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ABSTRACT ARTICLE HISTORY

A slot microring resonator acoustic sensor (MRAS) using the Received 19 August 2022
PDMS package was proposed to achieve ultra-high sensitivity Accepted 5 November 2022
acoustic detection. The acoustic detection principle of the sen- KEYWORDS

sor is analyzed theoretically, the structural parameters are opti- Acoustic detection; PDMS:
mized and the performance of the sensor is verified by slot micro-ring resonator;
simulation. The simulation results show that the proposed slot ultra-high sensitivity
MRAS has a high-quality factor of 1.49 x 105, the sensitivity of

the sensor by intensity detection method is up to 3872 mV/kPa,

and the 3 dB bandwidth is 210 MHz. The sensor designed in this

paper has the advantages of ultra-high sensitivity and wide

bandwidth range, which has important value in the field of

acoustic detection.

1 Introduction

Acoustic detection plays an irreplaceable role in nondestructive testing [1],
acoustic microscopy [2], medical imaging [3, 4] and other fields. Acoustic
sensors can be divided into two types. One is electric-acoustic sensor [5-7].
However, such hydrophones have certain defects, such as poor anti-
electromagnetic interference ability, narrow response band, low sensitivity,
especially poor reuse ability; The other is the photo-acoustic sensor [8-11],
which has the favorable advantages of strong electromagnetic interference
resistance, high sensitivity, large bandwidth range, small volume and easy
integration Compared with the traditional electric-acoustic sensor. At present,
the pure optical acoustic signal testing technology instead of piezoelectric
detection is the development demand of the future. However, the acoustic
signal testing technology based on Fabry-Perot interferometer (FPI) [8],
polymer film interference [9], fiber or grating FPI [10, 11] mostly relies on
the strain variable of mechanical deformation to realize the sensing of acoustic
signal, which results in self-resonance and frequency narrowing. Therefore, it
is the development trend of military application field to explore a new method

CONTACT Yongfeng Ren @ renyongfeng@nuc.edu.cn @ State Key Laboratory of Dynamic Measurement
Technology, North University of China, Taiyuan 030051, China

© 2022 Taylor & Francis


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/01468030.2022.2145529&domain=pdf&date_stamp=2022-11-09

2 (&) X.CHUETAL

of sound signal testing without diaphragm, all solid state and pure optics, and
to achieve ultra-wide band and high-sensitivity sound signal testing.

In recent years, pure optical micro-ring ultrasonic sensors without dia-
phragm have been widely studied. For instance, Ling T, and so on, from The
University of Michigan [12-14] conducted continuous and in-depth research
on polymer micro-ring ultrasonic sensors. Literature [14] proposed a micro-
ring ultrasonic sensor with a radius of 30 pm, which has a quality factor of
3 x 10°. The sensor achieves a sensitivity of 36.3 mV/kPa and a 3 dB bandwidth
of 350 MHz. However, polymers typically have a refractive index of about 1.5,
which means that a low refractive index difference can limit device perfor-
mance when the device is relatively small. In 2021, Wouter J. Westerveld, etc.,
[15] designed and prepared a silicon waveguide ultrasonic sensor. The sensi-
tivity of a micro-ring resonator with a radius of 20 um is 2.5 mV/kPa under the
action of ultrasonic signals in the range of 3-30 MHz. The silicon micro-ring
ultrasonic detector has the advantages of CMOS compatibility, small size and
high-quality factor, which are important factors in determining the sensitivity
of ultrasonic detector. However, the sensitivity of this ultrasonic sensor is still
very low. The slit waveguide structure in the silicon micro-ring resonator can
improve the sensitivity and have a higher Q factor. In order to make the
ultrasonic field have a strong interaction with the optical field, the ultrasonic
detector based on the slit optical micro-cavity generally adopts polymers with
lower Young’s modulus as the upper cladding of the micro-ring resonator [16,
17]. In 2017, a kind of SU8 polymer micro-ring ultrasonic detector was
proposed [16], with a theoretical Q value as high as 8.34 x 10°% and its
sensitivity is 165.7 times that of the polymer ultrasonic sensor.

