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Future applications of ultrasonography in (bio-)medical imaging require ultrasound
sensor matrices with small sensitive elements. Promising are opto-mechanical ultrasound
sensors (OMUS) based on a silicon photonic ring resonator embedded in a silicon-
dioxide acoustical membrane. This work presents new OMUS modelling: acousto-
mechanical non-linear FEM and photonic circuit equations. We show that initial wafer
stress needs to be considered in the design: the acoustical resonance frequency changes
considerably and OMUS sensitivity differs for up- or downwards buckled membranes.
Simulated acoustical resonance frequency agrees well with measurements, assuming
realistic SOI wafer stress. Measured sensitivity showed large device-to-device variation
and simulations agree within this order of magnitude. We conclude that careful modeling
of stress is necessary for the design of robust and sensitive sensors.

Introduction

Ultrasonography is widely used in (bio-)medical imaging and photo-acoustic imaging is
rapidly advancing [1, 2]. Future applications require a matrix of small and sensitive
ultrasound sensors. Many require thin and flexible cabling, e.g. catheter-based imaging
or studies of moving rodents. Especially photo-acoustic imaging requires low-noise
sensors, because the ultrasound waves generated by laser pulses are much weaker than in
pulse-echo ultrasonography [3]. Traditional transducer arrays use piezo-electric material.
However, fabrication and wiring of many small piezo-electric elements is challenging [1],
each element requires an individual coaxial wire, and sensitivity of small sensors is
limited [3]. One solution to overcome wiring and fabrication is to place the ultrasound
sensor array on an ASIC [4]. Micro-machined ultrasound sensors with capacitive
(CMUT) and piezo-electric (PMUT) read-out overcome fabrication difficulties by using
wafer-scale MEMS fabrication. However, typical read-out still requires a coaxial wire per
element and sensitivity is similar to piezo-electric transducers. A variety of optical
ultrasound sensors has been demonstrated, see e.g. [5]. We previously demonstrated, at
1 MHz, a new type of opto-mechanical ultrasound sensor consisting of an acoustically
resonant membrane with integrated silicon photonic ring resonator (fig 1) [6]. The
measured detection limit of 0.4 Pa is similar to the state-of-the-art of piezo-electric
transducers while having a 65 times smaller footprint. This sensor was fabricated with
wafer-scale CMOS and MEMS processes, suitable for matrix sensors. Read-out of many
sensors via a single optical fiber is envisioned using silicon photonic wavelength-division
multiplexing [7].

Device and fabrication
The sensor (Fig 1) consists of a silicon photonic resonator in an acoustically resonant
silicon dioxide membrane. Devices are fabricated in a silicon-on-insulator (SOI) wafer
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with a 0.22 um thick silicon waveguide layer, a 2 um thick buried oxide (BOX) layer,
and a thick silicon substrate. The photonic circuitry was fabricated at Imec via ePIXfab
Silicon Photonic MPW (now part of Europractice IC Service). This wafer was diced for
further MEMS processing at TNO. A 0.5 um thick silicon-dioxide protective cladding
was deposited at using PECVD. Then the membrane was etched from the back-side of
the wafer-die using a deep reactive ion etch (Bosch process) with the silicon-dioxide layer
as chemically selective etch stop. The chips were glued on glass plates for mechanical
stability, with a 4-mm hole below the membrane. The opto-mechanical chips were fiber-
coupled at Tyndall National Institute with coated fiber array blocks for underwater
application [8]. The BOX layer of SOI wafer has a high initial compressive stress,
typically between -400 MPa and -200 MPa [9]. The initial stress of the PECVD deposited
Si02 layer is expected between -300 MPa and 0 MPa [10]. This causes mechanical
buckling of the membrane. White-light interferometry (Bruker ContourGT-K) showed a
deflection of approximately 4 um.
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Fig 1. Opto-mechanical ultrasound sensor (OMUS). (a) Ultrasound waves impinge on the membrane
thereby stretching the membrane with integrated silicon photonic ring resonator. This dynamically shifts
the ring resonance wavelengths. (b) Read-out principle: the wavelength of a laser is tuned to the resonance
flank. The sound-induced resonance shift translates to an intensity modulation of the transmitted light.
Resonance around wavelength 1550 nm. (¢) optical microscope picture of a similar sensor. (d) White-light
interferometry showing bucking of ~4 um. (all) Racetrack-shaped resonators with straight sections of 40
pm, bend radius 5 um, and 2 directional couplers with ~5% coupling. Membrane diameters 60 — 130 um.

Theory and modeling

To get insight in the bending of the membrane, two limiting cases are relevant. In thin
plates with small deflections, one can neglect in-plane forces and stretching of the neutral
plane (the mid-plane for a homogenous plate). The mechanics are dictated by the flexural
rigidity of the plate, i.e. the resistance to bending due to compression or elongation away
from the neutral plane (Fig 2a). In contrast, for infinitely thin plates, possibly with large
deflections, mechanics is dictated by stretching of the neutral plane (like a balloon). Our
sensor membranes have both flexural rigidity and in-plane stress due to initial
compressive stress. See e.g. Fig 2b, the mid-plane has ~0.2% elongation while upper and
lower planes have larger compression or elongation. For unbuckled membranes, flexural
rigidity acts against bending while compressive in-plane stress acts to bend the
membrane. For some initial stress, the opposing effects have similar strength and the
membrane bends easily under tangential load (fig 2c,e).

