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(57) Abstract: A sensor includes at least one optical waveguide having a mode-field diameter greater than 11 pm and an optical reflector
optically coupled to the at least one optical waveguide. The optical reflector includes a first substrate portion configured to reflect a first
portion of a light beam back to the at least one optical waveguide and a diaphragm configured to reflect a second portion of the light
beam back to the at least one optical waveguide. The diaphragm is responsive to a perturbation by moving relative to the first substrate
portion. The light beam is centered on a region between the first substrate portion and the diaphragm.
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DIAPHRAGM-BASED FIBER ACOUSTIC SENSOR

CLAIM OF PRIORITY

[0001] This application claims the benefit of priority to U.S. Provisional Appl.
No. 62/647,344, filed March 23, 2018, which is incorporated in its entirety by reference
herein.

STATEMENT REGARDING FEDERALLY SPONSORED R&D

[0002] This invention was made with Government support under Contract No.
WOI11NF-16-C-0023 awarded by the Defense Advanced Research Projects Agency. The
Government has certain rights in the invention.

BACKGROUND

Field

[0003] This application relates generally to sensor systems, and more
particularly to optical-fiber-compatible acoustic sensor systems.

Description of the Related Art

[0004] Acoustic sensors are utilized in many applications ranging from oil and
gas exploration (see, e.g., A.D. Kersey, “Optical fiber sensors for permanent downwell
monitoring applications in the oil and gas industry,” IEICE Trans. on Electronics, vol. E&3-
C, no. 3, 400-404, 2000), medical applications, such as ultrasound imaging (see, e.g., P.
Morris, “A Fabry-Perot fiber-optic ultrasound hydrophone for simultaneous measurement
of temperature and acoustic pressure,” J. of Acoust. Soc. of Am., vol. 125, no. 6, pp. 3611-
3622, 2009) and photo-acoustic tomography (PAT) (see, e.g., J.A. Guggenheim et al.,
“Ultrasensitive plano-concave optical microresonators for ultrasound sensing,” Nature
Photonics, vol. 11, no. 11, pp.714-719, 2017), underwater communication, land, air, and
water surveillance (see, e.g., D. Hill and P. Nash, “Fiber-optic hydrophone array for
acoustic surveillance in the littoral,” Photonics for Port and Harbor Security, 2005, pp. 1—-
10), and seismic monitoring (see, e.g., T.M. Daley et al., “Field testing of fiber-optic
distributed acoustic sensing (DAS) for subsurface seismic monitoring,” The Leading Edge,
vol. 32, no. 6, pp. 699-706, 2013), and monitoring of large structures (see, e.g., K.
Kageyama er al., “Acoustic emission monitoring of a reinforced concrete structure by
applying new fiber-optic sensors,” Smart Mater. Struct., vol. 14, no. 3, pp. S52-S59, 2005).
Depending on the application, acoustic sensors have various bandwidths and sensitivities.

For example, underwater applications utilize responses down to low frequencies (e.g., 1 Hz
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to 1 kHz) with a minimum detectable pressure (MDP) (e.g., in the range of 10-100
pPa/ VHz), while ultrasonic detectors for PAT operate at much higher frequencies (e.g., 20—
50 MHz) and have larger MDPs (e.g., in the range of 1-10 mPa/VHz) and larger detection
bandwidths.

[0005] Fiber optic acoustic sensors are well suited for these and other
applications because they can be highly sensitive, compact, immune to electromagnetic
interference, resistant to many harsh environments, and biocompatible. Promising
breakthroughs in fiber acoustic sensors in the last decade have involved highly flexible
diaphragms as the acoustic transducer. When exposed to an acoustic pressure, the
diaphragm vibrates at the acoustic frequency, and the amplitude and frequency of this
vibration are measured optically with one of several techniques. For example, phase-
sensitive measurements utilizing a Fabry-Perot (FP) interferometer have utilized two
flexible micromachined mirrors interrogated with a signal delivered by a multimode fiber
(see, e.g., Y. Kim and D.P. Neikirk, “Micromachined Fabry-Perot cavity pressure
transducer,” IEEE Photon. Technol. Lett., vol. 7, no. 12, 1471-1473, 1995). Subsequent
devices have implemented a simpler design in which the FP interferometer has a single
reflective diaphragm placed close to a reflective fiber tip (see, e.g., D.S. Greywall,
“Micromachined optical-interference microphone,” Sensors Actuators A Phys., vol. 75,
257-268, 1999; M.J. Gander et al., “Embedded micromachined fiber-optic Fabry-Perot
pressure sensors in aerodynamics applications,” IEEE Sens. J., vol. 3, no. 1, 102-107, 2003;
F. Xu et al., “High-sensitivity Fabry-Perot interferometric pressure sensor based on a
nanothick silver diaphragm,” Opt. Lett., vol. 37, no. 2, 133-135, 2012; L.H. Chen et al.,
“High performance chitosan diaphragm-based fiber-optic acoustic sensor,” Sensors
Actuators A Phys., vol. 163, no. 1, 42-47, 2010; W. Wang et al., “Miniature all-silica
optical fiber pressure sensor with an ultrathin uniform diaphragm.,” Opt. Express, vol. 18,
no. 9, 9006-9014, 2010; W. Wang et al., “Optical pressure/acoustic sensor with precise
Fabry-Perot cavity length control using angle polished fiber,” Opt. Express, vol. 17, no. 19,
16613-16618, 2009; E. Cibula and D. Ponlagic, “Miniature fiber-optic pressure sensor
with a polymer diaphragm,” Appl. Opt., vol. 44, no. 14, 2736— 2744, 2005).

SUMMARY

[0006] In certain embodiments, a sensor comprises at least one optical
waveguide configured to emit light in a direction, the at least one optical waveguide having
amode-field diameter greater than 11 pm. The sensor further comprises an optical reflector

optically coupled to the at least one optical waveguide, the optical reflector configured to
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reflect at least a portion of the light. The optical reflector comprises a first portion
configured to reflect a first portion of the light back to the at least one optical waveguide.
The optical reflector further comprises a second portion configured to reflect a second
portion of the light back to the at least one optical waveguide. The second portion of the
optical reflector is responsive to a perturbation by moving relative to the first portion of the
optical reflector. The reflected second portion of the light differs in phase from the reflected
first portion of the light by a phase difference that is not substantially equal to an integer
multiple of = when the second portion of the optical reflector is in an equilibrium position
in absence of the perturbation.

[0007] In certain embodiments, a sensor comprises at least one optical
waveguide configured to emit a light beam. The sensor further comprises an optical
reflector optically coupled to the at least one optical waveguide, the optical reflector
configured to be illuminated by the light beam and to reflect at least a portion of the light
beam to the at least one optical waveguide. The optical reflector comprises a first substrate
portion configured to reflect a first portion of the light beam back to the at least one optical
waveguide. The optical reflector further comprises a diaphragm configured to reflect a
second portion of the light beam back to the at least one optical waveguide. The diaphragm
is responsive to a perturbation by moving relative to the first substrate portion. The light
beam is centered on a region between the first substrate portion and the diaphragm.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1A schematically illustrates an example optical sensor in
accordance with certain embodiments described herein.

[0009] FIG. 1B schematically illustrates a cross-section of an optical reflector
in accordance with certain embodiments described herein.

[0010] FIG. 1C schematically illustrates example phase fronts of the incident
and reflected light in accordance with certain embodiments described herein.

[0011] FIG. 1D schematically illustrates another example optical sensor in
accordance with certain embodiments described herein.

[0012] FIG. 2A schematically illustrates an example optical reflector in
accordance with certain embodiments described herein.

[0013] FIG. 2B schematically illustrates an example reflector in accordance
with certain embodiments described herein.

[0014] FIGs. 3A-3D schematically illustrate an example sensor with an

example reflector in accordance with certain embodiments described herein.
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[0015] FIG. 4 schematically illustrates an example fabrication process of a
reflector in accordance with certain embodiments described herein.

[0016] FIG. 5 schematically illustrates an example experimental configuration
for measuring the sensitivity and minimum detectable pressure (MDP) of a sensor in
accordance with certain embodiments described herein.

[0017] FIG. 6A shows the measured normalized sensitivity spectrum of an
acoustic sensor having a diaphragm suspended on 580-um cantilever spring structures in
accordance with certain embodiments described herein.

[0018] FIG. 6B shows the measured noise spectrum of the acoustic sensor of
FIG. 6A in accordance with certain embodiments described herein.

[0019] FIG. 6C shows the measured minimum detectable pressure (MDP) of
the acoustic sensor of FIG. 6A in accordance with certain embodiments described herein.

[0020] FIG. 6D shows simulations of the dependence of the recoupled optical
power to the angular misalignment between the reflector and the optical waveguide in
accordance with certain embodiments described herein.

[0021] FIG. 6E shows simulations of the dependence of the recoupled optical
power to the distance between the reflector and the optical waveguide in accordance with
certain embodiments described herein.

[0022] FIGs. 7A-7C show the sensitivity, noise, and MDP, respectively, of an
example acoustic sensor in air and in water, in accordance with certain embodiments
described herein.