In order to obtain higher acoustic detection sensitivity of slit waveguide,
a new slot PDMS polymer (low Young’s modulus and large Poisson’s ratio,
compared with other polymers) micro-ring ultrasonic sensor is proposed in
this paper, which has not been mentioned in previous studies. The size of the
structure is optimized through simulation to maximize the Q value of the
device. The ultrasonic detection characteristics of the proposed sensor are
studied by COMSOL software. The results show that the ultrasonic sensor
proposed in this paper has ultra-high sensitivity and wide frequency range
compared with the previously studied acoustic sensing structure, which has
practical reference significance in the field of acoustic detection.

2 Principle
2.1 Principle of slot MRAS

The slot micro-ring resonator (MRAS) structure as shown in Figure 1(a). The
under cladding is silicon dioxide, the core layer consists of a straight wave-
guides and two concentric circular waveguide, dozens of nanometer gap



FIBER AND INTEGRATED OPTICS 3

@)

9, Cladding

(b) (C) 1.0

o
o
T

FWHM

Transmission

o
Y
T

o
N
T

0.0 L L
1557.0 1557.2 1557.4
‘Wavelength/nm

Figure 1. Schematic of ultrasonic sensor based on slot MRR: (a)3D Structure view of slot MRR and
Cross section of Slot Wave-guide. (b)Optic field distribution in resonant state. (c)Transmission of
slot MRR.

between each two circular waveguides form a micro slot, the upper cladding is
polymer that also acts as a medium of ultrasonic sensor. The illustration shows
the cross section of the micro slot. In the process of light transmission in the
straight waveguide, part of the light enters the ring waveguide on account of
evanescent field effect, the light field in the micro-ring interferes with the light
field in the straight waveguide after one round of transmission, and the light
meeting the resonance conditions will enter the micro-ring and generate
resonance enhancement effect. Resonance conditions can be expressed as [17]

mA = neﬁL (1)

Here, m represents the resonant order, A represents the resonant wavelength,
n.q represents the effective refractive index, L represents the circumference of
the micro-ring. A strong light field will be formed in the slot micro-ring by
repeated interference. The light field distribution of the slot MRR when it
reaches the resonance state is shown in Figure 1(b). The transmission spec-
trum of the output port is shown in Figure 1(c), which can be calculated by the
following formula:

_ a*+ 1" —2atcosg
1+ a2 —2atcos ¢

(2)
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Where a represents the loss of light transmitted in the slot micro-ring wave-
guide for one round, it be expressed as a = exp(-nRag), ag represents the loss
factor, t represents for transmission coeflicient, ¢ represents the phase change
of the light after one week of transmission in the grooved micro-ring wave-
guide. When the transmission spectrum is the minimum value, it means that
the slot MRR has reached the resonance state, and the corresponding wave-
length is the resonant wavelength. We can determine the information of the
ultrasonic signal by measuring the drift of the resonant wavelength in the
transmission spectrum in the actual ultrasonic signal sensing.

The performance of slot MRAS can be measured by its quality factor Q. It
can be expressed as [18]

B nLng\/E
=0 =) 3)

Where ng = ner — Ao dgjﬂ' represents the group index, which takes into

account the dispersion of the waveguide. It can be seen from the above
equation that the Q value of the slot MRAS is proportional to the circumfer-
ence of the micro-ring.

