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Abstract: A novel integrated optical ultrasound sensor based on silicon-on-insulator (SOI)
platform is proposed, theoretically analyzed and experimentally demonstrated. By using a
selectively etched SOI microring resonator in an add-drop structure, the technique provides
a linear and distortion-free sensing response to the ultrasound signal as it prevents the
coupling region deformation and removes variations from the power fluctuation of the optical
source. The proof-of-concept experimental demonstration of the proposed sensor shows
the detection of air-coupled ultrasound pressure at different frequencies and magnitudes, a
frequency sensing resolution of 30 Hz and a wide acceptance angle around 75 degrees.

Index Terms: Optical sensors, optical resonators, photonic integrated circuits, integrated
optics devices.

1. Introduction
Utrasound sensor devices, which allow detection and imaging using acoustic waves, have found
many applications in biomedical imaging, object recognition and structural health monitoring [1]–[4].
The photonic based detection method provides superior advantages over conventional piezoelec-
tric technology with distinct features including strong immunity to electromagnetic interference,
high durability and reduced weight and footprint [5], [6]. Fiber-optic approaches such as fiber-optic
interferometers, microbend fiber sensors and fiber Bragg gratings have been proposed to achieve
ultrasound detection in recent decade [7]–[10]. Integrated photonic sensors have garnered much in-
terest recently due to its small size, mass producibility and low cost. A Mach-Zehnder interferometer
(MZI) ultrasound sensor with one sensing arm located on a membrane of size 121 μm by 121 μm
is presented in [11]. It has a moderate spectrum transmission slope which limits the potential to
achieve a highly sensitive ultrasound sensor. Optical resonators which feature high sensitivity with
more compact size due to their inherent resonance effect bring key benefits to photonic sensing.
Different ultrasound detectors using optical resonators have been proposed [4], [12]–[15]. In [4],
the usage of spoked silica microdisk requires evanescently coupled into, and out of, the microdisk
via an optical nanofiber which limits the capability of scaling up the structure to large sensor arrays.
Polymer waveguides [12], [13] and silicon-on-insulator (SOI) waveguides on membrane [14], [15]
based ultrasound sensors have been presented by using an all-pass configuration where a ring
waveguide is coupled to a straight bus waveguide. The resonance shifting of ring resonators is
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Fig. 1. (a) Schematic diagram of the proposed ultrasound sensor system. (b) Sketch of the expected
ultrasound measurement output. FFT: fast Fourier transform.

monitored by detecting the optical power at the edge of the microring notch filter [13]–[15]. In these
structures, the coupling region between the bus waveguide and ring waveguide is sensitive to the
incident acoustical pressure waves, which affects the transmitted optical power to the resonators
and induces unwanted notch depth variations that will degrade the sensing performance. Moreover,
the optical power detection approach by placing a laser at one side of the transmission spectrum
suffers from power fluctuation of the optical source.

In this paper, we propose and demonstrate a new ultrasound sensor based on a selectively
etched add-drop microring resonator structure to provide a linear and distortion-free response to
the ultrasound signal by preventing the coupling region deformation and removing variations from
the power fluctuation of the optical source. This is achieved via selectively etching the targeted
region of the silicon microring to enhance the ultrasound-induced mechanical deformation while
the coupling regions remain unetched to ensure the coupling coefficient of the sensor is ultrasound
insensitive. By using both through and drop ports of the add-drop microring for signal processing,
we obtain the transfer function between the applied ultrasound signal and the sensor output
which has a linear relationship with the applied strain. As a proof of concept, we demonstrate an
ultrasound sensor fabricated through the CMOS-compatible SOI platform experimentally showing
the detection of air-coupled ultrasound pressure of 4 Pa, a frequency sensing resolution of 30 Hz
and a wide acceptance angle around 75 degrees.

