2(b), insets].

The optomechanical interaction enables readout of
membrane motion in addition to sideband cooling and
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FIG. 2. Ground-state cooling of electro-optomechanical transducer. (a) Membrane mode occupancy n,, versus optomechanical
damping rate I', with electromechanical damping I', = 0. Points are data, solid gray line is a fit, and dotted gray line shows the predicted
behavior in the absence of technical noise. Orange dashed line indicates n,, = 1, and yellow dashed line indicates the backaction limit
(increase at low I', due to backaction from auxiliary optical cavity lock beam). Inset illustrates optomechanical sideband cooling, where
external blurred disks represent baths (with size indicating occupancy) to which the membrane mode (purple circle) is coupled by the
corresponding damping rates (arrows, with width indicating magnitude). The membrane mode occupancy (purple blurred disk) is
determined by the weighted average of bath occupancies. (b) n,, versus I', +1T',, sweeping I', at fixed electromechanical damping
I',/2z = 100 Hz, with curves color coded as in (a). Inset illustrates relative bath occupancies and damping rates for electro-
optomechanical sideband cooling in the gray shaded region where I', < T',,. (c) Transducer efficiency #, versus I', 4+ I',,, sweeping I',, as
in (b), with fit. Orange dashed line marks the damping at which n,, = 1. (d) Upconversion added noise Nyqqup versus I', + I, with
theory curve. (e) Schematic representation of transducer output noise in the I', <« I',, regime shaded gray in (b)—(d). The box represents
the transducer, and wavy arrows represent contributions to the microwave and optical output noise around mechanical resonance, from
membrane mode occupancy (purple) and technical noise (red and blue), with thickness indicating noise density. Photodetector indicates
optical readout. All error bars represent one standard deviation.
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transduction. Random motion of the membrane is
imprinted on the reflected optical pump in the form of
amplitude and phase fluctuations. These fluctuations mani-
fest as a pair of sidebands with Lorentzian profiles centered
at detunings +wm,, in the noise spectral density at the
transducer’s optical output port (see Appendix C), which
we measure using balanced heterodyne detection. We can
then infer the membrane mode occupancy n,, from the ratio
of upper- and lower-sideband amplitudes [25,26] and
measure the transducer’s added noise in upconversion.
The analogous electromechanical readout can also be used
to measure n,, as well as added noise in downconversion,
albeit with lower signal-to-noise ratio.

Although the transducer is inherently bidirectional [21],
upconversion is likely to be more useful in practice,
because superconducting processors enable the synthesis
of arbitrary quantum states in the microwave domain [27],
and heralded entanglement of remote quantum processors
can be achieved using upconversion and optical detection
only [28]. In this work we measure the transducer’s added
noise in upconversion only, and also use optomechanical
readout for all measurements of the membrane mode
occupancy.

III. OPTOMECHANICAL GROUND-STATE
COOLING

We first demonstrate optomechanical ground-state cool-
ing of the membrane mode with the microwave pump
absent [Fig. 2(a)], to show that our transducer realizes
the successes of past membrane optomechanical systems
[25,29] even with the additional design complexity
required for electromechanical coupling to supercon-
ducting circuitry. We measure the optomechanical side-
band ratio while varying the damping I',,, and correct for
squashing effects due to laser phase noise (see Refs. [30,31]
and Appendixes C and E) to obtain the membrane mode
occupancy n,, at each value of I',. We then fit this data to
Eq. (2) with I', = 0 and the equilibrium occupancy ny, as a
fit parameter. We also introduce an additional fit parameter
a, = e /T, to model the optical mode occupancy due to
phase noise, and include a fixed term to account for the
effects of a weak near-resonant beam used to lock the
optical cavity (see Appendix A).

The fit [solid gray line in Fig. 2(a)] yields
ng = 1000 £ 90, implying that the membrane mode equil-
ibrates to Ty =70 mK in the presence of laser light,
consistent with an independent calibration based on sweep-
ing the temperature of the cryostat base plate (see
Appendix E). Phase noise parametrized by a, = (2.8 +
1.6) x 107% Hz™! causes the fit to deviate slightly at high
damping from the behavior expected from thermal noise
with the best-fit value of ny and imperfect sideband
resolution alone [dotted gray line in Fig. 2(a)]. The good
agreement with the fit, without additional power-dependent
terms, indicates that the laser-induced heating of the

membrane mode responsible for its elevated equilibrium
temperature T, saturates quickly at very low power and
does not preclude cooling below n,, = 1 [orange dashed
line in Fig. 2(a)] for I', /27 > 190 Hz. With large T",, we
reach a minimum mode occupancy of n,, = 0.32, within a
factor of 1.5 of the backaction limit [yellow dashed line in
Fig. 2(a)].

To enable transduction, we now introduce a micro-
wave pump with fixed -electromechanical damping
I',/27z = 100 Hz, and again sweep I, in order to ground-
state cool the membrane mode [Fig. 2(b)]. We observe that
n,, deviates further from the expected behavior from
thermal noise and imperfect sideband resolution alone
[dotted gray line in Fig. 2(b)] than in the purely opto-
mechanical case, indicating an additional source of tech-
nical noise. Fixing ny, and a,, at the best-fit values from the
pure optomechanical ground-state cooling data, we find
good agreement with Eq. (2) with effective thermal
occupancy nepr, = 0.8 £0.1, consistent with neyp, =
0.77 = 0.01 obtained from an independent heterodyne
measurement of the noise in the transducer’s microwave
output spectrum (see Appendix F). This good agreement,
with ng . independent of laser power, indicates that the
additional source of technical noise is coupled in via the
microwave pump. With sufficiently high I',, the membrane
mode can again be cooled close to the backaction limit,
reaching a minimum occupancy of n,, = 0.34.

IV. TRANSDUCER CHARACTERIZATION

We next consider how the electro-optomechanical device
performs as a transducer when the optomechanical damp-
ing I',, is varied at constant electromechanical damping I',,
as in Fig. 2(b). We measure the transducer efficiency 7,
using the method developed in Ref. [21], and fit the data
to Eq. (1) with the matched efficiency #,, as the only fit
parameter [Fig. 2(c)]. The fit yields 7, 5 =43 £ 1%, in
tension  with 1y exp = €[(Ko.ext)/Ko) [(Keext) /Ke] = 55%
expected from independent measurements of the optical
cavity mode matching ¢ and the overcoupling fractions
Kext/Kk Of the two electromagnetic resonators. We suspect
the measured values of x, were artificially suppressed
(see Appendix E) and that the true matched efficiency
during these measurements was 1y .x, rather than ny g.
Nonetheless, adopting the fit value as a conservative
measure of transducer performance, we find , = 38% at
the damping for which the membrane mode occupancy is
reduced below n,, = 1.

We can infer the transducer’s input-referred upconver-
sion added noise N,qq,, from the above measurements of
the membrane mode occupancy n,, and the transducer
efficiency 7, We also take into account an additional
contribution to N,qq,p from white noise Nouw measured
at the transducer’s optical output port, which arises from the
technical noise responsible for the effective optical mode
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occupancy neg,, (see Appendix C), and plot the results in
Fig. 2(d). To understand the observed increase in added
noise when I', > T, it is helpful to consider a schematic
representation [Fig. 2(e)] of the noise emerging from the
transducer in this regime, shaded gray in Figs. 2(b)-2(d).
When the optomechanical damping I", dominates, almost
all the noise arising from thermal occupancy of the
membrane mode is routed to the transducer’s optical
output port. This contribution N, ,, to the optical output
noise density asymptotes at high I',. But to obtain the
input-referred added noise Nqq,, we must divide by the
transducer efficiency, which decreases with increasing I,
resulting in increased added noise. The fact that N,
increases with increasing I', further exacerbates the
added noise.

More precisely, the transducer’s input-referred upcon-
version added noise is given in units of photons/[s - Hz] (or
more simply photons) by

Nout.o,m + Nout,o

Nadd,up = AA n
ev o
_ Y mMh + Fene + 1—‘ono Noul.a (3)
Ae K:_Z)([Fe Aernt ,

where A, = 1 + ny, . is the transducer gain from imper-
fect electromechanical sideband resolution, and A4, is
defined analogously. The electromechanical and optome-
chanical bath occupancies n, and n, depend implicitly on
the damping rates I', and I',, respectively, because of
technical noise. In the absence of technical noise in the
optomechanical system, n, — ny;,, and the last term
vanishes. Then it is clear that increasing the optomechan-
ical damping I', can only ever increase Nygqup, and that
quantum-enabled upconversion would require electro-
mechanical ground-state cooling.

As the added noise is lowest at small ', in Fig. 2(d), we
now fix I', /27 = 85 Hz and vary I, to minimize N 44 up-
We begin by measuring transducer efficiency as a function
of I', [Fig. 3(a)]. We observe that the microwave mode
linewidth «, increases with increasing microwave pump
power P,, an effect likely related to the elevated thermal
occupancy neg, observed in the electro-optomechanical
experiment in Fig. 2(b). We account for this power
dependence in fitting the efficiency measurements (see
Appendix E), and obtain a peak efficiency #, .« = 47 £
1% at ', /2m = 75 Hz, close to the expected vale of 49%.

We then measure noise in the transducer’s optical output
spectrum while sweeping the electromechanical damping
", over this same range [Fig. 3(b)], and combine the results
with the efficiency measurements to obtain Nyq,p as a
function of electromechanical damping. Fitting the data, we
find that at I',/27 = 135 Hz the added noise reaches a
minimum value of N4, = 3.2 £ 0.1 photons/[s - Hz],
an order of magnitude improvement relative to previously
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FIG. 3.  Minimizing input-referred added noise. (a) Transducer
efficiency 5, versus I', + I',,, sweeping electromechanical damp-
ing T, at fixed optomechanical damping I",/27z = 85 Hz, with
fit. (b) Upconversion added noise N,qq,p versus I', + T, at
I',/27 = 85 Hz, with fit. (c) Schematic representation of trans-
ducer output noise in the I', ~ I', regime shaded yellow in (a) and
(b), where the box represents the transducer, wavy arrows
represent contributions to the microwave and optical output
noise near mechanical resonance, and the photodetector indicates
optical readout, as in Fig. 2(e). Error bars representing one
standard deviation are smaller than the size of the points.

reported measurements on a similar device [20]. In this fit,
we parametrize the effective microwave mode occupancy
as ner, = a,l’, + b, and again include an additional fixed
term to account for the optical cavity lock beam (see
Appendix E). The fit yields ny = 980 + 30 and a, and b,
consistent with independent microwave noise measure-
ments (see Appendix F).

The dominant contributions to the added noise at the
minimum are 1.0 photons/[s - Hz] from residual thermal
motion of the membrane and 1.4 photons/[s - Hz] from the
effective occupancy of the microwave mode, with several
smaller sources responsible for the remaining
0.8 photons/|s - Hz| (see Appendix E). Figure 3(c) shows
a schematic representation of transducer noise around the
added noise minimum, where I', %", [yellow shaded
region in Figs. 3(a) and 3(b)]. The noise arising from
membrane mode thermal occupancy is divided roughly
equally between the two transducer ports, but the mode is
not in its quantum ground state due to the smaller total
damping: n,, = 1.5 phonons when N4, is minimized.
Equation (3) indicates that in the absence of technical noise,
the added noise would continue to decrease with increasing
electromechancial damping even in the I', > I, regime
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where the efficiency is small. In our experiment, the power-
dependent effective microwave mode occupancy neg,
causes n,, to increase at large I',, resulting in an optimum
value of I', at which N4, is minimized.