2.2 Principle of ultrasonic detection

According to the optical waveguide mode theory, the evanescent field distri-
bution state of the waveguide will be changed when the refractive index of
cladding layer on the MRAS changes, which change the effective refractive
index of the device and make the resonant wavelength shift. When the slot
MRAS is used as an acoustic sensor, the upper cladding plays the role of
sensing medium and produces strain under the action of ultrasonic signal,
which changes the effective refractive index of the slot waveguide through
deformation and elastic-optical effect. The relationship between strain and
sound pressure can be expressed in Equation (4) [19] and the relationship
between refractive index and strain can be expressed in Equation (5) [20].
(1+v)(1—2v)P

e=— : (4)

An
no

2
— ? P12 — v(p11 + p12)] (5)

Where, v represents the Poisson’s ratio of the material, E represents the
Young’s Modulus of the material, P;; and P;, represent the first and second
stress optical coefficients of the material respectively, P represents the ultra-
sonic pressure, and n, represents the refractive index of the material without
the action of sound pressure. It can be seen from Eq. (4) and Eq. (5) that the
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Table 1. Properties of several polymers.

Materials Refractive index Young's modulus Poisson’s ratio
Sus 1.57 4.02 GPa 0.22
PMMA 1.46 3 GPa 0.4

PS 1.58 0.3 GPa 033
PDMS 1.406 0.75 MPa 0.49

strain relate to the Poisson’s ratio and Young’s modulus of the material. The
larger the Poisson’s ratio is and the smaller the Young’s modulus is, the larger
the strain of the material is under the same sound pressure, leading to the
larger refractive index change. Related parameters of several polymers are
given in Table 1. PDMS polymers have the characteristics of low Young’s
modulus and large Poisson’s ratio compared with other polymers. Therefore,
PDMS polymer is selected as the upper cladding of slot MRR as an ultrasonic
sensing medium in this paper.

3 Design and optimization of slot MRAS

Reference [21] pointed out that MRAS with high Q factor would be beneficial
to improve its ultrasonic detection sensitivity, so it is necessary to optimize the
design of slot MRAS to improve the sensor performance. According to the
Equation (3), the Q value of the micro-ring is proportional to the effective
refractive index and the circumference of the micro-ring, hence the Q value of
the device can be optimized from the perspective of the effective refractive
index and cavity length.

Firstly, the relationship between the effective refractive index and waveguide
width in the polarization modes of TEO and TEl is studied, as shown in
Figure 2(a), the larger the waveguide width is, the higher the effective refractive

(€)) (b)
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TR, —*— width=500nm
5 7245+ A,
= =
£ £
2 22401
K $2351
2 2
§ g 230 F
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0.4 T 06 0.8 1.0 40 60 80 100 120 140 160
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Figure 2. (a)Effective refractive index of the different order of TE modes with the waveguide width
at 1550 nm wavelength. (b)Effective refractive index of the different waveguide width with the
waveguide gap.
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index is. Only the fundamental mode exists in the waveguide when the wave-
guide width is between 0.35 um and 0.65 um, the inset shows the fundamental
mode distribution when the width of the waveguide is 0.5 um. There are higher-
order modes in the waveguide when the width of the waveguide is greater than
0.65 um. Figure 2(b) shows the relationship between effective refractive index
and gap under different waveguide widths. The results show that when the
waveguide width is constant, the larger the gap is, the lower the effective
refractive index is; when the waveguide gap is constant, the larger the wave-
guide width is, the larger the effective refractive index is. Combined with the
analysis results of Figure 2(a,b), in order to allow only fundamental mode
transmission in the waveguide and make the effective refractive index as large
as possible, a waveguide width of 0.5 um is designed in this paper.

Figure 3 shows the light field distribution under different gap when the
waveguide width is 0.5 um. The effects of curvature and dispersion on waveguide
mode and the existence of anti-propagation field are ignored in the two-
dimensional simulation [22]. It can be seen from the figure that the smaller the
gap, the stronger the local ability to light. However, the small gap width is not
conducive to the filling of PDMS, so the gap width of 80 nm is selected in this
paper.

z (micrens)
z (nicrons)

z (microns)
z (microns)

Gap=100 I

0.2 0 0
F (lll crons)

Figure 3. The electric field pattern distribution diagram with a width of 500 nm and different gaps.
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Figure 4. (a)The relationship between Bending radius and the propagation loss. (b)The relation-
ship between Thickness of package and Effective refractive index.

