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Optomechanical accelerometers promise quantum-limited readout, high detection bandwidth, self-
calibration, and radiation-pressure stabilization. We present a simple, scalable platform that enables these
benefits with nano-g sensitivity at acoustic frequencies, based on a pair of vertically integrated Si3N4

membranes with different stiffnesses, forming an optical cavity. As a demonstration, we integrate an
ultrahigh-Q (> 107), millimeter-scale Si3N4 trampoline membrane above an unpatterned membrane on
the same Si chip, forming a finesse F ≈ 2 cavity. Using direct photodetection in transmission, we resolve
the relative displacement of the membranes with a shot-noise-limited imprecision of 7 fm/

√
Hz, yielding

a thermal-noise-limited acceleration sensitivity of 0.6 μg/
√

Hz over a 1-kHz bandwidth centered on the
fundamental trampoline resonance (40 kHz). To illustrate the advantage of radiation-pressure stabilization,
we cold damp the trampoline to an effective temperature of 4 mK and leverage the reduced energy vari-
ance to resolve an applied stochastic acceleration of 50 ng/

√
Hz in an integration time of minutes. In the

future, we envision a small-scale array of these devices operating in a cryostat to search for fundamental
weak forces such as dark matter.

DOI: 10.1103/PhysRevApplied.19.024011

I. INTRODUCTION

Cavity optomechanical (COMS) accelerometers employ
a micromechanical oscillator as a test mass and an optical
microcavity for displacement-based readout. Key advan-
tages over microelectromechanical (MEMS) accelerom-
eters—stemming from the small wavelength of optical
fields—include quantum-limited readout, ultrahigh band-
width; and absolute, traceable calibration [1–4]. An added
feature is radiation pressure back-action [5], which in
principle can enhance sensor performance by leveraging
optical stiffening and damping effects. Both have been
studied extensively in the field of cavity optomechanics
[6]; however, the predominant use of stiff, radiofrequency
nanomechanical resonators in these studies precluded their
application to inertial sensing.

First-generation COMS accelerometers used delicate
nanofabrication and microassembly techniques to mono-
lithically integrate a relatively large, acoustic frequency
test mass with an optical microcavity. Krause et al. [1] fab-
ricated a millimeter-scale Si3N4 membrane in the near field
of a one-dimensional photonic crystal (PtC) cavity, and
demonstrated a shot-noise-limited acceleration sensitivity
of 10 μg/

√
Hz over a bandwidth of 25 kHz. Guzmán et al.

[2] achieved similar performance by fixing a fiber cavity
to a centimeter-scale silica test mass. More recently, Zhou
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et al. [7] formed a flip-chip COMS accelerometer by sand-
wiching a micromirror against a mass-loaded Si3N4 mem-
brane, enabling sub-μg sensitivity over 10 kHz, limited
entirely by thermal motion of the test mass.

Here we explore a platform for COMS accelerome-
tery based on a pair of vertically integrated, unloaded
Si3N4 membranes with different stiffnesses, forming an
optical cavity. Devices based on this platform are excep-
tionally easy to fabricate and give access to a panoply
of tools developed for Si3N4 membranes over the last
decade, including frequency tuning [8], PtC pattern-
ing (to increase the membrane’s reflectivity) [9,10], and
access to ultrahigh-Q flexural modes via mode-shape and
strain engineering [11,12]. Using a simple trampoline-on-
membrane (“TOM”) design as an illustration, we demon-
strate a f ∼ 10 kHz, m ∼ 10 ng test mass with a Q-m
product of milligrams. In this unique parameter regime,
the test mass exhibits a sub-μg thermal acceleration and
at the same time is highly sensitive to radiation pressure.
We exploit this feature to cold damp the test mass to sev-
eral millikelvin, and show how this cooling can be used to
detect approximately 10 ng/

√
Hz incoherent accelerations.

