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Abstract: No membranous optical sensors have excellent development prospects in aerospace and
other industrial fields due to their small size and anti-electromagnetic interference. Here, we proposed
a novel Fabry-Pérot (FP) cavity acoustic sensor based on silicon optical waveguide Bragg gratings.
The FP cavity consists of two Bragg gratings written on the silicon-based optical waveguide and a
miniature air groove. When the sound signal acts on the miniature air groove, the sound pressure
changes the density of air molecules near the waveguide grating’s evanescent field, causing variation
in the air’s refractive index. This results in a shift in the reflection spectrum of the FP cavity to detect
the sound signal. The effects of the grating period, grating pitch quantity, and groove depth of the FP
cavity on acoustic sensing were studied. The modelling predicts that the sensing sensitivity could
be 0.4 nm/Pa. Theoretically, the compact self-designed acoustic sensor can withstand temperatures
above 800 °C. Therefore, it has significant potential applications in precision measurement in high-
temperature and high-pressure environments.

Keywords: silicon-based optical waveguide; Bragg grating; Fabry—Pérot cavity; acoustic sensor;
evanescent field

1. Introduction

Sound waves as a carrier to transmit information and energy have extensive applica-
tions in aerospace, metallurgy, oil exploration, and other fields. In particular, the detection
of acoustic signals is very important for the development of information technology. In
recent years, the research focus of acoustic sensors has developed from electroacoustic
sensing technology to photoacoustic sensing technology [1,2].

In 1880, Bell et al. proposed the concept of an “optical telephone” and realized the
optical detection of acoustic signals for the first time [3]. Due to technical and material
limitations, the development of fiber-optic acoustic sensing was slow until the 1970s [4,5].
As early as 1977, Nelson et al. used an optical fiber bent into a “U” shape and fixed it
to a film at the bending position. The film was deformed by an acoustic wave, which
in turn slightly bent the optical fiber to detect the acoustic signal [6]. Bucaro et al. first
proposed a fiber-optic hydrophone based on a Mach—Zehnder interferometer (MZI), which
achieved a minimum detection sound pressure of 0.1 Pa [7]. In 1991, Garthe built an
acoustic signal detection device with a single-mode fiber, reflective film, and self-focused
lens [8]. In 1996, Webb et al. reported an acoustic sensor based on fiber Bragg grating (FBG)
for the first time, which realized the acoustic detection of 950 kHz in water by detecting
the wavelength change in light reflected by FBG [9]. In 2000, Takahashi et al. conducted
the detection of the transmission wavelength of FBG hydrophones [10]. In 2018, Li et al.
proposed a miniature flexible FBG sound sensor. The wavelength sensitivity caused by
sound pressure is 0.041 nm/Pa [11]. In 2019, Zhang et al. proposed a high-sensitivity
static pressure balanced microphone based on FBG, which achieved detection capability
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of the mPa level through interferometric demodulation [12]. Constrained by their own
structure, they cannot achieve a major breakthrough in a short period. Later, acoustic
sensors with vibrating membrane structures were invented. In 2005, Xu et al. proposed
an FP sensor with a SiC diaphragm to improve the sensor performance [13,14]. In 2013,
Ma et al. realized an acoustic sensor with a graphene pressure-sensitive diaphragm in
the range of 0.2-22 kHz [15]. In 2014, Xu et al. realized acoustic detection by inserting
a high-sensitivity nano-silver film probe into the interference arm [16]. The acoustic
pressure response sensitivity was 160 nm/Pa. In 2015, Ma et al. proposed a new silicon
fiber optic acoustic sensor based on a diaphragm probe, which improved the frequency
response range of the acoustic sensor in air [17]. In 2016, Bandutunga et al. proposed
a diaphragm-structure-based FBG FP cavity microphone, achieving a sound pressure
detection of 74 pPa/Hz at 1 kHz [18]. In 2018, Ni et al. proposed an ultra-low-voltage
acoustic sensor with a parylene diaphragm and stainless steel sleeve [19]. In the same
year, Luo et al. proposed a fiber laser microphone based on a copper diaphragm with a
minimum measurable sound pressure of about 30 pPa/Hz [20]. In 2020, Qi et al. and Zhang
et al. proposed flywheel- and gold-diaphragm-based FP interference fiber acoustic sensors,
respectively, and achieved a good sensing performance [21,22]. Although the sensors based
on thin-film structures can achieve higher sensitivity, the thin film will peel off and its
properties will change when the temperature exceeds 300 °C. To measure the sound signal
at high temperature, an acoustic sensor with a membraneless structure was proposed. In
2010, Ballard et al. demonstrated that a simple FBG-FP cavity can serve as a transducer
for the detection of audio frequency vibrations [23]. In 2011, Fischer et al. proposed an FP
fiber optic acoustic sensor [24]. The sensor contains no membranes or mechanical parts
and achieves an acoustic detection sensitivity of 80 mV/Pa. Recently, Zhao et al. proposed
a miniature membraneless optical fiber acoustic sensor based on a rigid FP cavity [25].
A maximum sensitivity of 491.2 mV/Pa is achieved at 200 °C, which is limited by the
temperature resistance of the high-reflectivity dielectric films at both ends of the FP cavity.
In 2014, Wang et al. proposed a micro FBG-FP underwater ultrasonics sensor, which
presents high sensitivity and acts as a promising candidate for photoacoustic imaging [26].
In 2020, Gao et al. proposed a high-finesse fiber FP micro-cavity active acoustic sensor,
which transformed the acoustic pressure to beat signals through a delay-arm interferometer
and direct detection by a photodetector. The sensing device exhibits a high sensitivity of
2.6 V/Pa and a noise equivalent acoustic signal level of 230 uPa/Hz!/? at 4 kHz [27]. In
2022, Wu et al. proposed a fiber acoustic wave transducer with a stable operating point
based on a photo-thermal cavity. Experimental results showed that the manufactured
sensor sample had a tuning coefficient of about 0.2 pm/mW, which was more suitable for
in situ detecting in the application of bioimaging and underwater sonar [28]. Similarly,
for the acoustic sensors based on silica fiber, the commercial fiber coating is mainly made
of polyimide material with a maximum temperature resistance of only 300 °C. In recent
years, sapphire fiber has gained people’s attention due to its excellent high-temperature
resistance [29]. However, sapphire is expensive and difficult to process, and the process
technology of large-area grating is not mature. Additionally, the minimum core diameter of
common sapphire fiber in the market is 60 pum, and the sapphire fiber has too many modes
that interfere with acoustic signal detection.