2. Principle of Operation
Fig. 1(a) illustrates the schematic diagram of the proposed ultrasound sensor system which
contains an add-drop SOI microring resonator, a single wavelength laser source, photodetectors
and a digital signal processing (DSP) unit. When ultrasound pressure waves are applied on the
microring resonator, it generates a deformation on the silicon waveguide which is expressed
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as [16], [17]

ε(t ) = −(1 + ν)(1 − 2ν)P(t )
E

(1)

where ε(t ) is the time-varying strain, ν is Poisson’s ratio, E is Young’s modulus and P(t ) is the
applied ultrasound pressure, which decreases with the increasing distance between the ultrasound
source and the sensor probe [18]. The ultrasound-induced strain affects the optical resonance in
two ways: the strain-induced elongation of resonator circumference and the effective refractive in-
dex change. The combination of both effects contributes to the strain-induced resonant wavelength
shift (λm) of the microring resonator given by [19], [20]

dλm

dε
= λ

ng

(
ne + dne

dε

)
(2)

where λ is the resonance wavelength when no ultrasound is applied, ng and ne are the group index
and the effective refractive index of the waveguide respectively, and dne/dε is the strain-induced
effective index change.

When the laser light is injected into the add-drop microring resonator with the wavelength fixed at
the edge of the optical resonance curve, this ultrasound-induced resonant wavelength shift directly
translates into the modulation of the light intensity. The transmitted optical power Pt and the drop
port power Pd of the add-drop microring resonator are given by

Pt = P0
r2(1 − a)2 + 4ar2sin2 (

π�λ
F SR

)
(1 − ar2)2 + 4ar2sin2 (

π�λ
F SR

) (3)

Pd = P0
k4a

(1 − ar2)2 + 4ar2sin2 (
π�λ
F SR

) (4)

where P0 is the incident laser power, a is the round-trip amplitude transmission, r is the field
self-coupling coefficient, k is the field cross-coupling coefficient, �λ is the ultrasound induced
wavelength change and F SR is the free spectral range which in practice is much larger than the
resonance wavelength shift, i.e. F SR � �λ.

We use optical photodetectors to map optical power change to electrical domain. Considering
that the high refractive index contrast of the SOI waveguide allows a negligible round-trip atten-
uation for the proposed microring resonator [21], i.e. a ≈ 1, the strain-induced variations of the
photocurrents for the through and the drop ports after photodetection can be expressed as

d It
dε

= dPt

dε
· Rt = 4P0Rt r2[πL0(1 + ε(t ))(ne + dne

dε
)]2

(1 − r2)2λ + 4r2[πL0(1 + ε(t ))(ne + dne
dε

)]2
(5)

d Id
dε

= dPd

dε
· Rd = P0Rd k4

(1 − r2)2λ + 4r2[πL0(1 + ε(t ))(ne + dne
dε

)]2
(6)

where L0 is the circumference of the microring resonator, Rt and Rd are the responsivities of the
photodetectors after each optical output port, respectively.

We define the square root of the ratio of the strain-induced photocurrents variations at the through
port to the drop port as the sensor system transfer function, which is given by

h(t ) = 2π r
1 − r2

√
Rt

Rd
· L0(1 + ε(t ))

λ

(
ne + dne

dε

)
(7)

The derived transfer function is a general form for either etched or non-etched microring res-
onator. It has has a linear relationship with the applied strain ε(t ), as the strain-induced effective in-
dex change (dne/dε) can be neglected for silicon waveguides with a constant waveguide width [20].
Since the transfer function is not related to the input laser power (P0), the influence of the power
fluctuation of the optical source on the sensor performance can be completely eliminated. The
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Fig. 2. Simulated deformation profile of the proposed senor. Inset: Fundamental mode profile of
(a) normal straight silicon waveguide without etching, (b) silicon waveguide with surrounding oxide
layer etched.

strain-induced resonance shift of the non-etched SOI microring is much smaller than the etched
one [22]. To obtain a sensitive ultrasound receiver, the strain-induced deformation which is related
to the parameter, L0(1 + ε(t )), can be enhanced by etching away the silicon dioxide around the
silicon waveguides via wet chemical etching or dry etching techniques based on plasma or reactive
ion [23], which will enlarge the deformation of the microring resonator circumference. Since the
coupling regions of the add-drop microring structure are intentionally preserved unetched and also
located far away from the etched arc part, the coupling coefficients, r and k in Eq. (3) and Eq. (4),
remains as constant under ultrasound pressure. Thus the transfer function measurement is free
from distortions arising from deformations in the coupling region. We use the DSP unit to process
the measured photocurrent at two ports of the proposed sensor in the time domain. Following by the
calculation of photocurrent ratio, fast Fourier transform is also applied in the DSP unit as indicated
in Fig. 1(b). Based on the sampling rate of analog-to-digital converter (ADC), the incoming unknown
ultrasound signal is identified via mapping sampling number to the exact frequency.

