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Abstract. We report a two-stage, heterodyne rf-to-microwave transducer that combines a tunable electro-
static pre-amplifier with a superconducting electromechanical cavity. A metalized Si3N4 membrane (3 MHz
frequency) forms the movable plate of a vacuum-gap capacitor in a microwave LC resonator. A dc bias across
the gap converts any small rf signal into a resonant electrostatic force proportional to the bias, providing a
voltage-controlled gain that multiplies the cavity’s intrinsic electromechanical gain. In a flip-chip device with
a 1.5 &m gap operated at 10 mK we observe dc—tunﬁblj anti—spr'thifts, and rf-to-microwave transduction
at 49 V bias, achieving a charge sensitivity of 87 &e/" Hz (0.9 nV/" Hz)_ Extrapolation to sub-micron gaps and
state-of-the-art Q ~~ 108 membrane resonators predicts sub-200 fV/ Hz sensitivity, establishing dc-biased
electromechanics as a practical route towards quantum-grade rf electrometers and low-noise modular het-
erodyne links for superconducting microwave circuits and charge or voltage sensing.
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1. Introduction

Bridging the gap between radio-frequency (rf) and microwave-frequency electrical signals is a
longstanding challenge in quantum electronics and precision sensing. If an rf signal can be
upconverted without adding noise, it can be processed by near-quantum-limited amplifiers that
are available in the microwave frequency band. In a typical electro-mechanical transducer, an rf
charge modulation drives a mechanical mode into motion. The motion is then converted into a
microwave sideband that can be measured with sub-nV/" Hz sensitivity. Such a device can also
be used as a sensitive electrometer.
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Figure 1. Top: illustration of the transducer amplification chain, where the electrical spectrum Syy (signal —Vs at
frequency >gp plus white noise of spectral density S, , indicated in purple) undergoes transduction to position
spectrum Sxx with the electrostatic gain Gy (electrical noise contribution appears in purple, and thermal noise
contribution in orange) followed by transduction to microwave sideband spectrum Sgp via the electromechanical
gain Gem (detection noise contribution is indicated in light green). Bottom: proposed implementation of the
transducer. An LC microwave resonator (red) of resonance frequency ! is coupled to a metalized free standing
membrane acting as a mechanically compliant capacitor. The red part of the circuit is electrically floating. The
membrane electrode (yellow) is biased through a capacitor Cy,, connected to a bias tee (pink rectangle) that
combines the dc bias and an 1f signal to drive membrane modes on resonance. The two halves of the membrane
electrode behave as Cmy (x)/2 capacitors that are connected in parallel with the microwave LC resonator, and
in series with the bias-line, so that the bias circuit sees the full membrane capacitance Cm, (x) whereas the LC
resonator sees only Cm (x)/4 in parallel with its stray capacitance Cs. The LC resonator is inductively coupled to
aread-out line (green). A probe tone fij, at the red-detuned frequency 'q ~ !¢ j >m is sent into the resonator,
and the reflected field fioyt is monitored with a vector spectrum analyser. In this scheme, the mechanical mode
of amplitude —x, is driven on resonance by the rf source, and amplified by the dc source with a gain Gy, . It is then
upconverted and amplified with a gain Gem at microwave frequencies by the electromechanical system operating
in the resolved sideband regime. It appears as a sideband of the reflected microwave carrier figyt.

The seminal electrometer of Knobel and Cleland exploits a radio-frequency single-electron
transisEgr_to measure the motion of a suspended beam and achieves a charge sensitivity of
12 &/ Hz [1]. Subsequent transport-based devices — rf-SETs [2-7], rf-QPC [8], quantum
dots [9-11], &based devices [12], and fluxonium qubits [13,14] — have pushed sensitivities
below 10 &/ Hz. A parallel track replaces the electronic detector with an optical or microwave
cavity coupled to a high-Q mechanically compliant capacitor. In such schemes, one exploits
the high susceptibility of the resonant mechanical system to probe an external force, such as
an electrostatic modulation, with high sensitivity. Cavity-enhanced microwave read-out of a
nanobeam was obtained at room temperature [15]. Additionally, ground-state cooling and
imprecision at the standard quantum limit have been achieved in both microwave [16-18] and
optical [19-22] domains, while ultracoherent SisN4, membranes with Q ™~ 10° [18,23-25] for
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mechanical modes in the 100 kHz range, now suppress thermomechanical force noise to the
zeptonewton level [18,24]. Meanwhile, cavity electro-optomechanical converters have linked
microwave and optical photons [26—30].