Finally, we consider how the transducer’s downconver-
sion added noise N,4qg4own (NOt measured in this work)
would scale with microwave and optical pump powers.
Added noise is in general not the same in downconversion
as in upconversion. In the absence of microwave technical
noise, optomechanical ground-state cooling would be a
sufficient condition for quantum-enabled downconversion,
independent of the strength of the microwave pump.
However, the technical noise responsible for the effective
microwave mode thermal occupancy 7, also generates a
white noise contribution Nout,e to the microwave noise
density at the external port of the microwave circuit. As
indicated in Figs. 2(e) and 3(c), this excess noise is
significantly larger than the analogous optical technical
noise Ny ,, and it precludes quantum-enabled downcon-
version with this transducer.

V. EFFECTS OF LASER ILLUMINATION

As indicated by the data presented in Figs. 2 and 3,
the transducer performance is chiefly limited by the pump
power-dependent effective thermal occupancy ng , of the
superconducting microwave circuit. The continuously
applied optical pump, however, had no discernible
effect on the microwave circuit during the experiments
described above, in striking contrast to other platforms
in which pulsed operation is required to avoid micro-
wave circuit heating [10,14—16]. Indeed, laser illumination
has very little effect on the microwave circuit even
with much larger optical pump power. The gray curve in
Fig. 4(a) shows the circuit’s power reflection coefficient
|S,..(w)]> when the only light in the optical cavity is
0.3 mW of circulating power from the lock beam, while
the black curve shows |S,,(w)|? in the presence of 74 +
8 mW of circulating pump power. The laser-induced
frequency shift and increase in internal loss are barely
perceptible.

By measuring the noise emerging from the external port
of the superconducting circuit over a bandwidth much
broader than I';, we can directly probe laser-induced
heating of the microwave mode as a function of the
circulating power in the optical cavity [Fig. 4(b)], with
no microwave pump present. In the transducer ground-state
cooling measurements shown in Fig. 2(b), the maximum
optomechanical damping of 3 kHz was obtained with
7 mW of circulating power, indicating that damping (and
thus transducer bandwidth) could be further increased by
more than an order of magnitude while maintaining
ner. < 0.15. This insensitivity of the superconducting
circuit to optical illumination is a consequence of our
modular transducer design, and has proven advantageous in

(@ 1
ﬁ 0.5F -
0.3 mW
74 mW
0 1 1
7.93 7.94
Frequency (GHz)
(b) I "
2 01F I nm =1 [ 3
o .
IS | 5
= | .
£ | :
< 0.01 I : I, /2n=3kHz .
L " ,
1 10 100

Circulating power (mW)

FIG. 4. Effects of laser illumination on microwave circuit.
(a) Microwave circuit power reflection measurements with
0.3 mW of circulating lock light (gray) and with 74 mW of
circulating pump light (black). This pump power is a factor of 10
greater than that required for the highest damping rate I', shown
in Fig. 2, and 2 orders of magnitude greater than that required for
optomechanical ground-state cooling. (b) Laser-induced micro-
wave circuit noise versus circulating power in the optical cavity.
The noise remains negligible up to very large circulating power.

work integrating superconducting qubits with electro-optic
transducers [32].

VI. CONCLUSION

The device improvements necessary for achieving
quantum-enabled operation of a membrane-based electro-
optomechanical transducer are readily attainable. In par-
ticular, the effects of the noise introduced by the microwave
pump were exacerbated by an atypically small vacuum
electromechanical coupling rate g, = 27 x 1.6 Hz for the
transducer used in this work, arising from modifications to
the flip-chip fabrication procedure to accommodate the
phononic shield (see Appendix D). Simply reproducing
couplings realized in other devices [33] would reduce
the microwave pump power required to obtain a given
electromechanical damping I', by more than an order of
magnitude.

With this improvement alone, we expect N,qqp < 1 for
transduction with I', =T, % 2z x 1 kHz. The transducer
bandwidth I'; /27 ~ 2 kHz would be small compared to the
bandwidth potentially available in integrated transducers,
but nonetheless compatible with superconducting qubit
lifetimes [34]. Moreover, the transducer would operate
continuously, requiring no dead time to recover from laser
illumination, and reduction of microwave pump power-
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dependent noise would enable bandwidth to be further
increased by at least an order of magnitude. Integrating
such a transducer with an optical measurement setup that
enables the detection of single megahertz-frequency pho-
nons [35] would put the heralded upconversion of non-
Gaussian quantum states within reach.

Our electro-optomechanical device also has other appli-
cations in which its high efficiency and continuous oper-
ation would compensate for its low bandwidth. For
instance, with reduced technical noise such a device could
be operated as a source of entangled microwave-optical
photon pairs [17-19]. The relative importance of duty cycle
and bandwidth for this application will depend on the
distance of the link and the corresponding propagation
delay, but generally, an important figure of merit is the
entanglement generation rate, proportional to the product of
bandwidth, efficiency, and duty cycle. By this metric a
device with 2 kHz bandwidth and 50% efficiency operated
continuously would perform as well as a device with
20 MHz bandwidth, 10% efficiency, and a duty cycle of
6 x 107 [16].
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APPENDIX A: EXPERIMENTAL SETUP

The transducer is operated in a CryoConcept Horizontal
200 dilution refrigerator with free-space optical access and
“He precooling to minimize vibrations (previously used in
Ref. [20]). Optical access to the device is provided by fused
silica windows that filter room-temperature thermal radi-
ation to avoid heating of the cryostat base plate [36], and
the cryostat reaches a base temperature of T, = 40 mK. A
back port enables cavity transmission measurements for
beam alignment and membrane imaging. The transducer
device shares space on the cryostat base plate with a circuit
QED module used in Ref. [32] but not in this work.

The overall experimental setup is shown in Fig. 5. The
microwave pump, sourced by a signal generator with
ultralow phase noise (Rohde & Schwartz SMA100B with
option SMAB-B711), is injected into the cryostat along
with a phase-coherent cancellation tone. The amplitude and
phase of the cancellation tone are adjusted to minimize the
power routed toward the microwave measurement chain, to
prevent saturation of the cryogenic preamplifier (a LNF
LNC4_8C HEMT) by the high-power microwave pump.
Demodulation of microwave signals is performed by an

effective heterodyne detector comprising a homodyne
measurement followed by ac-coupled amplification and
modulation of the baseband signal up to 10 MHz.

The most significant change relative to the optical
control and measurement system of Ref. [20] is the use
of a widely tunable external cavity diode laser (Toptica
Photonics CTL 1050) in place of an Innolight Mephisto
Nd:YAG laser to source the optical pump. Wavelength
tuning is necessary to compensate for the absence of
piezoelectric actuators to adjust the length of the opto-
mechanical cavity. We operate the laser at a wavelength
of 1084.4 nm, where there is a local maximum in the
transducer’s vacuum optomechanical coupling g, (see
Appendix B 3). The Toptica CTL is placed in an acous-
tically isolated enclosure to reduce its sensitivity to envi-
ronmental disturbances, and locked to a filter cavity with
40 kHz linewidth [37] via feedback to the diode current
and piezo actuators on the laser cavity (not shown in
Fig. 5) using the Pound-Drever-Hall (PDH) technique.
Transmission through the filter cavity reduces the laser
phase noise at detuning w,, from the carrier by 37 dB. We
use a single-frequency fiber amplifier (Nufern Nuamp
NUA-1064-PB-0005-C1) to amplify the Toptica CTL
output beam before the filter cavity.

The beam transmitted through the filter cavity is
then frequency shifted by a double-pass acousto-optic
modulator (AOM) and split three ways: one beam (red
in Fig. 5) provides the optical pump to operate the
transducer, a second (yellow) is used to lock the fre-
quency of the optomechanical cavity to that of the laser, and
a third (maroon) provides a local oscillator (LO) for
balanced heterodyne detection. The relative detunings
of the three beams are controlled by three additional
AOMs. The incident pump beam and lock beam are
orthogonally polarized to route the beams emerging
from the cryostat to separate detectors. The detuning of
the pump beam from the cavity mode is thus given by
A, = (@pump = Diock + Ajoek) £ Ag, Where Ap is the
detuning of the locking beam from the cavity mode, Ap
is the cavity birefringence, and the sign depends on whether
the lock beam addresses the higher- or lower-frequency
cavity mode. The LO beam is detuned from the pump beam
by (@pump — 010)/27 = 12.9 MHz

The frequency of the incident lock beam is locked to a
TEM,, mode of the optical cavity using PDH feedback. An
electro-optic modulator (EOM) imprints phase modulation
sidebands on the lock beam, and the PDH error signal
obtained by demodulating the detected lock beam at the
sideband frequency is used to apply feedback in parallel to
the double-pass AOM and a piezoelectric actuator on one of
the filter cavity mirrors. The AOM channel has high
bandwidth but limited range, while the slow feedback to
the filter cavity length eliminates drift of the laser frequency
relative to the frequency of the cavity mode. The incident
lock beam power is P, = 20 nW, and the PDH error
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signal bias is adjusted to keep the lock beam slightly red
detuned from the cavity, with A /27 ranging from —30 to
—80 kHz, to avoid optomechanical instability.

A Zurich Instruments HF2LI lock-in amplifier is used for
all data acquisition. To characterize the transducer and
measure its efficiency, we use the HF2LI to synthesize
swept megahertz-frequency tones for single-sideband
(SSB) modulation of the transducer pumps and demodulate
the heterodyne detector output signals to recover these
tones (see Appendix D 3). For noise measurements, we use
the HF2LI to digitize time traces of the noise at the
heterodyne detector outputs, and then compute the noise

variance or power spectral density. See Ref. [20] for further
details of signal processing with the HF2LIL

APPENDIX B: TRANSDUCER DEVICE

1. Summary of improvements

Here we briefly lay out the changes made to the
transducer design since the device described in
Ref. [20]. We then discuss the design and operation in
more detail in the remainder of this Appendix.

Patterning the membrane chip shields the mechani-
cal mode used for transduction from environmental
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phonons, resulting in a mechanical quality factor 2 orders
of magnitude greater than that reported in Ref. [20]
(Appendix B 2). Fabricating the superconducting circuit
from NbTIN instead of Nb decreased the effect of the
microwave pump-induced noise (Appendix F). A secon-
dary motivation for changing the superconductor is the
large energy gap and fast quasiparticle recombination
time of NbTiN, which can be expected to reduce laser-
induced noise.

In Ref. [20], the positions of both optical cavity mirrors
were controlled with piezoelectric actuators in order to tune
the optomechanical coupling and the optical cavity fre-
quency in situ, given a fixed-frequency laser. In this work,
we instead bond the electromechanical flip chip to one of
the cavity mirrors in order to better preserve their alignment
at cryogenic temperatures and reduce the light scattered
onto the superconductor. As the distance between the
membrane and one cavity mirror is fixed in this geometry,
we now use a tunable laser (Appendix A) in order to control
the optomechanical coupling (Appendix B 3). With this
design change, the other mirror can in principle still be
piezoelectrically actuated to stabilize the cavity frequency
with respect to that of the laser. However, we observed
additional noise in the optical spectrum due to pickup from
the piezo leads. By shorting the leads and instead exclu-
sively feeding back to the laser frequency, we eliminated
this noise channel.

