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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 SizNy
membranes with different stiffnesses, forming an optical cavity. As a demonstration, we integrate an
ultrahigh-Q (> 107), millimeter-scale SizN, 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 ug/~/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.
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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 SizN4 membrane in the near field
of a one-dimensional photonic crystal (PtC) cavity, and
demonstrated a shot-noise-limited acceleration sensitivity
of 10 ug/~/Hz over a bandwidth of 25 kHz. Guzman 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-ug 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
Si3;N4 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 Si3;Ns 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 O-m
product of milligrams. In this unique parameter regime,
the test mass exhibits a sub-ug 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 SisNy 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 = x; — x; is related to the substrate acceleration a by the
difference susceptibility

x(w)
x(@) = —— = xi(®) — x2(v), 1)
a(w)

where

xi(w) Bi

~
a(w) - 0? —ivw;/Q;

xi(w) = 2

is the susceptibility of membrane i, x; is the displacement
of membrane i relative to the substrate, w; and Q; are
the resonance frequency and Q factor of membrane i, and
Bi ~ 1is a unitless factor that depends on the shape of the
membrane mode [for a square and a trampoline membrane,
B ~ (4/m)? and 1, respectively [13,15]].

When the membrane frequencies are different w; # w»,
it is straightforward to show that x (w) ~ y;(w) for fre-
quencies sufficiently close to resonance w ~ w;. 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

Su(@) = |x ()| 725 + ST, 3)

mee

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. (¢) Photograph of a TOM accelerometer. (d) Finite-element
simulation of the fundamental flexural modes of TOM.

where Sy is the displacement readout imprecision and

4k3Ta)i
ﬁ,’zmiQi

Sh(w) ~

(4)

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

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 x 2.5 mm?, 75-nm-thick Si3N, “trampoline” sus-
pended opposite a square membrane of similar dimensions
[16] on a 0.2-mm-thick Si chip (see Methods). Si;Ny4 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-um-wide pad and 4-pum-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
1S w; = 2w x 40 kHz, the fundamental resonance of the
underlying square membrane is w; = 27 x 180 kHz, and
the effective mass and Q factor of the trampoline are m; ~
12 ng [15] and Q; = 1.1 x 107, respectively, implying a
thermal acceleration noise of /ST = 0.56 ug/~/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~ mbar) cham-
ber and probed through a viewport with a tunable diode
laser (Newport TLB-6716) centered at A ~ 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 7 versus
laser wavelength A as shown in Fig. 2(a). Comparing to
the Airy function 7 (1) = (1 + F sin®*(4md/21))~" [19], we
infer an effective membrane spacing of d = 201 um and a
finesse coefficient of F = 4R/(1 — R)?> ~ 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 &~ m+/F/2 ~ 2.2.

We then attempted to characterize the acceleration sus-
ceptibility x (w) 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 yieldsa Q of 1.1 x 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 x 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
x,. 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 Py,. To calibrate each spec-
trum in displacement units, the noise peak at the lowest
Py 1s bootstrapped to the thermal noise model S}h (w) =
| x1(w) |ZSZIh (w) and at higher powers the calibration is

scaled by P2, [15]. (We estimate a calibration uncertainty
of approximately 10% due to uncertainties in m; and 7, 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 = Nk )
* 67]P outf 2

At low powers, Poyy < 1 mW, the noise floor agrees well

with Eq. (5) with an efficiency of n ~ 33% (accounting

for both optical loss and tranduction nonideality). At high

powers, Py > 1 mW, the noise floor saturates to an extra-

neous level of \/Sy™ ~ 7 x 10~'%//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
|x ()]?. 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 y = w;/Q and the peak
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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
S of data in (a) versus optical power, Poy. 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 x 10~'* m/+/Hz
(dashed gray line) (c) Apparent acceleration of the Si chip, inferred by dividing the data in (a) by the acceleration susceptibility
[Egs. (1)+3)]. The gray shaded region indicates the thermal-noise-limited bandwidth @ for Py = 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]

S (1)

im| '
Sy

(6)

Aw =~y

As shown in Fig. 3(e), Aw increases with power as long
as the readout is shot-noise-limited, ultimately saturating
at Aw =~ 2w x 1 kHz due to extraneous noise. Over this
range, we infer a thermal-noise-limited acceleration sen-
sitivity of ST = 0.6 ug/~/Hz based on the trampoline
O x 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 (Aw * w;). On the
other hand, notably, the large resonant thermal motion of
the trampoline S"(w;) = 4k3TQ/mw} = (1.0 nm/~/Hz)?
implies that thermal-noise-limited measurements Aw > y
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-
0 Si;N4 membranes can be used realize an optomechanical
accelerometer with sub-ug 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 ef 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 (xz) of the thermal noise peak, which is propor-
tional to ST. The standard deviation of the estimate A (x?)
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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
(¢), 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 7 for several feedback gains. Inset: displacement spectrum for different v. The thermal acceleration resolution is
proportional to the variance in the spectrum magnitude. (d) Acceleration resolution at T = 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.

2 h
W) s

Stl;mn(r’ y ﬁ‘) = oo — 9
T Ixen(@)Pdw /2 T (venT) V>

where 7 is the total measurement (averaging) time,
Xett(@) & B/ (0} — @* — iwyen) is the effective (closed-
loop) acceleration susceptibility, and y.¢ and T.g are the
effective damping rate and temperature of the mechan-
ical mode, respectively, satisfying yegTer = YT for cold
damping [21]. Equations (6) and (7) imply that v can
be reduced by as much as the initial signal-to-noise ratio

/St (w) /Sy by cold damping to the noise floor, yef =
Aw. 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 Poy =
650 uW (yielding approximately equal to 30 K of pho-
tothermal heating [15]) and a radiation-pressure damping
force, Frp = —GYyx, is supplied by a weak secondary laser

(A & 650 nm, Py, = 50 W) 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, y.g = (1 + G)y,
reduces the effective temperature of the flexural mode from
To ~ 330 K (i.e., (n) = kgTo/hw; ~ 1.7 x 103 thermal
phonons) to an effective temperature of [17,20]

1 G?
I'= T Tim, >2 10 Timp, 8
+6 T arg m =2V iotm ®)

where Timp = T oSimp / S}Ch (1) is the effective measurement

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

7 fm/+/Hz allows us to cool the mode to 7~ 4 mK
({(n) ~ 2 x 10°) using an optimal gain of G = 1.5 x 10°.
Applying the area estimation method for a variety of
intermediate gains, we confirm that /ST (Gt)~* as
shown in Figs. 4(c) and 4(d). At the optimal gain setting, an
apparent acceleration resolution of /S ~ 50 ng/ VHz 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 ~ 10°, 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
Si3;N4 membranes with different stiffnesses, forming an
optical cavity. Devices based on this platform are simple to
fabricate, can achieve sub-ug 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 pm Si chip, forming a finesse J = 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-;1g/+/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, SizNy4
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.
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