In most cavity-based converters the microwave cavity alone supplies the gain. The linearized
coupling grows with the intracavity photon number, so that achieving higher conversion e Y -
ciency requires strong pumps — at the cost of photon shot-noise or heating. Here we report
on a two-stage architecture that sidesteps that trade-o V by pre-amplifying the rf signal electro-
statically before it reaches the cavity. More precisely, we propose a heterodyne rf-to-microwave
converter based on a dc-biased membrane. It consists of a metalized Si 3N4 membrane whose
fundamental drum mode lies near 3 MHz. The membrane forms one plate of a vacuum-gap
capacitor in a superconducting lumped-element LC resonator at 6 GHz, such that its motion
modulates the microwave resonance frequency. A dc bias applied across the gap converts any
small rf signal on the same line into a time-varying electrostatic force that scales linearly with
the bias voltage [14,28,31,32]. This electrostatic stage adds a voltage-tunable pre-ampli cation
to the RF signal before it is upconverted by the LC microwave resonator. Because the two stages
act in series, their gains multiply, boosting the overall RF-to-microwave conversion. A related dc-
biased membrane-based rf-to-optical transducer was demonstrated by Bagci et al. [28], wherg,a
sub-MHz rf voltage is converted to an optical carrier with a voltage sensitivity of a few pV/ Hz,
and further experimental and theoretical developments along similar lines have been reported
in [33,34]. Inthe present cryogenic implementation, we demonstrate a ip-chip assembly that re-
alises a 1.5&m vacuum gap, and observe dc-controlled frequency shifts on the mechanical modes
— a static eVect known as anti;spring e Vlgct_[14,28,31]. With a 49 V bias, the device achieves a
charge sensitivity of 87 &/ Hz (0.9 nV/  Hz), currently limited by bias-line noise. With sub-
micrometer gapspa\m Q E 10® membranes already demonstrated [18,25,35], our model predicts
that sub-200 fV/ = Hz sensitivity is within reach, paving the way towards quantum-grade rf elec-
trometers and heterodyne links that integrate seamlessly with microwave quantum circuits.

2. Transduction principle

The proposed design, described in Figure 1, consists of a metalized membrane oscillator (mode
frequency - n/2%.0f a few MHz, and e Vective mass mgy), dispersively coupled to a supercon-
ducting lumped-element LC resonator (frequency ! /2% of a few GHz). The capacitance of
the LC resonator consists of a stray capacitance Cg in parallel with two mechanically com-
pliant vacuum gap capacitance Cy,(x)/2 in series. The metalized membrane constitutes one
plate of <Iaach capacitor &:?‘8(2)/2’ such that its out-of-plane motion  x(t) shifts ! ¢ according to
I o(x) £ L Cn(x)/4 ACs . To rst order, this leads to a modulation of the microwave res-
onator frequency ! .(t) A@! ¢)x(t). The LC resonator is weakly coupled to a read-out-line and
probed in re ection. A coherent microwave tone is applied with a frequency ! 4 typically red-
detuned by one mechanical frequency: ! 4 %! ¢i - m. Inthe linear regime, the re ected eld
acquires sidebands [36] at ! 4§ - m, with a power spectral density expressed in V ?/Hz

Ssal! 1 A£G, (1 )Sl! 1, @)

where Sy [! ]is the power spectrum of the membrane position,and Gy (! ) the electromechanical
gain, which can be approximated by

Gm(')" G

in the resolved sideband regime ( - m A ), with n being the 7;3nicrowave modegphoton number,
G £@! . the electromechanical coupling strength, A, (! )& ji(¢ A1 )A- 2" ! the microwave
resonator response at detuning ¢ &' 4 ! ¢, and Z is the read-out line characteristic impedance.