With these changes to the cavity design and choice of
superconductor, the microwave circuit was robust to high
circulating power in the optical cavity, as characterized in
Sec. V of the main text.

2. Design and layout

As shown in Fig. 1(a), the membrane, the microwave
circuit, and one of the optical cavity mirrors are integrated
into a stack of three 380-um-thick silicon chips. We refer to
the chips hosting the membrane, the greater part of the
circuit, and the mirror as the top, middle, and bottom chips,
respectively. The fabrication procedure is described in
Appendix B 4. Here we discuss the device design at a
higher level.

The silicon substrate of the top chip is patterned into a
single-cell phononic shield, made up of 900 x 900 yum?
masses joined by 100 x 550 um? tethers, with the 100-nm-
thick silicon nitride membrane supported on the central
mass [Fig. 6(a)]. The transverse dimensions of the mem-
brane (500 x 500 ym?) determine the resonant frequency
,,/27 = 1.45 MHz of the vibrational mode with two
antinodes in each direction [Fig. 6(b)], which we label
the (2,2) mode [38]. The mass and tether dimensions are
chosen to center the phononic band gap on w,,, and finite-
element simulations of the shield with periodic boundary
conditions predict a band gap between 1.10 and 1.98 MHz.

The overall size of the top chip is constrained by the
flip-chip electromechanical circuit architecture: larger chips
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FIG. 6. Mechanical design and characterization. (a) Phononic
shield design. Black circles (not to scale) indicate location of
20-um-diameter posts that determine the nominal capacitor pad
separation. (b) Normalized displacement of the 1.45 MHz vibra-
tional mode from finite-element simulation of the membrane and
capacitor pad (dashed line). (c) Optically measured mechanical
spectrum. The shaded region indicates the band gap obtained
from a simulation with periodic boundary conditions. Expected
frequencies of membrane modes (dashed lines) are obtained from
finite-element simulation. (d) Total damping obtained from
electromechanical ringdown measurements versus microwave
pump power. Extrapolation to zero pump power yields an
intrinsic mechanical damping rate of y,,/2z = 108 mHz.

make it difficult to control the capacitor pad separation d
that determines G,, the coefficient relating the micro-
wave mode frequency shift to membrane displacement.
This constraint limits the number of unit cells in the
phononic shield, but the design nevertheless yields a
vibrational spectrum with relatively few substrate modes
in the vicinity of the (2,2) mode [Fig. 6(c)]. Membranes
embedded in similar phononic crystal structures with more
unit cells have been shown to thermalize to 7 < 100 mK in
the presence of laser light [39].

A NbTiN pad on one corner of the membrane together
with a split pad on the middle chip form a parallel plate
capacitor, and the two halves of the split pad are connected
through a loop inductor to complete the electromechanical
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circuit. The middle chip portion of the circuit contri-
butes some parasitic capacitance that dilutes the sensitivity
of the circuit’s resonant frequency to membrane motion.
The electromechanical frequency shift per unit membrane
displacement is given by

w

Ge=py (B1)

where p is the ratio of the circuit’s motionally modulated
capacitance to its total capacitance, which decreases with
increasing pad separation d. Four posts arrayed in a 3.6 mm
square on the middle chip set the target capacitor pad
separation d, = 300 nm and support the top chip, which is
affixed to the middle chip using cryogenic epoxy (Stycast
2850 FT). The actual capacitor gap d can differ from d,,
because the epoxy contracts upon thermal cycling. For this
device, we infer d = 830 nm from electromechanical
measurements (see Appendix D 3 for further discussion).
Regions of the top chip and middle chip substrates are
recessed to limit the area with small separation between the
top chip and middle chip.

The bottom chip serves as a substrate for a high-reflectivity
Bragg mirror (7 ppm power transmission coefficient). The
top and bottom layers of this Bragg mirror are both SiO,,
which results in a strong bond between the mirror coating and
the substrate and enables bonding of the mirror chip to the
underside of the middle chip (see Appendix B 4). A hole in
the middle chip opposite the non-metalized portion of the
membrane allows laser light to pass through to the mirror. A
higher-throughput curved mirror (190 ppm power trans-
mission coefficient, 1 cm radius of curvature) is positioned
opposite the mirror chip at a distance of L = 2.3 mm to form
a stable single-sided Fabry-Perot optical cavity [Fig. 7(a)],
whose mode intersects the corner of the membrane opposite
the capacitor pad.

The bonding of the bottom chip to the middle chip fixes
the distance between the flat mirror and the membrane at
the middle chip thickness # = 380 pym and ensures that the
mirror and the membrane do not significantly misalign as
the transducer is cooled to cryogenic temperatures. The
coefficient G, relating the optical cavity frequency shift to
membrane displacement is determined by the longitudinal
position of the membrane in the standing wave of the cavity
mode (see Appendix B 3).

The vacuum electromechanical and optomechanical
couplings that enter into the system Hamiltonian are given,
respectively, by g, = G,x,, . and g, = G,x,;, ,, Where x,,
denotes the zero-point motion of the membrane mode. The
zero-point motion x,, , for the optomechanical interaction

is modified relative to the naive value x,, = \/%/2w,,m for
a harmonic oscillator with mass m by a factor that accounts
for the transverse displacement profile of the membrane
mode [Fig. 6(b)] integrated over the spatial extent of the
beam spot. The zero-point motion x,, for the
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FIG. 7. Optical cavity simulation. (a) Optical cavity length

scales. (b) Simulated optomechanical cavity parameters. The free
spectral range associated with the t = 380 ym spacing between
the membrane and mirror chip sets the periodicity of the optical
frequency shift per membrane displacement G, (top) and cavity
mirror loss rates &, o and K, pac (bottom) that would be obtained
if the optical cavity had a piezoelectrically actuated curved
mirror. Gray dotted lines indicate operating parameters available
to a cavity without piezoelectric actuation like the one used in
this work.

electromechanical interaction is likewise modified by the
integral of membrane motion over the area of the capacitor
pad. For the perturbed (2,2) mode we use for transduction,
Xope < Xzpo» Decause motion of the membrane quadrant
occupied by the capacitor pad is reduced relative to the
motion at the optical spot due to the extra mass of
the NbTiN film. Using a finite-element simulation of the
membrane with the normalization convention of Ref. [38],
we obtain x,,, = 0.5 fm and x,,, = 0.9 fm.

3. Fixed membrane-mirror cavity architecture

Previous optomechanical cavity designs [20,21] used
two piezoelectric actuators to provide the requisite
2 degrees of freedom for in situ control of the frequency
shift per membrane displacement G, and continuous tuning
of the perturbed cavity frequency to match that of a fixed-
frequency laser. The presence of two planar surfaces
susceptible to misalignment in such cavities resulted in
large scattering losses when the membrane was positioned
at regions of higher intracavity field intensity, limiting
operation to membrane positions with low G, [20]. The
piezoelectric actuators on these cavities also provided a
channel through which electrical noise could couple into
the optomechanical system. In this work, we instead used a
cavity with two fixed mirrors together with a tunable laser.

To understand the operation of an optomechanical cavity
with two fixed mirrors, it is illustrative to first consider the
case of an otherwise identical cavity with piezoelectric
actuation of the curved mirror opposite the silicon chip
stack. Because the distance between the flat mirror and the
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membrane is fixed, the only way to translate the membrane
relative to the cavity mode standing wave (and thus tune G,
in situ) is to vary the laser wavelength. The curved mirror
can then be actuated to maintain cavity resonance and
probe G, continuously as a function of laser wavelength.
Tuning the laser also changes the optical cavity decay rates
Ko exts Ko pack> aNd K, 1055 associated with the input mirror, the
weakly coupled back mirror, and absorption or scattering
losses, respectively. G,, K,ex» and k,p,x can be cal-
culated using a one-dimensional transfer matrix model.
All three quantities are periodic in the free spectral range
AJESR mem = 4%/2t = 1.55 nm associated with the distance
t =380 um between the membrane and flat mirror. The
loss rate k, 05 18 difficult to model because it depends on
the alignment between the membrane and the cavity
mirrors, the membrane-perturbed frequencies of higher-
order modes, and the location of lossy scatterers.

Figure 7(b) shows the results of the transfer matrix model
simulation using the distances ¢ and L and the mirror
coating transmission coefficients of our cavity. In the
course of tuning the resonant wavelength of the cavity
by AApsrmems the optomechanical frequency shift G,
exhibits two nulls, corresponding to the membrane sitting
at the node and antinode of the optical field intensity, and
two local maxima, where the intensity gradient is maxi-
mized. The larger local maximum corresponds to light
building up preferentially in the shorter section of the
cavity, between the membrane and the mirror deposited on
the bottom chip, while at the lower local maximum, the
intracavity light is concentrated in the longer cavity section
between the membrane and curved mirror. The features
have different widths, with the wider one corresponding to
light building up on the side of the mirror that is actuated
(the curved mirror in the simulation shown in Fig. 7). The
decay rate «,. through the higher-throughput curved
mirror is maximized when intracavity light is concentrated
in the longer cavity section, while the decay rate k, pack
through the lower-throughput flat mirror is maximized
when light is concentrated in the shorter section.

We chose to deposit the higher-transmission coating on
the curved mirror farther from the membrane, designating it
the input mirror, in order to keep the sum &, ¢y + K, pack
(equal to the cavity linewidth «, in the absence of loss)
relatively constant as a function of wavelength. Depending
on the laser wavelength, the optical field will preferentially
build up on either one side of the membrane or the other,
and the change between the two cavity section lengths
counteracts the change between the mirror throughputs.
This insensitivity of &, ¢y + K, pack 0 Wavelength allows
flexibility in operating the transducer, because in the
absence of additional loss the optomechanical sideband
resolution is similar at the two local maxima in G,. The
option to use the lower local maximum is important
because there the cavity mode is less susceptible to loss

from any misalignment between the membrane and flat
mirror on the bottom chip [37].

Eliminating piezoelectric actuation of the curved mirror
restricts operation to a discrete set of wavelengths at which
the laser is resonant with a longitudinal mode of the optical
cavity, separated by roughly the unperturbed optical cavity
free spectral range Adpgg = A%/2L = 260 pm [gray dashed
lines in Fig. 7(b)]. Because the membrane sits at a different
position in the intracavity standing wave at each of these
wavelengths, we retain the ability to choose an operating
point with high coupling and low loss in situ. In this work,
we operate our transducer at a wavelength near the lower of
the two local maxima in G,,.

4. Device fabrication

Three separate silicon wafers are processed in order to
construct the device. The bottom chip wafer has a high-
reflectivity SiO,/TaOs Bragg mirror coating deposited
using ion beam sputtering by FiveNine Optics. In order
to ensure the wafer is flat at room temperature, a require-
ment for bonding the bottom chip and middle chip wafers, a
3 pm SiO, stress compensation layer is deposited on the
back of the wafer as well. The portion of the electro-
mechanical circuit on the middle chip wafer is fabricated
from a 200 nm layer of sputtered NbTiN and patterned
using a fluorine etch. The posts that define the target
capacitor pad separation are then patterned from a 300 nm
aluminum film, and the optical access hole in the middle
chip is etched using a deep reactive ion etch (DRIE).

