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Design and Demonstration of an In-Plane
Silicon-on-Insulator Optical MEMS
Fabry–Pérot-Based Accelerometer

Integrated With Channel Waveguides
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Abstract—In this paper, we present a novel optical microelec-
tromechanical systems (MEMS) accelerometer sensor dedicated
to space applications. An in-plane Fabry–Pérot (FP) microcavity
(FPM) with two distributed Bragg reflectors (DBRs) is used to
detect the acceleration. One of the DBR mirrors is attached to two
suspended proof masses, allowing the FP gap to change while proof
masses experience acceleration. Acceleration is then detected by
measuring the spectral shift of the FPM. The optical accelerom-
eter presented here uses silicon strip waveguides integrated with
MEMS on a single silicon-on-insulator wafer, making it compact
and robust. All of the device components are fabricated using one
single fabrication step. Immunity to electromagnetic interference,
high sensitivity and resolution capability, integrability, reliability,
low cross-sensitivity, simple fabrication, and possibility of having
two- and three-axis sensitivities are numerous advantages of our
sensor compared to the conventional ones. The sensor perfor-
mance demonstrated a 90-nm/g sensitivity and 111-μg resolution
and better than 250-mg dynamic range. [2012-0098]

Index Terms—Distributed Bragg reflector (DBR), Fabry–Pérot
(FP), optical accelerometer, silicon-on-insulator (SOI),
waveguides.

I. INTRODUCTION

M ICROELECTROMECHANICAL systems (MEMS) ca-
pacitance accelerometers are currently used in space-

craft navigation systems [1], but they suffer from low SNR
(which limits their sensitivity), high power consumption, tem-
perature dependence, and high cross-sensitivity and are not
immune to electromagnetic interference [2], making them un-
suitable for microsatellite applications.

Optical MEMS sensors are frequently used for industrial
process, aerospace, and military application owing to their
immunity to electromagnetic interference and possibility of
operation in hazardous and high-temperature environments [3].
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Optical accelerometers have been investigated previously.
Most of them are based on variable optical attenuator [4]–[6],
optical diffraction detection [7], [8], antiresonant reflecting op-
tical waveguides [2], Fresnel diffractive microlens [9], photoe-
lastic effect [10], or wavelength dependence [11]. Out-of-plane
MOEMS accelerometers based on light reflectance spectrum
variation were also reported where the reflectance spectrum of
a photonic band gap structure changes as a function of external
accelerations [12], [13]. Some of the reported accelerometers
are based on the combination of optical fibers and microma-
chined silicon [4]–[6], [11], [14]. In some cases, they have low
sensitivity due to the low reflectivity of the Fabry–Pérot (FP)
mirrors [11], [14]. Although, in some cases, they can be very
sensitive [6], [7], they are not fully integrated, and they have a
limited reliability because of their misalignment sensitivity to
vibration/shock. μg-resolution optical accelerometers based on
FP were demonstrated, but they are out of plane, not integrated,
large in size, and expensive to fabricate, making them inappro-
priate for microsatellite missions [15].

Over the last decade, small satellites and their application
toward space science missions have increased. Their need for
attitude control necessities have developed toward full three-
axis stabilization and precise pointing knowledge and control.
This is associated with the requirement for compact low-
power accelerometers and gyroscopes. Therefore, achieving an
integrated high-performance low-cost miniature sensor chip is
desired to reduce the spacecraft operating costs and to improve
the system performance for mission accomplishment and au-
tonomous navigation.

Microphotonic integrated circuits are composed of two or
more photonic devices on a single substrate. The main diffi-
culty that microphotonics should solve is system integration.
Integrating different optical components on a single substrate
will reduce the amount of external fiber-optic interconnections,
consequently decreasing the overall system mass and size, and
also optimize the system reliability as well as cost efficiency.

Silicon photonics can bring together both conventional in-
tegrated optics using ridge waveguides of several micrometers
in cross section and nanophotonics structures where silicon-on-
insulator (SOI) is used as platform. Using the SOI platform has
two advantages; first, it decreases the size of integrated optical
structures due to the high refractive index contrast between sili-
con and air, and second, it is compatible with CMOS technology.
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Here, we present a novel in-plane waveguide-integrated opti-
cal MEMS accelerometer fabricated on SOI wafer. Our device
is based on an FP filter with distributed Bragg reflector (DBR)
mirrors utilizing strip silicon waveguides. The device can be
integrated with other optical functions since the structure is in
plane, it is robust and reliable since only MEMS structures are
used in the sensor part, it is sensitive since an FP interferometer
with relatively high reflectivity mirrors are used as the sensor
part, and it is a low-cost device since all the sensor components
are fabricated in one simple fabrication step.