DETAILED DESCRIPTION

[0023] One issue with acoustic sensors based on Fabry-Perot (FP)
interferometry has been their relatively high minimum detectable pressures (MDPs) (e.g.,
from 1 mPa to hundreds of Pa), mostly due to the high stiffness of the diaphragm and/or
low FP finesse. The sensitivity has been improved dramatically by improving the
reflectivity of the two reflective surfaces by fabricating a photonic crystal on the diaphragm
(see, e.g., X. Wu et al., “Single-crystal silicon photonic-crystal fiber-tip pressure sensors,”
J. Microelectromechanical Syst., vol. 24, no. 4, 968975, 2015), and coating the fiber tip
with gold (see, e.g., O. Kilic et al., “Miniature photonic-crystal hydrophone optimized for
ocean acoustics,” J. of the Ac. Soc. of Am., vol. 129, no. 4, 1837-1850, 2011; O.C. Akkaya
et al., “Modeling and demonstration of thermally stable high-sensitivity reproducible
acoustic sensors,” J. Microelectromechanical Syst., vol. 21, no. 6, 1347-1356, 2012) or a

dielectric reflector (see, e.g., W. Jo ef al., “Miniature fiber acoustic sensors using a
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photonic-crystal membrane,” Opt. Fiber Technol., vol. 19, no. 6, 785-792, 2013). Such
improvements have been implemented in fiber hydrophones with a relatively flat measured
response (e.g., between about 500 Hz and about 10 kHz), and an MDP of 12 pPa/\/Hz at
about 20 kHz; and fiber microphones applied to the detection of acoustic waves in air with
a broad flat-band (e.g., 600 Hz to 10 kHz) and an average MDP of 2.6 pPa/\/Hz between 1
and 30 kHz.

[0024] A previously reported phase-front-modulation (PFM) acoustic sensor
(W. Jo er al., “Highly sensitive phase-front-modulation fiber acoustic sensor,” J. of
Lightwave Technol., Vol. 33, No. 20, 4377-4383, 2015) utilized a free-space laser beam
emitted from a single-mode fiber and propagating through a graded-index (GRIN) lens that
focused the laser beam onto a reflective silicon chip placed a short noncritical distance (e.g.,
a few mm) from the lens. The laser beam illuminated (e.g., irradiated) a square, optical-
quality planar surface of the chip in which a circular well with a microfabricated planar
bottom surface that was hundreds of nanometers thick and acted as a deformable
diaphragm. The incident beam was centered on the well and wider than the well, so that a
central beam portion was incident on the well while an outer beam portion was incident on
the edges of the well. The depth of the well was /8, where A is the optical wavelength of
the incident beam, so that the two portions of the reflected beam were in quadrature. The
reflected beam was sent back through the lens and focused onto the fiber core. Because of
the intentional phase mismatch between the inner and outer portions, about 50% of the
beam power was coupled into the single-mode fiber core mode. When a dynamic pressure
at frequency f, was incident on the reflective chip, the diaphragm vibrated with respect to
the thicker and stationary outer portion of the chip at frequency fz, which modulated the
power recoupled into the fiber’s fundamental mode at f,. A measurement of this power
modulation provided the pressure and frequency of the applied pressure. Compared to an
FP-based sensor, the PFM acoustic sensor had a much broader (predicted to be, e.g., about
+150 nm) choice of probe wavelength, a looser tolerance on the fiber-to-diaphragm
distance, and a comparable MDP for equal diaphragm dimensions. The sensitivity
spectrum of the PFM acoustic sensor had a flat band (e.g., that extended from as low as 100
Hz up to about 10 kHz) and an MDP that was 16 pPa/\/Hz at 1 kHz and was 5.4 pPa/\/Hz
on average over the measurement range.

[0025] This previously reported PFM acoustic sensor performed well, but
suffered from some limitations. The diaphragm was clamped at its edges, so the diaphragm

bowed when exposed to an acoustic pressure, such that the displacement of the diaphragm
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was maximum at its center but was zero at its edges. As a result, a high acoustic sensitivity
was achieved by having the laser beam diameter greater than the diaphragm diameter and
centered on the center of the diaphragm so that the beam illuminates (e.g., irradiates) the
entire diaphragm and some of the surrounding substrate. In addition, to produce a large
displacement in the presence of a small acoustic pressure, the diaphragm had a large
diameter (e.g., about 1 mm), and consequently the beam diameter was even larger (e.g.,
greater than about 1 mm). The beam diameter was achieved by imaging the laser beam
emerging from the fiber with the optical lens (e.g., a GRIN lens) of large focal length. For
example, the acoustic sensor had a diaphragm diameter of 760 pm and utilized an incident
beam with a diameter of 1.2 mm, emitted from a lens having a 6-mm focal length and by
positioning the fiber tip about 6 mm from the diaphragm. With such large optical
magnification, high tolerance control of the angular alignment of the chip, difficult to
reproduce in practice, was used in aligning the chip with respect to the fiber for good
recoupling of the reflected beam. For example, a tilt of 0.07 degree between the surface
normal of the chip and the fiber axis produced a calculated 50% decrease in the recoupled
power and a similar decrease in optical sensitivity.

[0026] Certain embodiments described herein utilize phase-front modulation
without an optical lens between the fiber and the diaphragm, advantageously relaxing the
tolerance on the angular alignment between the fiber and the diaphragm and making the
assembly more reproducible. In certain embodiments described herein, the acoustic sensor
has a measured sensitivity about 3.9 times higher than that of the previously-reported PFM
acoustic sensor (see, W. Jo et al., “Highly sensitive phase-front-modulation fiber acoustic
sensor,” J. of Lightwave Technol., Vol. 33, No. 20, 4377-4383, 2015) and has about the
same MDP at 1 kHz (13.5 pPa/VHz).

[0027] Certain embodiments described herein provide a compact fiber sensor
that utilizes phase-front modulation to detect acoustic waves at extremely low pressures.
In certain embodiments, the sensor can utilize a reflective diaphragm with a 772 phase step
microfabricated in a silicon wafer, combined with an optical fiber having a large mode-
field diameter (e.g., greater than 11 um), to form a simple interferometric sensor head. In
certain embodiments, the sensor can present several advantages over state-of-the-art, high-
sensitivity, diaphragm-based, fiber Fabry-Perot sensors, including but not limited to, easier
optical alignment and less sensitivity to alignment between the optical fiber and the

diaphragm, smaller temperature dependence, lower sensitivity to mode-field diameter size
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which relaxes fabrication tolerances, simpler fabrication and assembly, avoiding utilizing
a lens between the fiber end and the reflector, lower sensitivity to the angular alignment
between the fiber and the reflector, making alignment easier, simpler, and faster to achieve.
In certain embodiments, the sensor has a great potential in various areas, including in vivo
pressure monitoring, surveillance, seismic research, structural health monitoring,
photoacoustic imaging, stem cell research, and in sensor array networks for oil and gas
exploration.

[0028] FIGs. 1A and 1B schematically illustrate an example sensor 10 in
accordance with certain embodiments described herein. While the example sensor 10 is
described herein in the context of sensing acoustic pressure waves, various embodiments
described herein may more generally be described as comprising a displacement sensor
which is responsive to selected perturbations (e.g., acoustic pressure waves, magnetic
fields, electric fields, accelerations, other forces) by having two or more portions displaced
relative to one another and by providing one or more signals indicative of information
regarding one or more aspects of the perturbations (e.g., magnitude, frequency, waveform).

[0029] The sensor 10 of FIG. 1A comprises at least one optical waveguide 20
configured to emit light 22 in a direction 24. The at least one optical waveguide 20 has a
mode-field diameter greater than 11 pm. The sensor 10 can further comprise an optical
reflector 30 optically coupled to the at least one optical waveguide 20. The optical reflector
30 is configured to reflect at least a portion of the light 22 and comprises a first portion 32
of the optical reflector 30 and a second portion 34 of the optical reflector 30. The first
portion 32 of the optical reflector 30 (e.g., a first surface) is configured to reflect a first
portion of the light back to the at least one optical waveguide 20. The second portion 34
of the optical reflector 30 (e.g., a second surface parallel to a first surface of the first portion
32 of the optical reflector 30) is configured to reflect a second portion of the light back to
the at least one optical waveguide 20. The second portion 34 of the optical reflector 30 is
responsive to a perturbation (e.g., a pressure wave incident on the sensor 10) by moving
relative to the first portion 32 of the optical reflector 30. The second portion 34 of the
optical reflector 30 is offset from the first portion 32 of the optical reflector 30 along the
direction 24 such that the reflected second portion of the light differs in phase from the
reflected first portion of the light by a phase difference that is not substantially equal to an
integer multiple of © when the second portion 34 of the optical reflector 30 is in an
equilibrium position in absence of the perturbation. For example, a maximum sensitivity

can be achieved in certain embodiments in which the phase difference is substantially equal

-



WO 2019/183137 PCT/US2019/023026

to an odd integer multiple of /2 (e.g., +n/2, £31/2, £5n/2). As used herein, the phrase
“substantially equal to” as used in describing the phase difference refers to phase
differences that are within £10% of the cited value (e.g., within +5% of the cited value,
within £2% of the cited value).