We note that, besides the study of radiation-pressure-
enhanced sensing, development of this platform is moti-
vated by recent proposals to search for weak stochas-
tic accelerations in the acoustic frequency band due
to fundamental phenomena, such as spontaneous wave-
function collapse and ultralight dark matter [13,14]. These
searches can benefit from small-scale arrays of cryogenic
optomechanical accelerometers, which call for a simplified
approach relative to current technology.
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II. DEVICE CONCEPT

The concept behind our approach is illustrated in Fig. 1.
Two dielectric membranes with different stiffnesses are
fabricated on opposite sides of the same substrate. (Our
membranes are Si3N4 and the substrate is Si; however,
the concept is agnostic to material.) The substrate rep-
resents the inertial reference frame and the membranes
represent a pair of spring-mass systems; their displacement
x = x1 − x2 is related to the substrate acceleration a by the
difference susceptibility

χ(ω) = x(ω)

a(ω)
= χ1(ω) − χ2(ω), (1)

where

χi(ω) = xi(ω)

a(ω)
≈ βi

ω2
i − ω2 − iωωi/Qi

(2)

is the susceptibility of membrane i, xi is the displacement
of membrane i relative to the substrate, ωi and Qi are
the resonance frequency and Q factor of membrane i, and
βi ∼ 1 is a unitless factor that depends on the shape of the
membrane mode [for a square and a trampoline membrane,
β ≈ (4/π)2 and 1, respectively [13,15]].

When the membrane frequencies are different ω1 �= ω2,
it is straightforward to show that χ(ω) ≈ χi(ω) for fre-
quencies sufficiently close to resonance ω ≈ ωi. The dual-
membrane system can then be modeled as a canonical
spring-mass accelerometer; with the measured displace-
ment yielding an apparent acceleration spectral density

Sa(ω) = |χ(ω)|−2Simp
x + Sth

a , (3)

k1

k2

k1

k2

x

(a) (b)

(c) (d)

FIG. 1. Concept for dual-membrane accelerometer. (a) A pair
of membranes with different stiffnesses attached to a common
base respond differently to base acceleration. (b) Each mem-
brane is equivalent to a spring-mass system suspended from a
common frame. The membranes also act as Fabry-Pérot end mir-
rors. (c) Photograph of a TOM accelerometer. (d) Finite-element
simulation of the fundamental flexural modes of TOM.

where Simp
x is the displacement readout imprecision and

Sth
a (ω) ≈ 4kBTωi

β2
i miQi

(4)

is the apparent acceleration of the substrate due to thermal
motion of membrane i, with effective mass mi.

III. TRAMPOLINE-ON-MEMBRANE (TOM)
ACCELEROMETER

To explore the dual-membrane accelerometer concept,
we fabricated the device shown in Fig. 1(c), consisting
of a 2.5 × 2.5 mm2, 75-nm-thick Si3N4 “trampoline” sus-
pended opposite a square membrane of similar dimensions
[16] on a 0.2-mm-thick Si chip (see Methods). Si3N4 tram-
polines have been studied before as local force sensors
[12]. Here, instead, the trampoline serves as a test mass
for acceleration of the chip, to which the relatively stiff
square membrane is rigidly attached. The trampoline we
study has a 200-μm-wide pad and 4-μm-wide tethers,
with fillets tailored to optimize the Q of the fundamen-
tal trampoline mode [12,17,18]. For these dimensions,
the fundamental resonance frequency of the trampoline
is ω1 = 2π × 40 kHz, the fundamental resonance of the
underlying square membrane is ω2 = 2π × 180 kHz, and
the effective mass and Q factor of the trampoline are m1 ≈
12 ng [15] and Q1 = 1.1 × 107, respectively, implying a
thermal acceleration noise of

√
Sth

a = 0.56 μg/
√

Hz.
As summarized in Fig. 2, we conducted a series of

experiments to characterize the performance of the TOM
device as an accelerometer. For these experiments, the
device was housed in a high-vacuum (< 10−7 mbar) cham-
ber and probed through a viewport with a tunable diode
laser (Newport TLB-6716) centered at λ ∼ 850 nm. The
laser was intensity stabilized using an electro-optic modu-
lator to −154 dBc, corresponding to a shot-noise-limited
power of 1 mW. For readout, the transmitted field was
directed to a low-noise photodetector (Thorlabs PDA36A)
and the photocurrent was recorded with a 24-bit digitizer
(National Instruments PXI-4461).

We first studied the performance of the TOM device as
an optical cavity, by recording its transmission T versus
laser wavelength λ as shown in Fig. 2(a). Comparing to
the Airy function T (λ) = (1 + F sin2(4πd/λ))−1 [19], we
infer an effective membrane spacing of d = 201 μm and a
finesse coefficient of F = 4R/(1 − R)2 ≈ 2. These values
agree well the specified Si-chip thickness and the predicted
membrane reflectivity of R ≈ 0.3 based on a refractive
index of n = 2.0, implying that the dual-membrane etalon
behaves like an impedance-matched Fabry-Perot cavity
with a finesse F ≈ π

√
F/2 ≈ 2.2.