The aim of this work is to achieve a low-power, small-size,
simple-fabrication, high-performance, and reliable navigation
sensor for low-cost future small satellites/spacecrafts.

II. PRINCIPLE OF OPERATION

Fig. 1(a) shows the schematic of our proposed optical ac-
celerometer. The device is based on an in-plane FP microcavity
(FPM) with two DBR mirrors utilizing strip silicon waveg-
uides, in which one DBR mirror is attached to two suspended
proof masses. As a consequence of acceleration, the relative
displacement of the movable mirror with respect to the fixed
one changes the cavity length and modifies the FP resonance
[Fig. 1(b) and (c)].

A. Principle of Optical Detection

The resonance wavelength peak λ of an FPM with air gap is
directly related to the gap x by [Fig. 1(b)]

x =
mλ

2
(1)

where m is the order of the resonance.
The static response of an accelerometer with a suspended

mass of M (proof mass) and spring constant of k is defined
by combining Newton’s second law and Hook’s law and is
given by

a = − k

M
Δx = −ω2

nΔx (2)

where a is the acceleration, ωn is the natural frequency of
the system in the sensing direction, and Δx is the relative
displacement of the suspended mass (movable DBR mirror)
with respect to the fixed parts of the structure [Fig. 1(b)].

The relationship equation between the FPM acceleration
sensor output and its experienced acceleration is then given by
combining (1) and (2)

a = −mω2
nΔλ

2
(3)

where Δλ is the FPM spectral shift. It can be seen from
this relationship that the sensitivity and resolution of the de-
vice are controlled by the optical (Δλ) and mechanical (ωn)
characteristics.

Fig. 1. (a) Schematic of the accelerometer based on FP filter. (b) Schematic
of the FPM made of two DBR mirrors. (c) Transmission spectrum shift of the
FPM due to the 48-nm displacement of one mirror.

B. Mechanical Sensor Model

The accelerometer is symmetrical and consists of two proof
masses suspended by eight serpentine flexure beams [Fig. 1(a)].
Accelerations parallel to the wafer plane and perpendicular to
the DBR mirrors cause the proof masses to move in the wafer
plane. The static response of such a suspended mass in the
y-direction is defined by (2)

a = − ky
M

Δy = −ω2
nyΔy (4)

where M is the proof mass, Δy is the proof mass displacement
in the y-direction, ky is the device spring stiffness in the
y-direction, and ωny is the natural frequency of the system in
the y-direction.
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Fig. 2. Simulated first four modes of the device: (a) Normal mode (resonant at 409 Hz). (b) Second mode (resonant at 3.48 kHz). (c) Third mode or trunnion
mode (resonant at 3.53 kHz). (d) Fourth mode (resonant at 3.82 kHz). The arrows in the pictures show the displacement (or rotation) for each mode.

Using basic beam theory, the spring constants of a fixed-end
beam with length l, width w, and thickness t are given by

ky =
Etw3

l3
(5)

kx =
2Etw

l
(6)

kz =
Ewt3

l3
(7)

where E is Young’s modulus (∼160 GPa for silicon).
A serpentine flexure beam consists of two span beams

and three connector beams. The considered dimensions for
its components are as follows: span beam length: 470 μm,
span beam width: 3 μm, and connector beam width =
connector beam length = 10 μm.

Since the width of the connector beams is much larger than
the width of the span beams, we can consider a serpentine
flexure beam as a serial of two fixed-end beams. The effective
spring constant ks of two springs that are connected in series is
then given by

1

ks
=

1

k1
+

1

k2
=

2

ki
⇒ ks =

k1
2

=
Etw3

2l3
= 0.62 N/m (8)

where k1 and k2 are the spring constants of two fixed-end
beams which are equal in this case. Since the device consists
of eight serpentine springs in parallel, the total effective spring
constant of the device is ktot = 8ks = 4.8 N/m.