[0030] In certain embodiments, the phase difference has a magnitude that is in
at least one of the following ranges: substantially greater than zero and substantially less
than m, substantially greater than « and substantially less than 2, and substantially greater
than 27 and substantially less than 37. In certain embodiments, the phase difference has a
magnitude that is in at least one of the following ranges: substantially greater than zero and
less than or equal to m/2, greater than or equal to w/2 and substantially less than m,
substantially greater than & and less than or equal to 37/2, greater than or equal to 3w/2 and
substantially less than 2m, substantially greater than 2z and less than or equal to 5m/2, and
greater than or equal to 5m/2 and substantially less than 3n. As used herein, the phrase
“substantially greater than” as used in describing the ranges of the phase difference
magnitude refers to phase difference magnitudes that are greater than 102% of the cited
value (e.g., greater than 105% of the cited value, greater than 110% of the cited value). As
used herein, the phrase “substantially less than™ as used in describing the ranges of the
phase difference magnitude refers to phase difference magnitudes that are less than 98% of
the cited value (e.g., less than 95% of the cited value, less than 90% of the cited value). As
used herein, the phrase “substantially greater than zero” as used in describing the ranges of
the phase difference magnitude refers to phase difference magnitudes that are greater than
n/8. In certain embodiments, the phase difference is selected to provide an amount of
sensitivity that is adequate for the purposes for which the sensor 10 is being used.

[0031] The normalized optical sensitivity ¢ of the sensor 10, for a given
wavelength 1 and depth of the well Ay (e.g., distance between the top surface of the

diaphragm 38 and the top surface of the first portion 32) can be expressed as:

o= —Zfsin (%nho). (1)

Using Eq. (1), the sensor 10 has the highest sensitivity when A equals any integer multiple
of A/8. The maximum sensitivity is then equal to . = +21/A. At such values of &y, the
sensor 10 has a very weak wavelength dependence, such that the wavelength A can vary as
much as £10% and the sensitivity ¢ will remain within £10% of the maximum sensitivity

value oqsx.



WO 2019/183137 PCT/US2019/023026

[0032] Furthermore, by operating as a two-wave interferometer, the
dependence of the sensor 10 on the linewidth of the laser is only manifested in the laser
frequency noise. The noise in the sensor 10 Nrinduced by laser frequency noise, with

linewidth 4v and speed of light ¢, can be expressed as:

Av do dA _ |Av (Znho) (/12) __ |amhiAv @)
T didv N m\ A2 c) cz

As shown in Eq. (2), the induced noise Ny due to the laser frequency noise scales as the

square root of the linewidth (e.g., VAv) and is proportional to the well depth A thus is
negligible, even in MHz regions.

[0033] In certain embodiments, the performance of the sensor 10 is independent
of the polarization of light 22, though the use of polarization maintaining fibers will not
degrade the performance of the sensor 10.

[0034] In certain embodiments, the at least one optical waveguide 20 has a
mode-field diameter greater than 11 pm (e.g., greater than 12 pm; greater than 15 pm;
greater than 17 pum; in a range between 12 pm and 45 um; in a range between 15 pm and
40 pm; in a range between 20 um and 40 um; in a range between 17 pm and 35 pm). As
schematically illustrated by FIG. 1B, the at least one optical waveguide 20 comprises at
least one optical fiber 25 configured to emit light 22 that propagates towards the optical
reflector 30. In certain embodiments, the optical fiber 25 is configured to emit the light 22
as a light beam from an end 26 of the optical fiber 25, the light beam having a divergence
angle less than 2.3 degrees (for an LMA fiber) or in a range of 2.3 degrees to 5.4 degrees
(for an SMF fiber). The optical fiber 25 can be further configured to receive reflected light
from the optical reflector 30, the reflected light comprising a first reflected portion from
the first portion 32 of the optical reflector 30 and a second reflected portion from the second
portion 34 of the optical reflector 30. In certain embodiments, the at least one optical fiber
25 comprises at least one large mode area (LMA) optical fiber, at least one tapered optical
fiber (e.g., a tapered portion of a single-mode fiber, such as an SMF-28 fiber), and/or at
least one photonic-crystal fiber. Example LMA fibers compatible with certain
embodiments described herein can be obtained from Nufern Inc. of East Granby CT,
nLIGHT Inc. of Vancouver WA, and NKT Photonics of Denmark. Example photonic-
crystal fibers compatible with certain embodiments described herein are available from
NKT Photonics of Denmark and Thorlabs of Newton NJ. Example tapered optical fibers

compatible with certain embodiments described herein can be made using SMF fiber from
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Corning Inc. of Corning NY. In certain embodiments, the at least one LMA fiber has a
numerical aperture of 0.06, a core radius of 10 um, and a cladding radius of 200 um. In
certain embodiments, the at least one photonic-crystal fiber has a numerical aperture of
0.06, a core radius of 12.5 um, and a cladding radius of 129 pm. In certain embodiments,
the at least one tapered fiber has a numerical aperture of 0.14, a core radius of 1.1 um, and
a cladding radius of 17.5 pm.

[0035] As schematically illustrated by FIG. 1B, the optical reflector 30 (e.g.,
comprising a wafer) can be placed a short, non-critical distance (e.g., 30 pm — 100 pm )
from the end 26 of the at least one optical fiber 25. In certain embodiments, the optical
reflector 30 comprises at least one of the following materials: silicon, silicon nitride, silicon
carbide, graphite, graphene. The reflector 30 can comprise a first portion 32 that is optically
reflective. For example, the first portion 32 can comprise an optically-reflective first
surface (e.g., an optical-quality planar surface of the wafer, a metal layer) or an optically-
reflective structure (e.g., a photonic-crystal structure or a dielectric stack).

[0036] In certain embodiments, the reflector 30 further comprises a region 36
bounded at least in part by the first portion 32. For example, the region 36 can comprise a
well microfabricated into the wafer (e.g., having a planar bottom surface that comprises the
second portion 34 and that is a depth /g below the surface of the first portion 32), as
schematically illustrated by FIG. 1B. In certain embodiments, the distance between the
first portion 32 and the second portion 34 (e.g., the depth Ay of the region 36) is
approximately equal to A/8 (e.g., equal to /8 to within £10%, +5%, or +2%), where A is
the wavelength of the light 22 (e.g., & = 1.55 um or other near-infrared wavelength), and
can the region 36 can have a perimeter in a plane parallel to the first surface of the first
portion 32 that is circular, square, rectilinear, triangular, or another shape. In certain
embodiments, the perimeter of the well can be surrounded by the first portion 32 or can be
bounded on one, two, or more sides by the first surface of the first portion 32.

[0037] In certain embodiments, the second portion 34 of the reflector 30
comprises a diaphragm 38 in the region 36 (e.g., at the bottom of the well). The diaphragm
38 can be significantly thinner (e.g., by hundreds of nanometers) than portions of the wafer
surrounding the diaphragm 38 such that the diaphragm 38 is elastically movable and/or
elastically deformable in response to the perturbation. In certain embodiments, the
diaphragm 38 can have a shape in a plane parallel to the first surface of the first portion 32

that is circular, square, rectilinear, triangular, or another shape. The diaphragm 38 can
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comprise the second portion 34, which can include a reflective second surface in the region
36 (e.g., at the bottom of the well) or an underlying reflective layer in the region 36 (e.g.,
beneath a surface of the bottom of the well).

[0038] In certain embodiments, the light 22 from the at least one optical
waveguide 20 is positioned and has a width such that a first portion of the light 22 is incident
on the first portion 32 of the reflector 30, while a second portion of the light 22 is incident
on the second portion 34 of the reflector 30 (e.g., the diaphragm 38 in the well). In certain
embodiments, the ratio of the optical power of the first portion of the light 22 to the optical
power of the second portion of the light 22 is in a range between 0.3 and 0.7, in a range
between 0.4 and 0.6, or in a range between 0.45 and 0.55. For example, the optical power
of the first portion of the light 22 can be approximately equal to the optical power of the
second portion of the light 22 (e.g., within £10%; within +5%; within +2%).

[0039] In certain embodiments, as schematically illustrated by FIGs. 1A and
1B, the light 22 can have a width that is less than or equal to a width of the well and can be
positioned such that the light 22 illuminates only a fraction of the area of the second portion
34 (e.g., illuminates less than all of the whole bottom area of the well; illuminates only a
portion of the perimeter of the well) and illuminates at least some of the first portion 32 of
the reflector 30. For example, the light 22 can be off-center relative to the well and the first
portion of the light 22 can be incident on the first portion 32 of the reflector 30 outside the
well, while the second portion of the light 22 is incident on the second portion 34 of the
reflector 30 (e.g., the diaphragm 38 in the well). In certain embodiments, the light 22 is
centered on an edge of the diaphragm 28 or on the gap 56 between the diaphragm 28 and
the adjacent first portion 32 of the reflector 30.

[0040] The light reflected from the first portion 32 of the reflector 30 and the
second portion 34 of the reflector 30 can form a reflected beam of light that is returned to
the at least one optical waveguide 20. In certain embodiments, the ratio of the optical power
reflected from the first portion 32 of the reflector 30 and received by the optical fiber 25 to
the optical power reflected from the second portion 34 of the reflector 30 and received by
the optical fiber 25 is in a range between 0.3 and 0.7, in a range between 0.4 and 0.6, or in
a range between 0.45 and 0.55. For example, the optical power reflected from the first
portion 32 of the reflector 30 and received by the optical fiber 25 can be approximately
equal to the optical power reflected from the second portion 34 of the reflector 30 and

received by the optical fiber 25 (e.g., within +10%; within £5%; within +2%).
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[0041] In certain embodiments, the depth of the well (e.g., one-eighth of the
wavelength of the light, which can be expressed as A/8) can be selected such that after
reflection in the absence of a perturbation (e.g., in an equilibrium position of the diaphragm
38), the two reflected portions of the light are in quadrature, as schematically illustrated by
FIG. 1C. The reflector 30 can be oriented perpendicular to the direction 24 of the light 22
so that the reflected beam is received by the core of the optical fiber 25 of the at least one
optical waveguide 20. Because of the intentional phase mismatch between the two portions
of the reflected light, the reflected light received by the at least one optical waveguide 20
(e.g., by the core of the optical fiber 25) does not couple well into the optical fiber 25 (e.g.,
the ratio Pou/Pin of the optical power P, recoupled into the optical fiber 25 to the optical
power P;, emitted towards the diaphragm 38 from the optical fiber 25 equals about 50%).

