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Controlling long-lived mechanical oscillators in the quantum regime holds promises for quantum
information processing. Here, we present an electromechanical system capable of operating in the
GHz-frequency band in a silicon-on-insulator platform. Relying on a novel driving scheme based
on an electrostatic field and high-impedance microwave cavities based on TiN superinductors, we
are able to demonstrate a parametrically-enhanced electromechanical coupling of g/2π = 1.1 MHz,
sufficient to enter the strong-coupling regime with a cooperativity of C = 1200. The absence of
piezoelectric materials in our platform leads to long mechanical lifetimes, finding intrinsic values
up to τd = 265 µs (Q = 8.4 × 106 at ωm/2π = 5 GHz) measured at low-phonon numbers and
millikelvin temperatures. Despite the strong parametric drives, we find the cavity-mechanics system
in the quantum ground state by performing sideband thermometry measurements. Simultaneously
achieving ground-state operation, long mechanical lifetimes, and strong coupling sets the stage
for employing silicon electromechanical resonators as memory elements and transducers in hybrid
quantum systems, and as a tool for probing the origins of acoustic loss in the quantum regime.

Phonons, the quanta of energy stored in vibrations in
solids, promise unique opportunities for storing and com-
municating quantum information. The intrinsic mecha-
nisms for phonon dissipation get suppressed at low tem-
peratures [1], leading to extremely low acoustic loss in
single crystalline materials [2, 3]. Additionally, the in-
ability of sound waves to propagate in vacuum makes
it possible to trap phonons in wavelength-scale dimen-
sions via geometric structuring, leading to near-complete
suppression of environment-induced decay [4]. Finally,
phonons interact with solid-state qubits and the electro-
magnetic waves across a broad spectrum, making them
near-universal intermediaries for cross-platform informa-
tion transfer [5]. Motivated by these properties, pio-
neering work in the past two decades has enabled sen-
sitive measurement and control of mechanical oscillators
in the quantum regime via optical and electrical inter-
faces, making them viable candidates for quantum sen-
sors, memories, and transducers [6, 7].

While optomechanical experiments have been success-
ful in measuring phonons with millisecond-to-second life-
times [4, 8], accessing long-lived mechanical resonances
with electrical circuits has been more challenging. In
the gigahertz frequency range, where the spectral prox-
imity to superconducting qubits holds the most promise
for quantum technologies, piezoelectricity is the predom-
inant mechanism for converting microwave photons to
phonons. Piezoelectric devices have been used with re-
markable success in coupling mechanical modes to su-
perconducting qubits [9–11]. However, their need for
hybrid material integration, sophisticated fabrication
process, and reliance on lossy poly-crystalline materi-
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als [12] has limited the state-of-the-art experiments to
sub-microseconds mechanical lifetimes in devices with
compact geometries [11, 13]. This evidently large gap
between the mechanical lifetimes accessible to optical
and electrical interfaces motivates pursuing less invasive
forms of electromechanical interaction. Creating better
electrical interfaces for long-lived phonons holds the po-
tential for revolutionizing our current quantum toolbox
by pairing the superior coherence of acoustics with the
massive nonlinearity of Josephson junction circuits [14].

Here, we realize electromechanical coupling between
microwave photons in a superconducting circuit and
long-lived phonons in a 5-GHz crystalline silicon oscil-
lator. To achieve this, we rely on electrostatic transduc-
tion, where we use a static electric field, as opposed to
conventionally used radio-frequency drives, to realize a
parametrically-enhanced interaction in a microwave cav-
ity with a motion-dependent capacitor. The absence of
alternating currents from the driving field in this scheme
eliminates conductive loss, allowing us to achieve large
parametrically-enhanced coupling rates without caus-
ing heating in the system. To further enhance elec-
tromechanical interactions, we rely on frequency-tunable
high-impedance microwave resonators made from TiN
superinductors. Relying on these innovations, we are
able to demonstrate electromechanical interaction in the
strong coupling regime, enabling the coherent exchange
of microwave photons and phonon at a cooperativity of
C ≈ 1200. We measure mechanical lifetimes in the few-
phonon regime, demonstrating quality factors in excess
of 8 million (at 5 GHz) in our best devices. To the
best of our knowledge, this is the highest value measured
via electrical interfaces in this frequency band. Cru-
cially, we observe no parasitic heating for a large range
of electrostatic biasing fields in our system, allowing us
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FIG. 1. Electrostatic transduction. (a) The circuit diagram of an electrostatic transducer coupled to a microwave cavity
(shown as an LC resonator). The Purcell filter is used to deliver the static biasing voltage to the transducer without incurring
radiative loss to the microwave cavity. (b) Simulated displacement profile of the confined mechanical resonance with the largest
electromechanical coupling. (c) Schematics of the unit cell and the band diagram of a phononic shield. (d) Left: The scanning
electron microscope (SEM) image of the fabricated transducer clamped by the phononic shields. The inner and outer electrodes
are shown in false color. Right: The optical microscope image of the fabricated microwave resonator. Inset shows the TiN
nanowires.

to operate in the quantum ground state as verified by
calibrated sideband thermometry measurements in a di-
lution refrigerator. The combination of long lifetimes,
strong interaction, and the compact geometry of our plat-
form promises future experiments in employing mechan-
ical modes as microwave-frequency quantum memories,
improved microwave-optical transducers, and new mea-
surement capabilities for exploring the origins of acoustic
loss crystalline materials.

A PHONONIC CRYSTAL ELECTROSTATIC
TRANSDUCER

The operating principles of our experiment can be un-
derstood by considering a capacitor with mechanically
moving electrodes connected to an external DC voltage
source. In this setting, the mechanical vibrations of the
capacitor electrodes create a time-dependent dipole os-
cillating at mechanical resonance frequency. Connecting
this charged moving capacitor (i.e. the transducer) to an

electromagnetic cavity (see fig. 1a) leads to an interaction
between the voltage operator of the photons in the cavity
(V̂ /Vzpf = i(â − â†)) and the quantized mechanical dis-

placement operator (x̂/xzpf = (b̂+ b̂†)). This interaction
can be described by the Hamiltonian (see appendix B)

Ĥint = i (xzpf∂xC)VzpfVDC(âb̂†− â†b̂) = i~gem(âb̂†− â†b̂)
(1)

Here, xzpf and Vzpf represent the zero-point motion and
voltage of the phonon and photon fields, respectively.
The coupling rate is a function of the geometry (through
∂xC) and the applied bias voltage VDC, and arises as a
result of the change in the stored electrostatic energy as
a function of mechanical motion. The DC voltage in this
process can be understood as a ‘pump’ in a parametric
process [15]. Unlike the conventional parametric elec-
tromechanics, however, the pump is solely comprised of
electric fields at zero frequency and is not accompanied
by alternating currents. As we will see, this distinction
is crucial in our experiment because it increases the net
coupling rate at large voltages without being limited by
the dissipation in the superconducting cavity [16, 17].
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Despite its conceptual simplicity, electrostatic trans-
duction is challenging to realize at GHz frequencies
[18, 19]. Getting substantial coupling requires increas-
ing the motion-dependent capacitance and the zero-
point displacement. This combination has been previ-
ously achieved in low-mass, narrow-gap suspended ca-
pacitors, which support MHz-frequency mechanical res-
onances [20]. However,the frequency scaling of acoustic
loss in metals (speculated to be caused at grain bound-
aries [12, 21, 22]) makes these structures unsuitable for
GHz frequencies. Additionally, the short wavelength of
GHz-frequency phonons leads to increased acoustic ra-
diative loss to the surrounding environment, making it
challenging to localize high-Q resonances.

Our solution is to utilize planar nano-structured de-
vices made from crystalline silicon membranes. Adding
a thin layer of metal on top of the membrane allows
us to form a capacitor in this platform while relying on
phononic crystals to engineer localized resonances. Our
transducer consists of a phononic crystal resonator made
of a periodic array of multiple unit cells (see fig. 1b),
patterned on the inner electrode of a vacuum-gap capac-
itor. The in-plane movement of the ‘breathing’ mechani-
cal mode in this structure leads to the modulation of the
capacitance. We have maximized the rate of change of
this motion-dependent capacitance by fabricating capac-
itors with narrow gaps in the range of 65-70 nm. Addi-
tionally, we have maximized the capacitance by increas-
ing the number of phononic crystal unit cells to the limit
set by the onset of disorder effects, which lead to mode
breakup as observed in finite-element simulations (see
appendix D). A key benefit of this planar geometry is
the possibility of creating phononic crystals with a wide
band gap for all phonon polarizations [4]. We use these
‘phononic shields’ for clamping the transducer to its sur-
rounding membrane (see fig. 1c, d).