The bottom chip and middle chip wafers are bonded
using a hydrophilic Si-SiO, bonding process [40]. Surface
preparation of the bonding interfaces is done with two
atmospheric plasma treatments: one oxygen-rich plasma
to descum the surface and one hydrogen-rich plasma to
create the desired surface chemistry. The wafers are then
pressed together and annealed at 150 °C. After bonding, the
Si0, stress-compensation layer is removed with a hydro-
gen fluoride (HF) vapor etch to make a symmetric silicon—
mirror coating—silicon stack. The bonded wafers are then
diced to create 8 x 8 mm? chips.

A 100 nm high-stress layer of stoichiometric SizN, is
grown on the top chip wafer using low-pressure chemical
vapor deposition. The capacitor pad is then patterned from
a 30 nm film of sputtered NbTIN using a 5:2:1
H,0:H,0,:NH,OH solution. A DRIE step followed by
immersion in potassium hydroxide (KOH) is used to define
and release the membrane. Lastly, a final DRIE step
patterns the phononic shield (see Appendix B 2) and dices
the wafer into 6 x 6 mm? chips. The membranes are
cleaned in nanostrip at 60 °C and then in HE. A top chip
is then flipped over onto a middle chip—bottom chip stack
using a Westbond manual die bonder, and small amounts of
Stycast 2850 FT cryogenic epoxy are applied to affix the
top chip and middle chip together.
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A superpolished fused silica substrate for the curved
mirror is fabricated by Perkins Precision Developments. A
high-reflectivity SiO,/TaO5 Bragg mirror is then deposited
on this substrate by FiveNine Optics. The fused silica
substrate and three-chip stack are supported by an Invar
enclosure in order to minimize thermal contraction upon
cryogenic cooling. External coupling to the microwave
circuit is achieved through its mutual inductance with a
loop coupler at the end of a coplanar waveguide on the
middle chip. This coplanar waveguide is wire bonded to a
flexible printed circuit board with a SMA connector at the
opposite end supported by the Invar structure.

APPENDIX C: THEORY

1. Hamiltonian formalism

The electro-optomechanical system is described by the
Hamiltonian,

Hih=w,d'a+w,b'b+w,cte

+ (god"a + g,b'b) (¢ + &), (C1)
where a, @, and ¢ are, respectively, the optical, microwave,
and mechanical mode annihilation operators, and ¢, and g,
are the vacuum optomechanical and electromechanical
coupling rates [24].

Optical and microwave pumps detuned from the corre-
sponding electromagnetic resonances by A, and A, pro-
duce phase space displacements a and b for the optical and
microwave modes, respectively. Linearizing Eq. (C1) about
a and b yields

(€2)

in the rotating frame of the pump fields. H,;, contains both
beam splitter terms of the form & ¢ and two-mode squeezing
terms of the form a'¢’. The beam splitter terms can be
resonantly enhanced by red-detuning the pumps by approx-
imately the mechanical mode frequency (A, = A, & —w,,).
Then Eq. (C2) becomes the Hamiltonian for three harmonic
oscillators at the same frequency that can exchange quanta
via the beam splitter interactions at rates g, |a| and g,|b|.
We then extend the Hamiltonian model to include decay
rates represented by ports on the three resonators. Speci-
fically, we add one port to the mechanical mode (represent-
ing energy dissipation at rate y,,), two ports to the micro-
wave mode (representing coupling to a transmission line at
a rate K, .y, and internal loss at rate x, i), and two ports to
the optical mode (representing coupling through the higher-
throughput curved mirror at rate k,, ¢, and the sum «,, ;,, +
K,back Of scattering or absorption losses and transmission
through the lower-throughput back mirror). In the weak

COllpliIlg regime (go <K Ky = Kpext T Ko int + Ko.back)y the
optomechanical interaction then contributes net damping
to the mechanical mode given by

_ K K,
S — )

K2 /4 + (@, + A, K3/4+ (@, — A,)
(C3)

where |L_l| = \/(Po/hwp,o)ePCKo,ext/(Ktz)/4 =+ A%)’ wp,o =
w, — A, is the optical pump frequency, and epc is the mode
matching of the incident pump beam to the optical cavity
mode. The second term in Eq. (C3) represents antidamping
from imperfect suppression of the two-mode squeezing
terms a'¢’ and a ¢ in Eq. (C2); it is suppressed relative to
the first term at optimal detuning A, = —®,, in the resolved
sideband limit x, <« 4w,,. Likewise, the electromechanical
damping rate for g, K kK, = K, exi + Ke ing 18

r, = ¢2lbP e - w
‘ ‘ K%/4 + (a)m + Ae)z K%/4 + (wm - Ae)z ’

(C4)

where |b| = /(P,/h, )k, e/ (K2/4 + A2) and w,, =
p.e)Ke, 3

w, — A, is the microwave pump frequency.

2. Transducer efficiency

The transmission of a narrowband signal from the
external port of the microwave resonator through the
transducer to the external port of the optical cavity is
governed by the scattering parameter,

S (a)) — A A Ke.,eXt K().ext m
oe e/ Yo K, K, FT/2_i(w_wm)y

where o is the detuning of the input signal from the micro-
wave pump, A, = —[(x,/2)*> + (A, — ®,)*] /44,0, is a
gain factor arising from the optomechanical two-mode
squeezing terms in Eq. (C2), and the definition of A4, is
analogous [21]. These factors are undesirable because any
transducer gain is necessarily accompanied by added noise
[41]. With optimally red-detuned pumps, the gain factors
reduce to A, = 1 + (k,/4w,,)? and A, = 1 + (k,/4w,,)?,
and the transducer gain approaches unity in the resolved
sideband limit. The transmission of a narrowband signal
mode matched to the optical cavity through the transducer
to the external port of the microwave resonator, S,, (@), is
formally identical to S, (w).

Following Ref. [21], we use a conservative definition of
the transducer efficiency that accounts for energy lost in
each of the three modes involved in the transduction
process as well as imperfect optical cavity mode matching
[not included in Eq. (C5)]. To properly account for mode
matching, we must adapt the formalism of Ref. [21] to our

(C5)

021062-12



OPTOMECHANICAL GROUND-STATE COOLING IN A ...

PHYS. REV. X 12, 021062 (2022)

heterodyne detection scheme. In downconversion the
relevant mode matching factor is the mode matching
epc of the incident pump beam to the cavity, while in
upconversion the relevant factor is the mode matching ecy,
of the light emerging from the cavity to the LO beam. We
thus redefine the optical input and output ports to absorb
mode matching factors, so that S,,. (@) = |/eécr. S, (@) and
Seo(®) = \/€pcS.,(w). The upconversion efficiency for
an incident signal on resonance is then defined as », ,, =
|Spe(@,,)]?/ A, A, and the downconversion efficiency is
defined as 1, goun = |Seo(®y)]?/ A, A,. We take our figure
of merit to be the bidirectional efficiency 7, = | /7 up/1.down>
given by Eq. (1) in the main text. For I', =T, > y,,, n,
achieves its maximum value Ny =
€l(Koext)/Ko)[(Keext)/Ke), Where we have defined the bidi-
rectional modematching € =  /épcect .

3. Optomechanical sideband cooling

As noted in the main text, the same beam splitter
processes that mediate transduction also cool the membrane
mode. For definiteness, we consider the optomechanical
interaction in isolation. Optomechanical cooling arises
from the imbalance between the rates of Stokes and
anti-Stokes scattering processes when the pump is red
detuned from the cavity mode. The Stokes process, wherein
a pump photon is scattered to lower energy by emitting a
phonon into the membrane mode, is suppressed relative to
the complementary anti-Stokes process by the reduced
density of states away from cavity resonance. The rates of
the anti-Stokes and Stokes processes are given, respec-
tively, by n,I', . and (n, + 1)[,_, where n,, is the
phonon occupancy of the membrane mode, and I', , and
I', _ are the anti-Stokes and Stokes contributions to the net
optomechanical damping rate I', [i.e., the positive and
negative terms in Eq. (C3)] [24].

If the mechanical mode were completely decoupled from
its thermal environment, it would reach equilibrium when
the Stokes and anti-Stokes scattering rates become equal,
resulting in a final occupancy,

L= = , Co6
Phmin,o 1- ’70 _4Auwm ( )

where 7, =T', _/I", ,. To generalize to the case where the
mechanical mode is coupled to more than one bath, note
that I', _ = I',n, .0 thus heating by Stokes scattering can
be described as a coupling to a bath n;, , at rate I, to
which the membrane mode equilibrates when I', over-
whelms all other contributions to the total mechanical mode
damping I'7. This lower bound on the mode occupancy
arising from residual Stokes scattering is called the quan-
tum backaction limit.

The derivation of the electromechanical backaction limit
is entirely analogous to the above optomechanical

derivation. In the absence of technical noise, the competi-
tion between the membrane mode’s coupling to its thermal
environment through its intrinsic dissipation rate y,, and its
coupling to optomechanical and electromechanical back-
action baths results in Eq. (2) for the final occupancy of the
membrane mode. The transducer gain factors introduced in
Appendix C 2 are related to the backaction bath occupan-
cies by A, = 1 + npin, and A, = 1 4 nyp .

4. Optical output spectrum

To infer the membrane mode occupancy and study the
transducer’s noise performance, we make heterodyne
measurements of the noise density at the optical cavity
output port. Here we describe the relevant features of the
optical output spectrum in the absence of technical noise,
and in Appendix C5 we generalize the expressions to
include the effects of technical noise. The scattering
processes described above generate Lorentzian peaks in
the optical output spectral density at detunings +w,, from
the pump frequency. In units of photons/[s - Hz| referred to
the transducer’s optical output port, the spectrum around
the upper (anti-Stokes) sideband has the form

Ko,ext FOFT(l + nmin,o)nm
k, T2/4+ (0 —w,)*’

So(@) =1+ ect (€7)

and the spectrum around the lower (Stokes) sideband is

Ko ext ForTnmin,o(nm + 1)

S — :1 )
o(@) +ea k, T2/4+ (0 + w,)?

(C8)

where the background terms correspond to the sum of
vacuum noise and the added noise of an ideal heterodyne
detector. The upper- and lower-sideband amplitudes
Nowos+ = So+(fw,,) — 1 are proportional to the optome-
chanical anti-Stokes and Stokes scattering rates, respec-
tively, and thus the ratio of measured sideband amplitudes
To = Nowo—/Nouwo+ can be used to infer the mode
occupancy by inverting

Nmino  Mm + 1

nmin,o + 1 Ny,

(C9)

r, =

At high temperatures, n, =n, + 1, and comparing
Eq. (C9) to Eq. (C6) reveals that r, — 7,. As n,, decreases,
r, increases, asymptoting toward 1 as n,, approaches its
minimum value 7, ,.