[0042] When a perturbation (e.g., a static acoustic pressure) is incident on the
reflector 30, the diaphragm 38 is displaced with respect to the thicker outer portion of the
reflector 30. For example, the diaphragm 38 can be displaced (e.g., with respect to the
stationary first portion 32 of the reflector 30) in a direction substantially perpendicular to
the second portion 34 of the reflector 30 (e.g., the reflective surface of the diaphragm 38).
This displacement from the equilibrium position of the diaphragm 38 modifies the relative
phase between the two portions of the reflected light, which changes the coupling efficiency
of the reflected light to the at least one optical waveguide 20 (e.g., into the core mode of
the optical fiber 25), and thus changing the optical power returning from the sensor 10. A
measurement of this power change can provide the magnitude of the perturbation (e.g., the
value of the applied pressure). The principle is the same for a dynamic pressure at
frequency f;. The diaphragm 38 then vibrates at frequency f,, the returning signal is
modulated at f,, and the measurement can provide both the amplitude and frequency of the
pressure wave.

[0043] In certain embodiments, the depth of the well of the region 36 of the
reflector 30 is selected to provide the preselected phase difference between the two
reflected portions of light. However, in certain other embodiments, other structural
attributes (e.g. materials, structures) of the region 36 and of the first portion 32 of the
reflector 30 can be selected to provide the preselected phase difference between the two
reflected portions. For example, one or both of the region 36 and the first portion 32 can

have an appropriate photonic-crystal structure, including appropriate materials, to provide
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the preselected phase difference between light reflected from the region 36 and light
reflected from the first portion 32.

[0044] In certain embodiments, as schematically illustrated by FIG. 1D, at least
one laser 40 can generate light having at least one wavelength and can be optically coupled
to the at least one optical waveguide 20 via at least one optical coupler 42 (e.g., an optical
circulator) to provide light having a power level of Pi, to an input of the at least one optical
waveguide 20. The at least one optical coupler 42 can be further optically coupled to a
photo-detector 46 such that light having a power level P, emitted from the input of the at
least one optical waveguide 20 is provided to the photo-detector 46. In certain
embodiments, as schematically illustrated by FIG. 1D, the signal from the photo-detector
46 is transmitted to an optical analyzer 44 (e.g., comprising a dynamic signal analyzer, a
lock-in amplifier, and/or a data acquisition unit). In certain embodiments, the at least one
optical waveguide 20 is part of an integrated optical circuit that uses the at least one optical
waveguide 20 to transport input optical signals to the optical reflector 30 and to transport
reflected optical signals from the optical reflector 30 (e.g., to an optical analyzer 44).

[0045] FIGs. 2A and 2B schematically illustrate two example reflectors 30
(e.g., formed from a silicon-on-insulator wafer) in accordance with certain embodiments
described herein. In FIG. 2A, the example reflector 30 has eight spring structures 54 and
is schematically shown in a top view (the top portion of FIG. 2A) and in a cross-sectional
view (the bottom portion of FIG. 2A) along the dashed line of the top portion. In FIG. 2B,
the example reflector 30 has four spring structures 54 and is schematically shown in a cross-
sectional view (the left side of FIG. 2B) and in a top view (the right side of FIG. 2B).

[0046] Each of the example reflectors 30 of FIGs. 2A and 2B comprises a
movable portion 50 (e.g., a diaphragm 38 of the second portion 34 of the reflector 30), a
non-movable portion 52 comprising the first portion 32 of the reflector 30, and a plurality
of spring structures 54 mechanically coupled to the movable portion 50 and to the non-
movable portion 52. While the example reflector 30 of FIG. 2A has eight spring structures
54 and the example reflector 30 of FIG. 2B has four spring structures 54, other reflectors
30 with 2, 3, 5, 6,7, 9, 10, or more spring structures 54 are also compatible with certain
embodiments described herein. The movable portion 50 and the plurality of spring
structures 54 can be defined (e.g., separated from the non-movable portion 52) by a
plurality of gaps 56 cut into the example reflector 30 (e.g., using microfabrication
techniques). The example reflector 30 is configured to have the movable portion 50 vibrate

by translating in a direction 58 that is generally perpendicular to the movable portion 50
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(e.g., the diaphragm 38) while the movable portion 50 generally retains its shape (e.g.,
planar), and while the spring structures 54 elastically stretch and move.

[0047] The perforations 70 along the left portion of the structure shown on the
right side of FIG. 2B can be used to separate the example reflector 30 from the surrounding
portion of the wafer at the appropriate stage of fabrication. The example reflector 30 can
have various sizes, shapes, and thicknesses in accordance with certain embodiments
described herein. In FIGs. 2A and 2B, a generally circular diaphragm 38 comprises the
moving portion 50 that is mechanically coupled to the surrounding non-moving portion 52
(e.g., the surrounding portions of the wafer) by the plurality of spring structures 54 (e.g.,
elongate structures that are configured to distort elastically such that the diaphragm 38
translates in a direction that is generally perpendicular to the plane of the diaphragm 38).

[0048] Various sizes of reflectors 30, diaphragms 38, and spring structures 54
with various compliances can be used. For example, various sizes of generally circular
diaphragms 38 (with radius ¢ = 100 pm, 110 pm, 120 pm, 130 pm, 140 pm, 150 pm, 160
pm, 170 pm, 180 pm, or 190 um) with various thicknesses (e.g., in a range between 0.3
pm to 1.5 pm; 0.45 pm; 1.1 pm), and with various compliances (e.g., spring constants) can
be fabricated (e.g., at the same time). Other sizes and shapes of the diaphragm 38 and the
spring structures 54, number of spring structures 54, arrangements of spring structures 54,
compliance of the spring structures 54 may be used in accordance with certain
embodiments described herein.

[0049] There are many possible modifications that can be made to improve the
sensitivity and usability of the acoustic sensor 10 for different applications in accordance
with certain embodiments described herein. For example, different types of reflectors 30
can be implemented at the sensor surface. It can be desirable to maximize the reflectivity
of the sensor surface because the sensitivity is proportional to the reflectivity. For example,
a gold coating can be used on the first portion 32 and/or the second portion 34 of the
reflector 30 to achieve reflectivity of about 70% or greater (e.g., 98% or greater). The
reflectivity can be increased using different high-reflection coatings such as silver,
aluminum, and dielectrics. Also, a photonic-crystal bandgap structure can be fabricated for
the sensor diaphragm 38 and the rest of sensor surface, which can increase its reflectivity
(e.g., up to about 99%). For another example, the diaphragm shape is not limited to a
circular shape, and it can be fabricated in other desirable shapes (e.g., rectangular). In
certain embodiments, the spring structures 54 can be simple elongate structures that are

configured to stretch, while in certain other embodiments, other spring structures 54 (e.g.,
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spiral springs, folded springs) can be used to suspend the movable portion 50 (e.g., the
sensor diaphragm 38).

[0050] In certain embodiments, since the movable portion 50 of the example
reflector 30 generally translates (e.g., uniformly displacing in a direction generally
perpendicular to its surface, with the same displacement at its center and at its edges)
without distortion of its shape, the example reflector 30 can advantageously provide
freedom to select a size and thickness of the movable portion 50 independently of the stress-
responsive properties of the movable portion 50. Thus, an acoustic sensor 10 utilizing the
example reflector 30 in certain embodiments can be optimized for the use of various beam
sizes and pressure levels.

[0051] As a result, certain embodiments provide significant practical benefits
compared to previous configurations of phase-front-modulation sensors. In certain
embodiments in which the displacement of the diaphragm 38 is probed by a light beam that
has a lateral width smaller than that of the diaphragm 38 and that straddles the edge of the
diaphragm 38 (e.g., the second portion 34) and the substrate adjacent to it (e.g., the first
portion 32)(see, e.g., FIG. 1B), the sensor 10 does not utilize a lens between the fiber end
26 and the reflector 30. In certain embodiments, the design of the sensor 10 is significantly
simpler, with fewer components, so the sensor 10 is consequently easier to assemble. In
certain embodiments in which the light beam illuminating the reflector 30 has a much
smaller diameter than does the diaphragm 38, the coupled optical power is much less
sensitive to the angular alignment between the fiber 25 and the reflector 30, making
alignment easier and faster to achieve. In certain embodiments, the light beam can probe
any portion of the edge of the diaphragm 38, instead of having to be perfectly centered on
the diaphragm 38, which simplifies the alignment process. In certain embodiments, the
optical sensitivity is nominally independent of the light beam size, greatly relaxing
fabrication tolerances.