The size mismatch is a central challenge in coupling
the presented phononic crystal transducer to a microwave
circuit. Set by the small wavelength of phonons (∼ 1 µm
at the target frequency of 5 GHz), the small size of the
transducer translates to a motion-dependent capacitance
that is much smaller than the typical capacitance of a
microwave cavity. This mismatch leads to a poor electric
energy density overlap (see appendix B), which dilutes
the electromechanical interaction. Formally, this effect is
captured by a linear dependence of the electromechani-
cal coupling to the zero-point voltage of microwave pho-
tons (Vzpf , see eq. (1)). Recent progress in developing
circuits for error-protected superconducting qubits has
led to established techniques [23–25] for magnifying zero-
point voltage of microwave photons in high-impedance
resonators. In our experiment, we achieve this by gal-
vanically connecting the transducer to a microwave res-
onator (fig. 1d) consisting of a 110-nm wide nanowire
formed from thin-film titanium nitride (thickness ∼ 15
nm). The inertia of charge carriers in this disordered
superconductor leads to a large inductance, which is en-
hanced by patterning structures with small cross sections

5.085 5.087 5.089
Frequency (GHz)

0.2

0.4

0.6

0.8

1

|S
11

|

5.085 5.087 5.089
Frequency (GHz)

0.2

0.4

0.6

0.8

1

|S
11

|

5.084 5.087 5.09
Frequency (GHz)

0.9

1

1.1

1.2

B 
(m

T)

0.25

0.5

0.75

1

-2 -1 0 1 2
V DC  (Volts)

0

25

50

75

100

125

g/
2

 (k
H

z)

g0,A/2π = 22.0±1.4 kHz/V
g0,B/2π = 45.4±1.1 kHz/V

a b

c d

FIG. 2. Electromechanically-induced transparency. (a)
The reflection spectrum of a TiN microwave cavity with the
DC voltage set to zero and with the cavity detuned from the
mechanical resonance. From the theoretical fit (red line) we
find κi/2π = 520 kHz and κe/2π = 800 kHz.(b) The reflec-
tion spectrum of the cavity biased at VDC = 10 V as a func-
tion of the external magnetic field showing a signature of the
mechanical mode at 5.087 GHz. (c) A cross-section of the
data at (b), showing the reflection spectrum of the resonant
microwave-mechanics system. The red lines depicts a theory
fits to the EIT lineshape. (d) The extracted coupling rates
from EIT traces at different voltages, plotted for two devices.
The zero-coupling voltage offset voltages for device A (B) is
-0.36V (-0.22V). The data in parts (a-c) are taken with device
A.

[23, 26]. Beyond magnifying the electromechanical inter-
actions, kinetic inductance is tunable via external mag-
netic fields, which allows us to control the resonance fre-
quency of the microwave cavity in-situ [27].

CHARACTERIZATION AND MEASUREMENTS

We have characterized fabricated electromechanical
resonators in a dilution refrigerator with a base temper-
ature of 20 mK (see fabrication details at appendix A).
A coplanar waveguide is connected to the device for si-
multaneously applying DC voltages to our mechanical
capacitor and probing our microwave resonator in reflec-
tion via its coupling to the waveguide. In the absence
of electromechanical coupling, we can measure the bare
microwave cavity response using a vector network ana-
lyzer (VNA, see fig. 2a). To locate the mechanical res-
onance, we apply a DC voltage and continuously tune
the frequency of the microwave resonator via an exter-
nal magnetic field (see appendix C). The electromechan-
ical interaction leads to a large reflection at the point
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where the microwave and mechanical frequencies cross, in
a phenomenon known as the electromechanically-induced
transparency (EIT) (fig. 2b) [20]. We extract the elec-
tromechanical coupling rate using a fit to the theory ex-
pressions for the EIT response (see supplementary ap-
pendix B, fig. 2c), and plot it as a function of the ap-
plied voltage in fig. 2d. As evident, the coupling rate
is found to be a linear function of the voltage bias with
a slope (g0,B/2π = 45.4 ± 1.1 kHz/V) closely matching
the results from numerical modeling (see appendix D).
In addition, we present measurement results from a sec-
ond device with an identical geometry, but with a small
coupling g0,A/2π = 22.0± 1.4 kHz/V, which is likely im-
pacted by mode-breakup due to fabrication disorder (see
appendix D). An interesting feature in the data is the
small non-zero coupling at the zero-voltage bias, where
zero coupling is achieved at a negative offset voltage.
This feature is found to be persistent in a shorted ca-
pacitor geometry and in the absence of a voltage source,
which may indicate the presence of trapped charges in
the transducer [28].

COHERENCE PROPERTIES

We next investigate the coherence properties of our de-
vices by exciting the mechanical resonator with a pulse
and registering its free decay via electromechanical read-
out (see appendix F). In this measurement, the elec-
tromechanical readout rate is a function of the detun-
ing between the mechanical and microwave resonances
Γem = g2κ/(∆2 + (κ/2)2). At any given detuning, the
total decay rate of the mechanics is given by Γ = Γi+Γem,
where Γi is the intrinsic decay rate. In order to precisely
measure Γi, we perform multiple measurements where
we gradually increase ∆, leading to a gradual reduction
in Γem until the total decay becomes dominated by the
intrinsic part. Fitting the total decay rate expression
as a function of ∆, we extract an intrinsic τd lifetime
of 265 ± 25 µs (fig. 3a), corresponding to a Q factor of
8×106. At the largest detuning we achieve, we can reach
the regime where the intrinsic decay dominates the dy-
namics and obtain a total energy decay lifetime τd of
220 ± 6 µs (fig. 3b), which strongly supports the large
intrinsic lifetime inferred from the fits. We note that the
measured mechanical lifetime is remarkably large for a
device with compact geometry, corresponding to a qual-
ity factor that is more than two orders of magnitude large
than the state-of-the-art piezoelectric devices [11].

Apart from the energy relaxation lifetime, the coher-
ence time of our mechanics bears significance for future
quantum applications. We find the coherence time as
the reciprocal of the linewidth extracted from fitting the
EIT response in the large detuning regime (∆ >> Γi).
Using this method, we find τc ≈ 5 µs (fig. 3b), a value
that is substantially shorter than the lifetime. This dis-
crepancy between the decay and coherence times hints
at the presence of frequency jitter and has been previ-

ously observed in optomechanical experiments with sili-
con phononic crystal resonators. While the exact nature
of this dephasing remains unknown, it has been hypoth-
esized to be caused by interaction with the two-level sys-
tem (TLS) defects [4, 8]. To better understand possible
dephasing and decay sources, we carry out ringdown mea-
surements for different numbers of phonons in the me-
chanical resonator. We change the intra-cavity phonon
number in accordance with the readout efficiency Γem/Γ,
keeping the output detection powers nearly constant at
the lowest levels detectable by our amplifiers to ensure
we can reach the low-phonon regime while maintaining
feasible measurement times. Interestingly, we observe ex-
ponential decay with no sign of power dependence down
to the single-phonon level (see fig. 3c). Similarly, we find
the coherence time extracted from EIT measurements to
be insensitive to phonon numbers in the range of 4-500
(see appendix F). Although we do not find signatures
of saturable loss (a common signature of a TLS bath) in
this measurement setting, we find that the coherence and
decay times change as a function of the applied DC volt-
age, providing direct evidence for the presence of TLS
defects. This behavior is explored in detail further in the
manuscript.

PROBING THE LIMITS OF
PARAMETRIC-ENHANCEMENT

A naturally emerging question is about the maximum
achievable rate of the electromechanical interactions in
our platform. This rate is set by the magnitude of the
DC voltage that can be applied before the onset of any
spurious heating or instabilities in the system.