As a proof-of-concept, we fabricated a racetrack ring resonator with a bending radius of 15 μm
on a standard SOI wafer in the 〈1 0 0〉 crystalline direction. It is noted that SOI waveguides guided in
other orientation, such as 〈1 1 0〉 crystalline direction, is also suitable for ultrasound measurement
applications [20]. The waveguides of the resonator are 220 nm high and 450 nm wide, the buried
oxide layer is 2 μm in height sitting on a 750 μm thick silicon substrate, and a 200 μm2 (10 μm width
by 20 μm length) oxide layer around the arc part of the silicon waveguide is etched away to enhance
the ultrasound sensitivity as shown in Fig. 2. The light field propagation in the etched microring
waveguide is then investigated through simulations including the acoustic-solid interaction and
numerical mode analysis via COMSOL Multiphysics and Lumerical Finite Difference Eigenmode
(FDE) solver respectively. Fig. 2 shows the simulation results when the ultrasound pressure is uni-
formly applied from the top surface. It can be seen from the gradual colour change that the etched
arc part has greater deformation than waveguide close to silicon dioxide material while the coupling
regions that are unetched remain unchanged under the same ultrasound pressure. Further, the
calculated mode field profiles of the etched arc waveguide and the unetched bus waveguides are
studied, and the results are shown in the inset (a) and the inset (b) in Fig. 2 respectively. The light is
mostly confined inside the silicon core, which has larger refractive index than air or oxide cladding.
The overlap percentage between the two mode profiles is over 99.92%, indicating a negligible
mode conversion loss induced by the etching process. The simulation results, therefore, prove that
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Fig. 3. (a) Scanning Electron Microscope (SEM) image of the deep-etched microring resonator.
(b) Spectrum of the through and drop port of the fabricated microring resonator.

the proposed etching process can effectively enhance the ultrasound sensitivity of the microring
without interfering with the coupling regions or inducing extra transmission losses.

3. Experimental Results and Discussion
A proof-of-concept experiment was carried out based on the schematic diagram shown in Fig. 1(a).
The ultrasound sensor is constructed by using a racetrack resonator coupled with two bus waveg-
uides in an SOI platform. The 450 nm by 220 nm silicon waveguides ensure the single mode
transverse-electric field light propagation. There is a gap of 273 nm between the straight waveguide
and the racetrack waveguide for evanescent coupling. Silicon waveguides in the arc part of the
racetrack are deep-etched, where the side silicon oxide is etched away to enhance the sensor’s
sensitivity to the surrounding ultrasound vibration as shown in Fig. 3(a). The optical characteristics
of the microring resonator were first measured without any ultrasound signal applied, where the
spectrum of the microring resonator is shown in Fig. 3(b). In order to detect the ultrasound signal,
a laser (Keysight 81960 A) with its wavelength fixed at 1548.9 nm was used to inject light into
the sensor chip. The ultrasound signal was generated by using a ceramic transducer where the
sinusoidal waves at ultrasonic frequencies were driven by an electrical function generator. Both
through and drop ports of the sensing ring were monitored by a multiport optical power meter
(Keysight N7744 A) for achieving high sensitivity and fast data processing. When the ultrasound
was applied to the selectively-etched microring resonator, the optical power meter continuously
logged the output powers from the drop and through ports. Since each input port of the optical
power meter was controlled by the same inner clock, the data transmission discrepancy of both
ports can be negligible. This ensures the synchronous measurement of the strain-induced varia-
tions of the photocurrents at the two ports of the add-drop microring resonator so that the transfer
function can be accurately measured.