When both pumps are present, the beam splitter inter-
actions transduce incident microwave signals detuned by
+w,, from the microwave pump to outgoing signals at
detuning +w,, from the optical pump, and vice versa. Thus
the transducer noise that competes with an upconverted
signal at the optical output port is Ny, .. The input-
referred upconversion added noise is then given by
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(C10)

This equation indicates that, up to small effects from
imperfect sideband resolution and microwave mode inter-
nal loss, the ability to ground-state cool the mechanical
mode with purely electromechanical damping is a neces-
sary and sufficient condition for Ny, < 1. Assuming
comparable electromechanical and optomechanical side-
band resolution, n,, will remain approximately constant at
constant total damping I'7, but trading off electromechani-
cal damping for optomechanical damping while holding 'y
constant can only increase the added noise. Moreover,
Nagaup 1s independent of all other parameters of the
optomechanical system. Qualitatively, this is because after
the signal to be upconverted enters the mechanical mode, it
copropagates with any noise routed to the optical output
port, so the effects of the optical cavity parameters on the
signal and noise cancel.

The form of the upper and lower electromechanical
sideband amplitudes N, . and N, _ in the microwave
output spectrum is analogous to the optomechanical case
described above. In the absence of technical noise, the
input-referred downconversion added noise is given by

Nout,e,+ — ny Kmm&’ (Cll)
Ae-Aorlt,down €PC-/4 y 1—‘0

0 K,

N, add,down —

independent of electromechanical system parameters.
Without technical noise, the ability to ground-state cool
with the purely optomechanical damping is a necessary and
sufficient condition for N,4q gown < 1.

2

_ 1 € KD.CXI

= —€pC
4

Negr 0
0

where B, (w) = e y,(w) + ¢y} (-w) and B,(w) =
ey, (w) — ey (—w) are amplitude and phase noise
susceptibilities, ¢ = tan~! (2A,/x,) is the optomechanical
phase shift, y,(w) = 1/[k,/2 —i(w+ A,)] is the optical
cavity susceptibility, and C,,, C,,, and C,, are technical
noise spectral densities. Specifically, C,, and C,, are two-
sided amplitude and phase noise spectral densities, respec-
tively, while C,, is the two-sided amplitude-phase cross-
correlation spectral density, subject to the constraint
C)%y < C,C,,. All three spectral densities are evaluated
at detuning w,, from the pump, and expressed in units of
|

At

K, *
Ay 7 {IBu(@n) P Cox + [By (@) P Cyy + 20m (B () By (@0)]Coy },

1 .
0+ — Z(’:CL(’:PC(H:0|2 + |K0.ext)(o(j:a)m) - 1|2](Cxx + ny) - 2Re{p*[’<o,ext)(o(:twm) - 1](Cxx + 2ley

5. Effects of technical noise

We define technical noise broadly to encompass all pump
power-dependent effects on the transducer noise perfor-
mance other than heating of the thermal bath ng, to which
the mechanical mode is coupled. Noise sources that fall into
this category include amplitude and phase fluctuations of
the incident microwave or optical pumps at detuning w,,,
fluctuations of resonator parameters at frequency w,, (e.g.,
fluctuations of the superconducting circuit resonant fre-
quency due to two-level systems [42]), and heating of the
superconducting circuit by either of the pumps. All of these
noise sources present either as an effective microwave mode
thermal occupancy 7., coupled to the membrane mode at
rate I', or as an effective optical mode occupancy ng,,
coupled to the membrane mode at rate I',, [24,30]. Thus the
formalism presented in the main text can be used to model
the effects of technical noise on sideband cooling without
regard to the physical origin of the noise.

When readout of mechanical motion is performed using
a pump coupled to a bath with nonvanishing effective
occupancy n.g, two other effects of technical noise on the
output spectrum must be considered. First, technical noise
will generate an additional contribution to N,y distinct
from its direct effect on n,,. Second, technical noise from
pump or parameter fluctuations can modify the amplitudes
of the Stokes and anti-Stokes peaks in the output spectrum,
and to correctly infer n,, we must correct for this effect.

In the remainder of this section, we restrict our focus to
technical noise arising from amplitude and phase fluctua-
tions of the incident optical pump, following the formalism
of Ref. [30], as optomechanical readout is used for all the
data presented in Figs. 2 and 3. The optical mode effective
thermal occupancy due to amplitude and phase fluctuations
is given by

(C12)

|

photons/[s - Hz| normalized to the shot noise of the beam
incident on the optical cavity. They are thus all proportional
to pump power, motivating the parametrization neg , =
a,l’, used in the main text (see Appendix E 3 for further
discussion).

Cy, Cyy, and C,, can all be modeled as white noise
spectral densities in the narrow spectral window of interest
around +w,,. They thus generate frequency-independent
excess noise S, . (S, _) over the background in the optical
output spectrum around the upper (lower) sideband. These
excess noise spectral densities are given by

_ny)})7 (C13)
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where p = 1 — K, /(k,/2 —iA,) is the attenuation and
phase shift of the pump reflected from the cavity. Ampli-
tude noise C,, would contribute to S‘oi even in the absence
of a cavity, while C,, and C,, contribute because the cavity
rotates phase fluctuations into the amplitude quadrature.
For an overcoupled cavity at optimal detuning in the
resolved sideband limit, phase noise contributes primarily
to S, and amplitude noise contributes primarily to 5’0,_.
In the discussion of added noise in the main text, for
|

which only noise in the upper sideband is relevant, we
introduce the symbol Ny, = S, . (+@,,) = S, . to paral-
lel the notation used for the Lorentzian contribution to the
noise.

The final effect we must account for is a modification of
the Stokes and anti-Stokes peaks in the optical output
spectrum due to correlations between membrane motion
and amplitude and phase fluctuations of the incident light.
Equations (C7) and (C8) become

I

4

- K
So (@) =148, +ecL Z’GMA

o

01“%/44— (w—w,,)?

2 2
x |:FT (”m _€PC%R6[B+]> _2€PC(w_wm)%Im[B+}:| (C14)
and
e Ko ext Fo
S,_ =14+S,_ A,
A=t St AR vt o
My K - Koo
X {FT <% (n, + 1) + epc ZURC[B_D —2¢epc(w + w,,) Z”Im[B_]] , (C15)
where
~ e~ ) . .
B, = T (Ka.ext|)(0(iwm)| [Bx(:F a)m)(cxx + ley) + By(:F a)m)(lcxy - ny)]
_)(:k)(iwm){[(Bx(:F a)m)cxx + lBy(:F a)m)c)g](l +p) + [le(:F wm)cxy - By(q: a)m>C}y](1 —P)}) (C16)

Equations (C14) and (C15) reveal that these correlations
both change the peak amplitudes Ngy, . and add an
antisymmetric contribution to the line shape of each peak,
where the sign of these extra terms depends on the relative
values of C,,, C,,, and C,,. Equation (C10) for the
transducer’s upconversion added noise is then modified
to account for amplitude and phase noise by the substitu-

tion Nout,0.+ - Nout,o,+ + Nout,o-

APPENDIX D: TRANSDUCER
CHARACTERIZATION

Transducer device parameters are summarized in Table 1.
Measurements of these parameters are detailed below.

1. Microwave circuit characterization

We characterize the microwave circuit by measuring the
reflection scattering parameter S, (w) encoding its ampli-
tude and phase response as a function of detuning from
resonance. When normalized to the off-resonance level, this
scattering parameter is

— Keﬁext -1
Ke/2 - i(w - we)

See(®)

(D1)

|

We use a vector network analyzer to generate a weak swept
probe tone and injectitinto the fridge together with the strong
pump tone at fixed detuning A, = —w,, from w,. Sweeping
the microwave pump power P, and fitting S,.(®) then
allows us to measure the power dependence of the micro-
wave circuit’s internal loss x,;, [plotted in Fig. 10(a) in
Appendix F] as well as the power-independent microwave
circuit external coupling rate k, ., /27 = 1.42 MHz.

For the data shown in Fig. 3, the incident microwave
pump power was swept over the range 0.2 < P, < 10nW,
and the circuit’s total linewidth k, /27 = (K, ex; + Ke.int) /270
varied between 1.64 and 2.31 MHz over this range.

2. Optical cavity characterization

We also characterize the optical cavity by measuring its
reflection response, and the relevant scattering parameter is
formally analogous to S,.(w). We tune the laser wave-
length to put the lock beam close to resonance with the
optomechanical cavity, and then sweep the frequency of the
laser relative to that of the optomechanical cavity by
ramping the voltage applied to a piezoelectric actuator
on the filter cavity to which the laser is locked (see
Appendix A). This scheme measures |S,,(o)[?, with the
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TABLE L

Electro-optic transducer parameters. The range of values for the microwave circuit linewidth x, and the

electromechanical transducer gain A, correspond to the range of pump powers used in Fig. 3. For the optical cavity
mode matchings and transducer efficiency, the first (second) numbers correspond to the data shown in Fig. 2

(Fig. 3).

Parameter Symbol Value

Optical cavity frequency , w,/2r =277 THz
Optical cavity external coupling Ko ext Koext/27m = 2.12 MHz
Optical cavity linewidth K, K,/27 = 2.68 MHz
Microwave circuit frequency @, w,/2m =7.938 GHz
Microwave circuit external coupling Ke.ext Keext/2m = 1.42 MHz
Microwave circuit linewidth K, k,/2r = 1.64-2.31 MHz
Mechanical mode frequency [ w,,/2x = 1.451 MHz
Intrinsic mechanical dissipation rate Ym Ym/27 =113 mHz
Vacuum optomechanical coupling 9o 9,/27 = 60 Hz
Vacuum electromechanical coupling Je g./2x = 1.6 Hz
Mode matching of pump beam to cavity mode €pc epc = 0.86(0.80)
Mode matching of cavity mode to LO beam ecL ect, = 0.91(0.79)
Bidirectional mode matching € = \/épcécL € = 0.88(0.79)
Matched efficiency (peak efficiency) v (17 max) Ny = 55% (1, max. = 49%)
Optomechanical transducer gain A, A, =122
Electromechanical transducer gain A, A, =1.08-1.16

horizontal axis calibrated using the phase modulation
sidebands on the lock beam. Fitting the data then yields
k,/27 = 2.68 + 0.05 MHz for the optical cavity linewidth.

To optimize and measure the mode matching of the
cavity mode to the pump or LO beams (epc and ecy,
respectively; see Appendix C 2), we inject an additional
probe beam into the cavity through the low-transmission
back mirror and steer the transmitted mode to a detector
where it interferes with the beam of interest. We then
equalize the power of the beams, measure the visibility )V of
the interference fringes that result from a relative detuning
between the beams, and define the associated mode
matching as V2.

The mode matching factors could change slightly over
the course of a cooldown as beam alignments drifted. The
data shown in Fig. 2 in the main text were acquired
immediately after the mode matchings were reoptimized
and measured to be epc = 0.86 and ¢ = 0.91. Both
before and after the acquisition of the data shown in
Fig. 3, the mode matchings were measured to be epc =
0.80 and ec;, = 0.79. Once epc and the cavity linewidth «,,
are known, the external coupling rate &, /27 =
2.12 MHz is inferred from the depth of dip on resonance
in a measurement of |S,,(®)|? in which the pump beam is
used to probe the cavity. The mode matching of the lock
beam to the cavity mode was not directly measured. We
infer €, = 0.85 using the depth of dip in the lock beam
|S o (@)|> measurement together with the measured value
of Ky ext-

One final mode matching factor that does not involve the
cavity mode is also relevant to the calibration of the
efficiency (see Appendix E 1). We define ep; as the mode

matching of the LO beam to the promptly reflected pump
beam with the cavity unlocked. We measured this mode
matching to be ep;, = 0.75 for the data shown in Fig. 2 and
epr, = 0.79 for the data shown in Fig. 3.