We do not expect to see any significant leakage cur-
rent passing through the devices because of the freezing
of the charge carriers at the low measurement tempera-
tures. However, applying large voltages to the narrow-
gap capacitors in our devices leads to strong electric fields
which may lead to ionization and dielectric breakdown
[29]. We measure the leakage current through the trans-
ducer structures as a function of applied voltage. As
evident in fig. 4a, we see a leakage current (with a char-
acteristic resistance of ∼ 500 GΩ) that is found to be
dominantly caused by the cables in our measurement,
bounding the actual leakage through the device to below
the measurement sensitivity of our measurement. When
increasing the voltage beyond 30 V, we observe an abrupt
spike in the leakage current that was initially attributed
to dielectric breakdown. However, imaging of our devices
post warm-up at the room-temperature indicates that the
sudden leakage is most likely due to the onset of pull-in
instabilities, resulting in the shut-down of the capacitor
gap (see appendix E). Repeating this experiment on four
identical test devices, we find the onset of this instability
in a consistent range (29-31 V).

To probe the signatures of any potential pump-induced
heating (previously observed in similar devices under
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FIG. 3. Mechanical lifetime measurements. (a) The total lifetime (τd) extracted from ringdown measurements for different
mechanics-microwave detunings ∆/2π (blue points). The red line shows a theory fit, finding τd,i = 265± 25 µs. This range is
indicated by the purple shaded region. The purple data points show τd,i found at each detuning by subtracting the contribution
from the electromechanical readout. (b) Free energy decay (ringdown) data for the maximum detuning of 3.2 MHz. The fit
finds total lifetime of 220 ± 6 µs. Inset: Mechanical spectrum measured at a probe power corresponding to a maximum of 4
phonons in the mechanical resonator. The theory fit gives a linewidth of 33 kHz, corresponding to τc ≈ 5 µs. (c) Log-scale
ringdown plots as a function of the phonon number inside the mechanical resonator. All data is from device A with a DC
voltage of 1.2 V.

radio-frequency drives [17]), we perform side-band ther-
mometry [15]. The thermometry measurement process
for the mechanical resonator is visualized in fig. 4c. We
drive the system with a weak tone and measure the inco-
herent emission from the inelastic scattering of the drive
to locate the mechanical resonance (see appendix E) [30].
A subsequent measurement with no drives shows a neg-
ligibly small emission, which is calibrated in experiments
with long averages to extract the resonator’s occupation.
We have found the system of mechanics-microwave to be
in the quantum ground state for the entire range of ap-
plied voltages in our device (0-25 V). Despite observing
no heating, we note that the presence of a strong elec-
tromechanical back-action cooling (for the mechanical
mode) and radiative cooling through the on-chip waveg-
uide (for the microwave cavity) may mask a weak heating
process. To find a more sensitive trace of any poten-
tial heating, we perform thermometry in a regime where
the microwave cavity is detuned far away from the me-
chanical resonator to reduce the effect of electromechan-
ical back-action cooling and deduce the temperature of
the phenomenological intrinsic baths that the mechanical
and microwave resonators interact with (see appendix E
for details). Figure 4b shows the measured microwave
(nb,r) and mechanical bath occupancy (nb,m) as a func-
tion of the applied DC bias. As evident, the baths re-
main in the ground state for a large voltage range, with
the exception of the mechanical bath at 25 V, where
the occupancy rises to 0.86 ± 0.08 phonons (attempts
to do measurements at higher voltages were unsuccessful
due to the onset of the pull-in instability). The slightly
higher occupation of the microwave bath across all volt-
ages (including 0 V) is likely caused by the absence of
IR-shielding in our measurement setup, which leads to

the generation of quasiparticles, and can raise the mi-
crowave bath temperature in devices with a large kinetic
inductance [31, 32]. Regardless, despite the observation
of these subtle features testifying to the accuracy of our
measurement technique, we do not observe any indica-
tion of significant pump-induced heating in the mechani-
cal resonator or the microwave cavity for a wide range of
voltages, which is a promising feature of our electrostatic
driving scheme.

THE STRONG-COUPLING REGIME

Having discovered the safe range of voltages we can
apply to our devices, we investigate the maximum elec-
tromechanical coupling rate within reach. For this pur-
pose we use the device B, which has larger g0. Setting
the external voltage to 25 V, we sweep our microwave
frequency by changing the external magnetic field, which
gives rise to an avoided crossing feature between the
microwave and mechanics as seen in fig. 5a. Fitting
the frequencies of the two hybridized modes, we ex-
tract a parametrically-enhanced electromechanical cou-
pling rate of g = 1.08 MHz. This value corresponds to
g0 = 42.7 kHz/V which matches the values we have calcu-
lated at low voltages, indicating that the parametric en-
hancement scales linearly with voltage in the entire mea-
surement range. Achieving the strong-coupling regime is
manifested clearly in the measurements of the reflection
spectrum at resonance, where we see a pair of hybridized
modes with linewidths of (κ + γ)/2 = 692 kHz, satisfy-
ing 2g > κ + γ (fig. 5b). Achieving the strong-coupling
regime in our system is significant as it allows the co-
herent exchange of phonons and microwave photons, a
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ducer as a function of the applied voltage, measured with a
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A zoomed-in view of the data for the range 0-30 V, with a
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visibility. (c) The driven response of the mechanics at 3.1
V (red points) detected by a spectrum analyzer. The solid
line shows a fit to a Lorentzian response. The mechanical
resonator is populated with 0.27 phonons due to the inelastic
scattering of the drive tone. The detected emission from the
mechanical resonator at 15 V in the absence of the drive (blue
points). The background level is set by the added noise from
our amplifier chain. All data is from device A.

pre-requisite for utilizing electromechanical systems in a
range of quantum applications. Another key figure of
merit in coupling mechanical modes to qubits and mi-
crowave resonators is cooperativity, defined as the ratio
of the electromechanical readout rate to the intrinsic me-
chanical decay rate C = 4g2/(κiΓi). We use the measured
electromechanical coupling rates and the mechanical in-
trinsic decay rates (from the ringdown measurements) to
find the cooperativity as a function of bias voltage (see
fig. 5b). For the maximum voltage value of 25 volts, we
find Γi/2π = 4.8 kHz (τd = 33 µs), corresponding to
a cooperativity of 1270 (see appendix E). As a guide,
we also mark the values of cooperativity assuming the
maximum coupling rates and lifetimes measured across
different devices on the same plot, finding estimates that
exceed 104 at 25 V.

INTERACTION WITH TWO-LEVEL SYSTEMS

As noted earlier, we suspect that the mechanical de-
phasing in our measurements can be attributed to cou-
pling to TLS, which is previously shown to be the dom-
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fit (dashed lines) gives a parametrically-enhanced coupling
rate of g/2π = 1.08 MHz. (b) A cross-section of the data in
(a) showing the splitting between the two hybridized modes
on resonance. The black solid line is a theory fit which in-
cludes the Fano effect accounting for the observed asymmetry.
(c) The electromechanical cooperativity measured at different
voltage values. The intrinsic decay rates are obtained by ring-
down measurements. The data points in all parts are taken
with device B. The grey shaded region shows the range of
cooperativity values calculated using the maximum values of
couplings and lifetimes measured in different devices.

inant loss mechanism for acoustic resonators with sub-
stantial surface participation at millikelvin temperatures
[4, 12]. Modeled phenomenologically as two nearly-
degenerate energy configurations of electrons in amor-
phous materials, a TLS manifests as a resonant defect
with both electrical and acoustic susceptibilities [33, 34].
Using previous theory work as a guide [35] and extract-
ing the spatial distribution of the strain field from FEM
numerical modeling, we estimate the spectral density (3/
GHz) and the coupling rate (13 MHz) of individual TLS
defects to the nanomechanical resonators in our system.
The large coupling rate and the small density suggest
a departure from the continuum TLS-bath picture ob-
served in the past work [36, 37], and offers the possibility
of observing mechanics-TLS interactions at the individ-
ual defect level.