We then attempted to characterize the acceleration sus-
ceptibility χ(ω) of the TOM device, using driven response
measurements. To record displacement x, the laser was
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FIG. 2. Characterization of the dual-membrane accelerometer. (a),(d) Optical transmission versus wavelength for a laser scanned
near 850 nm. Fitting the interference fringe to an Airy function yields a finesse of 2.2. Readout is performed near the fringe midpoint,
highlighted by a red circle. (b) Optical micrograph of the trampoline membrane and (e) energy ringdown of its fundamental flexural
mode. Fitting to an exponential yields a Q of 1.1 × 107. (c) Scheme for characterizing the response of the dual-membrane accelerometer
(see main text) to a base excitation. (f) Measurement of the response at frequencies below the fundamental resonance of the rigid
membrane (180 kHz). Near the 40-kHz trampoline resonance, the response is approximated by the mechanical susceptibility of the
trampoline alone.

tuned to the side of the fringe [red circle in Fig. 2(a)] and
the transmitted power was monitored in real time. A piezo
located beneath the chip was used to apply a sinusoidal
test acceleration. To estimate the resonant response, a ring-
down measurement was performed by transiently excit-
ing the trampoline, yielding Q = 1.1 × 107 as shown in
Fig. 1(b). The broadband susceptibility was characterized
as shown in Fig. 1(c) by performing a swept-sine measure-
ment. To account for structural resonances of the chip and
the piezo, for this measurement, the trampoline-membrane
displacement x was normalized to an independent homo-
dyne measurement of the square membrane’s displacement
x2. We found that the broadband susceptibility agrees qual-
itatively well with Eq. (2); however, only over a fractional
bandwidth of approximately 20% near the trampoline res-
onance is it free from spurious features. As the device was
designed especially for resonant sensing, we focus on this
region for the remainder of this report.

In Fig. 3 we present measurements characterizing the
acceleration sensitivity of the TOM device, focusing on a
15-kHz wide frequency window centered on the trampo-
line resonance. We first note that, while low finesse, the
high ideality of the dual-membrane cavity makes it well
suited to quantum-limited displacement readout. We con-
firmed this as shown in Fig. 3(a) by recording the spectral
density of the side-of-fringe photocurrent for several differ-
ent transmitted optical powers Pout. To calibrate each spec-
trum in displacement units, the noise peak at the lowest
Pout is bootstrapped to the thermal noise model Sth

x (ω) =
|χ1(ω)|2Sth

a (ω) and at higher powers the calibration is

scaled by P2
out [15]. (We estimate a calibration uncertainty

of approximately 10% due to uncertainties in m1 and T, as
corroborated by an independent calibration using the fringe
slope, presented within the Supplemental Material [15].) In
Fig. 3(b), the noise floor is compared to the quantum noise
model [15]

Simp
x = hcλ

6ηPoutF2 . (5)

At low powers, Pout � 1 mW, the noise floor agrees well
with Eq. (5) with an efficiency of η ≈ 33% (accounting
for both optical loss and tranduction nonideality). At high
powers, Pout > 1 mW, the noise floor saturates to an extra-

neous level of
√

Simp
x ≈ 7 × 10−15/

√
Hz, consistent with

the noise floor of our laser intensity servo.
Chip acceleration spectra inferred from the displace-

ment measurements in Fig. 3(a) are shown in Fig. 3(c).
Each acceleration spectrum is obtained by dividing the
displacement spectrum by the model transfer function
|χ(ω)|2. The observed inverted lineshape has two com-
ponents: thermal motion of the trampoline, which mas-
querades as a frequency independent chip acceleration
(solid gray line), and imprecision noise, which has the
shape of the inverse susceptibility (dashed gray line). The
intersection of these components defines the bandwidth
over which the measurement is thermal-noise-limited
(gray shaded region), and is approximately the product
of the mechanical damping rate γ = ω1/Q and the peak
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FIG. 3. Displacement and acceleration sensitivity. (a) Apparent trampoline-membrane displacement versus output power, calibrated
using the thermal noise peak for the fundamental trampoline mode at 40 kHz. A broadband plot is shown in the inset. (b) Noise floor
Simp

x of data in (a) versus optical power, Pout. Dashed and solid blue lines are models for shot noise [Eq. (5)] with efficiencies of 33% and
100%, respectively. Dashed red line is a model that includes shot noise and an extraneous imprecision noise of 7.0 × 10−15 m/