Here, considering that the silicon optical waveguide is inexpensive and commercial
and the process technology is very mature, we propose an acoustic sensor based on a silicon
optical waveguide Fabry—Pérot cavity (OWG-FPC). The FP cavity sensing unit consists
of two sets of Bragg gratings with a withstand temperature above 800 °C. The sound
signal is detected by the variation in the air refractive index in an air groove of OWG-FPC
caused by the sound pressure. We study the effects of the grating period, grating pitch
quantity, and groove depth of the sensor on acoustic sensing. The integrated acoustic
sensing structure has high sensitivity by optimizing the parameters of the gratings. In
this study, the waveguide grating FP cavity is coupled with gold-plated fiber, which is
designed to significantly improve the withstanding temperature of the sensor. The self-
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designed acoustic sensor based on silicon OWG-FPC has potential applications under
high-temperature and high-pressure environments due to its small size, portability, ease of
reuse, and low price.

2. Structural Design and Principle
2.1. Structural Design

The OWG-FPC is composed of two Bragg gratings with a specific interval as reflecting
surfaces of the FP cavity, and the three-dimensional structure of the self-designed silicon
OWG-FPC is shown in Figure 1a. It is composed of a miniature air groove and two Bragg
gratings with a specific interval. The sectional view of the silicon-based OWG-FPC is shown
in Figure 1b, where the sizes of the core layer and the air grooveared x danda x b x b,
respectively, and the gap between them is s.
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Cladding
Incident ight it — 8 ansmitted light
NN
Reflection light — R e /
NN ragg grating Bragg grating Waveguide

(b) Evanescent wave Air gro,oiei:i xbxb) Cladding(n;)
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1 1=—NF
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Figure 1. (a) The schematic diagram of the three-dimensional structure of silicon-based OWG-FPC,
which is composed of a cladding layer and waveguide. The waveguide is inscribed with two gratings,
the cladding layer is inscribed with a miniature air groove (a x b x b), and the incident light is a
broad-spectrum light source. (b) The sectional view of silicon-based OWG-FPC. The red arrow is
the route of light transmission. When the external sound signal acts on the miniature air groove, the
evanescent wave transmitted from the waveguide into the air groove will change, causing a shift in
the spectrum.

The material of the cladding layer is silicon dioxide, and the core layer is germanium-
doped silicon dioxide. As the overall structure is made of silica single crystal, the homoge-
neous material integration structure can eliminate the stress mismatch and ensure the high
reliability of the sensor under high temperatures.

The refractive index of the core layer is higher than that of the cladding layer. Based
on the total reflection principle, when light travels in the optical waveguide, it is reflected
at the interface between the waveguide core layer and the cladding layer. Almost all the
light travels in the core layer, but some light will enter the cladding layer, which is called
the evanescent wave. The evanescent wave travels a short distance and enters the core
layer again, which can be used to sense acoustic signals.