[0052] Furthermore, in certain embodiments, the spring structures 54
advantageously are used to control the mechanical compliance of the diaphragm 38, which
determines the amplitude of the diaphragm motion for a given applied pressure and
frequency. The mechanical compliance of certain such embodiments is not dependent on
the diameter of the diaphragm 38 but on the stiffness and/or the dimensions of the spring
structures 54 and the number of spring structures 54. As a result, the diaphragm 38 does
not have to be very large to provide satisfactory mechanical compliance (e.g., a large

motion for a small pressure).
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[0053] Referring back to FIG. 1B, in certain embodiments, the distance o
between the end 26 of the optical fiber 25 and the reflector 30 is optimized in view of two
opposing mechanisms. For values of the distance o that are too small, squeezed-film
damping between the fiber end 26, including the physical structure that supports the fiber
25, and the reflector 30 can restrict motion of the diaphragm 38, thereby reducing the
mechanical response of the sensor 10 and its overall sensitivity to pressure (e.g., acoustic
waves). For values of the distance ¢ that are too large, the percentage of recoupled power
n will be reduced (because the total distance traveled by the beam, 20, is larger, and as a
result of diffraction the diameter of the reflected beam incident on the fiber 25 is larger),
and the optical sensitivity will be reduced. In certain embodiments, the distance ¢ is
selected to optimize (e.g., maximize) the sensitivity of the sensor 10 (e.g., the distance 0 is
in a range of about 30 pm; 30 pm to 100 pm).

[0054] In certain embodiments in which a small distance J is used (e.g., distance
0 equal to 30 um), the optical waveguide 20 is selected to have a mode-field diameter
greater than 11 pm to achieve a sufficient level of recoupled optical power into the optical
waveguide 20. If the optical waveguide 20 comprises a single-mode-fiber (e.g., SMF-28
fiber) having a mode-field diameter of 10.4 pm, the diameter of the light beam emitted
from the fiber end 26 diffracts (e.g., has a divergence angle) and expands from 10.4 pm at
the fiber end 26 to about 15.4 um after propagating to the reflector 30 and returning back
to the fiber end 26, and about 38.5% of the optical power is recoupled into the fiber 25, not
including the effect of the air gaps 56 between the diaphragm 38 and the adjacent substrate
portion of the reflector 30, which is reasonably high (e.g., without diffraction, it would be
50%;, as discussed herein). However, the diameter of the light beam impinging the reflector
30 is about 11.8 um, and this relatively small spot size has two consequences. First, a
larger fraction of the optical power incident on the reflector 30 falls on the air gap 56
between the diaphragm 38 and the adjacent substrate portion of the reflector 30, and is thus
not reflected back to the fiber 25. As a result, the recoupled optical power is reduced by
about 34%. Second, a smaller light beam can be more difficult to align laterally so that it
covers both the diaphragm 38 and the adjacent substrate portion of the reflector 30 with
equal optical powers. Due to these two limitations, the recoupled optical power using a
single-mode-fiber (e.g., SMF-28 fiber) having a mode-field diameter of 10.4 um is reduced
to 25.4% compared to 50% with no gap 56 and no diffraction and a step size of 1/8).

[0055] In certain embodiments, using an optical waveguide 20 (e.g., comprising

an LMA fiber, a tapered optical fiber, or a photonic-crystal fiber) that supports a
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fundamental mode with a large mode-field diameter (MFD) advantageously overcomes this
diffraction loss and loss of optical power through the gap 56. In certain embodiments, the
MEFED (e.g., greater than 11 pm; greater than 12 pm; greater than 15 pm; greater than
17 um; in a range between 12 pm and 45 pm; in a range between 15 pm and 40 pm; in a
range between 20 um and 40 pm; in a range between 17 pm and 35 pm is sufficiently large
so as to advantageously provide a large percentage of the optical power recoupled back to
the optical waveguide 20 (e.g., greater than 80%; greater than 85%; greater than 90%;
greater than 95%; greater than 98%). For example, an optical waveguide 20 having an
MEFD equal to 23 pm can provide a light beam with a Rayleigh length of about 270 pm
(e.g., assuming that the region between the fiber 25 and the reflector 30 is filled with a gas
or a vacuum, and that the wavelength 4 = 1.55 um), which advantageously provides nearly
100% of the reflected optical power recoupled back into the fundamental mode of the
optical waveguide 20 (e.g., assuming a distance of 30 pm between the fiber end 26 and the
reflector 30, the percentage of light lost though the gap 56 is small (e.g., around 14.3%),
and the lateral alignment of the fiber 25 relative to the reflector 30 is easier, while the
angular alignment of the fiber 25 relative to the reflector 30 is a little more stringent (e.g.,
by about a factor of 4.9).

[0056] For large values of the MFD, the light beam 22 launched into free-space
will have a larger Rayleigh length and will diffract more slowly as it propagates towards
the diaphragm 38. For example, for a distance between the fiber end 26 and the reflector
30 that is a fraction of the output light beam’s Rayleigh length, the diameter of the reflected
light beam at the fiber end 26 closely matches the diameter of the light beam 22 emitted
from the fiber end 26. Therefore, for a set distance between the fiber end 26 and the
reflector 30, the re-coupling loss back into the optical waveguide 20 decreases as the MFD
of the optical waveguide 20 increases. For an optical fiber 25 having a core radius @ and a
normalized fiber frequency parameter V (e.g., the V number), the MFD can be expressed

as:

V15 + 1743

3)

MFD = 2w, = a (0.65 + Lo 2'879),

where the normalized frequency parameter V for the same optical fiber 25 having a

numerical aperture NA can be expressed as:

V=27na-NA. )
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[0057] In certain embodiments, the MFD can be increased by decreasing the V
number (e.g., below 1) by decreasing the core radius a, which, based on Eq. (3) and (4),
will further increase the MFD as the core radius a is decreased further (e.g., while
maintaining a V number that is smaller than 2.4 to have single-mode operation). For
example, the optical waveguide 20 can comprises a single-mode fiber (e.g., SMF-28 fiber)
that has an NA of 0.14 and a fiber end 26 that is tapered adiabatically down to a fiber core
diameter equal to about 2.2 pm, such that the V number is equal to about 0.65, and the MFD
of the fiber 25 is increased from 10.4 pum (untapered) to 23 pm (tapered). Other values of
the core radius a and V number are also compatible with certain embodiments described
herein.

[0058] In certain embodiments in which the fiber core radius is extensively
decreased, the core essentially vanishes and the electric field is guided in a cladding mode
by the fiber cladding. In certain such embodiments, the mode field is guided within the
cladding, with radius r4, and a surrounding, lower index medium (such as air). The V
number, based on Eq. (4), increases due to the larger cladding radius guiding the mode to
values much greater than unity. Based on Eq. (3), with large V numbers, the MFD will
depend predominantly on the first term and thus approaches 1.3 times the cladding radius,
et wWhich in turn reduces the MFD emerging from the fiber. For example, adiabatically
tapering an SMF-28 fiber with an original core diameter of 8.2 um and a cladding diameter
of 125 pm to a core diameter of 1 pm and cladding diameter of 15.2 um, surrounded by
air, results in a cladding mode with a V number of 32.7 (based on Eq. (4)) and an MFD of
9.9 um based on Eq. (3).

[0059] In certain embodiments, a sufficiently large MFD can be provided by a
large-mode-area (LMA) fiber having an appropriate combination of core radius ¢ and V
number according to Eq. (4), which is equivalent, for a given wavelength of operation, to
selecting the appropriate combination of core radius a and numerical aperture NA. For
example, an LMA fiber with core radius ¢ = 14.5 pm and NA = 0.04 at 1.55 um will have
V=2.35 and MFD = 32.4 uym. In certain embodiments, the LMA fiber (e.g., MFD in the
range of 20 pum —40 pm) is optically coupled to the SMF-28 fiber pigtail (MFD = 10.4 pm)
of the circulator 42 by a mode-converter configured to image the MFD of the SMF-28 fiber
to match that of the LMA fiber (e.g., using various imaging setups or using intermediary
tapered fibers to adiabatically increase/decrease the MFD between the SMF-28 fiber and

the LMA fiber), as opposed to a simple butt-coupling or splice which would suffer from
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significant loss due to mode mismatch, effectively reducing the optical sensitivity of the
sensor and degrading its performance.

[0060] In certain embodiments, a sufficiently large MFD can be provided by a
photonic-crystal fiber (e.g., MFD of about 20 um) which can be a single-mode fiber. In
certain embodiments, the photonic-crystal fiber is optically coupled to the SMF-28 fiber
pigtail of the circulator 42 by a mode converter.

[0061] In certain embodiments, the frequency response of the sensor 10 is
dependent on the air flow through the inside of the sensor 10 (e.g., by the shape and volume
of the enclosure behind the optical waveguide 20). For example, at low frequencies, the
air inside the sensor 10 housing surrounding the optical waveguide 20 has time to flow
through the air gaps 56 around the diaphragm 38 and the spring structures 54, which
reduces the pressure differential between the two sides of the diaphragm 38, and thus
reduces the sensor response at these low acoustic frequencies. To counter-balance this
effect, in certain embodiments, the housing behind the optical waveguide 20 contains a
sufficiently large volume of air, which increases the compressibility of the total volume of
air, which in turn shifts the roll-off to lower frequencies. In certain embodiments, the sensor
10 comprises a back-chamber 86 with a volume of 1.25 cm? (see, e.g., FIG. 3A), which
places the 3-dB roll-off frequency at 70 Hz. For example, a back-chamber 86 with a volume
ranging from 0.86 cm? to 8.75 cm? can place the 3-dB roll-off frequency at 100 Hz and 10
Hz respectively.