P [ J—
n-cjA (V)i B! cZ/2 (2
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Here, we have introduced the microwave resonator linewidth - &- ¢ A -, the coupling rate to
the read-out line - ¢, and the intrinsic loss rate of the microwave mode - . This electromechan-
ical system is used to upconvert and amplify the motion of the mechanical oscillator to the mi-
crowave domain. This technique is the standard read-out protocol for microwave optomechani-

cal systems [16,18].

In addition, we add a static bias voltage V and a small rf sinusoidal modulation £V (t) on the
membrane electrode through an external bias capacitor Cy, (see Figure 1). BecauseCy, is in series
with Cy,, the two capacitors can be replaced by the equwalent capagjtance  Ceq A(Cl, 1AC' byt
V A+V (t)is applied across Ceq, S0 that only the fraction 'V Axv (t) ,with ~ /EC,/(CLACH) drops
across the mechanical capacitor Cp,(x), the factor ~ acting as a voltgge dilution coe Y cient. The
electrostatic potential energy of the system writes U (x,t) & jCeq(x) V A£V (t) “/2. Expanding to
rstorderin £V/V yields the force

Fe(t) i QU %Vz@cquViV(t)@Ceq- (3)

The rstterm is a static electrostatic force that both softens the membrane spring — producing

the familiar anti-spring frequency shift [14,28,31,37,38] - 2,(V) &£- 2,(0)i V2@Ceq/2 — and
increases the mechanical linewidth through motion-induced currents in any resistive elements R
of the biasing circuit, with the bias-dependent damping i m(V) &im(0) AV 2(@Ceq)’R/Mey
(detailed calculations can be found in [39]). The second term drives the membrane motion, with

a force scaling linearly with V. The mechanical mode response to Fg(t) is given by an e Vective
voltage-dependent mechanical susceptibility A, (! ,V) de ned by

A V) L Emey - B0 L2 (V) @)
Hence, an rf signal of spectrum Syy[! ]is transduced into displacement with the spectrum
! 1EGy (12 swi! 1, (5)
where we have introduced the electrostatic gain B
Gy (1) £ An(! VIV @Ceq , (©)

which grows linearly with V and peaks at ! /- (V). The resulting overall transduction gain
from an rf tone amplitude to a microwave sideband amplitude writes

Got (! ) AGm(1)E G/ (1 ). ()

The proposed device comprises two cascaded ampli ers: the electromechanical stage, whose
gain G., depends on the microwave pump power and on the electromechanical coupling G, and
the electrostatic stage, whose gain G, can be tuned in situ by the dc bias V. This shows that
such transducer can be used to upconvert to the microwave domain and amplify small rf voltage
uctuations. In the following, we perform a noise budget, compute an expression for the total
transduction gain, and derive an ultimate sensitivity of such a system used as an electrometer or
charge sensor.

3. Signal-to-noise ratio in an rf-to-microwave transduction experiment

Force and position noise spectra are related by the mechanical susceptibility

— 2

Sal! 1A An( V) “Seel! ]. (©)
Thermal force noise SchF, electrical force noise Se' and cavity back-action force noise [36] SE?:
contribute to the total force noise as

Srel! 1 ST TASE TASERL ], ©)
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where
SEEl! 1 E2Mevi mks T (10)

is the Langevin t?@rmal force noise, with T the environmental temperature, and S,‘Z'F[! 1 &£
IGV[! 1 An(t V) “Sw]! ] the force noise due to direct electrical drive on the membrane elec-
trode. Including both Spg[! ] and the detection noise Sget, the transduced sideband spectrum
writes - =
Ssel! 1 &G (1 )Sw(! JAGE, (1) An( V) *(ST A SER) A Sger, (11)
where the rst term in the right-hand side is the term of interest. Splitting the input rf noise
spectrum into signal and noise contributionsas  Syy ﬁES\SNA S{‘N, we introduce the signal to noise
ratio of the transduction experiment:
E G (1S

G (1S AGE (1) An(t V) *(STEA S A Seer
Eqg. (12) shows that the SNR can be improved by increasing the total transduction gain  Gg; as
long as the dominant noise in the denominator is not ampli ed by the same factor. The total
gain is controlled by two parameters: the electrostatic pre-ampli cation set by the dc bias V and
th% rﬂicrowave stage set by the intracavity photon number n through th%linearized coupling
go N, with go /G X,pf the vacuum electromechanical coupling and  Xypt £ [3/2mgy- m the zero
point uctuations of position. In the low-cooperativity limit this yields the scaling Got/j Vj n.
Therefore, in the imprecision-limited regime (denominator dominated by Sdet) ONe expects
SNR/j V| n. By contrast, when the transduced input electrical noise term Gﬁot S{‘N (aominates,

increasing Got ampli es signal and noise identically and the SNR saturates towards S\S,V/S{‘N.