Table 2. Description of structure parameters of Slot micro-ring ultrasonic

sensor.
Structural parameters Value Description of parameters
w 500 nm waveguide width
h 220 nm waveguide height
g 80 nm microring gap
R 10 pm radius of micro-ring
G 120 uym Coupling interval
H 0.5 ym PDMS height

Figure 4(a) shows the relationship between the propagation loss and
the bending radius of slot MRAS, it can be seen that the bending radius
has a significant influence on the bending loss, and the bending loss
decreases with the increase of the bending radius. When the bending
radius is larger than 9 pm, the bending loss is very small and can be
ignored. In order to minimize the device structure and bending loss, the
micro-ring radius is designed as 10 um in this paper. Figure 4(b) shows
the relationship between the effective refractive index and the PDMS
cladding thickness. The results show that the effective refractive index
increases with the increase of the PDMS thickness when the PDMS
thickness is less than 0.5 um and remains almost constant when the
PDMS thickness is greater than 0.5 pum. Accordingly, PDMS was selected
as the upper cladding layer with a thickness of 0.5 pm to make the
effective refractive index higher.

In conclusion, the structural parameters of the slot MRAS proposed in this
paper are shown in Table 2. According to Eq. (3), the Q value of the sensor is as
high as 1.49 x 10° theoretically.
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4 Simulation results and analysis
4.1 Sensitivity analysis

COMSOL software was used to simulate the photo-acoustic coupling to verify
the ultrasonic sensing performance of the proposed Slot MRAS. The photo-
acoustic coupling model of the Slot MRAS is shown in Figure 5(a), the black
waveform represents the applied ultrasonic signal, and the red arrow repre-
sents the input optical signal with an optical power of 1 mW and wavelength of
1.55 pm, the blue arrow indicates the output optical signal. Considering the
proposed model is not suitable for 3D finite element analysis due to the large
memory required and long computational time, in order to quantitatively
calculate the change of the effective refractive index of slit waveguides induced
by sound pressure, two-dimensional finite element simulation of the acoustic-
solid interaction is carried out by COMSOL software. In the simulation,
electromagnetic wave (frequency domain), pressure acoustic (frequency
domain), solid mechanical models are used. The Poisson ratios of PDMS,
silicon and silica were 0.49, 0.3 and 0.25, and the young’s moduli were 0.75
MPa, 100 GPa and 85 GPa, respectively. A multi-physical field module is used
to realize the acoustic-structure coupling. The top of the PDMS cladding is set
as the boundary between sound waves and the structure. At the same time, the
refractive index of the structural material in different directions (x,y,z) is set in
the electromagnetic wave (frequency domain) module based on the elastic-

(a) Acoustic signal (b) Ao0e
@ ) Output 0.08
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. s
. sio2
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Figure 5. (a)Schematic diagram of photo-acoustic coupling model. (b)Schematic diagram of
deformation. (c) the relationship between different sound pressures and the effective refractive
index. (d) spectrum response curve under different sound pressure.
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optical theory [23]. The silica substrate boundary is fixed and all materials are
free to deform according to the stress generated by the ultrasonic wave. Use
a free triangle to create the mesh and set it to super refined. The scanning
range of parametric is from 1 MPa to 10 MPa with interval of 1 MPa. The
structure deforms after acoustic wave is applied to the top of PDMS cladding
through water and the total computation time is about 83s. Figure 5(b) shows
the two-dimensional deformation distribution of the slot waveguide under the
ultrasonic pressure of 1 MPa, it can be obviously seen that the deformation of
the upper cladding PDMS is the largest, which will significantly change the
effective refractive index of the slot waveguide. Figure 5(c) is the curve of the
variation relationship between different ultrasonic pressures and effective
refractive index obtained through simulation calculation under the condition
of elastic-optical effect, the result indicated that the effective refractive index
has a linear relationship with ultrasonic pressure after fitting, which can be
expressed as

dneg
dP
Figure 5(d) shows the spectral line drift curves of slot MRAS under different

ultrasonic pressures. According to Eq. (1), the relationship between resonant
wavelength drift and sound pressure can be expressed as

=8.9 x 107°/MPa (6)

d\ A dng
dP  ng dP

= 0.08nm/MPa 7)

The results show that the resonant wavelength of the proposed sensor has
a linear shift of 80 pm/MPa under the action of ultrasonic wave, which is
approximately nine times as high as that in literature [16].