√
Hz

(dashed gray line) (c) Apparent acceleration of the Si chip, inferred by dividing the data in (a) by the acceleration susceptibility
[Eqs. (1)–(3)]. The gray shaded region indicates the thermal-noise-limited bandwidth δω for Pout = 1.5 mW. (d) Thermal-noise-limited
bandwidth versus optical power. Dashed blue and gray lines correspond to models for shot noise [Eq. (6)] and a constant extraneous
noise [dashed gray line in (b)].

thermal-to-imprecision-noise ratio [15]


ω ≈ γ

√
Sth

x (ω1)

Simp
x

. (6)

As shown in Fig. 3(e), 
ω increases with power as long
as the readout is shot-noise-limited, ultimately saturating
at 
ω ≈ 2π × 1 kHz due to extraneous noise. Over this
range, we infer a thermal-noise-limited acceleration sen-
sitivity of Sth

a = 0.6 μg/
√

Hz based on the trampoline
Q × m product. A moderate increase in the finesse, to
F = 100 (e.g., using a PtC membrane [9]), could in princi-
ple extend this sensitivity to baseband (
ω ≈ ω1). On the
other hand, notably, the large resonant thermal motion of
the trampoline Sth

x (ω1) = 4kBTQ/mω3
1 = (1.0 nm/

√
Hz)2

implies that thermal-noise-limited measurements 
ω > γ

are possible with as little as femtowatts of optical power in
the current Fresnel reflection (F ∼ 1) arrangement.

IV. RADIATION-PRESSURE-ENHANCED
ACCELEROMETRY

The preceding results show that a pair of high-
Q Si3N4 membranes can be used realize an optomechanical
accelerometer with sub-μg sensitivity over a bandwidth of
kilohertz, using milliwatts of optical power. We now turn

our attention to a unique opportunity afforded by the simul-
taneous high force sensitivity of the membranes, which
enables their intrinsic mechanical susceptibility to be over-
whelmed by radiation pressure back-action, leading to
optical stiffening and damping [6]. Previous work on COM
accelerometers cited radiation pressure as a future tool
for enhanced sensing [1,4]. For example, optical damp-
ing (either passive [5] or active [21]) might be used to
rectify instabilities and nonlinearities [22–24], yielding
improved dynamic range; while optical stiffening [23,25]
might be used to increase bandwidth or (via dissipation
dilution [26,27]) sensitivity. However, the use of relatively
large, low-Q test masses, and a focus on baseband sens-
ing, has limited the implementation of these approaches in
optomechanical accelerometers to date.

The TOM device was designed with radiation pres-
sure in mind as a tool for incoherent acceleration sensing,
inspired by recent proposals to search for a weak inertial
force produced by ultralight dark matter [13,14]. Towards
this end, we follow the approach of Gavartin et al. [28]
to show that radiation-pressure cold damping (feedback
cooling) can be used to reduce the resolving time for
an incoherent acceleration measurement. The strategy of
Ref. [28] involves using Bartlett’s method to estimate
the area

〈
x2

〉
of the thermal noise peak, which is propor-

tional to Sth
a . The standard deviation of the estimate 


〈
x2

〉
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FIG. 4. Radiation-pressure-enhanced optomechanical accelerometry. (a) Experimental setup: an 850-nm laser is used to probe the
TOM device in transmission using the side-of-the-fringe technique. The processed photosignal—high pass filtered (HPF), phase shifted
(φ), and amplified (G)—is used to modulate the intensity of an auxiliary 650-nm laser for radiation-pressure feedback. (b) Feedback
cooling of the fundamental trampoline mode from room temperature to an effective temperature of 4 mK. (Squashing below the
noise floor corresponds to an increase in the effective temperature [20].) (c) Thermal acceleration resolution at 40 kHz as a function
of averaging time τ for several feedback gains. Inset: displacement spectrum for different τ . The thermal acceleration resolution is
proportional to the variance in the spectrum magnitude. (d) Acceleration resolution at τ = 1000 s for different feedback gains. (e),(f)
Acceleration resolution versus time with (blue) and without (red) external white noise applied with a piezo, for both low (e) and high
(f) feedback cooling gain. Solid lines represent the long time average and shaded region indicates the confidence bounds. These plots
show that an incoherent acceleration signal can be distinguished from thermal acceleration at much shorter averaging times when the
feedback damping (gain) is higher.

determines the smallest incoherent acceleration that can be
resolved atop thermal noise, viz.