For the data shown in Fig. 2, the optical pump
power incident on the cavity was swept over the range
20nW < P, < 1.7uW. For the data shown in Fig. 4, the
relevant quantity is not the incident power P, but rather the
intracavity circulating power,

€PCP()
K2/4 + A2

€lock Plock
Pcirc = AI/FSRKa,ext< S >’ (DZ)

Kt27/4 + Alzock

where Avpsg = ¢/2L is the free spectral range of the
optical cavity in frequency units. Uncertainty in P, comes
from uncertainty in the cavity length L and uncertainty in
the measured value of the optical insertion loss within the
cryostat.

3. Optomechanical and electromechanical
characterization

To study the vibrational modes of the membrane, we
exploit the phenomenon of optomechanically induced
transparency (OMIT), wherein S,,(®) is modified by
optomechanical interference effects for a swept probe tone
coherent with the pump field [24], as well as the analogous
phenomenon of electromechanically induced transparency
(EMIT). We generate these coherent probe tones using SSB
modulation of either the microwave pump (for EMIT
measurements) or the rf drive to the AOM that controls
the optical pump beam detuning (for OMIT measurements;
see Appendix A), with the pump frequency fixed in both
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cases. These measurements reveal the vibrational spec-
trum of the membrane over a wide frequency range [see
Fig. 6(c)]; we then identify the (2,2) mode and sweep over a
narrower range for further characterization. The mechanical
features in OMIT and EMIT generally have Fano line
shapes, with linewidth I';. We can also obtain I'; by
transducing a swept signal to measure the mechanical
mode’s Lorentzian transmission profile (see Appendix C
2), using SSB modulation of the microwave pump and
optical heterodyne detection to measure S,,(w) or SSB
modulation of the optical pump and microwave heterodyne
detection to measure S,,(®).

The membrane mode quality factor Q,, = ®,,/y,, of the
(2,2) mode is sufficiently high that the frequency-domain
characterization described above becomes unwieldy, so we
interrogate the mechanical mode at low damping using
a purely electromechancial time-domain measurement
T, =0). We apply a low-power microwave pump tone
at fixed red-detuning A, = —w,, from ®,, turn on a
temporary SSB probe tone at detuning +w,, from the
pump to ring up the mechanical mode, then turn off the
probe tone and demodulate the microwave heterodyne
signal at frequency w,, to monitor the exponential decay
of the membrane oscillations at rate I'y =1, +7,,. By
repeating this measurement at different microwave pump
powers P, we map out I'y versus P, [Fig. 6(d)].
Extrapolating to P, = 0 then yields the bare mechanical
linewidth y,,/2z = 108 mHz, corresponding to a quality
factor Q,, = 1.3 x 107. Performing these ringdown mea-
surements electromechanically rather than optomechani-
cally allows us to avoid optomechanical damping from the
lock beam (See Appendix D4). Measurements of the
temperature dependence of y,,, discussed further in
Appendix E 2, indicate that y,,/2z = 113 mHz is actually
the relevant value for the data presented in the main text
because the membrane equilibrates to an elevated temper-
ature in the presence of laser light.

We use this same low-power measurement of I'; versus
P, and Eq. (C4) to infer the vacuum electromechanical
coupling g, (the electromechanical damping I', does not
scale linearly with P, at high power because of power-
dependent microwave circuit loss). The slope of the linear
fit in Fig. 6(d) yields g, = 1.6 &£ 0.2 Hz, with the uncer-
tainty dominated by uncertainty in the cryostat insertion
loss. Together with the zero-point motion obtained from
simulation (see Appendix B 2), this measurement implies
that the electromechanical frequency shift per unit mem-
brane displacement is G, = 3.2 Hz/fm. Solving Eq. (B1)
self-consistently for the capacitor pad separation d and
the participation ratio p(d) then yields d = 830 nm and
p = 0.67. An analogous linear fit to I'; versus P, at A, =
—w,, in a purely optomechanical measurement yields
Jo/27m = 60 + 6 Hz, with uncertainty again due to inser-
tion loss. The corresponding frequency shift G,/27 =
70 + 10 Hz/fm is consistent with operation on the lower

local maximum of optomechanical coupling in the top
panel of Fig. 7(b), and the associated value of k,, ¢ from the
simulation (bottom panel) matches the measured
value K, ¢, /27 = 2.12 MHz.

The capacitor pad separation inferred from the electro-
mechanical damping sweep is substantially larger than those
previously observed in similar flip-chip devices. The device
used in Ref. [20] had d =300 nm, and purely electro-
mechanical devices tested since then have regularly achieved
gaps in the 150-200 nm range [33]. The large gap in this
device was likely a consequence of modifications to the
fabrication procedure required to integrate the phononic
shield into the flip-chip architecture. In past devices without
phononic shielding, the top chip was supported by two inner
posts near the membrane as well as the four outer posts
described in Appendix B 2, but these inner posts reduced the
effectiveness of the phononic shield in simulations.

We are presently exploring the effects of aligning
inner posts with nodal lines of the membrane mode’s
transverse displacement profile to mitigate their impact on
phononic shield performance. Another cause of unreliable
pad separation is the thermal contraction of the epoxy used
to affix the top chip to the middle chip, and we are
investigating the Si-SiO, bonding technique used to affix
the bottom and middle chips as an alternative to epoxy in
future devices. Achieving d = 200 nm would boost g, by a
factor of 5, corresponding to an enhancement of the
damping per incident microwave photon by a factor of
25 at low pump power (the improvement would be larger at
higher power because the internal loss of the microwave
circuit would be smaller at the power required to yield a
given damping). Without any other device improvements,
this increased electromechanical coupling would yield a
membrane mode occupancy of n, = 0.4 phonons and
upconversion added noise N,qq,, = 0.9 photons/[s - Hz]
forT', =T, =2z x1 kHz

4. Characterization of other parameters

For all the measurements described above, the micro-
wave pump detuning A, is set to the optimal value —®,, by
stepping up the pump frequency until it begins to ring up
the membrane mode for A, > 0, and then stepping the
pump back down by w,,. We use a similar though slightly
more involved procedure to set the pump and lock beam
detunings A, and A, to the desired values. First, with
the pump beam blocked, we adjust the PDH error signal
bias while monitoring ringing of the lock to set A = 0.
We then unblock the pump beam and adjust the AOM
frequency that controls @y, (see Appendix A) while
monitoring the ringing of the lock to set A, = —w,,. In
doing so we measure the cavity birefringence to be
Ag/2r = 2.4 MHz. Finally, we adjust the PDH error signal
bias to slightly red-detune the lock beam. The lock beam
detuning can be set to ~10 kHz precision by measuring

how far @y, must be adjusted to maintain A, = —®,,.
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The lock beam optomechanical damping y;,. 1s determined
by comparing the mechanical mode linewidth obtained
from an S,, measurement at low damping and Ay =0
to the value obtained from a measurement with the same
I, and ', but A,y # 0. The lock beam damping was
Yiock/ 27 = 5 Hz during the measurements shown in Fig. 2
and yic/27 =2 Hz during the measurements shown
in Fig. 3.

The values of y}, and A, are important because any
contribution to the optomechanical or electromechanical
damping of the membrane mode also couples the mode
to a backaction bath as described in Appendix C 3. This
coupling cannot be neglected despite the low damping ;..
because the small detuning A, leads to a large backac-
tion bath occupancy ni, jock- Indeed, for A, < w,,, the
product ¥joekiminlock 1S independent of detuning, and can
only be reduced by reducing the incident lock power Pjg.
To fit the data in Figs. 2 and 3 we thus modify Egs. (2) and
(3) to include a ¥} min.tock term in the numerator, fixed at
Y1ockMminlock = 27 X 40 Hz by the independent measure-
ments described above. This term results in the increase in
the backaction limit at low damping in Figs. 2(a) and 2(b).

With optimally detuned pumps, the measured optical
cavity linewidth x, above yields .4, = 1.22 for the opto-
mechanical transducer gain (see Appendix C2), and a
backaction-limited membrane mode occupancy n;,, =
0.22 for optomechanical ground-state cooling. Likewise,
power dependence of the microwave mode linewidth
implies an electromechanical transducer gain .4, that varies
between 1.08 and 1.16 over the range of microwave pump
power P, used in this work. The net transducer gain A,.A,
thus varies between 1.32 and 1.42.

For the data shown in Fig. 2, with fixed electromechani-
cal damping T', /27 = 100 Hz, the microwave mode line-
width was k,/27x = 1.79 MHz, yielding 1y x, = 0.55 for
the expected value of the matched efficiency. For the
data shown in Fig. 3(a), 77, was not constant as a result
of the power-dependent microwave loss. In these measure-
ments the transducer efficiency #, was maximized at
I',/2z =75 Hz, where k,/2z = 1.75 MHz. The expected
maximum efficiency #; .« = 49% comes from evaluating
Eq. (1) at T',/27 = 75 Hz and T, /27 = 85 Hz using this
value of the microwave circuit linewidth and other inde-
pendently measured parameters.

APPENDIX E: ANALYSIS DETAILS

1. Transducer efficiency

We measure the transducer efficiency #, using the
method developed in Ref. [21], wherein measurements
of upconversion, downconversion, and off-resonance
reflection from both microwave and optical resonators
can be used to calibrate out unknown path losses and
gains. More precisely, a set of network analyzer measure-
ments at fixed I', and I',, yield

\/<a|s,)e<wm>|25><y|sw<wm>|2ﬁ> _AAL e

= ]’] s
<a|See,0ff|2:B) (€PL7|Soo,off|25) €pL '

where « is the insertion loss of the microwave path from the
HF2LI lock-in amplifier output to the external port of the
electromechanical circuit, f is the gain of the microwave
path from the electromechanical circuit output to the HF2LI
input, y is the insertion loss of the rf and optical path from
the HF2LI output to the external port of the optical cavity,
and ¢ is the efficiency of the optical path from the optical
cavity output to the HF2LI input. With path losses and
gains defined this way, the “e”” and “o0” ports coincide with
the external ports of the microwave and optical resonators,
SO |Seoit]? = |Spo.0i|> = 1 by construction. In our hetero-
dyne detection scheme, a factor of the pump beam-LO
mode matching ep; appears in the measurement of the
prompt reflection off the optical cavity, as also noted in
Ref. [20], and must be calibrated out with an independent
measurement (see Appendix D 2).

During the acquisition of the data shown in Fig 2(c), a
mixer in the rf chain used for single sideband modulation of
the optical pump (Fig. 5) was underdriven, which may have
resulted in variation of y between measurements of |S,,|?
and |S,, o5, and thus a miscalibration of the efficiency at
each data point. We suspect this was the origin of the
discrepancy between the expected matched efficiency
Nmexp and the value ), g obtained from fitting the data
in Fig. 2(c). The alternative explanation is miscalibration
of the parameters that determine 7y .., but this seems
unlikely in light of the good agreement between the
measured and expected values of #, ., obtained from
the data in Fig. 3(a).