The spring constant of the device was simulated by finite-
element modeling using Coventorware 2010 and found to be
K = 6.125 N/m. The difference between theory and simulation
originates from the estimation we have made for the serpentine
spring.

The main challenge in designing accelerometers is the man-
ufacturing of a sensor which is sensitive to acceleration in
the desired direction but insensitive to all other cross-axis
directions. The cross-sensitivity of the device is investigated
using mode analysis. Fig. 2 shows the first four possible modes
of the structure. Owing to the optical characteristics, the sensor
is insensitive to excitations that result in parallel motion of the
Bragg mirrors (modes 2 and 4) since the length of the FPM
remains unchanged. However, it is sensitive to the angular or
trunnion deflection (mode 3) since the optical path of light in
the FPM changes in this case [Fig. 3(b)]. Although, under the
excitation of the resonant trunnion mode, no wavelength shift
is generated, the transmitted power through the device at the
resonant wavelength is modulated due to the finesse reduction
of the microcavity caused from parallelism deviation [16].
Since the frequency of this mode is well above the sensor
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Fig. 3. Two expected sensitive modes for the sensor. (a) Normal mode.
(b) Trunnion mode.

Fig. 4. Simulated frequency response of the system for the (Mode 1) normal
and (Mode 3) trunnion modes.

working bandwidth, it can be suppressed over the sensing
bandwidth.

Fig. 4 represents the simulated frequency response of the
system for normal and trunnion modes.

III. FABRICATION

The device fabrication process flowchart is shown in
Fig. 5(a). The device is fabricated using one single deep reactive
ion etching (DRIE) step on a 30-μm SOI wafer with 3-μm-
thick buried oxide. A 30-μm-thick silicon device layer is used
in order to have a larger proof mass leading to better sensitivity
of the sensor. Suspension beams, proof masses, DBR mirrors,
and strip waveguides are fabricated by DRIE. After wafer saw-
cut dicing and polishing, which are critical processes for having
waveguides with good-quality edges and facets, the remaining
buried oxide is removed using vapor HF etching to release the
structure and prevent the devices from sticking to the substrate.
A mechanical method is used for the SOI strip waveguide
polishing. Fig. 5(b) shows a 3-D atomic force microscopy
(AFM) image of the surface profile of the waveguide facet after
polishing.

The rms roughness of the facet surface is approximately
3.5 nm which is good enough when telecommunication wave-
length range is used. Two proof masses (8.1× 10−7 kg) are
suspended on eight springs having a designed overall stiffness
of 6.125 N/m providing a 438-Hz resonance frequency. The
fabricated device is shown in Fig. 6. The FP cavity is formed

Fig. 5. (a) Microfabrication steps for the FP-based accelerometer. (b) Three-
dimensional AFM image of the waveguide facet surface profile after polishing.

Fig. 6. SEM of the silicon-microfabricated FP-based accelerometer.

by two Bragg mirrors each made of three silicon walls (inset
of Fig. 6). The thicknesses of the silicon walls and air layers
for the Bragg mirrors are 3.1 and 2.4 μm, respectively. The
movable DBR mirror is attached to the proof masses and is
displaced when exposed to acceleration, producing a reduction
in the length of the air gap of the FP filter. The other DBR
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Fig. 7. Optical setup for the characterization of the accelerometer.

mirror is positioned at the end of a waveguide collimator. The
waveguide collimator is used to reduce the numerical aperture
of the beam in the horizontal direction, reducing the divergence
of the input beam. A gap of 27 μm was considered for the FP
cavity to enable its future interrogation using a tunable laser
with a 30-nm dynamic range. Due to the sidewall scalloping
phenomenon generated by the DRIE process, the sidewall
surfaces of the DBR mirrors are not very smooth. A smooth
sidewall morphology is essential to minimize light scattering
(which generates optical losses and reduces the quality factor of
the cavity) and preserve collimated light beam when the etched
sidewall is used as a mirror surface. The rms surface roughness
of the DBR sidewalls was estimated to be 50 nm from the
scanning electron micrograph (SEM) pictures. Adding oxygen
gas during the etching reduces the roughness [17]. Applying
this technique to our device diminished the sidewall roughness
to 30 nm.