Ultrasonic detection can be realized by detecting light intensity changes at
specific wavelengths. At this time, sensitivity is defined as the ratio of trans-
mission intensity to ultrasonic pressure, which is expressed as

9T 9T 01 Ongy A T Ony

= (8)

S‘%_ﬁaneﬁ OP  ng OA OP

For high Q slot micro-ring ultrasonic sensor, the transmitted light intensity is
related to the position of the resonant wavelength. The resonant wavelength
shift caused by the acoustic wave causes significant changes in the transmitted
light intensity due to the steep resonance curve, thus improving its sensitivity.
Therefore, the sensitivity can be maximized by setting the resonant point at the
wavelength with the highest slope of the transmission spectrum. According to
the linear relation between output light intensity and wavelength, the acoustic
pressure can be demodulated. According to Eq. (8), the sensitivity of the
ultrasonic sensor proposed in this paper is as high as 3872 mV/kPa.
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4.2 Frequency response analysis

Frequency response plays an important role in ultrasonic detection. The
frequency response characteristics of the sensor determine the frequency
range to be measured and must be kept undistorted within the allowable
frequency range. The higher the frequency response of the sensor, the wider
the frequency range of the signal that can be measured. Therefore, it is very
important to study the frequency response of the sensor. Studies [24, 25] show
that the main factor of frequency response is determined by the FP cavity effect
of sound waves, which can be expressed by the following formula:

|Pr(k)|

2T \/(Rg + 1) + 4Rg cos k(1 + 2l )sin?(kl/2) o)

B ﬁ 1— 2ROR1 COS Zk(l + l()) + (R0R1)2

Here, Pi(k) represents normalized frequency response, k is acoustic wave
vector, T represents pressure amplitude transmission coefficient, | is upper
cladding thickness, Ry and R; are amplitude reflection coefficients. The acous-
tic impedance of PDMS is 1.06 x 10° Kg/ (sm?), and that of silica is 1.31 x 10’
Kg/(sm?), the acoustic impedance of deionized water is 1.49 x 10° Kg/(sm?).
The frequency response curve of the Slot MRAS designed for ultrasonic
detection in this paper is shown in Figure 6. The sensor has a 3 dB bandwidth
of 210 MHz. The performance comparison between the sensor in this paper
and the sensor previously studied is shown in Table 3. The comparison results
show that the sound sensor designed in this study has the advantage of ultra-
high sensitivity and wide frequency range.
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Figure 6. The frequency response of proposed Slot MRR based ultrasound detector.
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Table 3. Performance comparison of micro-ring ultrasonic sensor.

Structure dneff/dP S(mV/kPa) Q factor R(um) 3 dB bandwidth(MHz)
Polymer ring [15] - 36.3 1% 107 30 20
Sus [16] 9 x 10°%/MPa 66.7 8.34 x 10° 12 540
Double ring [26] 4 % 107%/MPa 2453.7 1.24 x 10° 5 150
This work 8.9 x 107°/MPa 3872 1.49 x 10° 10 210

5 Conclusion

In this paper, a kind of ultra-sensitive ultrasonic sensor is proposed. The
polymer PDMS with low Young’s modulus is selected as the upper cladding
of slot MRAS to act as the ultrasonic sensing medium. The ultrasonic detec-
tion performance of the sensor is simulated by COMSOL Multi-physics soft-
ware. The sensitivity of the sensor through the intensity detection method is
up to 3872 mV/KPa and bandwidth is up to 210 MHz. Compared with the
previous ultrasonic sensors, the proposed ultrasonic sensor has the advantage
of ultra-high sensitivity and broad band, and has good application potential in
the field of ultrasonic detection.
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