Smin
a (τ , γeff) = 


〈
x2

〉

∫ ∞
−∞ |χeff(ω)|2dω/2π

� Sth
a

(γeffτ)1/2 , (7)

where τ is the total measurement (averaging) time,
χeff(ω) ≈ β1/(ω

2
1 − ω2 − iωγeff) is the effective (closed-

loop) acceleration susceptibility, and γeff and Teff are the
effective damping rate and temperature of the mechan-
ical mode, respectively, satisfying γeffTeff = γ T for cold
damping [21]. Equations (6) and (7) imply that τ can
be reduced by as much as the initial signal-to-noise ratio√

Sth
x (ω1)/Simp

x by cold damping to the noise floor, γeff =

ω. While this result has been shown to only recover the
performance of an optimal Wiener filter estimation strat-
egy [29], it holds a practical advantage in that the Wiener
filter must approximate the intrinsic mechanical suscep-
tibility [30,31], a task which is difficult to accomplish
electronically [32] for a high-Q resonator.

In Fig. 4, we present an experiment demonstrating inco-
herent acceleration sensing at the level of 50 ng/

√
Hz

by cold damping the fundamental trampoline mode of
the TOM device. The probe laser is fixed at Pout =
650 μW (yielding approximately equal to 30 K of pho-
tothermal heating [15]) and a radiation-pressure damping
force, FRP = −Gγ ẋ, is supplied by a weak secondary laser

(λ ≈ 650 nm, Pout = 50 μW) whose amplitude is modu-
lated with a phase-shifted copy of the photosignal using
a preamplifier (Stanford Research Systems SR560) and a
delay line. The increased net damping, γeff = (1 + G)γ ,
reduces the effective temperature of the flexural mode from
T0 ≈ 330 K (i.e., 〈n〉 = kBT0/�ω1 ≈ 1.7 × 108 thermal
phonons) to an effective temperature of [17,20]

T = 1
1 + G

T0 + G2

(1 + G)
Timp ≥ 2

√
T0Timp, (8)

where Timp = T0Simp
x /Sth

x (ω1) is the effective measurement

temperature [20,21]. As shown in Fig. 4(b),
√

Simp
x =

7 fm/
√

Hz allows us to cool the mode to T ≈ 4 mK
(〈n〉 ≈ 2 × 103) using an optimal gain of G = 1.5 × 105.
Applying the area estimation method for a variety of
intermediate gains, we confirm that

√
Smin

a ∝ (Gτ)−1/4 as
shown in Figs. 4(c) and 4(d). At the optimal gain setting, an
apparent acceleration resolution of

√
Smin

a ≈ 50 ng/
√

Hz is
achieved with a measurement time of 200 s, limited by the
onset of drift in experimental controls [15].

Finally, as a demonstration (following Refs. [28,30]), we
used a piezo to apply an approximately 180 ng/

√
Hz inco-

herent acceleration to the chip, smaller than the thermal
acceleration by a factor of approximately 3. As shown in
Figs. 4(e) and 4(f), the area averaging technique was used
to estimate the total noise with feedback gains of G ∼ 10
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and G ∼ 105, respectively. Shaded regions highlight the
uncertainty of the estimate. For lower gain [Fig. 4(e)], it
takes visibly longer (approximately 100 s) to resolve the
external acceleration noise from thermal noise. For higher
gain [Fig. 4(f)], the resolving time is significantly smaller
(approximately 1 s); however, the signal-to-noise ratio (the
vertical distance between the red and blue data) remains
unchanged since the feedback is linear.