Example sensor and fabrication

[0062] FIGs. 3A-3D schematically illustrate an example sensor 10 with an
example reflector 30 in accordance with certain embodiments described herein. A sensor
10 compatible with FIGs. 3A-3D was fabricated at Stanford Nanofabrication Facility on a
4-inch silicon-on-insulator (SOI) wafer with a 7-um optically flat device layer, a 1-pm box
layer, and a 450-pm substrate layer. The example reflector 30 included a portion of a
microelectromechanical system (MEMS) chip having a circular diaphragm 38 suspended
at the center of a substrate by a set of eight cantilever spring structures 54, as schematically
illustrated by FIG. 3C. Fabrication utilized conventional CMOS technology and clean-
room techniques and equipment.

[0063] As schematically illustrated in FIGs. 3A and 3D, the example sensor 10
comprises two channels 91, 92 (e.g., air channels) above and below an inner ferrule 80,
respectively, and within an outer ferrule 82. The channels 91, 92 are configured to fluidly

couple the small volume in the region between the optical fiber 25 and the reflector 30 to
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the much larger volume of the back-chamber 86, which in certain embodiments enables the
low frequency roll-off to be shifted to lower frequencies. The channels 91, 92 act as
acoustic masses in the example sensor 10 and add viscous losses due to Poiseuille flow,
and in certain embodiments, the dimensions of the channels 91, 92 affect the acoustic
response of the example sensor 10. In order to minimize these effects, wide and short
channels are preferential. For example, the channels 91, 92 can have circular segment
cross-sections with areas of 0.93 mm? and 0.48 mm?, respectively, and a length of 5 mm.
These channels 91, 92 can be designed using lumped-element modeling of the example
sensor 10, such that their acoustic masses and viscous losses are negligible compared to
other acoustic elements of the sensor 10, such as the diaphragm 38 and the back-chamber
86. Furthermore, the channels 91, 92 can be asymmetric to one another to minimize the
overlap in area between diaphragm 38 and the inner ferrule 80, thus further reducing the
squeezed-film damping. As shown in FIG. 3D, the channel 91 exposes the diaphragm 38
directly to the back-chamber 86.

[0064] FIG. 4 schematically illustrates an example fabrication process of a
reflector 30 in accordance with certain embodiments described herein. In certain
embodiments, the fabrication process of the reflector 30 involves two steps of device
thinning by thermal oxidation following a dry etching process (e.g., to define spring
structures 54 and to release the movable portion 50 of the example reflector 30). The
example fabrication process of FIG. 4 is compatible with fabricating the example reflector
30 (e.g., including defining the spring structures 54). For example, the diaphragms 38 were
fabricated on the device layer first by thinning it to a thickness of 6.5 pum using thermal
oxidation. Local oxidation of silicon (LOCOS) was then used to create the 2/8 step in the
well structures. Using deep reactive ion etch (DRIE), the shapes of the diaphragms 38 were
etched on the device layer. The wafer was then flipped, and the diaphragms 38, now
suspended on the Si0; box layer, were exposed from the substrate layer using another DRIE
step. The box layer was then removed by vapor hydrofluoric acid to fully release the
diaphragms 38. Finally, the device layer was coated with a 7-nm thick chromium adhesion
layer, and a 15-nm thick gold layer to increase its power reflectivity to a measured value of
about 70%. The completed wafer contained 112 chips with diaphragms 38 of 300-um
radius and a thickness of 6.5 pm. Each diaphragm 38 was supported by eight identical
cantilever spring structures 54 with a height and a width of 6.5 um, and a length that varied

from chip to chip between 380 pm and 580 pm.
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[0065] A tapered optical fiber 25 (e.g., a tapered single-mode fiber, such as a
tapered SMF-28 fiber) was bonded in an inner ferrule 80 (e.g., a silica capillary tube). The
end 26 of the tapered optical fiber 25 was polished to obtain an optically flat surface
perpendicular to the fiber axis. The inner ferrule 80 was inserted and positioned within an
outer ferrule 82 (e.g., comprising silica) such that the fiber end 26 was spaced a distance of
about 30 um from the polished end of the outer ferrule 82, and the inner ferrule 80 was
bonded to the outer ferrule 82. The reflector 30 was mounted on a five-axis micropositioner
and was positioned in front of the fiber end 26 such that light 22 emitted from the fiber end
was incident on the reflector 30, and the reflector 30 was aligned on two angular axes to
maximize the optical power reflected by the reflector 30 that was coupled back into the
fiber 25. The reflector 30 was then translated laterally until the light 22 incident on the
reflector 30 was straddling the edge of the diaphragm 38. To fine-tune the alignment of
the reflector 30 with respect to the fiber 25, a monotonic acoustic wave was launched onto
the sensor 10, which at this point was sensitive to acoustic pressure, and the lateral position
of the reflector 30 was adjusted to maximize the sensor’s output signal. The aligned
reflector 30 was then bonded to the polished end of the outer ferrule 82 such that the end
26 of the tapered optical fiber 25 was about 30 microns from an outer reflective surface of
the reflector 30, as shown in FIG. 3B. The inner ferrule 80 and the outer ferrule 82 extended
into and were sealed within the back-chamber 86. The inner ferrule 80 and the outer ferrule
82 (shown in the cross-sectional view of FIG. 3D) held the fiber 25 in position relative to
the reflector 30 such that the light 22 emitted from the end 26 of the fiber 25 illuminated
both the optically reflective diaphragm 38 and the optically reflective substrate portion of
the reflector 30 adjacent to the diaphragm 38.

[0066] The sensor 10 operates as a two-wave interferometer with the MEMS
spring-loaded diaphragm 38 transducing an incident acoustic wave into a vibration that is
measured by the interferometer. When exposed to either an external pressure wave or a
force, the diaphragm 38 is displaced relative to the stationary substrate in a direction
perpendicular to the surface of the diaphragm 38 (e.g., towards and/or away from the end
26 of the tapered optical fiber 25; in a piston-like motion). The light 22 emerging from the
end 26 of the tapered optical fiber 25 is launched onto the edge of the diaphragm 38, as
shown in FIGs. 3B-3C, such that the optical power of the light 22 incident on the diaphragm
38 is approximately equal to the optical power of the light incident on the adjacent substrate
portion of the reflector 30 (e.g., half of the optical power of the light 22 is incident on the

diaphragm 38, and the other half is incident on the adjacent substrate, excluding the small
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portion of the light 22 that goes into the gap 56 between the diaphragm 38 and the adjacent
substrate portion). A portion of the light reflected by these two surfaces is received by and
coupled into the end 26 of the tapered optical fiber 25.

[0067] When the diaphragm 38 is at rest, the reflected light is coupled back into
the fiber 25 with minimal loss of optical power. When a static force is applied to the
diaphragm 38, the diaphragm 38 is displaced along the z axis with respect to the adjacent
substrate portion of the reflector 30. This displacement imparts a shift in the phase of the
portion of the light reflected by the diaphragm 38. The reflected light still maintains a
Gaussian intensity profile, but as a result of this differential phase shift, the reflected light
is no longer fully coupled into the fundamental mode of the fiber 25, with the balance of
the light coupled to cladding and/or radiation modes of the fiber 25, and reflected into
spatial modes. This reduction in coupled power is measured at the input port of the fiber
25, which also serves as the output port (see FIG. 1D), and the displacement can be
recovered from a measurement of this reduction of power. When an acoustic pressure is
applied instead of a static force, the principle remains the same, except that the position of
the diaphragm 38 with respect to the adjacent substrate portion of the reflector 30 is
modulated in time at the acoustic wave frequency, and so is the optical power coupled back
into the fundamental mode of the fiber 25. A measurement of the optical output signal then
provides both the amplitude and the frequency of the acoustic wave.

[0068] The normalized optical sensitivity of the sensor 10 can be defined as the
small change in the optical power coupled back into the fundamental mode of the fiber 25
normalized to the optical power inputted into the fiber 25, divided by the small
displacement dz of the diaphragm 38 (e.g., equal to the change in the optical power
transmission of the sensor 10 divided by the displacement dz, or equivalently, the derivative
of the optical power transmission with respect to the displacement dz). In certain
embodiments, the sensitivity is maximized by having the portions of the light incident on
the diaphragm 38 and on the adjacent substrate portion of the reflector 30 having equal
powers (e.g., 50% of the optical power incident on the diaphragm 38), and the two portions
of the reflected light being in quadrature (e.g., by recessing the diaphragm 38 during
fabrication by a distance A/8 from the plane of the substrate, where 1 is the optical
wavelength, as shown in FIG. 1B). This positioning of the diaphragm 38 in absence of a
perturbation (e.g., acoustic wave) results in a phase shift of /2 between the two portions
of the reflected light. In certain embodiments, even if the light did not diffract between the
fiber 25 and the reflector 30, 50% of the light is recoupled back into the fiber 25. In
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practice, as the light propagates from the fiber 25 to the reflector 30 and back to the fiber
25, the diameter of the light beam increases due to diffraction. The reflected light beam
incident on the fiber 25 is therefore larger than the mode-field diameter (MFD) of the fiber
mode, and the percentage of light recoupled into the fiber 25 is reduced by an additional
factor # between 0 and 1. This factor depends on the MFD of the fiber 25 and on the
spacing o between the fiber 25 and the reflector 30 (e.g., the larger the fiber MFD, and the
smaller o, the weaker the diffraction and the closer # is to 1; in other words the larger the
fiber MFD, the more light is recoupled into the fiber).

