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We design an opto-mechanical accelerometer aiming to work at the precision-limits imposed by
quantum mechanics. Our chip-based approach combines state-of-the-art nano-fabrication and pho-
tonics in order to pioneer new types of sensors at telecom wavelengths. In our project, we have
designed a novel photonic crystal structure attached to a test mass made of silicon nitride (Si3N4),
that allow us to confine light into small volumes and make it possible to measure movements on the
femtometer scale. This proof-of-principle demonstration will allow us to realize orders-of-magnitude
better acceleration sensitivities and bandwidths compared to currently available commercial sensors.

A. Introduction

To date, sensing technologies typically used in cell
phones, air travel, space flight, and cars are comprised
of electric, magnetic, piezo-resistive, piezo-electric and/or
capacitive read-out circuits, among others [1–3]. While
these read-outs allow one to reach impressive sensitivi-
ties and efficiencies, they are limited by classical and ex-
ternal noise, amongst other constraints. Next-generation
devices will require significantly better sensitivity than
is currently possible, ideally reaching the ultimate limits
posed by quantum physics. In addition, several applica-
tions require sensors that are immune to electro-magnetic
stray fields commonly present in the environment found
within MRI scanners, electric vehicle motors, bottom-
hole assemblies for drills, and any electromagnetic pulses
generated by natural and industrial tools [4, 5]. In this
project, we aim at developing a new on-chip accelerom-
eter based on quantum opto-mechanical structures [6].
Opto-mechanical sensors are inherently immune to ex-
ternal electro-magnetic fields thus making them excellent
candidates for next generation chip-based acceleration
sensors. They also promise unprecedented sensitivities
through quantum limited optical read-out of mechanical
motion [7] which is fully integrated on a chip and readily
compatible with existing semiconductor processing infras-
tructures.

B. Operating at Quantum Limits

The resolution of an accelerometer is fundamentally
limited by its thermal noise, i.e. Brownian motion of the
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test-mass. This noise can be expressed as [8]

ath =
√

4ωmkBT/mQm (1)

where ωm is the resonant mechanical angular frequency
of the sensor, m its mass, Qm the mechanical quality
factor, T its absolute temperature, and kB the Boltzmann
constant. Evidentially to improve the resolution of such
a sensor one should strive to maximize the m · Qm and
minimize ωm and T . From a commercial point of view,
operating at cryogenic temperatures therefore minimizing
T is not favorable while ωm is typically tailored to the
desired bandwidth of a specific application. Maximizing
the product m ·Qm is therefore the best way forward.

During our experimental research efforts, which focus
on developing opto-mechanical devices for quantum ex-
periments at room temperature [6, 9], we have demon-
strated the best on-chip force sensors currently avail-
able under these temperature conditions. The remark-
ably high mechanical quality factors Qm > 108 are pos-
sible due to the devices being fabricated from stoichio-
metric silicon nitride with high-tensile stress of around
1 GPa. Mechanical energy loss can further be reduced by
incorporating isolating phononic crystal structures [10].
Additionally this integration strategy allows for scaling
the test-mass in order to reduce the thermal noise limit
ath. While this affects the sensor bandwidth, it has been
shown that this can also be compensated by proper de-
sign [11].

Using our approach, we aim at reaching resolutions
< 1 µg/Hz1/2, where g = 9.81 m/s2 is the acceleration
of gravity on earth, while maintaining a bandwidth of
several tens of kHz. This is a unique combination of
the specific technology as the trade-off of existing com-
mercial accelerometers between resolution and bandwidth
is very typical [12, 13] due to low Qm, which requires
large masses m necessary to achieve a certain resolution.
This trade-off is further apparent by looking at the reso-
lution/bandwidth specifications of accelerometers across
different markets, from smart-phone sensors with high
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FIG. 1. Schematic illustrating the simplest form of an all-
optical read-out of the opto-mechanical accelerometer. The
sensor itself consists of a suspended test-mass which moves in-
plane, directly changing the resonant condition of the photonic
crystal cavity. The optical mode resides mostly in the gap
between the two gratings and the gap is modified as the test-
mass moves due to inertial forces.

bandwidth but poor resolution to defense and navigation,
where orders of magnitude better resolutions are achieved
at the expense of much lower bandwidths [14].