To make this observation, we take advantage of the
TLS frequency tuning via the Stark shift [38] from the
electrostatic bias in our system (estimated to create TLS
frequency shifts at a rate of 20 GHz/V, see appendix F).
Figure 6a shows the measured decay and coherence times
as a function of voltage, manifesting strong modifications
indicative of interaction with TLS defects. Further, we
make a measurement of the mechanical spectrum as a
function of voltage, observing abrupt frequency shifts
(in form of avoided crossings) commensurate with the
changes in the coherence and decay times. Finally, by
comparing measurement results at two probe powers, we
see a saturation behavior in the vicinity of the voltage
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probe at -52 dBm power. Probe powers at 2.5 V are reported as a reference. For each voltage point, the power level is adjusted
to retain the intra-cavity phonon number in the range 500-3000. All data is from device A.

values where the mechanical mode is heavily affected by
TLS (see fig. 6b,c). A more detailed measurement of
mechanical linewidth as a function of phonon number at
these points provides a good fit to the widely used TLS
model (see appendix F). We note that in our device we
cannot fully saturate the signatures of the TLS before
the onset of acoustic Kerr nonlinearities at large phonon
numbers [39].

CONCLUSIONS AND OUTLOOK

In conclusion, we present an integrated cavity elec-
tromechanical system capable of achieving MHz-level
coupling rates at a mechanical frequency of several GHz.
Using this system, we demonstrate achieving the strong
coupling regime, with a cooperativity exceeding 1200.
Relying on an electrostatic driving field, we are able to
obtain a large parametric enhancement of the interac-
tion with negligible parasitic heating, leading to opera-
tion in the quantum ground state. Device fabrication is
performed using a TiN-on-SOI material system, which
is compatible with superconducting qubits and optome-
chanical crystals. Additionally, by relying on thin films
and single-crystalline silicon, we are able to show me-
chanical quality factors above 8 million, corresponding to
two orders of magnitude improvement over piezoelectric
devices in similar geometries [11, 13]. Finally, we note
the material-agnostic nature of the underlying process in
our experiment, which holds the potential for adoption
in platforms hosting spin qubits [40].

Looking ahead, we envision several avenues for fur-
ther improvement of the presented devices. The elec-
tromechanical coupling rates can be readily increased by
multiple folds upon integration of electrostatic transduc-
ers with microwave cavities with ultra-high impedance
[25, 41], reaching full parity with piezo-electric platforms.

Additionally, while we observe record-long lifetimes in de-
vices with electrical connectivity, our measurements re-
main much shorter than the second-long results from op-
tomechanical experiments in silicon structures with no
metallic components [4, 8]. This observation motivates
a systematic study of the sources of residual acoustic
loss, including the role of metallic components, fabri-
cation disorder in the acoustic shields, and two-level-
system defects. A better understanding of the loss mech-
anisms along with the implementation of proper mitiga-
tion techniques is expected to lead to longer mechani-
cal lifetimes. With moderate improvements, achieving
the millisecond regime is expected to be within reach in
near future, with the potential to deliver transformative
impacts on mechanics-based microwave-optical intercon-
nects [7], error-protected bosonic qubits [42], and quan-
tum memories [43, 44].
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Appendix A: Methods

1. Fabrication

A 4-inch silicon on insulator (SOI) wafer is utilized at
the beginning of the fabrication process, and is covered
with ∼ 15 nm TiN films via sputtering [45]. Following
sputtering, the wafer is diced into 1 × 1 cm2 dies. For
the following steps the patterning of the structures is
achieved by electron beam lithography. (i) Deposition of
niobium markers followed by lift-off. (ii) Inductively cou-
pled plasma - reactive ion etching (ICP-RIE) of TiN and
Si with SF6/Ar and SF6/C4F8 chemistry. These etch-
ing steps are used to define the capacitor vacuum gap,
phononic crystal nanobeam, phononic shields and the re-
lease holes throughout the metalized and bare sections of
the Si membrane. The devices are released with Hydro-
gen Fluoride (HF) post-fabrication.

2. Measurement Setup

The chip is wirebonded to a PCB, which is placed into
a copper box and then mounted to the mixing stage of the
dilution refrigerator at ∼ 15 mK. The box has a coil on
top for magnetic field tuning the microwave resonators.
The coil is obtained by hand winding a superconducting
wire around a cylindrical extrusion.

The device is measured in reflection with the aid of
a cryogenic circulator. A bias tee is placed between the
chip and the circulator to enable DC biasing of the trans-
ducer and readout of the microwave cavity via the same
CPW. The RF input line consists of multiple cascaded
attenuators with a total attenuation of 74 dB. A tun-
able attenuator is further added to the input line to con-
trol the input power in a programmable manner. The
DC input has no attenuation and is directly attached to
the bias tee (low frequency transmission band up to 500
MHz). At the output, we have an amplifier chain that
consists of a HEMT amplifier thermalized to the 4K stage
and a room temperature amplifier, with a total gain of
∼ 65 dB.

The external DC voltage for the electromechanical in-
teraction and the current for the tuning coil are applied
via a multi-channel programmable low-noise DC source.
Since, significant amount of current is required to tune
the microwave resonators, the normal metal parts in the
coil wiring leads to spurious heating of the mixing stage.
The coherent response of the mechanics-cavity system
is probed via a vector network analyzer (VNA) in re-
flection. For thermometry and investigations of the full
driven response of the system, the microwave emission is
detected by a spectrum analyzer. For time-resolved mea-
surements, we use Quantum Machines OPX+ module.
This tool enables the generation of pulses with an arbi-
trary waveform generator (AWG), heterodyne detection,
demodulation of signals via a digitizer, and the process-
ing of detected signals with an FPGA.

3. Device Parameters

As part of our experiment we have fabricated and ex-
tensively characterized two devices. The parameters ob-
tained from the measurements are described in table I.
Based on these parameters, we select different devices
to exhibit specific features of our platform. Due to its
larger electromechanical coupling strength, device B can
enter the strong coupling regime and attain large coop-
erativities above 1000. On the other hand, device A
has the largest energy decay lifetime we have observed
in our platform and is well suited to demonstrate the
substantial lifetimes that can be achieved with our de-
vices. Furthermore, as it requires less frequency tuning
(due to a smaller mechanics-cavity detuning at zero mag-
netic field), we are able to measure it at a lower temper-
ature (20mK), where the heating due to the current on
the coil is minimized, which makes it more suitable to
perform sensitive sideband thermometry measurements
and investigate TLS physics without thermal saturation
of TLS.

Appendix B: Electrostatic Interaction

1. Hamiltonian Derivation

The interaction term in the Hamiltonian for a capacitor
with mechanically moving electrodes (Cm) is given as

Hint =
q̂2

2Cm

(
1

Cm

∂Cm

∂x
x̂

)
. (B1)

The displacement operator can be written as x̂ =

xzpf(b̂ + b̂†). We have both electrostatic charge due to
external voltage source and RF charge associated with
the microwave resonance on top of the capacitor. This
leads to a charge operator which can be written as
q̂ = iQzpf(â − â†) + QDC. Inserting these operators into
the Hamiltonian, we obtain

Hint =
1

2

∂Cm

∂x
xzpf

[
i
Qzpf

Cm
(â− â†) +

QDC

Cm

]2

(b̂+ b̂†).

(B2)
Noting that Qzpf/Cm = Vzpf, QDC/Cm = VDC and ex-
panding the terms

Hint =
1

2

∂Cm

∂x
xzpf(b̂+ b̂†)×[

−V 2
zpf(â− â†)2 + V 2

DC + 2iVzpfVDC(â− â†)
]
. (B3)

Keeping only the interaction terms between the DC volt-
age and the RF fields and carrying out the rotating wave
approximation for our case of mechanics in resonance
with microwave gives us

Hint = i
∂Cm

∂x
xzpfVzpfVDC(âb̂† − â†b̂) = i~gem(âb̂† − â†b̂).

(B4)
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TABLE I. Summary of device parameters. The referenced maximum decay lifetime and the coherence time are at the few-
phonon level.

Device ωm/2π (GHz) ωmax
r /2π (GHz) κi/2π (kHz) κe/2π (kHz) g0/2π (kHz/V) τmax

d (µs) τmax
c (µs) TMXC (mK)

A 5.087 5.096 520 800 22.0 265 8 20

B 5.296 5.483 775 490 45.4 77 2 90

This Hamiltonian has the form of an artificial piezoelec-
tric response with an interaction strength

~gem =
∂Cm

∂x
xzpfVzpfVDC. (B5)

This constitutes a parametric interaction where the inter-
action strength scales linearly with the applied external
voltage.