Non-linear static deflection of a homogenous SiO, membrane was modeled in 2-D
axisymmetric FEM using Comsol’s Solid Mechanics module. To arrive at the correct
solution, first a large tangential boundary load was applied with initial wafer stress away
from buckling. This solution was updated for gradually changing load and stress towards
the desired configuration (Fig 2b). Acousto-mechanical behavior was modeled as time-
harmonic perturbation to the pre-stressed solution, where the upper hemisphere (water)
was modeled using the Acoustics module (Fig 2¢). Incident pressure of 1 Pa was modeled
as membrane boundary load of 2 Pa. We found this to be a good approximation for a
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1 Pa incident planewave with corresponding reflection. The center deflection w(r=0), was
computed for a sweep of frequency f, from which the resonance was extracted (Fig 2f).

The optical power transmission 7(0, ..) from the input to the output of the waveguide that
is coupled to the resonator depends, among others, on the optical phase delay of a ring
round-trip 0 = -2m ne(A) [/ / A, with A the vacuum wavelength, n. the effective index, ng
the effective group, and / the circumference of the ring [11]. The ring has resonances
when 0, = 2um for integer m. We linearize 6(A) in A around resonance, i.e. AQ = 00/0\ AL,
where 00/0A = 21 ng [ / A*. Stretching the waveguide causes a change in effective index
ne and circumference /, hence a change in the phase delay 0 at given wavelength A and
also a shift in resonance wavelength. In this work we neglect the change in effective index
ne, although this may contribute a factor 1/3™ or more to the resonance shift [12, 13]. With
spectral slope 07/0\ extracted from a measured spectrum, n. and n; computed, we find
the change in optical transmission due to a deformation-induced change in circumference:
O0T/0l=(0T/ON)(ON/0B)(00/01)=(0T/ON)(ne-A)/(ng'l). The sound-induced -circumference
change A/ was found from acousto-mechanical FEM simulations of membrane
deformation, described by strain tensor S(r) at depth 0.5 mm below the membrane surface.
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Fig. 2. Simulated membrane bending (diameter 124 pum, stress -320 MPa). (a) Sketch of pate bending. (b,c)
strain tensor rr-component. (b) Buckled membrane due to initial stress. (¢) Incremental strain due to
transversal load, in this case an 800 kHz ultrasonic pressure wave of 1 Pa. (d) Deflection due to initial
stress. (e) Deflection of the stressed membrane due to static transversal uniform load of 1 Pa. (f) Membrane
resonance frequency in water.

Measurements and results

Fabricated sensors were submerged in water, either for OMUS measurements [6] or for
simultaneous OMUS and membrane-displacement measurements using a laser
vibrometer (see Ref. [14]). Simultaneous recording of OMUS signal and displacement
show good correspondence (Fig. 3a). Measured acoustical resonance frequencies (Fig.
3c¢) agree with simulations for realistic compressive stress in the range -400 to -300 MPa.
The resonances cannot be explained by thickness variation (2.25 to 3.0 um). For
membrane diameters 70 to 82 pm, the buckling point occurs between -400 and -300 MPa,
resulting in a flexible membrane with low resonance frequency (e.g. Fig 3¢). Two devices
with identical designs (#1 and #11) show similar measured resonance frequencies,
however OMUS sensitivity differs strongly (a factor ~5, see Fig 3, table). We cannot
explain this large difference, which precludes a precise comparison of modeling and
measurements. Also, the buckling state of measured membranes is unknown. In Fig 3,
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table, the wafer stress in FEM was chosen to fit the measured resonance frequency.
Modeled and measured membrane displacement and OMUS sensitivity, both at
resonance, have the same the order of magnitude. Simulations reveal that the sensitivity
of downwards buckled membranes are lower, explained from Fig 2¢ where the radial
strain at the top surface is tensile at =0 um but compressive at 7=25 pum.
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Fig 3. (a) Time-trace of ultrasound pulse measurement, OMUS signal (blue, solid) and simultaneous
interferometer displacement recording (red, dashed). (b) FEM simulation of a 77 um membrane resonance
frequency as function of initial stress in BOX. (¢) Measured and modeled membrane resonances. Model
without initial stress (pink, thickness range). Model with initial stress (purple, stress -400 to -300 MPa).

Discussion and conclusion

This work shows that initial stress needs to be considered in the design of opto-
mechanical (ultrasound) sensors that use the buried oxide (BOX) layer of silicon-on-
insulator (SOI) wafers. Modeled resonance frequencies for realistic initial BOX stress
agree well with measurements. Measured OMUS sensitivity varies strongly from device
to device, nonetheless we conclude that the modeling predicts the correct order of
magnitude. For better understanding, it is necessary to improve fabrication and metrology
(possibly etched BOX layer, PECVD SiO; thickness and conformity, back-side etch
alignment, material properties, bucking, ...) and elaborate modeling (including e.g. strain-
induced waveguide effective index change, non-uniform silicon waveguide layer in
mechanical modeling). We believe the described modeling is an important step towards
OMUS design optimization. Moreover, careful design and fabrication opens
opportunities for flexible mechanical structures with a much smaller footprint.
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