The fit to efficiency versus damping must be modified
when the electromechanical damping I', is swept, as in
Fig. 3(a), because of the power-dependent microwave
circuit loss. To process these data we define ¢, =1,/
(Keext/Ke) and fit ¢, versus damping to Eq. (1), then
compare {); = 0.59 obtained from the fit to the expected
value {y = €k, exi/k, = 0.63. The theory curve shown in
Fig. 3(a) is obtained by multiplying the fit to {, versus
damping data by a polynomial fit to the power-dependent
microwave mode overcoupling ratio «, /.. Because of
the power-dependent loss, the efficiency is maximized at
I, =27 x 75 Hz rather that at I', =T", = 27 x 85 Hz.

2. Calibration of spectra and temperature sweeps

The measured optical heterodyne noise spectra are
normalized to the sum of LO beam shot noise and
heterodyne detector dark noise, obtained by blocking the
pump beam incident on the heterodyne detector. These
spectra are related to the transducer output-referred spectra
[Egs. (C14) and (C15)] by Sueos(®)=(1-¢,)+
&,S,+(w), where &, is the efficiency of the optical
measurement chain, modeled as an effective beam splitter
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FIG. 8. Temperature sweeps. (a) Intrinsic mechanical dissipation rate y,, versus cryostat base plate temperature T',,, with linear fit.

(b) Area under mechanical peak in optical output spectrum versus T',,. The quadratic fit (gray) calibrates the optical measurement chain
efficiency. Blue squares indicate data excluded from the fit, as the membrane mode thermalizes poorly to the base plate at low
temperatures in the presence of the lock beam. (c) Area under mechanical peak in microwave output spectrum versus Ty, in the absence
of optical illumination. All error bars represent one standard deviation.

between the transducer output and the input of an ideal
heterodyne detector. Measured microwave heterodyne
noise spectra are likewise normalized to the noise measured
in the absence of the pump tone, given by the sum of
vacuum noise, residual thermal noise at the base plate
temperature Ty,, = 40 mK, and the added noise of the
microwave measurement chain. As in the optomechanical
case, the spectra normalized this way are related to spectra
normalized at the transducer’s microwave output port by
Sdet,e.:l:(w) = (1 - ge) + feSe,:I:<a))’ where ée is the effi-
ciency of the microwave measurement chain. The meas-
urement chain efficiencies £, and &, appearing in these
expressions can equivalently be expressed in terms of
the added noise of the respective measurement chains
referred to the transducer output, via £, =1/(Ng,+1/2)
and 50 = 1/(N§,0 + 1/2)

As a cross-check on Stokes—anti-Stokes sideband
ratio thermometry using Eq. (C9), we can use Eq. (C7)
to infer the membrane mode occupancy n,, from the upper-
sideband spectrum Sg, (@) given independent measure-
ments of £, and parameters in Table I. To determine &, we
sweep the cryostat base temperature 7', while measuring
the optical noise spectrum, at low damping such that
technical noise is negligible. At sufficiently high temper-
ature, the local thermal environment of the membrane
will equilibrate to Ty, and thus we can replace the base-
temperature equilibrium occupancy ng in Eq. (2) with
Ny, = kgTyy/hew,,. Then, if other parameters are indepen-
dent of temperature, the measurement chain efficiency &,
can be obtained from the slope of Nye, 4 (Thp), Where
Ner o+ is the optomechanical upper-sideband amplitude
normalized at the detector input (Nyeto + = E,Noyro. 4 iN
the absence of technical noise). As T, decreases, the
membrane mode may decouple from the fridge base
plate and equilibrate instead to a thermal bath at some
elevated temperature Ty > Ty,. The temperature sweep
enables us to identify 7., using the deviation of
Neeto+(Tvp) from the expected linear behavior, and the

corresponding thermal occupancy ny, = kgTeq/hw,, can be
compared to the values obtained from fitting the data in
Figs. 2(a) and 3(b).

While sweeping the base plate temperature 7', we
repeated sets of electromechanical ringdown measurements
of the sort shown in Fig. 6(d) and observed that the
mechanical dissipation rate y,, increased linearly with
temperature [Fig. 8(a)]. Fitting these data to y,, = a, Ty, +
b, yields a,/2x =176 mHz/K and b,/2z = 101 mHz.
This behavior will generate quadratic terms in Ne o 1 (7vp)
and Ny, 4 (Tp), as the membrane mode’s coupling to the
temperature-dependent bath is itself temperature dependent.

The optomechanical temperature sweep data are shown
in Fig. 8(b). We obtain peak amplitudes Ny, . and peak
widths I'; from Lorentzian fits to the spectra at different
temperatures, and fit the temperature dependence of the
peak area rather than the peak amplitude to control for
fluctuations in damping. We parametrize the temperature
dependence as Ny, I'7 = ag(ayTﬁp +b,Typ) + b with
a, and b, fixed by the fit to the data in Fig. 8(a), where the
theoretical values of the coefficients are

K r, k
—4 0,ext o "B E2
ag So€cL X, A, T, ho, (E2)
and
Kl),ext Fo
b{f = 4'506CL - Ao F_ (7locknmin,lock +T, nmin.o)' (E3)
o T

At low temperature, the data begin to deviate from
quadratic temperature dependence, indicating an elevated
membrane mode equilibration temperature. We obtain the
best fit when excluding the three lowest-temperature data
points, marked in blue in Fig. 8(b). Then, since all other
parameters are independently measured, the best-fit value
of a; yields &, =0.276 £ 0.007, while b:, whose frac-
tional uncertainty is much larger, yields &£, = 0.27 £ 0.07.
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The mode equilibration temperature T,, defined as the
temperature at which the area predicted by the fit is equal to
the measured base-temperature peak area, is inferred to be
T.q =70 £+ 10 mK, with uncertainty again dominated by
the fractional error in bg.

Finally, we explore how the values of the measurement
chain efficiency £, and the equilibration temperature T,
depend on the decision to exclude low-temperature points
from the fit. Excluding three points yields the best agree-
ment between the values of £, inferred from Eqs. (E2) and
(E3). When only the lowest point is excluded, Eq. (E3)
yields &, = 0.37 £ 0.05, two standard deviations away
from the value obtained from a;, which is very insensitive
to the low-temperature data. Excluding two or four points
does not change the fit very much, and the inferred
equilibration temperature remains within the range quoted
above. We thus take £, = 0.276 + 0.007 and T = 70
10 mK as our final values for the measurement chain
efficiency and equilibration temperature. The latter corre-
sponds to ny = 1000 £ 140, which agrees well with
the values obtained from independent fits to the data in
Figs. 2(a) and 3(b).

We follow an analogous procedure to measure the
microwave measurement chain efficiency &, via the temper-
ature dependence of the electromechanical upper-sideband
amplitude Ny, . The analysis of the electromechanical
temperature sweep data, shown in Fig. 8(c), is very similar
to the optomechanical analysis and will not be discussed in
detail. The fit yields £, = 0.029 + 0.001, with no evidence
for equilibration at an elevated temperature. We use this
value of &£, to calibrate broadband measurements of the
noise emerging from the external port of the microwave
circuit, with which we study the dependence of n.g, on
microwave and optical power [Figs. 10(b) and 4(b),
respectively].

The electromechanical temperature sweep data indicates
that laser light is responsible for the elevated equilibration
temperature inferred from Figs. 8(b), 2(a), and 3(b). As noted
in the main text, the fact that the optomechanical ground-state
cooling data plotted in Fig. 2(a) agree well with Eq. (2)
without additional power-dependent terms indicates that
membrane mode heating saturates at the low power used
to lock the cavity, with no further scaling with the power of
the pump beam. Similar low-power saturation was observed
in membrane optomechanical systems in Refs. [20,25]. The
elevated T, implies that the appropriate value of the intrinsic
mechanical dissipation rate y,, for analyzing the data in the
main text is the 70 mK value y,, /27 = 113 mHz rather than
the 40 mK value y,, /27 = 108 mHz.

We can compare the temperature sweep calibration of the
optical measurement chain efficiency &, to a more direct
but less precise measurement. From power meter measure-
ments we infer the efficiency of the optical path between
the optical cavity output and the heterodyne detector input
to be & = 0.4. The fractional contribution of LO beam

shot noise (at power P o = 1.3 mW) to the sum of shot
noise and heterodyne detector dark noise was measured to
be &4 = 0.79. The nominal photodetector quantum effi-
ciency of ¢, = 0.87 then yields &, = &unégano, = 0.27,
consistent with the temperature sweep measurements.

On the microwave side, we measured the added noise of
the microwave chain referred to the input of the HEMT
amplifier at the 4 K stage of the cryostat by sweeping T,
and measuring the thermal noise of the effective 50Q2 load
seen by the HEMT. From this measurement we obtained
Nuemr = 8.5 photons/[s - Hz], equivalent to an efficiency
of 1/(Nyggmt + 1/2) = 0.11 referred to the HEMT input.
The discrepancy between this number and the measurement
chain efficiency &, referred to the transducer’s microwave
output port implies a 5.8 dB loss between the transducer’s
microwave output port and the HEMT input. This is a rather
large value, but the value inferred from measurements in
Ref. [20] using the same cryostat was only slightly smaller,
and more microwave connectors were present in the signal
path here than in that earlier work.

3. Ground-state cooling measurements

To process the data shown in Figs. 2(a) and 2(b), we first
normalize the optomechanical upper- and lower-sideband
spectra as described in Appendix E 2. Two such normalized
spectra from the pure optomechanical dataset are shown in
Fig. 9(a), where the slight membrane mode frequency shift
is a consequence of the optical spring effect. We observe
that the white noise background around both sidebands
increases linearly with optical pump power, as expected in
the presence of amplitude and phase noise (see
Appendix C5). We also observe a feature at frequency
w,/2r = 1.448 MHz emerging from the noise floor around
the upper sideband at high power. We attribute this feature
to a relatively massive vibrational mode of the silicon chip
substrate, and account for it by fitting spectra to the squared
sum of two complex Lorentzians with the amplitude of the
second mode and the relative phase as additional fit
parameters. This fit was motivated by observations of
destructive interference between a membrane mode and
a substrate mode in unpublished data from a previous
device. For the present device, this coherent double-
Lorentzian fit differs by less than 10% from a fit to the
incoherent sum of two squared Lorentzian amplitudes. The
fits are not appreciably altered by including antisymmetric
terms as in Eqs. (C14) and (C15).

The upper- and lower-sideband amplitudes Nge, +
obtained from these fits must then be corrected to undo
the effects of amplitude and phase noise (Appendix C5)
before we can infer the membrane mode occupancy.
Correcting the peak amplitudes in this way in turn
requires knowledge of the relative magnitudes of the shot
noise-normalized technical noise spectral densities C,,,
C,y, and C,,, which are related to the spectral densities

>
of fractional amplitude and phase fluctuations by
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FIG. 9. Analysis of optomechanical spectra. (a) Two examples
of optomechanical spectra normalized to shot noise at the optical
heterodyne detector input. The left (right) panel displays the
lower-sideband (upper-sideband) spectra. At high damping, we fit
the spectra to the squared sum of two complex Lorentzian
amplitudes (yellow line) to account for the 1.448 MHz mode
of the silicon substrate. (b) Comparing two methods of inferring
membrane mode occupancy n,, from purely optomechanical
damping sweep, with corresponding fits. Circles and solid line
[also shown in Fig. 2(a)] are obtained using sideband asymmetry
thermometry, while triangles and dashed line are obtained from
the upper-sideband spectra Sy, , - and optical measurement chain
efficiency &,. Red and blue data points correspond to the spectra
shown in (a). (¢) Comparing the two methods of inferring n,, for
optomechanical damping sweep at fixed electromechanical damp-
ing [sideband asymmetry data and fit also shown in Fig. 2(b)]. All
error bars represent one standard deviation.