Upon obtaining the interaction term, we can write the
full Hamiltonian of our system as

H/~ = ωrâ
†â+ ωmb̂

†b̂+ ig(âb̂† − â†b̂), (B6)

where we have dropped the subscript from gem for
brevity. In probing our cavity-mechanics system, we use
a microwave tone at frequency ωd. We can write the
Langevin equations for eq. (B6) as

˙̂a = −(iωr + κ/2) â− gb̂−
√
κeâin (B7)

˙̂
b = −(iωm + γ/2) b̂+ gâ. (B8)

where we have neglected the thermal fluctuations enter-
ing the microwave and mechanics, as we are focused on
the coherent response of our system.

Taking the Fourier transform of the Langevin equa-
tions, we obtain

(i∆ + κ/2) â(ω) = −gb̂(ω)−
√
κe âin(ω) (B9)

(iδ + γ/2) b̂(ω) = gâ(ω), (B10)

where ∆ = ωr−ω and δ = ωm−ω. Substituting eq. (B10)
into eq. (B9), we can express the microwave cavity oper-
ator as

â(ω) = −
√
κe âin(ω)

i∆ + κ/2 + g2

iδ+γ/2

. (B11)

Using input-output theory, we can define the output op-
erator as âin(ω) = âout(ω) +

√
κeâ(ω). Using eq. (B11),

we obtain the familiar electromechanically induced trans-
parency (EIT) expression

âout(ω)

âin(ω)
= 1− κe

i∆ + κ/2 + g2

iδ+γ/2

. (B12)

We utilize this EIT expression to fit the reflection traces
we obtain of the cavity-mechanics system.

2. Coupling Perturbation Theory

Within the framework of cavity electromechanics, we
can consider our interaction to be caused by radiation
pressure. More precisely, the stored electrical energy in
our system changes with the mechanical displacement via
the modulation of the capacitance. Looking at the term
in the Hamiltonian that leads to electrostatic interaction
in eq. (B3), we can see that the change in the cross elec-
trical energy is the origin of this interaction and thus
can be used to capture the change in the capacitance.
It is possible to express this change in the energy via
a perturbative integral, similar to the moving boundary
integrals for electromechanical systems [46]. In this per-
turbative approach, we assume that the displacement of
the material boundaries does not change the electric field
but alters the local permittivity due to leading to a elec-
tromechanical coupling rate

~gem = xzpf

∮
dA

(
Q(r) · n̂)(∆εE‖(r)DCE

‖(r)RF

−∆ε−1D⊥(r)DCD
⊥(r)RF

)
. (B13)

Here, xzpf =
√

~/2meffωm is the zero point fluctua-
tions of displacement and meff is the effective mass of
the acoustic resonator. Q(r) is the normalized dis-
placement where max[Q(r)] = 1. ∆ε = ε1 − ε2 and
∆ε−1 = 1/ε1−1/ε2 are the electrical permittivty contrast
between the two materials that are on the boundary cov-
ered by the surface integral. E‖(r)DC (E‖(r)RF) is the
parallel electric field component obtained from electro-
static simulations of the capacitor with VDC (Vzpf) ap-
plied to the capacitors. Likewise, D⊥(r)DC (D⊥(r)RF) is
the perpendicular displacement field obtained from the
same simulation. In this expression the voltage depen-
dence of the coupling is directly embedded in the capac-
itor voltages used in the simulations. One can alterna-
tively solve for a given voltage (such as 1V) and then
scale the fields appropriately based on VDC and Vzpf. For
instance, g0 can be simply obtained by setting VDC = 1V.

It has been previously observed that the electrical re-
sponse of the capacitor at DC and RF frequencies may
differ from one another [19]. Generally, the charge car-
riers freeze off at cryogenic temperatures, giving rise to
massive resistivity values for silicon [29]. However, in
capacitor structures under DC voltages, band bending
leads to the formation of a narrow space charge region
which effectively screens out the field at the bulk of the
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silicon [47]. This leads to a DC response which can ap-
proximately be modelled by modelling silicon as a perfect
conductor. On the other hand, our microwave field which
oscillates at a frequency above the RC cutoff cannot be
screened and silicon behaves like a perfect insulator for
these fields.

Taking this into account, only fields perpendicular to
the boundaries will exist for the DC field and the integral
for the electromechanical coupling can be simplified to.

~gem ≈ xzpf

∮
dA

(
Q(r) · n̂)(ε−1

0 D⊥(r)DCD
⊥(r)RF

)
.

(B14)
For our devices with g0/2π = 45.4 kHz/V this approach
gives us a very accurate simulation result of 46 kHz/V.
If we were to assume that silicon was an insulator at all
frequencies and the field distributions were identical, we
would underestimate our coupling strength and obtain
32kHz/V.

3. Equivalent Circuit Model

Cm

Ck

Cr Lr
Lk

Z0

VDC

FIG. 7. Equivalent electrical circuit of our system.

The calculation of the electromechanical coupling
strength via finite element method simulations is suffi-
cient to completely describe the behavior of our system
which consists of two coupled resonators. However, ob-
taining an electrical equivalent circuit for the mechanical
resonator is crucial for making the analysis of complex
electromechanical circuits more tractable. For this pur-
pose, we model our mechanical resonator by a parallel LC
resonator (Ck,Lk) in series with a capacitor Cm. This
model can be seen in fig. 7, where the coupling to the
lumped element microwave resonator (Cr,Lr) is capaci-
tive via Cm.

The equivalent mechanical capacitance can be ex-
pressed as

Ck =
2C2

mωm

~ (∂xCm xzpf VDC)
2 − Cm. (B15)

The equivalent mechanical inductance can be obtained
following the calculation of Ck by noting that ωm =

[Lk(Ck+Cm)]−1/2. This circuit model gives us the correct
expression for the electromechanical coupling strength,
which is attained by capacitive coupling between the two
circuit modes where

gem =
Cm√

(Ck + Cm)(Cr + Cm)

√
ωrωm. (B16)

In this capacitive coupling picture, the value of Cr pri-
marily sets the zero point fluctuations of voltage for the
microwave resonator since we have a small electrome-
chanical participation ratio (η = Cm/(Cm + Cr) � 1).
The small participation ratio of our capacitor is caused
by the small physical dimensions of our electromechani-
cal capacitor which is commensurate with 1µm transverse
acoustic wavelength at 5 GHz. This leads to the electri-
cal energy on top of the electromechanical capacitor to
be substantially diluted compared to the total electrical
energy stored on the microwave resonator.

We express the circuit parameters for device B in Table
II. We note that the equivalent circuit model parameters
for the mechanical resonator are dependent on the exter-
nal voltage bias VDC. This scaling is noted on the table,
where Lk and Ck are provided for 1V.

TABLE II. Equivalent circuit parameters for device B. The
mechanical parameters Ck and Lk are dependent on the ap-
plied external voltage. The given values are for 1 V and the
dependence on VDC is specified.

Parameter Value

Cm 0.2 fF

Cr 12.1 fF

Lr 75.8 nH

η 1.5 %

Ck 43.5 nH (1V/VDC)2

Lk 21.1 fF (VDC/1V)2

fr,m 5.26 GHz

g0/2π 45.4 kHz/V

In the circuit model, one can see that the mechani-
cal resonator is capacitively coupled to the CPW which
has an impedance Z0 = 50 Ω. This leads to some direct
external decay to the CPW. However, even at the max-
imum voltage we can apply of 25 V, due to our massive
equivalent capacitance this readout is at the level of 5 Hz,
which is negligible and further emphasizes the need for a
microwave cavity in order to enhance electromechanical
readout of mechanics.

Appendix C: Microwave Devices

1. Microwave Resonator

The λ/4 tunable microwave resonators in our work are
formed by ICP-RIE etching of TiN films (t ≈ 15 nm)
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FIG. 8. Change in the microwave resonance frequency based
on the applied external perpendicular magnetic field. The
solid line is a parabolic theory fit.

with a sheet kinetic inductance of 40pH/�, which are
sputtered on high resistivity (> 3kΩ) SOI substrates (de-
vice layer thickness 220 nm). The high kinetic inductance
TiN films are chosen for two main reasons: (i) obtaining

a large impedance (Z =
√
L/C) resonator in order to en-

hance the electromechanical interaction (gem ∝
√
Z) and

(ii) attaining a high degree of tunability via an exter-
nal magnetic field to bring the microwave into resonance
with mechanics. These goals are satisfied by forming a
λ/4 resonator, with the inductive component realized by
a nanowire. The total kinetic in this structure is a func-
tion of film properties and geometry

Lk = L�
8

π2

l

w
, (C1)

where L� is the sheet inductance, l is the nanowire length
and w is the nanowire width. In order to maximize the
impedance, we etch our nanowires to be as narrow as
possible, which in our case corresponds to a width of
approximately 110 nm. Attempts to reduce wire width
below this number led to reduced repeatability and a
large disorder in resonator frequency.