Finally, at high pump power, the backaction contribution increases (with SE;‘;/ n), so that the

SNR generally exhibits an optimum as a function of n [36,40].

SNR? (12)

4. Total transduction gain and ultimate sensitivity of the transducer

To illustrate the potential of such a transducer, we compute the total gain and the thermal noise
limited sensitivity in the low cooperativity limit C /E4ggn/- im ¢ 1, where cavity back-action
force noise can be neglected. The total transsduction gainatdetuning ¢ &£ j- nis
Got(- m) B ——2C iy @Cayi 13)
- mMevim
Additionally, the ultimate sensitivity is obtained for an SNR of 1. Assuming that the detection
noise Syet and the electrical input noise  S\),, can technically be made negligible, we get

q

min 2Mevi mksT
v IV @Ceq

Let us estimate the gain and sensitivity that could be obtained with state-of-the art sub-
systems. To date, highly stressed silicon nitride membrane resonators are the best candidates
to perform such an experiment. They can have frequencies around 4 MHz, masses around 1 ng,
and they can be thermalized at a temperature of 10 mK in a dilution cryostat [14], exhibiting
quality factors of at least 100 million, which leads to  j /2% smaller than 10 mHz. Such ex-
treme quality factors can be obtained through phononic engineering in silicon-nitride stressed
structures [18,23,24,35,39,41], relying on dissipation dilution [42]. Finally, sub-micrometer dis-
tance can be reached in vacuum gap capacitors [18]. For a 500 nm distance and a surface of
20&m£20&m,we nd Cn "' 10fF, and @QCy, %15 nF/m. We assume that Cy, is large enough such
that ' 1. We also assume a maximum dc bias of 50 V: while cryostat dc lines and electronic com-
ponents can typically handle up to 150 V, avalanche breakdown in semiconducting substrates

(14)
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usually imposes a lower practical limit [14,43]. In this con guration, assuming a cooperativity of

C /0.1, - ;/2¥ /0.5 MHz, and - {/2¥/E1 MHz, the total gain would be G (- pi)iE‘M dB, anq)th_e
minimum voltage modulation that could be detected is of the order of 200 fV/ Hz,or10ne/ Hz
in terms of charge modulation, rivaling with the lowest sensitivities reported so far [8,9,12,13].

5. Experimental implementation

In this section, we demonstrate an experimental implementation of such an rf-to-microwave
transducer.

Figure 2. (a) LC resonator chip design: LC resonator (red), biasing line (blue), the read-out line (green),
the ground plane (gold), and the aluminum pillars (light blue) used as spacers in the ip-chip process. For
visualization, the inductor track (width: 8  &m) has been thickened. Inset: Close-up on the read-out line which
is a single-sided coplanar waveguide terminating into the ground plane. (b) Optical microscope image of the
capacitor pads of the LC resonator, overlaid with the membrane electrodes (pink). (c) The LC resonator (red)
overlaid with simulated mode pro les of the rstto membrane modes 11 and 12. (d) Optical microscope image of
the membrane sample, standing on a rectangular pedestal 25 &m above the silicon substrate. The pedestal with the
membrane and electrodes is in focus, the substrate is not in focus. (e) Optical microscope image of the membrane
sample, seen from the other side. The released metalized SiIN membrane can be seen at the top. Mirror images on
the four edges of the membrane come from the smooth inclined silicon crystalline planes obtained after etching
with KOH trough the substrate. Figures (d) and (e) are taken from [14].