Cxx = 4N0 [S(?A,éA (wm)/z]’ ny = 4N0 [S(S(/),(sd)(a)m)/z]’ and
Cyy = 4N, [Ssn5p(®,)/2], where N, = P,/hw,, is the
photon flux of the pump incident on the optical cavity. Here
Ssaca(@), Sspsp(@), and Szy 54(w) are defined as one-
sided double-sideband spectral densities in units of
rad’/Hz. The factor of 1/2 in each expression accounts
for the transition from the two-sided spectral densities

assumed by the theoretical framework in Appendix C 5 to
the one-sided convention more commonly used by
experimentalists.

We made independent measurements of Sj4 54 (@) and
Sspop(@) shortly before the cooldown in which we
acquired the data presented in this work, using a very
similar optomechanical cavity in the same setup as an
AM/®M transducer. We measured amplitude noise by
comparing the sum and difference photocurrents in bal-
anced direct detection of the pump beam promptly reflected
off the cavity far from resonance [43]. We then repeated this
measurement with the laser locked to the cavity and the
pump beam near resonance to transduce amplitude noise to
phase noise, and calibrated the cavity’s AM/®M trans-
duction coefficient using a phase modulation sideband
of known modulation depth [31]. From these measure-
ments we obtained 101og[Ssasa(®)] & —155 dBc/Hz
and 101log[Sspsp(@)] & =136 dBc/Hz at frequencies
near ,,. Using these numbers in Eq. (C13) at the high-
est-power data point in Fig. 2, we reproduce the measured
values of the off-resonance excess noise S, ; to within a
factor of 1.5 if we assume maximal positive correlations
Cyy = /C\.Cy,, lending credence to the conclusion that
C,, > C,,, C,,. The results obtained from the subsequent
analysis assuming phase noise only differ negligibly from
the results obtained assuming the measured ratio between
Ssasa(@,,) and Ssy 54(@,,) and maximal positive correla-
tions, so we discuss the former analysis here for simplicity.
For C,, > C,,, C,,, the antisymmetric contribution to
both the Stokes and the anti-Stokes peak line shapes is
suppressed and the Lorentzian contribution is negative for
both peaks, resulting in squashing. We undo this phase
noise squashing by taking

O(ecLepc 2 k5 A, %Re[éi])
oC

Yy

Ndet,o,ﬂ: - Ndet,o.i

3 -1
X (%ngj) Sdel.o.i7

where the two partial derivatives can be evaluated using
independently measured transducer parameters, and S‘demi
is the measured excess over the white noise background
level of 1 photons/[s - Hz]. This method exploits the fact
that the phase noise is responsible for both the squashing of
the peak amplitudes and the increase in the white noise
background to correct for squashing without assuming a
specific value of C,,. We then use the corrected peak
amplitudes to infer the membrane mode occupancy n,, via
Eq. (C9), and fit the data as shown in Figs. 2(a) and 2(b),
with an additional yq 7 min10ck term in Eq. (2) to account
for the lock backaction effects discussed in Appendix D 4.
As a final check on the consistency of the sideband
asymmetry analysis, we can use the value of the coefficient

(E4)
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a, obtained from the fit shown in Fig. 2(a) to get an
independent estimate of the phase noise spectral density.
Setting the effective optical mode occupancy ng,, = a,l’,
in Eq. (C12) and dropping the C,, and C,, terms, we obtain
1010g;0[Ssp.64(@m)] = —13573 dBc/Hz, consistent with
the independent measurement.

As discussed in Appendix E2, we can also obtain
the membrane mode occupancy n,, from the normalized
upper-sideband spectrum Sg,, ,, given the optical meas-
urement chain efficiency &£, and independent measurements
of other transducer parameters. The n,, values obtained
this way and the corresponding fit are overlaid on the
values obtained from the sideband asymmetry analysis in
Figs. 9(b) and 9(c) for the purely optomechanical and
electro-optomechanical damping sweeps, respectively.
Fitting the purely optomechanical data to Eq. (2) yields
ng = 750 & 50 and (a, = 5+ 1) x 107° Hz™', and fixing
these values in the fit to the electro-optomechanical data
yields neg, = 1.02 £ 0.07 for the effective microwave
mode thermal occupancy. The origin of the discrepancy
between these values and those obtained from the sideband
asymmetry analysis is unknown, but the analysis using only
the upper-sideband data is more susceptible to miscalibra-
tion of parameters. The equilibrium occupancy ny, inferred
from this fit is very sensitive to the first data point, and the
discrepancy between the values of n. , obtained from the
two electro-optomechanical fits is strongly correlated with
the discrepancy between the values of ng,.

4. Added noise measurements

The values of N,qq,p plotted in Fig. 2(d) are obtained
from the inferred phonon occupancy data in Fig. 2(b) via
Eq. (C10), with an additional term accounting for the off-
resonance level §0i of each spectrum. This off-resonance
level (normalized at the transducer output) can be obtained
from the directly measured spectra without need for
independent measurement of the optical measurement
chain efficiency ¢£,, because a measurement of n,, calibrates
the optical output spectra.

The analysis of the data shown in Fig. 3(b) is simpler
than the ground-state cooling analysis discussed above,
as both optical pump phase noise and interference from the
substrate mode shown in Fig. 9(a) were negligible with
the optomechanical damping fixed at I',/2z = 85 Hz.
However, the lower-sideband amplitude Ny, was a
very small fractional excess over the white noise back-
ground at high microwave pump power, where I', < T',.
We thus calibrate the added noise using the optical
measurement chain efficiency £, obtained from the tem-
perature sweep rather than sideband asymmetry. We fit
the upper sideband amplitude Ny, + = Ngero.+ /S, as a
function of damping to the expected behavior obtained
by substituting Eq. (2) into Eq. (C7) and evaluating at
frequency w,,:

Nout,g_+ _ 4€CL-/40 Ko,ext Fo YmMh + Fe;le + Fono . (ES)
K, I'z
Asinthe analysis of the datashownin Fig. 2, we alsoinclude a
contribution from lock beam backaction in the fit. To obtain
the data and the theory curve shown in Fig. 3(b), we divide by
the product of efficiency 7, and transducer gain A4,.A4,.
Calibrating the data with the sideband asymmetry analysis
instead yields slightly lower added noise, so our choice to
present the data calibrated using &, is also conservative.

At the optimal electromechanical damping rate I', /27 =
135 Hz where added noise is minimized, the total added
noise arises from the weighted sum of couplings to the
various baths that determine 7,,: 1.4 photons/[s - Hz| from
Negr.e» 1.0 photons/[s - Hz] from ng,, 0.4 photons/[s - Hz]
from nynjeks 0.2 photons/[s - Hz] from n,,, and
0.1 photons/[s - Hz] from n, .. The final 0.1 photons/
[s - Hz] comes from excess white noise referred to the
transducer’s microwave input.

APPENDIX F: MICROWAVE PUMP EFFECTS
ON SUPERCONDUCTING CIRCUIT

We observed two adverse effects of the microwave pump
on the superconducting microwave circuit, whose origins
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FIG. 10. Microwave pump effects on superconducting circuit.
(a) Internal loss of the microwave circuit «, j, Versus 7, ., the
resonator coherent state mean photon number. (b) Effective
microwave mode occupancy n.g, versus electromechanical
damping I",, with linear fit. All error bars represent one standard
deviation.

021062-22



OPTOMECHANICAL GROUND-STATE COOLING IN A ...

PHYS. REV. X 12, 021062 (2022)

are likely related. The power dependence of the circuit’s
internal loss ki, is plotted in Fig. 10(a) as a function of
i, ., the mean photon number of the coherent state induced
in the microwave mode by the microwave pump, over the
range of power used in Fig. 3. As noted in Appendix D, this
power dependence results in power-dependent electro-
mechanical transducer gain .4,, modifies the expected
behavior of transducer efficiency 7, versus electromechani-
cal damping, and leads to sublinear scaling of damping
Versus microwave pump power.

A more significant constraint on the transducer perfor-
mance is the power-dependent microwave mode effec-
tive occupancy ng .. To calibrate ngg ., we first refer the
measured microwave noise spectral density Sy, to the
transducer output by dividing by the measurement chain
efficiency ¢,, then divide by 4k, . /k, to translate the
spectral density into a mode occupancy. Operationally, we
are interested in the behavior of n.y, as a function of
electromechanical damping I',, plotted in Fig. 10(b). The
noise is seen to scale as ney, = aJI’, + b,, with a, =
1.10 x 1073 Hz™! and b, = 0.077, with 1% and 5% frac-
tional uncertainty in the slope and offset, respectively.
Evaluated at I', =27z x 100 Hz, as in the data shown
in Fig. 2(b), the fit yields n.y, = 0.77 4= 0.01, consistent
with the value obtained from the Fig. 2(b) fit. Fitting the
data in Fig. 3(b), in which I', is swept, yields a, =
(1.17 £0.05) x 1073 Hz"! and b, = 0.1 £ 0.1, consistent
with the values inferred from direct measurements of the
noise described above.

One possible contribution to n. . is the phase noise of
the microwave pump. We used a Rohde & Schwartz
SMA100B signal generator to source the pump specifically
for the ultralow phase noise afforded by option SMAB-
B711, and measured its double-sideband noise in situ to be
1010g,0[Ssp.5p.c(@)] = —149 dBc/Hz at frequencies near
w,,. Following the procedure used to infer the phase noise
spectral density of the optical pump from the coefficient a,,
(see Appendix E 3), we find that microwave pump phase
noise can account for about 25% of the measured value of
a,. The remainder of the power-dependent noise must be
attributed to the behavior of the superconducting circuit
itself.

At present, the physical origin of this excess power-
dependent noise is unknown, though it is likely related to
the power-dependent internal loss shown in Fig. 10(a).
Possibilities include bulk heating of the circuit facilitated
by low electron-phonon thermal conductivity, fluctuations
of the circuit’s resonant frequency or loss due to the
participation of dielectric substrates in its electric field
distribution, or trapped flux in the circuit, which is
necessarily in close proximity to the optical cavity’s
Invar support structure. The low-power asymptote b, is
a surprising feature of the data that need not have the same
physical origin as the high-power linear behavior. A

spectral density of circuit parameter fluctuations that scales
inversely with microwave pump power over some range is
one possible origin for this nonzero intercept.

Finally, we note that microwave power-dependent
noise was also observed in the device described in
Ref. [20], and motivated our decision to fabricate the
superconducting circuit from NbTiN rather than Nb as
in past work. In test circuits without released membranes
that were otherwise identical to the flip-chip circuits used in
our transducer, we observed reduction of the power-
dependent noise by a factor of 4 in circuits fabricated
from NbTiN. This improvement was largely preserved in
our integrated electro-optomechanical device, and the
microwave power-dependent noise remained a chief limi-
tation primarily because of the large capacitor pad sepa-
ration d of the device used in this work. As noted in
Appendix D 3, reproducing the values of d obtained in
previous devices would reduce the power required to obtain
a given electromechanical damping by at least a factor of
25, which would greatly reduce the impact of power-
dependent noise on transducer performance even without
further reduction of the noise itself.
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