V. SUMMARY AND OUTLOOK

We have presented a platform for optomechanical
accelerometry based on a pair of vertically integrated
Si3N4 membranes with different stiffnesses, forming an
optical cavity. Devices based on this platform are simple to
fabricate, can achieve sub-μg sensitivity over a bandwidth
of kilohertz, and can be actively controlled using radiation-
pressure feedback. As a proof of principle, we studied
a “trampoline-on-membrane” device in which a 40-kHz
nanotrampoline with a Q-m product of 100 mg is inte-
grated opposite a 180-kHz square membrane on a common
200 μm Si chip, forming a finesse F ≈ 2 cavity. Despite
its low finesse, the high ideality of the cavity enabled shot-
noise-limited readout of the membrane separation at the
level of fm/

√
Hz, yielding sensitivity to sub-μg/

√
Hz chip

accelerations over a bandwidth of 1 kHz centered at the
trampoline resonance, limited by thermal noise. Radiation-
pressure feedback was then used to cool the trampoline’s
fundamental vibration to an effective temperature of 4 mK.
While not affecting the acceleration sensitivity, we confirm
that cold damping enables emulation of an optimal filter,
allowing us to resolve externally applied chip accelerations
at the level of 50 ng/

√
Hz in an integration time of 200 s.

In the future, we envision integrating PtC mirrors into both
membranes [33] to achieve F ∼ 100; in principle, this will
enable a 100-fold reduction in displacement noise, extend-
ing thermal-noise-limited acceleration sensitivity to base-
band. Operating the device in a dilution refrigerator could
enable quantum back-action-limited acceleration measure-
ments [13,34] and give access to sensitivities relevant to
the search for fundamental weak forces. For example, fix-
ing the device to a germanium or beryllium base would
give access to equivalence principle violating (material-
dependent) accelerations hypothetically produced by dark
photon dark matter [13].

VI. METHODS

Fabrication of the TOM device is simple and scalable
[35]: starting with a double-side-polished Si wafer, Si3N4
is deposited on both sides using low-pressure chemical
vapor deposition. The trampoline is patterned on one side
using photolithography, and the double-membrane struc-
ture is released with a single KOH wet-etch step. The

square membrane serves as both an etch stop and a tur-
bulence shield. Finally, the released structure is dried
using a gradual dilution process [12] followed by critical
point drying. Similar structures have been fabricated with
embedded PtC mirrors [33] and a straightforward exten-
sion to PnC membranes [10,11] is conceivable, including
arrays of such structures distributed over a wafer.

ACKNOWLEDGMENTS

This work is supported by NSF Grant No. ECCS-
1945832. D.J.W. acknowledges additional support from
the NSF Convergence Accelerator Program under Grant
No. 2134830 and from the Northwestern University Center
for Fundamental Physics and the John Templeton Foun-
dation through a Fundamental Physics Grant. The authors
thank Christian Pluchar for help designing the optical read-
out system and Utkal Pandurangi and Felipe Guzmán for
useful conversations about the development of the device.
A.R.A. acknowledges support from a CNRS-UArizona
iGlobes fellowship. Finally, the reactive ion etcher used
for this study was funded by an NSF MRI Grant, No.
ECCS-1725571.

CONTRIBUTIONS

A.R.A. conceived of, simulated, fabricated, and initially
characterized the device. M.D.C. designed and conducted
all experiments, and performed all data analysis. M.D.C.
and D.J.W. co-wrote the paper and Supplemental Material,
with assistance from A.R.A. D.J.W. oversaw the project.

[1] A. G. Krause, M. Winger, T. D. Blasius, Q. Lin, and
O. Painter, A high-resolution microchip optomechanical
accelerometer, Nat. Photon. 6, 768 (2012).

[2] F. Guzmán Cervantes, L. Kumanchik, J. Pratt, and J.
M. Taylor, High sensitivity optomechanical reference
accelerometer over 10 khz, Appl. Phys. Lett. 104, 221111
(2014).

[3] B. J. Reschovsky, D. A. Long, F. Zhou, Y. Bao, R. A. Allen,
T. W. LeBrun, and J. J. Gorman, Intrinsically accurate sens-
ing with an optomechanical accelerometer, Opt. Exp. 30,
19510 (2022).

[4] Y. L. Li and P. Barker, Characterization and testing
of a micro-g whispering gallery mode optomechanical
accelerometer, J. Lightwave Technol. 36, 3919 (2018).

[5] T. J. Kippenberg and K. J. Vahala, Cavity optomechanics:
back-action at the mesoscale, Science 321, 1172 (2008).

[6] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Cavity
optomechanics, Rev. Mod. Phys. 86, 1391 (2014).

[7] F. Zhou, Y. Bao, R. Madugani, D. A. Long, J. J. Gorman,
and T. W. LeBrun, Broadband thermomechanically limited
sensing with an optomechanical accelerometer, Optica 8,
350 (2021).