First, we investigate the sensing performance of the proposed integrated optical sensor on
detecting ultrasound signals generated from an air-coupled transducer. Fig. 4(a) presents the
measured transfer function of the sensor under a continuous air-coupled ultrasound wave at
58 kHz, while Fig. 4(b) provides the zoom-in view which exhibits a continuous sinusoidal-like
waveform and a time period of about 17.23 μs. The frequency spectrum of the detected ultrasound
signal via FFT is displayed in Fig. 4(c), it shows the sensor has a high Signal-to-noise ratio (SNR)
of over 50 dB at the measured frequency. The high purity and no spurs in the frequency spectrum
proves the linear response of the proposed sensor to the ultrasound signal.

To investigate the sensing resolution, ultrasound signals at closely placed frequencies were
applied to the sensor. Fig. 5 shows the shift of the FFT spectrum when an ultrasound frequency
change of 30 Hz was introduced, showing that the proposed sensor system is able to distinguish
small frequency difference, which makes it applicable in a spectrally cluttered environment where
precise frequency measurement for the incoming ultrasound wave is required. It is noted that the
proposed sensor is also applicable for the detection of wideband acoustic signals. In practice, the
sensor bandwidth can be improved by increasing the sampling rate of the DSP unit.
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Fig. 4. (a) Measured transfer function of the microring resonator sensor to a 58 kHz air coupled
ultrasound transducer. (b) Zoomed-in figure of the temporal signals for the sensor. (c) FFT spectrum of
the temporal response.

Fig. 5. The FFT spectrum response of the sensor for two closely spaced ultrasound inputs.

To investigate the sensing sensitivity, ultrasound signals with various sound pressure level
(SPL) at 58 kHz were applied to the sensor. Fig. 6 illustrates the measured results showing the
amplitude of the detected signal decreases correspondingly as the applied pressure drops from
42 Pa (126 dB SPL) to 4 Pa (106 dB SPL). The measurement was taken at the same ultrasound
frequency (58 kHz), where offset frequencies were applied to distinguish different measurements.
Note the detected signal of the sensor demonstrates a high SNR even at the 4 Pa pressure level
indicating an excellent pressure sensitivity. We also varied the ultrasound frequencies between
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Fig. 6. Measured sensor response at difference pressure levels. Inset: Sensor response for different
frequencies.

Fig. 7. Normalized angular response obtained by Fourier transfer of the temporal response from the
proposed sensor.

40 to 300 kHz while maintaining the pressure level at around 126 SPL for the continuous waves.
The result is shown in the inset of Fig. 6 demonstrating the wide frequency performance of the
proposed microring resonator sensor. Here we investigated the sensor responses to ultrasound
signals up to 300 kHz, which is a frequency range that can be utilized in structure health monitoring
and photoacoustic imaging [24], [25]. Higher bandwidth measurement can be achieved by adding
ultrasound absorbing media such as aqueous solution or making adjustments to the etching area
and microring size with the consideration of the trade-off between bandwidth and sensitivity.

The ultrasound acceptance angle of the sensor is also investigated. Here the acceptance angle
is defined as the angle formed by the axis on which the ultrasound wave is detected with 6 dB
attenuation with respect to the signal detected right above the sensor center [26]. The ultrasound
transducer working at 300 kHz was moved along a semicircle trajectory at a radius of 10 mm above
the sensor in the vertical plane along the x axis shown in Fig. 2, where 90 degree is the angle when
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the ultrasound transducer is placed right above the center of the microring resonator sensor probe.
We took five continuous measurements at each angle from 20 degrees to 150 degrees range with
a step of 10 degrees. The measured angle-dependent response is shown in Fig. 7. The average
values are plotted as circle points and the vertical bar indicates the measurement errors which
are mainly caused by the ambient variation of the experimental setup. The dash line shows the
quadratic fitting of the measurement average points. The results show the fabricated sensor has
the capacity to detect the ultrasound waves from an acceptance angle of 75 degrees.

4. Conclusion
In this work, we have successfully demonstrated a novel chip scale optical ultrasound sensor based
on SOI platform. We derived the theoretical model, simulated the ultrasound sensing response
and obtained a linear and consistent sensing response free from distortions arising from coupling
region deformations. The proposed integrated optical sensor removes variations from the power
fluctuation of the optical source and successfully detects ultrasound signals at different frequencies
and magnitudes, and has a wide ultrasound receiving angle. Moreover, the compatibility and the
potential of monolithic integration of the proposed sensor opens opportunities for various ultrasound
sensing applications.
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