A current passing through a TiN nanowire modifies the
kinetic inductance in a nonlinear fashion

Lk(I) = Lk(0)

[
1 +

(
I

I∗

)2
]
. (C2)

where I∗ is the critical current of the nanowire. Pattern-
ing of the nanowires to form closed loops and applica-
tion of an external perpendicular magnetic field, provides
a ‘wireless’ means of modifying the kinetic inductance
via the screening current induced through the loops [27].
This is the mechanism we us to tune the resonator’s fre-
quency.

With these principles in mind, we utilize a ladder-like
topology for our microwave resonator as seen in fig. 1.
Finite-element method (FEM) simulations indicate that
our kinetic inductance excellently matches eq. (C1) and

we have negligible geometric inductance, leading to a
kinetic inductance participation ratio of approximately
unity (> 98%). Furthermore, we calculate the impedance
of our resonator to be 2.5 kΩ. The calculated lumped el-
ement equivalent circuit parameters for the microwave
resonator of device B can be seen in Table II. Despite
having a substantial impedance, due to our mechanical
capacitance being very small, we have a low electrical
energy participation ratio for the mechanical capacitor
(η = Cm/(Cm + Cr)) of 1.5%. This small participation
ratio permits us to galvanically connect multiple elec-
tromechanical capacitors to our microwave resonator.

Following the fabrication of our devices, we find the
measured resonance frequencies in good agreement with
the device modeling, to within a random offset of ap-
proximately 300 MHz, which is attributed to fabrication
disorder. We test the tunability of our devices by apply-
ing external magnetic fields via currents passing through
a superconducting coil mounted on top of the sample box.
For small tuning compared to the frequency, we expect
the frequency shift to be given by

∆f = −kB2, (C3)

where k is a device dependent proportionality constant
and B is the external perpendicular magnetic field am-
plitude [27]. This parabolic dependence is verified for de-
vice B on fig. 8. We can tune our device by about 6% of
their resonance frequency without causing any substan-
tial degradation of the microwave intrinsic quality factor
beyond κi/2π ∼ 500 kHz.

2. Purcell Filter

In our design, we prioritize redundancy in terms of
the number of mechanical resonators by attaching four
electromechanical capacitors to a single microwave res-
onator. This is done to mitigate the impact of frequency
shifts caused by fabrication disorder of the microwave res-
onators, where the different mechanical resonators spans
roughly 500 MHz (the disorder in the mechanical fre-
quencies is much smaller than the microwave disorder).
However, this approach leads to an increased capacitance
between our microwave resonator and the CPW, which
gives rise to undesirably large external microwave decay.
In order to increase the cooperativity of our system and
reach the strong-coupling regime, this decay channel has
to be suppressed.

We utilize an off-chip Purcell filter for this purpose as
depicted schematically in fig. 9. We place the filter in
parallel to our device, where the notch filter reduces the
external coupling strength of the microwave resonator.
For this purpose, we make use of home-built microwave
filters, realized as open transmission lines with a multi-
pole spectrum. To get approximate frequency matching
between our devices and the filter, we use a mechanical
switch that enables us to choose among multiple filters
with different free spectral ranges (in a span of 200 MHz
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FIG. 9. Circuit diagram of the Purcell filter configuration.
The input/output line is attached to a circulator (not shown
in the figure) used for investigation of the devices in reflection
mode. The final line of the switch is not connected to a trans-
mission line. The transmission lines have different lengths
(L1,L2,L3). Their response is depicted as Lorentzian reso-
nances separated by a given FSR that differs for each cable.
DUT: Device under test.

to 500 MHz). In cases where we get perfect frequency
matching between a device and a filter resonance, we
can reduce the external decay rate κe/2π to sub-200 kHz
levels. Furthermore, we have a line in our switch which
is not connected to a transmission line, permitting us to
effectively turn our filter off.

Appendix D: Mechanics Design

The mechanical behavior of our structures is investi-
gated via FEM simulations on COMSOL. The inner elec-
trode of the electrostatic transducer is patterned to form
a phononic crystal cavity consisting of multiple identical
unit cells, with the unit cell depicted in fig. 10a. These
unit cells are completely metallized with a 15-nm layer
of TiN on top of a 220-nm Si membrane (the anisotropic
elasticity tensor is used for silicon as in [48]). We are pri-
marily interested in the Γ point of the breathing mode
shown by the red band on the unit cell band diagram on
fig. 10b. The breathing mode is selected because it has
a displacement profile that significantly modulates the
electromechanical capacitance. The Γ mode is further
necessary to ensure phase matching of the electromechan-
ical interaction. Once multiple unit cells are attached to
form a 1-D chain and are clamped by phononic shields
that have a full bandgap, they hybridize to form a super-
mode that spans all the unit cells, which is our mechan-
ical mode of interest.

Ideally, we would like to have as many unit cells as
possible in forming our central electrode, since the elec-
tromechanical interaction strength scales as ∝

√
Ncells.

In practice, however, fabrication disorder leads to mode
break-up, limiting the number of cells that can be uti-

lized. We investigate this phenomenon via disorder sim-
ulations, which constitutes a crucial tool in investigating
the disorder limited properties of periodically patterned
acoustic and optical structures [49–51]. The disorder can
be modeled as random changes in the center positions
and the width of the negative patterns, which are etched
to form the actual structure. These random changes are
represented as realizations of independent Gaussian ran-
dom variables with zero mean and standard deviation
σ. The precise algorithm is as follows: (i) the center
of the etched filleted rectangles are varied by σ in each
direction (ii) the height and width of the rectangles are
varied by 2σ. Since each simulation represents a given
disorder realization, to accurately extract the statistics
we simulate multiple instances for a given number of
unit cells. We investigate the impact of disorder on the
coupling strength as shown in fig. 10c. In this situa-
tion, the changes in the mode profile and potential dis-
order induced mode breakup is captured in variations in
the coupling strength, which is the experimentally rele-
vant parameter to us. We can see that up until 9 unit
cells, g0 grows with the number of cells. However, be-
yond this number the growth rate diminishes and the
disorder-induced variations increase substantially. At 9
unit cells and a 70-nm gap, we have a coupling strength
of 46+4

−7 kHz/V which is in excellent agreement with our
experimental results. Finally, we investigate the depen-
dence of the coupling strength on the vacuum gap as
shown in fig. 10d. The fit indicates that the coupling
strength is a very strong function of the gap and the
scaling is more rapid than that of a parallel plate capac-
itor.

Since acoustic waves cannot propagate in vacuum,
the only radiative leakage pathway is through the sili-
con substrate. We minimize this loss by clamping our
acoustic resonator with a phononic shield that has a
complete bandgap. We investigate the effectiveness of
the phononic shields in suppressing radiation loss via
finite-element simulations, where the continuum of modes
in the substrate is modeled by a perfectly matched
layer. The simulations provide us with the radiation
limited mechanical Q in the absence of fabrication dis-
order. As depicted in fig. 11a the mechanical quality
factor roughly nearly exponentially with the number of
phononic shields. We have used 5 shield periods in our
final design, for which we plot the acoustic energy distri-
bution in fig. 11b.