024011-6

https://doi.org/10.1038/nphoton.2012.245
https://doi.org/10.1063/1.4881936
https://doi.org/10.1364/OE.457499
https://doi.org/10.1109/JLT.2018.2853984
https://doi.org/10.1126/science.1156032
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1364/OPTICA.413117


MEMBRANE-BASED OPTOMECHANICAL... PHYS. REV. APPLIED 19, 024011 (2023)

[8] R. St-Gelais, S. Bernard, C. Reinhardt, and J. C. Sankey,
Swept-frequency drumhead optomechanical resonators,
ACS Photon. 6, 525 (2019).

[9] R. A. Norte, J. P. Moura, and S. Gröblacher, Mechanical
resonators for quantum optomechanics experiments at room
temperature, Phys. Rev. Lett. 116, 147202 (2016).

[10] Y. Bao, J. Gorman, and J. Lawall, in Frontiers in Optics
(Optical Society of America, 2020), p. FW7D–2.

[11] Y. Tsaturyan, A. Barg, E. S. Polzik, and A. Schliesser,
Ultracoherent nanomechanical resonators via soft clamp-
ing and dissipation dilution, Nat. Nanotechnol. 12, 776
(2017).

[12] C. Reinhardt, T. Müller, A. Bourassa, and J. C. Sankey,
Ultralow-Noise SiN Trampoline Resonators for Sensing
and Optomechanics, Phys. Rev. X 6, 021001 (2016).

[13] J. Manley, M. D. Chowdhury, D. Grin, S. Singh, and D. J.
Wilson, Searching for Vector Dark Matter with an Optome-
chanical Accelerometer, Phys. Rev. Lett. 126, 061301
(2021).

[14] D. Carney, G. Krnjaic, D. C. Moore, C.A. Regal, G. Afek,
S. Bhave, B. Brubaker, T. Corbitt, J. Cripe, N. Crisosto, and
A. Geraci, Mechanical quantum sensing in the search for
dark matter, Quantum Sci. Technol. 6, 024002 (2021).

[15] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.19.024011 for theoretical
and experimental details.

[16] The underlying square membrane is slightly smaller, 2.2 ×
2.2 mm2, due to the 54.7◦ angle at which the Si(100)

substrate is etched by KOH (see Sec. VI).
[17] C. M. Pluchar, A. R. Agrawal, E. Schenk, and D. J. Wilson,

Towards cavity-free ground-state cooling of an acoustic-
frequency silicon nitride membrane, Appl. Opt. 59, G107
(2020).

[18] P. Sadeghi, M. Tanzer, S. L. Christensen, and S. Schmid,
Influence of clamp-widening on the quality factor of
nanomechanical silicon nitride resonators, J. Appl. Phys.
126, 165108 (2019).

[19] L. L. Sánchez-Soto, J. J. Monzón, and G. Leuchs, The
many facets of the Fabry–Perot, Eur. J. Phys. 37, 064001
(2016).

[20] M. Poggio, C. Degen, H. Mamin, and D. Rugar, Feedback
Cooling of a Cantilever’s Fundamental Mode Below 5 mK,
Phys. Rev. Lett. 99, 017201 (2007).

[21] D. Kleckner and D. Bouwmeester, Sub-kelvin optical cool-
ing of a micromechanical resonator, Nature 444, 75 (2006).

[22] G. I. Harris, U. L. Andersen, J. Knittel, and W. P. Bowen,
Feedback-enhanced sensitivity in optomechanics: Surpass-
ing the parametric instability barrier, Phys. Rev. A 85,
061802 (2012).

[23] T. Corbitt, Y. Chen, E. Innerhofer, H. Müller-Ebhardt, D.
Ottaway, H. Rehbein, D. Sigg, S. Whitcomb, C. Wipf,
and N. Mavalvala, An All-Optical Trap for a Gram-Scale
Mirror, Phys. Rev. Lett. 98, 150802 (2007).

[24] J. Mertz, O. Marti, and J. Mlynek, Regulation of a micro-
cantilever response by force feedback, App. Phys. Lett. 62,
2344 (1993).

[25] M. Hossein-Zadeh and K. J. Vahala, Observation of optical
spring effect in a microtoroidal optomechanical resonator,
Opt. Lett. 32, 1611 (2007).