Example results

[0069] FIG. 5 schematically illustrates an example experimental configuration
for measuring the sensitivity and minimum detectable pressure (MDP) of a sensor 10 in
accordance with certain embodiments described herein. The light 22 was generated by a
narrow linewidth external cavity laser (e.g., RIO Planex semiconductor laser) at a
wavelength A = 1.55 pm. An optical circulator was configured to launch the laser light into
the sensor 10, and to direct the reflected return signal to a photodiode. A photodiode, with
a trans-impedance amplifier and a band-pass filter, and connected to a digital spectrum
analyzer, was configured to measure the reflected return optical signal. The sensor 10 was
placed in an anechoic chamber that provided insulation from ambient noise. An acoustic
source (e.g., FOSTEX FF85WK) was mounted on the back wall of the chamber and
generated tunable monotonic acoustic waves with frequencies between 100 Hz and 60 kHz
to measure the frequency response of the sensor 10. A calibrated reference microphone
(e.g., Briel & Kjar 4191) was placed adjacent to the sensor 10 to provide an accurate
measurement of the pressure incident on the sensor 10. The inside walls of the chamber
were covered with acoustically damping surfaces to prevent the formation of acoustic
standing waves inside the chamber, which would otherwise make reproducible
measurements of the pressure incident on the sensor 10 difficult, and to ensure that the
same pressure was incident on both the sensor 10 and the reference microphone. The
outside walls were further covered with gypsum sheets to further dampen acoustic noise
from outside the chamber. The reflection off a silicon surface at normal incidence is
independent of the polarization of the light beam incident on it. Therefore, in general, the
response of the sensor 10 having a silicon surface was independent of the birefringence of
the fiber 25 between the laser and the sensor 10. However, for sensors 10 with other types

of reflectors 30, in which the reflectivity and/or transmission of the sensor 10 are sensitive
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to polarization, a polarization controller can be added between the laser and the optical
circulator.

[0070] FIG. 6A shows the measured normalized sensitivity spectrum of an
acoustic sensor 10 having a diaphragm 38 suspended on eight 580-um-long cantilever
spring structures 54 in accordance with certain embodiments described herein. The spring
structures 54 had a square cross-section, with each side of the square having a length of 6.5
um. The sensitivity Sy of FIG. 6A is defined as Sy = d(P;/P;,)/dp, where P, is the
detected signal at the applied acoustic frequency, P is the input optical power coupled into
the fiber 25, and p is the applied pressure. The measured spectrum exhibits a flat response
from 100 Hz to 7 kHz, and this range is limited by a 3-dB roll-off below 100 Hz imposed
by the back-chamber volume, and by mechanical resonances of the diaphragm 38 at higher
frequencies. The response has a fundamental mechanical resonance at 8.9 kHz, and a
second resonance at 13.7 kHz, followed by a roll-off proportional to wa.2, where @qc is the
acoustic frequency. The average flat-band sensitivity is 4.9 x 10 Pa’!, which is about
twice as large as reported for a previously reported PEM sensor.

[0071] The solid curve of FIG. 6A shows the measured sensitivity for a first
linear polarization of the light 22 provided to the sensor 10 and the grey dots of FIG. 6A
show the measured sensitivity for a second linear polarization of the light 22 provided to
the sensor 10, the second linear polarization perpendicular to the first linear polarization.
FIG. 6A shows that the performance of the sensor 10 is independent of the polarization of
light 22.

[0072] The acoustic sensitivity of the full sensor 10, including the diaphragm
38, channels, and back-chamber 86, was modeled using the lumped-element equivalent-
circuit model (see, e.g., O. Kilic et al., “Miniature photonic-crystal hydrophone optimized
for ocean acoustics,” J. of the Ac. Soc. of Am., vol. 129, no. 4, 1837-1850, 2011). The
modeled sensitivity, plotted as a dashed curve in FIG. 6A, is in close agreement with the
measured spectrum. The model correctly predicts the broad flat band and the fundamental
resonance frequency at 9.9 kHz, which is within 10% of the measured frequency. The
discrepancy in the second resonance frequency may arise from small differences between
the modeled and actual structural dimensions, in particular, the 30-um distance between
the diaphragm 38 and inner ferrule 80 and the channels. Overall, the good agreement
between measured and modeled spectra validates the understanding of the basic optical and

mechanical principles underlying the operation of sensors 10 in accordance with certain
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embodiments described herein, and demonstrates the applicability of the lumped-element
approach to model complicated structures with multiple cantilever spring structures 54.

[0073] FIG. 6B shows the measured noise spectrum of the acoustic sensor 10
of FIG. 6A in accordance with certain embodiments described herein. The solid curve of
FIG. 6B is the measured noise spectrum normalized to the input power, and the dashed
curve is the measured noise spectrum of the laser relative intensity noise (RIN). The
measured noise spectrum was measured with the acoustic source turned off. The noise
generally decreases with increasing frequency, with the exception of resonances in the 7-
60 kHz range.

[0074] The predominant noise contributions are detector noise, electrical and
optical shot noise, laser relative intensity noise (RIN), and thermomechanical noise.
Calculations of these contributions show that in the sensor 10 and at the detected power
(0.8 mW), in the mid-frequency range (e.g., 350 Hz to 5.4 kHz), the noise is dominated by
the laser RIN, as shown in FIG. 6B. Below about 350 Hz, the sensor noise exceeds the
laser RIN, and is dominated by the residual ambient noise leaking into the anechoic
chamber, which is verified by the measured sensor MDP spectrum of the sensor 10 of FIG.
6A, which is shown in FIG. 6C. The noise spectrum measured by the sensor 10 is shown
as the solid line in FIG. 6C and the noise spectrum measured concurrently by the reference
microphone is shown as the dashed line in FIG. 6C.

[0075] The sensor 10 and the reference microphone produced almost identical
MDP spectra below about 350 Hz, which demonstrates that both the sensor 10 and the
reference microphone picked up the same noise signal, implying that noise is dominated by
the ambient noise present in the anechoic chamber, not self-noise or laser RIN. In a quieter
environment, the MDP of the sensor 10 at these lower frequencies would be lower. The
predicted predominant source of noise for this sensor 10 would then be laser RIN, which
has a measured noise spectrum approximately one order of magnitude smaller than the
ambient noise measured in the chamber.

[0076] Above about 5.4 kHz, the peaks observed in the sensor noise power
spectrum (see the solid curves of FIGs. 6B and 6C) are caused by mechanical resonances
of the diaphragm 38 and other sensor structures. Some sources of noise, including
thermomechanical and ambient noise, are magnified by these resonances, resulting in the
resonances observed in the measured noise spectrum.

[0077] FIG. 6C shows the measured minimum detectable pressure (MDP) of

the acoustic sensor 10 of FIG. 6A in accordance with certain embodiments described
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herein. As used herein, the minimum detectable pressure (MDP) is the smallest pressure
discernible by the sensor 10 above the noise floor of the whole sensing setup, or in other
words, the acoustic pressure that gives an output signal-to-noise ratio of one. To
characterize the MDP, the noise floor of the sensing setup was measured with the acoustic
source switched off for both the sensor 10 and the reference microphone, as done in FIG.
6B. The sensor MDP spectrum was then calculated by dividing the measured noise
spectrum of FIG. 6B by the measured sensitivity spectrum of FIG. 6A. FIG. 6C shows the
measured MDP spectrum (solid curve) for the sensor 10 and shows the MDP measured by
the reference microphone (dashed grey curve). The sensor 10 had a measured average
MDP of 7.6 pPa/\/Hz between 300 Hz and 20 kHz, the region in which the sensor 10 is
limited by the laser intensity noise. The MDP reached a minimum value of 1.8 pPa/\/Hz
at 7.5 kHz and 12.2 kHz, and is equal to about 7.8 pPa/\/Hz at 1 kHz, which is about twice
as good as reported for a previously reported PFM sensor.

[0078] FIG. 6D shows simulations of the dependence of the recoupled optical
power to the angular misalignment between the reflector 30 and the optical waveguide 20
in accordance with certain embodiments described herein. This recoupled power does not
take into account the 50% loss of coupling due to the //8 step, such that the total recoupled
power is 50% of the value plotted in the vertical axis of FIG. 6D. The simulation for a
previously-reported PFM sensor utilizing a GRIN lens (see, W. Jo et al., “Highly sensitive
phase-front-modulation fiber acoustic sensor,” J. of Lightwave Technol., Vol. 33, No. 20,
4377-4383, 2015) shows a very narrow tolerance on this misalignment, which makes
alignment and assembly of the structure rather tedious. In certain embodiments described
herein, the transverse size of the free-space light beam incident on the reflector 30 is much
smaller than that for the previously reported PFM sensor, and the distance between the
reflector 30 and the optical waveguide 20 is much shorter than in the previously reported
PFM sensor. As a result, the angular sensitivity for certain embodiments described herein
is greatly reduced (as shown in FIG. 6D), making for much easier and faster assembly. For
example, if the optical waveguide 20 comprises a conventional SMF-28 fiber, the emergent
mode radius is wo = 5.2 um (e.g., 1/e? intensity radius) and the radius of the light beam
reflected from the reflector 30 and incident on the fiber end 26 is 7.7 um, due to diffraction.
Thus, even with no angular misalignment, the maximum optical power recoupled to the
optical waveguide 20 is around 38%%, but due to a small radius of the light beam, the
angular tolerance is improved by a factor of 67 at the 3-dB point (e.g., from 0.03° to 2°).

To recuperate the loss in maximum optical power recoupled to the optical waveguide 20
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due to the diffraction of the light beam, an LMA fiber can be used. With the LMA fiber
(e.g., at the 30-um fiber-reflector distance), 50%% of light is recoupled back into the LMA
fiber, the emergent mode radius is wo = 12 um (e.g., 1/e? intensity radius), and the angular
tolerance is improved by a factor of 47 at the 3-dB point (e.g., from 0.03° to 1.4°) compared
to the SMF-28 fiber, and the 3-dB point is a factor of 1.5 smaller (e.g., 2° to 1.4°).