IV. CHARACTERIZATION

The same experimental setup as our previous report [18] is
used to characterize the sensor (Fig. 7). Light from a broadband
source (1520–1620 nm) is butt coupled to the input waveguide
through an optical fiber. The transmitted light is collected by an
output optical fiber butt coupled to the output tapered waveg-
uide and sent to an optical spectrum analyzer. The whole setup
is attached to an inclinable board that can be tilted. Acceleration
is applied to the device as a consequence of gravity by tilting
the board (g sin θ). The transmission peak of the FP shifts to
shorter wavelengths, while the angle of inclination is increased
(sensing accelerations from 0.180 to 0.307 g). Fig. 8 compares
the measured and simulated transmission spectra of the device.

The initial transmission peak is 1534.5 nm, while 0.18-g
acceleration is applied. As acceleration is increased, the air
gap between the two Bragg reflectors decreases, resulting in
transmission peak shift toward shorter wavelengths. We believe
that the presence of sidebands can be due to the formation

Fig. 8. (Colored curves) Measured and (black-dashed curves) simulated trans-
mission spectra of the FP-based accelerometer for various accelerations.

of FP cavities between input/output fiber end facet and input/
output waveguide end facet and misalignments (between fiber
and waveguide) after tilting the setup. The filter can be tuned
continuously over 30 nm. A larger tuning range could be
achieved using a smaller gap since it would provide a larger
free spectral range (FSR). The full-width at half-maximum of
the peaks is 3 nm. A transfer matrix method is used to simulate
the transmitted light across the FP filter by considering a
plane wave incident beam. Due to the fabrication imperfections
(generated by photolithography and etching processes), the
measured peaks are not exactly located at the same locations
predicted by the simulations.

V. PERFORMANCE

A. Sensor Dynamic Range

Several optical resonances are available in the spectral re-
sponse of FP-based sensors. The dynamic range of the device
is limited to the half symmetric optical range between two
adjacent resonances or FSR; therefore, from (3), the maximum
dynamic range is calculated as

Δamax =
mω2

n

2
× FSR

2
· (9)

Knowing that the FPM resonance order for a 27-μm gap is
m = 52, the maximum dynamic range of the sensor would be
Δamax = 263 mg.

B. Sensor Sensitivity

According to (2), the sensitivity of the sensor depends on
two factors: mechanical part (ωn) which is related to the sensor
architecture and optical part (Δλ) which is related to the FP
finesse. Fig. 9 shows the resonant wavelength shift of the FPM
versus applied acceleration extracted from Fig. 8, yielding a
sensitivity of 90 nm/g.
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Fig. 9. Measured wavelength shift versus applied acceleration.

Fig. 10. Measurement of the sensitivity of the device over a nine-day period.

C. Sensor Resolution

According to (3) and considering an optical spectrum ana-
lyzer with a wavelength resolution of Δλ = 10 pm, assuming
that we are only limited by the optical spectrum analyzer
resolution, the resolution δa of our device is calculated as

δa =
mω2

nΔλ

2
=

52(2π409)2 × 10 pm
2

= 175 μg. (10)

From Fig. 9 and applying the same assumption, a 111-μg
resolution is expected for our sensor which approximates what
was calculated in (10). According to (3), better resolution and
sensitivity can be achieved if the natural frequency is lowered
and the order of interference is reduced by decreasing the
cavity gap.

D. Sensor Stability

A stability test was performed. A piezoelectric actuator was
used to apply high acceleration over a long period of time. The
actuator was driven at 700 Hz, inducing an acceleration of ±6 g
on the system over a nine-day period. A measure of sensitivity
similar to the one shown in Fig. 9 was taken each day while the
actuator was switched off. The results are reported in Fig. 10.
The measured average sensitivity is 87 nm/g.

VI. CONCLUSION

An integrated FP-based optical MEMS accelerometer has
been presented. The device has been fabricated on a SOI
substrate using one single mask. As a consequence of accel-
eration, the length of the FP cavity changes and modifies the
FP resonance. The static response of the sensor has been stud-
ied, demonstrating 90-nm/g sensitivity, 111-μg resolution, and
263-mg dynamic range. The device has the potential to reach μg
resolution. The sensor response stability has also been tested,
showing high stability over time. These characteristics along
with its light weight and low power consumption make the
device appropriate for microsatellite navigation purposes.
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