[26] T. Corbitt, C. Wipf, T. Bodiya, D. Ottaway, D. Sigg, N.
Smith, S. Whitcomb, and N. Mavalvala, Optical Dilution
and Feedback Cooling of a Gram-Scale Oscillator to 6.9
mK, Phys. Rev. Lett. 99, 160801 (2007).

[27] K.-K. Ni, R. Norte, D. Wilson, J. Hood, D. Chang, O.
Painter, and H. Kimble, Enhancement of Mechanical Q
Factors by Optical Trapping, Phys. Rev. Lett. 108, 214302
(2012).

[28] E. Gavartin, P. Verlot, and T. J. Kippenberg, A hybrid
on-chip optomechanical transducer for ultrasensitive force
measurements, Nat. Nanotechnol. 7, 509 (2012).

[29] A. Vinante, M. Bonaldi, F. Marin, and J. Zendri, Dissi-
pative feedback does not improve the optimal resolution
of incoherent force detection, Nat. Nanotechnol. 8, 470
(2013).

[30] G. I. Harris, D. L. McAuslan, T. M. Stace, A. C. Doherty,
and W. P. Bowen, Minimum Requirements for Feedback
Enhanced Force Sensing, Phys. Rev. Lett. 111, 103603
(2013).

[31] A. Pontin, M. Bonaldi, A. Borrielli, F. Cataliotti, F.
Marino, G. Prodi, E. Serra, and F. Marin, Detection of
weak stochastic forces in a parametrically stabilized micro-
optomechanical system, Phys. Rev. A 89, 023848 (2014).

[32] E. Gavartin, P. Verlot, and T. Kippenberg, Reply to “Dis-
sipative feedback does not improve the optimal resolution
of incoherent force detection”, Nat. Nanotechnol. 8, 692
(2013).

[33] C. Gärtner, J. P. Moura, W. Haaxman, R. A. Norte, and S.
Gröblacher, Integrated optomechanical arrays of two high
reflectivity SiN membranes, Nano Lett. 18, 7171 (2018).

[34] N. Kampel, R. Peterson, R. Fischer, P.-L. Yu, K. Cicak,
R. Simmonds, K. Lehnert, and C. Regal, Improving Broad-
band Displacement Detection with Quantum Correlations,
Phys. Rev. X 7, 021008 (2017).

[35] A. R. Agrawal and D. J. Wilson, Membrane-based
optomechanical accelerometer, methods of making the
same and systems using the same, (W.O. Patent No.
WO/2022/174112A1, 2022), https://patentscope.wipo.int/
search/en/detail.jsf?docId=WO2022174112.

024011-7

https://doi.org/10.1021/acsphotonics.8b01519
https://doi.org/10.1103/PhysRevLett.116.147202
https://doi.org/10.1038/nnano.2017.101
https://doi.org/10.1103/PhysRevX.6.021001
https://doi.org/10.1103/PhysRevLett.126.061301
https://doi.org/10.1088/2058-9565/abcfcd
http://link.aps.org/supplemental/10.1103/PhysRevApplied.19.024011
https://doi.org/10.1364/AO.394388
https://doi.org/10.1063/1.5111712
https://doi.org/10.1088/0143-0807/37/6/064001
https://doi.org/10.1103/PhysRevLett.99.017201
https://doi.org/10.1038/nature05231
https://doi.org/10.1103/PhysRevA.85.061802
https://doi.org/10.1103/PhysRevLett.98.150802
https://doi.org/10.1063/1.109413
https://doi.org/10.1364/OL.32.001611
https://doi.org/10.1103/PhysRevLett.99.160801
https://doi.org/10.1103/PhysRevLett.108.214302
https://doi.org/10.1038/nnano.2012.97
https://doi.org/10.1038/nnano.2013.130
https://doi.org/10.1103/PhysRevLett.111.103603
https://doi.org/10.1103/PhysRevA.89.023848
https://doi.org/10.1038/nnano.2013.200
https://doi.org/10.1021/acs.nanolett.8b03240
https://doi.org/10.1103/PhysRevX.7.021008
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2022174112

	I. INTRODUCTION
	II. DEVICE CONCEPT
	III. TRAMPOLINE-ON-MEMBRANE (TOM) ACCELEROMETER
	IV. RADIATION-PRESSURE-ENHANCED ACCELEROMETRY
	V. SUMMARY AND OUTLOOK
	VI. METHODS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