Appendix E: Thermometry

1. Theory

We perform sideband thermometry by measuring the
emission from the microwave and mechanical resonators
with a spectrum analyzer. Our Hamiltonian is identical
to that of a red-detuned optomechanical system with a
large sideband resolution (ωm/κ� 1). Hence, in order to
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Logarithmic plot of mechanical energy density for 5 shield
periods.

extract the thermal occupancy values for the microwave
and mechanical thermal baths, we use the expression for
the noise power spectral density following previous elec-
tromechanics work [15, 52]. The power spectral density
following the amplifier chain is

S(ω) = ~ω10G/10

(
nadd +

1

2
+

nwg

∣∣∣∣(1− κeχr
1 + g2χmχr

)∣∣∣∣2 + nb,r
κeκi|χr|2

|1 + g2χmχr|2

+nb,m
κeγig

2|χr|2|χm|2

|1 + g2χmχr|2

)
. (E1)

Here, G is the amplifier gain in dB and nadd is the
noise added by our amplifiers, which is dominated by the
HEMT in our case. In this picture, the microwave res-
onator interacts with an intrinsic bath of occupancy nb,r

with rate κi and the waveguide having an occupancy of
nwg with rate κe. Similarly, the mechanical resonator
is coupled to an intrinsic bath having an occupancy of
nb,m with rate γi. The electromechanical interaction with
strength g will further lead to Purcell decay into the mi-

crowave for the mechanics, giving rise to electromechan-
ical back-action. The PSD expression also includes the
the bare electrical and mechanical susceptibilities which
are given as

χ−1
r (ω) = κ/2− i(ω − ωr) (E2)

χ−1
m (ω) = γi/2− i(ω − ωm), (E3)

where ωr (ωm) is the microwave (mechanics) resonance
frequency. In the weak coupling regime, we can express
the mechanics and microwave resonator thermal occu-
pancies as

nr =
κinb,r + κenwg

κe + κi
, (E4)

nm =
nb,m + Cnr

1 + C
. (E5)

Here, C =
g2κγ−1

i

∆2+(κ/2)2 is the effective cooperativity when

the mechanical and microwave resonators are detuned by
∆. In the absence of any detuning and at large bias volt-
ages, the cooperativity becomes large, leading to substan-
tial electromechanical cooling, which makes it challenging
to unambiguously find the mechanical bath occupancy
(nb,m). Therefore, we operate in a low-cooperativity
regime (large ∆), which permits precise extraction of
thermal bath occupancies. Extraction of the mechan-
ical intrinsic bath occupancy is particularly important
for quantum memory applications of our mechanical res-
onators, as there won’t be permanent electromechanical
back-action cooling in this scenario and the thermal de-
coherence rate depends on this bath occupancy.

To facilitate the analysis, we simplify the emission due
to the mechanics intrinsic bath in eq. (E1) as

Sm(δ) ∼ 4ñm
κe
κ

Γem

γ

(γ/2)2

δ2 + (γ/2)2
. (E6)

Here, δ = ω − ω̃m is the detuning between the emis-
sion frequency and mechanical resonance frequency, with
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ω̃m being the mechanical frequency shifted by the opti-
cal spring effect. γ = γi + Γem is the total mechanical
linewidth and ñm = nb,mγi/γ is the thermal occupancy
of the mechanical resonator due to fluctuations of the
intrinsic mechanical bath.

To accurately utilize the expressions for the noise
power spectral density, it is crucial to take into account
the distinction between broadening due to frequency jit-
ter and radiative coupling to an intrinsic bath for the
mechanical resonator. To this end, we note that the
area underneath Sm(δ) is proportional to the total Pur-
cell enhanced emission from mechanics, which is given
as Γemñm. Hence, we can see that eq. (E6) represents
the emission for a mechanical resonator that has a total
linewidth γ with arbitrary frequency jitter. To take the
distinction between jitter and decay into account, once
we have extracted ñm, we should use only the mechani-
cal intrinsic decay rate Γi to calculate the bath thermal
occupancy as

nb,m = ñm
Γem + Γi

Γi
. (E7)

We note that due to the small non-zero microwave bath
occupancy, we have some emission from the mechanical
resonator due to microwave thermal fluctuations entering
the mechanics by electromechanical back-action. This
emission interferes with that of the microwave resonator
and leads to noise squashing as can be seen in the term
in eq. (E1) proportional to nb,r [53]. This noise squash-
ing is also taken into account in our analysis in order to
correctly calculate our mechanical bath occupancy.

2. Driven Response

We generally do not see significant emission from the
mechanical resonator during thermometry, due to the
mechanics being deep in its motional ground state. Due
to the noise introduced by our HEMT, the spectrum an-
alyzer traces are noisy to an extent that precludes nu-
merically fitting the mechanical emission. Thus, in order
to accurately analyze this noisy data and extract the me-
chanical thermal occupancy, it is crucial to find the me-
chanical frequency, linewidth and decay rate at a given
voltage.

We achieve this by investigating the driven response of
our resonators. Following the application of a coherent
tone in resonance with our mechanics, the drive tone is
elastically scattered, leading to a delta-like emission from
the mechanics and the generation of a coherent phonon
population defined as ncoh = |〈â〉|2. This coherent popu-
lation dynamics is the origin of the EIT response which
can be detected by a VNA. However, the frequency jit-
ter of our system also leads to inelastic scattering of the
drive tone. For frequency noise which has a correlation
time smaller than the decay rate, we get an emission with
the cavity lineshape as the absorbed incoherent phonons

lose memory of the drive frequency due to frequency jit-
ter [30]. This inelastic scattering is due to the generation
of a number of incoherent phonons in the cavity, whose
population is ninc = 〈â†â〉 − |〈â〉|2. The incoherent emis-
sion enables us to extract the cavity linewidth and fre-
quency via fitting the Lorentzian response. This routine
for parameter extraction is repeated prior to mechanics
thermometry for each voltage to facilitate accurate cal-
culations with eq. (E6) and center the spectrum analyzer
detection window.

Apart from extracting the lineshape of the mechanics,
we can also use the driven response to make non time-
resolved measurement of the intrinsic decay rate Γi. The
total coherent and incoherent phonon populations are re-
lated to the total decay rate Γd = Γi + Γem and the total
linewidth γ as follows [54]

ninc

ncoh
=

γ

Γd
− 1. (E8)

These phonon populations can be further related to the
areas detected via the spectrum analyzer, where Sδ is the
area underneath the coherent emission, Sbb (Snb) is the
area underneath the incoherent emission due to broad-
band (narrow-band) frequency noise. Therefore, the re-
lation between the decay rates can be expressed as

γ

Γd
= 1 +

Sbb

Sδ

(
1− Snb

Sδ

)
, (E9)

where the broadband frequency noise can be arbitrarily
strong and the narrow-band noise is weak [30]. Subtract-
ing the electromechanical readoıut rate from the total
decay rate, we can calculate Γi. The Γi obtained in this
manner is used to extract the mechanical bath occupancy
via eq. (E7).

3. Line Calibration

We calibrate the total gain of the output line using
thermometry of a 50 Ω cryogenic terminator that is ther-
malized to the mixing (MXC) stage of the cryostat. The
output line consists of a HEMT amplifier (LNF-LNC48C)
thermalized to the 4 K stage and a room temperature am-
plifier. The MXC stage temperature is raised by reducing
cooling power by turning off the turbo to reduce 3He/4He
mixture flow, and applying heat using the MXC stage
heater. With no external input power, we measure the
output power from the amplifier chain with a spectrum
analyzer at different mixing stage temperatures TMXC.
The measured output power has contributions from the
thermal noise of the resistor thermalized to the MXC
stage, and the HEMT noise characterized by a fixed noise
temperature THEMT. The total power measured in an IF
bandwidth ∆νIF on the spectrum analyzer is equal to the
sum of the Johnson-Nyquist noise from the two sources
and is given by,

POUT = ∆νIFkBGA (TMXC + THEMT) (E10)
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Here, GA is the absolute (net) gain factor of the out-
put line, and is a combination of the total gain due to
the amplifier chain and losses due to coaxial cables. At
TMXC = 10 mK, the measured output power is domi-
nated by HEMT noise. The output gain GA can be cal-
culated by subtracting the contribution of the HEMT
noise from the total output power measured at vari-
ous TMXC. We perform this measurement at multi-
ple different MXC temperatures between 730 mK and
1.05 K. The mean and standard deviation of these mea-
surements are used to obtain GA. We use a factor
η = (hν/kT )/ (exp (hν/kT )− 1) to account for correc-
tions to eq. (E10) due to the Bose-Einstein distribution
in the regime hν ∼ kBT [55]. Using this calibration
method, we obtain a net gain of 65.6 ± 0.4 dB for the
output line.