[0079] FIG. 6E shows simulations of the dependence of the recoupled optical
power to the distance between the reflector and the optical waveguide in accordance with
certain embodiments described herein. These recoupled power values do not take into
account the 50% loss of coupling due to the A/8 step. These simulations demonstrate that
the larger the emergent mode radius wy, the slower the light beam emitted from the optical
waveguide 20 diffracts and thus larger distances between the reflector 30 and the optical
waveguide 20 can be chosen without the loss of recoupled optical power. In certain
embodiments, a longer distance between the reflector 30 and the optical waveguide 20 is
used to reduce the effect of squeezed-film damping between the surfaces of the diaphragm
38 and the fiber end 26. The squeezed-film damping becomes negligible at distances of 30
um or larger. Thus, with an LMA fiber (e.g., mode radius wo =12 pm), the distance
between the reflector 30 and the optical waveguide 20 can be increased by a factor of 5.3
at a 3-dB point (e.g., 292 pum to 55 um) compared to a standard SMF fiber, to extend the
range of the fiber-chip distance.

[0080] FIGs. 7A-7C show the sensitivity, noise, and MDP, respectively, of an
example acoustic sensor 10 in air and in water, in accordance with certain embodiments
described herein. As shown in FIG. 7A, the sensitivity demonstrates sharp resonances at
frequencies above 3 kHz, e.g., a peak at 300 Hz, an anti-resonance at 1.5 kHz, and several
narrowband peaks in the kHz region and the tens of kHz region. Except for the resonance
at 300 Hz, the other sharp features in the response of the sensor 10 in water are similar to
but amplified compared to the response of the sensor 10 in air. Overall, the sensor’s
response in water is on average a factor of 4.5 smaller than the sensor’s response in air at
frequencies below 1.5 kHz and a factor of 15.5 smaller at frequencies above 1.5 kHz. As
shown in FIG. 7B, the noise spectra of the sensor 10 in water is much higher than in air
(e.g., a factor of 20 between 100 Hz to 1 kHz, with a general 1/f roll-off). As shown in
FIG. 7C, the MDP of the sensor 10 in water is in the tens of mPa/VHz at frequencies below
3 kHz and averages to a few mPa/vHz above 3 kHz.
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Other sensors

[0081] In certain embodiments described herein, the sensor 10 is sensitive to
displacements of the diaphragm 38 that are induced by a force exerted on the diaphragm
38 such that the sensor 10 performs as a force sensor. In certain embodiments, the force
exerted on the diaphragm 38 is in the form of an incident pressure wave, and the sensor 10
performs as an acoustic sensor. In certain other embodiments, the force exerted on the
diaphragm 38 is an acceleration force, and the sensor 10 performs as an accelerometer. The
acceleration force induced on the diaphragm 38 is proportional to the mass of the
diaphragm 38, and in certain embodiments, the mass of the diaphragm 38 can be tailored
(e.g., increased; decreased) using standard CMOS fabrication technology (e.g., ion milling
a mass and welding the mass onto the bottom of the diaphragm 38; fabricating a diaphragm
having a larger volume, and an equivalently larger mass).

[0082] In certain other embodiments, the force exerted on the diaphragm 38 is
a displacement force (e.g., by adding a tip to the diaphragm 38, the sensor 10 can be used
as an atomic force microscope) and/or a radiation pressure (e.g., from a modulated laser
beam).

[0083] Various embodiments have been described above. Although this
invention has been described with reference to these specific embodiments, the descriptions
are intended to be illustrative and are not intended to be limiting. Various modifications and
applications may occur to those skilled in the art without departing from the true spirit and

scope of the invention as defined in the claims.
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WHAT IS CLAIMED IS:

1. A sensor comprising:
at least one optical waveguide configured to emit light in a direction, the at
least one optical waveguide having a mode-field diameter greater than 11 pum; and
an optical reflector optically coupled to the at least one optical waveguide,
the optical reflector configured to reflect at least a portion of the light, the optical
reflector comprising:
a first portion of the optical reflector configured to reflect a first
portion of the light back to the at least one optical waveguide; and
a second portion of the optical reflector configured to reflect a
second portion of the light back to the at least one optical waveguide, the
second portion of the optical reflector responsive to a perturbation by
moving relative to the first portion of the optical reflector, the reflected
second portion of the light differing in phase from the reflected first portion
of the light by a phase difference that is not substantially equal to an integer
multiple of m when the second portion of the optical reflector is in an
equilibrium position in absence of the perturbation.

2. The sensor of Claim 1, wherein the mode-field diameter is in a range
between 20 um and 40 pm.

3. The sensor of Claim 1, wherein the at least one optical waveguide comprises
at least one large mode area (LMA) optical fiber, at least one tapered optical fiber, and/or
at least one photonic-crystal fiber.

4. The sensor of Claim 1, wherein the optical reflector comprises a wafer, the
first portion of the optical reflector comprising a first surface of the wafer, the second
portion of the optical reflector comprising a diaphragm offset from the first portion of the
optical reflector, the diaphragm in a well surrounded by the first surface.

5. The sensor of Claim 4, wherein the diaphragm is thinner than portions of
the wafer surrounding the diaphragm.

6. The sensor of Claim 4, wherein the wafer further comprises a plurality of
elastically deformable elements in mechanical communication with the diaphragm, the
plurality of elastically deformable elements configured to allow the diaphragm to move in
response to the perturbation.

7. The sensor of Claim 6, wherein the plurality of elastically deformable

elements comprises a plurality of spring structures mechanically coupled to the first portion
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of the optical reflector and to the diaphragm, the plurality of spring structures configured
to elastically stretch and move such that the diaphragm translates, in response to the
perturbation, in a direction that is generally perpendicular to the diaphragm.

8. The sensor of Claim 4, wherein the light has a wavelength and the well has
a depth substantially equal to one-eighth of the wavelength.

9. The sensor of Claim 4, wherein the light has a width less than or equal to a
width of the well.

10. The sensor of Claim 9, wherein the light is configured to illuminate at least
a portion of a perimeter of the well such that a first portion of the light is incident on the
first portion of the optical reflector outside the well while a second portion of the light is

incident on the diaphragm.

11. The sensor of Claim 9, wherein the light is offset from a center of the
diaphragm.
12. The sensor of Claim 1, wherein the phase difference is substantially equal

to an odd integer multiple of w/2.

13. The sensor of Claim 1, wherein the phase difference has a magnitude that is
in at least one of the following ranges: substantially greater than zero and substantially less
than 7, substantially greater than & and substantially less than 27, substantially greater than
2w and substantially less than 37, substantially greater than zero and less than or equal to
w/2, greater than or equal to /2 and substantially less than w, substantially greater than &
and less than or equal to 3n/2, greater than or equal to 3n/2 and substantially less than 2x,
substantially greater than 2z and less than or equal to 57/2, and greater than or equal to 5n/2
and substantially less than 3.

14. The sensor of Claim 1, further comprising a laser configured to generate the
light, the light having at least one wavelength, the sensor further comprising an optical
detector and an optical signal analyzer configured to receive the reflected first portion of
the light and the reflected second portion of the light from the at least one optical

waveguide.

15. A sensor comprising:
at least one optical waveguide configured to emit a light beam; and
an optical reflector optically coupled to the at least one optical waveguide,

the optical reflector configured to be illuminated by the light beam and to reflect at
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least a portion of the light beam to the at least one optical waveguide, the optical

reflector comprising:

a first substrate portion configured to reflect a first portion of the
light beam back to the at least one optical waveguide; and

a diaphragm configured to reflect a second portion of the light beam
back to the at least one optical waveguide, the diaphragm responsive to a
perturbation by moving relative to the first substrate portion, the light beam
centered on a region between the first substrate portion and the diaphragm.

16. The sensor of Claim 15, wherein the optical reflector further comprises a
plurality of elastically deformable elements in mechanical communication with the
diaphragm, the plurality of elastically deformable elements configured to allow the
diaphragm to move in response to the perturbation.

17. The sensor of Claim 16, wherein the plurality of elastically deformable
elements comprises a plurality of spring structures mechanically coupled to the first
substrate portion and to the diaphragm, the plurality of spring structures configured to
elastically stretch and move such that the diaphragm translates, in response to the
perturbation, in a direction that is generally perpendicular to the diaphragm.

18. The sensor of Claim 15, wherein the at least one optical waveguide
comprises at least one large mode area (LMA) optical fiber, at least one tapered optical
fiber, and/or at least one photonic-crystal fiber.

19. The sensor of Claim 15, wherein the reflected second portion of the light
beam differs in phase from the reflected first portion of the light beam by a phase difference
that is not substantially equal to an integer multiple of = when the diaphragm is in an
equilibrium position in absence of the perturbation.

20. The sensor of Claim 15, wherein the reflected second portion of the light
beam differs in phase from the reflected first portion of the light beam by a phase difference
that is not substantially equal to an integer multiple of = when the diaphragm is in an
equilibrium position in absence of the perturbation.

21. The sensor of Claim 20, wherein the phase difference is substantially equal
to an odd integer multiple of w/2.

22. The sensor of Claim 15, wherein the sensor does not comprise a lens

between the at least one optical waveguide and the optical reflector.
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