5.1. Membrane oscillator

The mechanical oscillator is a 90 nm-thick, high-stress ( %' 1 GPa) Silicon Nitride (SiN) rectan-
gular membrane with dimensions |y ££110&m, and |, ££140&m. The combination of high tensile
stress and low thickness yields high quality factors thanks to dissipation dilution [42]. The cen-
tral part of the membrane (rectangle of dimensions 90 &m £ 120 &m) is coated with a 30 nm-thick
aluminum layer, leaving a narrow uncoated stripline at the edges. The aluminum biasing circuit
consists of a square aluminum pad of 100 &m side length, forming one electrode of Cy, that is
electrically connected to the membrane pad with a thin stripline. A schematic of this layout is
shown in Figure 2.
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The fabrication process is the following. A silicon wafer is coated on both sides with a
(LPCVD) 100 nm SiN layer, and is annealed at 1100 *C [44] for four hours. The membranes are
released by wet etching at 85 *C in a 30 % KOH solution, after performing an optical lithography
step [14,45,46] on one side of the wafer. Additionally, a second optical lithography step followed
by KOH etching on the other side of the wafer (the membrane side) de nesa25  &m-deep recess
over the entire chip except the membrane and dc bias circuit footprint (Figure 2(d)). The resulting
relief maintains a generous inter-chip spacing everywhere outside the active membrane region,
so that in the nal assembly, any dust particles trapped there cannot a  Vect the capacitor gap
beneath the membrane. The membranes are dipped in a 10 % diluted HF solution to remove
any dirt and debris. During this step, HF etches 10 nm of SiN in total, leaving a 90 nm-thick
membrane. The dc biasing electrodes are fabricated out of aluminum using a lift-o  V process.

The mechanical modes frequencies, pro les, and quality factors were characterized at room
temperature in an optical interferometer prior to metalization, and show frequencies of 3.22 MHz
(mode 11) and 4.73 MHZ (mode 12), in good agreement with the result expected from the plate

theory [47] - pq AY: (¥¥A(p?/13A?/12), with p and q being the integer mode indices, Y%:the
membrane density. Finally, mechanical quality factors were measured near 6 £ 10* prior to
aluminum metalization.

5.2. LC resonator

The LC resonator capacitor is made of two rectangular pads (size 60 &m £ 90 &m) designed such
that the microwave mode couples primarily to the rst two membrane modes (modes 11 and 12

on Figure 2(c)). They are connected to a nearly circular ring inductor. The LC resonator chip also
hosts a 100&m £ 100 &m metal pad forming one electrode of Cy,. Figure 2(a)—(b) shows the biasing
pad and the biasing line (blue in (a)), the membrane electrode, the inductor, and their alignment
with the membrane chip. On the side opposite to the capacitor electrodes, the inductor couples

to a single-sided coplanar waveguide read-out line, impedance-matchedto 50 - (see Figure 2(a)
and inset). Finite-element simulations with Ansys HFSS are used to optimize the circuit geom-
etry. A gap-to-track ratio of 4/15 yields a 50 - characteristic impedance, matching that of the
external line. The simulations are also used to set the fundamental resonance at ! /2%./7 GHz
and to adjust the mutual inductance between the coplanar waveguide and the LC resonator. The
superconducting circuit is fabricated by sputtering a niobium Im onto an intrinsic silicon wafer,

then patterning the Im with optical lithography, followed by reactive-ion etching.

5.3. Flip-chip assembly

Capacitive coupling between the membrane and the LC resonator, is obtained via a ip-chip
assembly technique [39,48]. The membrane and circuit electrodes are brought in close proximity,
forming the vacuum gap capacitors Cy (bias-to-membrane) and C,, (membrane-to-LC circuit).
The chip distance is set by four 600-nm aluminum spacers, evaporated on the LC resonator chip.
The assembly is performed on an MJB4 mask aligner using a custom-designed mask holder,
used to pick up the membrane chip and align it on top of the LC resonator chip (see Figure 3).
Prior to alignment, the LC resonator chip has been glued inside a microwave-shielding box
(Joint Assembly for the Wiring of Superconducting circuits [49]), in which the various required
rf, microwave and dc ports are wirebonded to macroscopic connectors (see Figure 3). A viewing
hole in the holder provides top-down visibility of the membrane. Once aligned, the two chips are
glued together in place using Dymax OP-67-LC UV-curing adhesive.

The LC resonator frequency is measured at ! (/2% /7.04 GHz before ip-chip and ! 2%/
6.21 GHz after ip-chip, from which we estimate the participation ratio of the vacuum-gap
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