In addition to these advantages, the interrogation of
our acceleration sensor is based on probing with an in-
frared single-mode laser. The temporal coherence of ma-
ture infrared lasers will allow us to operate at the quan-
tum limit. This means that no classical noise but only the
vacuum fluctuations of the optical field will be added to
the read-out, which is the minimally achievable sensitiv-
ity in principle [15]. The processing of the optical sensor
read-out is then implemented in the electrical domain us-
ing standard commercially available components such as
photo-detectors and analogue-to-digital converters.

A simplified schematic of our system and its basic prin-
ciples is shown in Fig. 1. The on-chip opto-mechanical
structure is comprised of a fully suspended test-mass an-
chored to the chip via several thin tethers, with an optical
cavity partly attached to the test-mass. This photonic
crystal (PhC) cavity is comprised of two periodical struc-
tures in close proximity, which force the electric field to
be mostly confined in the gap between them. This ge-
ometry is often called a zipper cavity [16]. The PhC,
so-called fish-bones [6], confine the light also in the hori-
zontal direction (propagation direction) by introducing a
defect region. The optical resonance is designed to be in
the telecom band around 1550 nm. The bottom part of
the cavity experiences much smaller displacements and at
much higher mechanical frequencies (MHz range). Iner-
tial forces will cause the test-mass to move in the chip-
plane, i.e. in-plane, direction therefore changing the res-
onant conditions. This interaction is quantified through
the opto-mechanical coupling coefficient. The subsequent
shift of the optical resonance can be probed by an exter-
nal laser and analyzed by looking at its reflection. In-loop
measurements are preferable such as balanced-detection
or homodyne-detection which will be explained later. In
Fig. 1 an out-of the-loop method is shown for simplicity.

C. Fabrication - High yield and scalability

Silicon nitride membranes have been fabricated and uti-
lized in the past as force sensors [9, 11, 17], but stand-
ing problems have been their reliability, yield and long
processing time mainly due to incorporated wet-etching
techniques. In our approach, we only use dry etching thus
minimizing the under-etching time from hours to minutes,
while rendering critical point drying redundant. The lat-
ter step is essentially a hurdle to high yield as surface
tensions and van der Waals forces can cause suspended
structures to collapse, fracture or stick together [18, 19].

In our process, we start from 1× 1 cm2 dies of 0.5 mm
silicon and an LPCVD deposited 350 µm high-stress
(1.3 GPa) SiN film. We pattern the SiN using electron
beam lithography and a CHF3 plasma etch. After re-
moving the resist and cleaning the sample with piranha
solution and hydrofluoric acid, the structures are released
by under-etching the silicon using SF6 plasma etching.

A microscope image of a fabricated device is shown in
Fig. 2. The test-mass has dimensions of 150 × 80 µm2.
The circles on the test-mass have been placed in order
to assist the silicon etching below. The silicon etching,
which takes about 60 s, causes some under-etching of the
silicon around the structure as well. In this device there
are 32 tethers on each side of the test-mass, 200 µm long,
while structures with only 2 and up to 600 µm length have
also been successfully fabricated (not shown). We have
further scaled the tether width from between 100 nm to
1 µm, demonstrating our ability to access a large param-
eter space required for tailoring the accelerometer prop-
erties. The curved waveguide in the bottom facilitates
efficient light coupling by using a tapered standard single-
mode fiber.

D. Experimental setup

One of the critical tasks of this project has been
the development of a setup to properly characterize our
opto-mechanical structures and demonstrated quantum-
limited acceleration detection. A schematic of the current
setup is illustrated in Fig. 3.

The structure is placed on a micro-positioner in a vac-
uum chamber where we can reach pressures down to low
10−8 mbar. Light is coupled in and out using a tapered
fiber as aforementioned with high efficiencies, typically
larger than 60%. We use a commercial tuneable laser as
a light source and couple light after a variable optical at-
tenuator (VOA) and a circulator. The light polarization
is TE as the on-chip optical cavity is designed for this po-
larization. The reflection is measured using a photodetec-
tor and an analogue-to-digital converter (ADC). In Fig. 3
a balance detection scheme is also shown, where the re-
flected light is fed to an auto-balanced detector along with
an attenuated version of the laser output. This will allow
us to perform measurements in which the relative inten-
sity noise of the laser is greatly suppressed while ensuring
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FIG. 2. Microscope image of a fabricated accelerometer. The
test-mass, zipper cavity and optical waveguides are fully sus-
pended. In this particular device, the test-mass is tethered
to the chip via 32 tethers on each side. The waveguide on
the bottom of the figure uses inverse tapering for efficiently
coupling light to the optical cavity through a tapered fiber.