4. Pull-in Instability

Post measurement imaging of the devices which were
subject to breakdown indicates that the breakdown be-
havior is caused by pull-in of the inner electrode to an
outer electrode, as seen in fig. 12. Once the capaci-
tor gap becomes shut, a short resistive leakage path ap-
pears, leading to substantial current flow as observed in
our leakage current measurements. This ‘pull-in’ phe-
nomenon is commonly observed in electrostatic actua-
tors. Increasing the bias voltage, the strong electrostatic
forces can no longer be offset by the mechanical spring
force following a certain gap shrinkage, leading to un-
stable mechanical dynamics [56]. Furthermore, stiction
can render this phenomenon irreversible as we have ob-
served, where removal of the external voltage does not
lead to recovery of the device.

1µm

FIG. 12. Post measurement SEM image of a transducer de-
vice which had permanently broken down. The pull-in phe-
nomenon can be observed at the top-left corner of the elec-
tromechanical capacitor where the vacuum gap has become
shut.

The observed pull-in behavior in our devices is not fully
explained with common behavior of larger electrostatic
actuators. For these MEMS devices, the capacitor gap
start to shrink gradually and the onset of instability oc-

curs once the gap has shrunk by about a third of its
initial value for parallel plate geometries [57]. However,
we observe excellent linearity of g vs VDC, which indi-
cates the absence of any significant continuous shrinkage
of the gap. At the moment, the precise mechanism of the
observed pull-in instability is not clear to us and will be
the subject of further studies.

Appendix F: Mechanical Coherence

1. Ringdown Measurements

In performing the ringdown measurements, we use a
constant DC drive at a selected voltage level and control
the external readout rate via setting the detuning be-
tween the microwave resonator and the mechanics. We
populate the mechanical cavity via sending microwave
pulses resonant with the mechanical mode. The pulses
are synthesized with an arbitrary waveform generator
(AWG), and their length is chosen to be sufficiently long
to ensure the mechanical population can reach the steady
state. Following the drive pulse, we detect the emitted
power in a given interval by processing the downcon-
verted signal from a digitizer. A power measurement
(as opposed to field-quadrature) is obtained by summing
the square of the demodulated I and Q quadrature val-
ues in a detection window in an FPGA. This detection
window length is set to be much shorter than the recip-
rocal of mechanical linewidth to ensure we detect all the
phonons emitted from the resonator. The multiple con-
secutive detection windows during a single measurement
gives us a ringdown curve. We then proceed to aver-
age many instances of the experiment to improve our
signal-to-noise (SNR) ratio and obtain our final data.
The AWG, digitizer, and FPGA functionalities are re-
alized using a Quantum Machines OPX+ module. We
calibrate the digitizer output using the calibrated gain of
our output lines and refer the detected voltage levels to
the number of phonons in the cavity.

In finding the optimal lifetime in a voltage range, we
carry out multiple ringdowns while sweeping the volt-
age. These ringdowns are performed at a large number
of phonons in order to improve the SNR and make the
measurements more tractable. Apart from showing sig-
natures of spectral collisions with TLS that is manifested
as deteriorating lifetimes, these measurements enable us
to extract statistics about our lifetimes. We can see that
for the two devices we have measured, we can reliably
obtain lifetimes around 30 µs by slightly optimizing our
voltage level. Such a typical ringdown is visualized in
fig. 13a. We can further see that the points where we
have improved coherence properties do not exhibit ex-
treme sensitivity to the applied voltage. For example,
for the voltage value where we have obtained our best
lifetime on device A, we can obtain similar lifetimes in a
250 mV range as shown in fig. 13b. We can see similar
broad regions where the lifetime is enhanced for device
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FIG. 13. (a) Typical ringdown with an intrinsic lifetime of ∼ 30 µs. (b) Intrinsic lifetime vs voltage for device A with around
1000 phonons inside the cavity. (c) Intrinsic lifetime vs voltage for device B with around 3000 phonons inside the cavity.

B too, as depicted in fig. 13c.

2. Linewidth Characterization

The reflection spectrum measurements enable us to in-
vestigate the mechanical linewidth at different power lev-
els in order to investigate their power dependence. For
device A, these results corroborate our previous observa-
tions concerning the absence of saturable TLS dependent
losses at our long lifetime point. As shown in fig. 14a, the
linewidth does not show any saturation behavior when
the phonon number varies between 4-500.

During our ringdown measurements, we keep track of
our mechanical resonance frequency in long timescales
and observe telegraphic frequency jumps as shown in
fig. 14b. A potential model for this behavior could be
that of a mechanical resonator directly coupled to a low
frequency TLS that has non-negligible thermal popula-
tion, which is sometimes referred to as a thermal fluctua-
tor (TF) [58]. The TF jumping to its excited state leads
to a dispersive shift for our device, giving rise to to cen-
tral mechanical frequencies which are bunched at a higher
frequency. Using this data, once can infer the frequency
of the TF, its switching rate and the coupling strength
of it to the mechanics, which is consistent with our first
principle calculations and previous literature [58–60].

In contrast to the previously discussed non-saturable
behavior, when we go to a operation point in device B
with signatures of TLS spectral collision, we can recover
the familiar saturable behavior of the linewidth for as
seen in fig. 14c. We can fit this data to a TLS continuum
model, where the total linewidth γ can be expressed as
[61]

γ =
F γTLS

tanh
(

~ω
2kBT

)√1 +

(
n

nc

)β
+ γ0, (F1)

where n is the number of phonons inside the cavity, F is
the TLS participation ratio, γTLS is the TLS decay rate,

nc is the critical phonon number, β is a fit parameter and
γ0 is the decay rate from power independent broadening
mechanisms. Due to ambiguity in the phonon number
inside the cavity for VNA measurements, we use the co-
herent phonon number ncoh in our fit (see appendix E for
this distinction). We cannot see the complete saturation
of the linewidth at large phonon numbers due to our me-
chanical nonlinearity which leads to narrowing down of
the linewidth and deviation from Lorentzian lineshape.
The fit gives us γ0/2π ≈ 30 kHz.

3. TLS Model

In analyzing the interactions of TLS with acoustic and
electrical fields, we use the standard tunnelling model
[34]. The TLS is modeled as two potential wells having
an asymmetry energy ε and a tunnelling energy ∆, which
leads to a TLS energy of E =

√
∆2 + ε2. The interac-

tion of TLS with external fields is via modification of its
asymmetry energy

ε = 2γ · S + 2p ·E + ε0, (F2)

where γ is the mechanical deformation potential around
1.5eV in magnitude, S is the external strain field, p is the
TLS dipole moment of roughly 1 Debye, E is the external
electric field and ε0 is the residual asymmetry from the
environment.

The dependence of the asymmetry energy on the elec-
tric field enables us to Stark shift the frequency of TLS
via the voltage applied on our electromechanical capaci-
tor. The tuning rate can be calculated as

δE = 2
ε

E
p ·E (F3)

We use ε/E of 0.5 in our analysis. The narrow vac-
uum gap capacitors gives rise to large electric fields ap-
proaching 5× 106 V/m, leading to a steep tuning rate of
δE/h ≈ 25 GHz/V.
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Apart from Stark shifts, the electrical dipole of the
TLS also leads to p ·E coupling to the microwave fields.
The zero-point fluctuations of voltage in our microwave
resonator is approximately 10µV, with maximum electric
field values of roughly 50 V/m on the interfaces, leading
to a TLS-microwave coupling of 250 kHz.

Due to substantial acoustic susceptibility of TLS,
strain coupling constitutes an important mechanism for
mechanics-TLS interactions. The coupling strength can
be written as

~λ = γ
ε

E
Szpf (F4)

where Szpf is the zero-point fluctuations of strain associ-

ated with our mechanical mode [35]. This quantity is re-
lated to the strain mode volume of our mechanical mode

Szpf =

(
~ωm
2EVm

)1/2

(F5)

where E is the Young’s modulus and Vm is the strain
mode volume. Due to the small physical dimensions of
our mechanical resonator, we have an extremely small
strain mode volume of 6 × 10−3 µm3 and a correspond-
ing Szpf of 4 × 10−8 m/m. This causes a strain coupling
strength of λ/2π = 13 MHz, which clearly dominates
other coupling mechanisms to TLS for the mechanical
resonator.
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