FIG. 3. Experimental setup.

good long-term stability through a simple locking of the
laser onto the optical resonance slope. Additional, further
improvements to reach quantum limited read-out can be
implemented through a homodyne-detection scheme.

Furthermore, piezo-actuators have been installed in or-
der to excite the opto-mechanical accelerometer in dif-
ferent axes. Commercial accelerometers are also being
deployed in order to calibrate the acceleration sensitivity,
which remains on-going work.

FIG. 4. Measured reflection (blue) and fitted spectrum (red) of
the photonic crystal cavity in the telecom band. The FWHM
of the cavity is 4.3 GHz corresponding to Qopt = 4.5 × 104.

E. Results

A typical reflection spectrum of a PhC cavity is shown
in Fig. 4. The κ/2π is 4.3 GHz, corresponding to an op-
tical quality factor Qopt of about 4.5 × 104. The optical
cavity is designed to be over-coupled therefore we esti-
mate intrinsic κin and extrinsic κex linewidths of 0.9 GHz
and 3.4 GHz, respectively.

The mechanical properties of one of the fabricated de-
vices are initially retrieved by the Brownian motion of
the test-mass and by aligning the laser onto the blue-
detuned side of the resonance. An example of the mechan-
ics recorded with an electrical spectrum analyzer is shown
in Fig. 5. The device has four tethers on each side of the
test-mass, 600 µm long and 0.75 µm wide. The test-mass
has a mass of about 10−12 kg. The two subplots show
the power spectral densities of the reflected signal for an
input power of about 10 µW. In Fig. 5(a) modes are only
present above 80 kHz. A closer look in Fig. 5(b) reveals
three modes. Based on our simulations we conclude that
the three modes at 78.5 kHz, 80.5 kHz and 97.8 kHz corre-
spond to the out-of-plane, in-plane and torsional modes of
the test-mass, respectively. This is supported by measure-
ments taken using a vibrometer as well. We would like to
mention that the mechanical frequencies are slightly lower
than expected, which is attributed to the underetching of
the silicon around the structures visible in Fig. 2.

The widths of the peaks in Fig. 5 are resolution limited
(<1 Hz), indicating that the mechanical quality factors
are larger than 105. Proper measurements of Qm are to
be performed soon, with preliminary measurements con-
firming a Qm on the order of 106. Conservative calcu-
lations with such quality factors for the opto-mechanical
accelerometer indicates a thermal noise < 30 µg with sub-
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FIG. 5. Power spectral density of the reflected signal for (a) a
wide scanning range with 100 Hz resolution bandwidth and (b)
narrow scanning range with 10 Hz resolution bandwidth. The
modes at 78.5 kHz, 80.5 kHz and 97.8 kHz correspond to the
out-of-plane, in-plane and torsional modes of the test-mass,
respectively, in good agreement with our simulations.

µg resolutions being within reach.

F. Conclusions and outlook

We have demonstrated the reliable fabrication of opto-
mechanical chip-based accelerometers with a simple fab-
rication process and access to a large design parameter
space, while our characterization setup and demonstrator
are being finalized. We demonstrate high optical qual-
ity factors on the order of several times 104 and the first
measurements indicate mechanical quality factors in ex-
cess of 106, which leads to very promising estimates for a
sub-µg thermal noise-floor and the envisioned resolutions
being within reach for bandwidths of tens of kHz. Full
characterization of the quantities of interest, e.g. accurate
mechanical quality factors and opto-mechanical coupling,
are currently being performed. With these we will be
able to quantify the resolution of our system and further
optimize our system through appropriate design choices.
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123, 223602 (2019).

[7] G. Anetsberger, E. Gavartin, O. Arcizet, Q. P. Unterrei-
thmeier, E. M. Weig, M. L. Gorodetsky, J. P. Kotthaus,
and T. J. Kippenberg, Phys. Rev. A 82, 061804 (2010).

[8] K. Y. Yasumura, T. D. Stowe, E. M. Chow, T. Pfafman,
T. W. Kenny, B. C. Stipe, and D. Rugar, Journal of
Microelectromechanical Systems 9, 117 (2000).

[9] R. A. Norte, J. P. Moura, and S. Gröblacher, Phys. Rev.
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