2.2. Fabry—Pérot Cavity Based on Bragg Gratings

The incident light is only reflected within the Bragg bandwidth. Due to multi-beam
interference in the FP cavity, it has more abundant resonant spectral lines within the Bragg
reflection bandwidth. Supposing the periods of the two Bragg gratings are A; and Ay,
their lengths are L and L, and the pitch between them is L (the length of the FP cavity).
The reflection and transmission coefficients are r¢1 and rgy, tg1 and fg, respectively. The
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effective cavity length of the resonator is L = L1 + nLg + Ly; its reflection coefficient can
thus be expressed as [30-32]:

re1 + rgoexp(—i2®p,)
TP = 7 . 1
+ Te17g2 EXP(—ZZ(I)LO)

where @1, = BLy, f = 2”7”, and 7 and A are the air refractive index and incident light
wavelength, respectively.

If the parameters of the two Bragg grating are the same, that is,
rq1 = Tg2 = rg,te1 = tgn = tg, Equation (1) can be simplified as:

rg +rgexp(—i2®yp,)

TEp = : (2)
1+ r2exp(—i2®y,)
The reflectivity Rpp = |rep |2, that is:
Fsin?(BLy + ®
Rpp = (PLo 1 /) 3)

1+ Fsin?(BLo + ;)

4R
73)% Rg = |rg

(R ? the phase of the transmission
—Rg

where the sharpness coefficient is F =

light is ®, = m + arctanfﬁ#}%, S = (K- Aﬁz)%, AB = B—Py = 22— %, k is
the coupling coefficient, and Ap = 2nA is the Bragg wavelength. The transmissivity is
Trp =1 — Rpp.

The reflection spectra of FBG and the transmission spectra of the FP cavity are shown
in Figure 2a. The red lines represent the transmission spectra of the FP cavity, and the black
lines represent the reflection spectra of FBG. The reflection and transmission spectra of the
FP cavity constituted of two FBGs are shown in Figure 2b. Figure 2c shows the reflection
spectra of OWG-FPC when the FP cavity length is 1 and 0.5 mm, respectively. As the cavity
length decreases, the reflection bandwidth becomes wider and the number of side lobes of
resonance spectral lines increases.
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Figure 2. (a) The reflection spectra of the FBG and the transmission spectra of the FP cavity. (b) The
reflection and transmission spectra of the FP cavity are constituted of two FBGs. (c) The reflection
spectra of different cavity lengths.

2.3. Principle of Acoustic Sensing Based on Evanescent Wave

When light travels in the optical waveguide, the total reflection will occur at the inter-
face between the waveguide core layer and cladding layer. Almost all light is propagated
in the core layer, but some light may enter the cladding layer, which is called an evanescent
wave. The evanescent wave will re-enter the core layer after a short propagation distance.
The propagation distance of the evanescent wave is often called the “Goos-Hé&nchen Shift”.
Using electromagnetic wave theory to analyze the total reflection, we can conclude that:
when the light beam produces the total reflection on the dividing surface of the light-dense
medium and the light-sparse medium, there will also be a part of the electromagnetic



Photonics 2023, 10, 861

50f13

field energy in the light-sparse medium, that is, there is a transmission wave from the
light-dense medium to the light-sparse medium. The amplitude term of the evanescent
wave satisfies [33-35]:

2 72
Epexp _ 2 [(nlsm(?l) —1] dy p = Egexp(—1) 4)

Ao 12

where Ej is the initial electric field of the incident light, 71 is the refractive index of the first
medium, n; is the refractive index of the second medium, n; is greater than n,, Ay is the
wavelength of the incident light, 6; is the incident angle, and d}, is the effective penetration
depth, which can be expressed as:

A 1 1
dy = 22 = ®)

T \/ﬂ% sin? §; — n3 k\/S.1r12 b - (%)2

where k = 27 is the wave vector, and the penetration depth and intensity of the evanescent
wave are closely related to the sensitivity of the sensing device. When the penetration
depth is deeper and the intensity is larger, the sensitivity is higher.

When the sound passes through the FP cavity, the sound wave changes the air density
in that region, as follows [33-35]:

ao=5 (6)
where p is the density of the air medium, p is the sound pressure, and c is the speed of
sound propagation in the air. The change in air density actually changes the distribution of
gas molecules. Since sound relies on gas molecules as a medium to propagate in the air,
the change in gas density also affects the air refractive index change, which can be derived
from the Lorenz-Lorentz Equation:

n?—1

wia f0 @

where « is the average polarizability of isotropic molecules. Combining Equations (6)
and (7), we can obtain the relationship between the refractive index of air and the air
pressure by:

200+ 5)-a+1
(po+ %) -a—1

®)

In this equation, pg is the initial density of the air. The free spectrum range (FSR) of
the FP cavity is FSR = 57— Using the derivative of FSR to cavity length Lo, we can obtain
vr=- 2nCLOZ' When the refractive index of the air in the FP cavity changes, the effective
optical path L changes. Combining the effective optical path L change with v, we can
obtain the relationship between the spectral shift of the FP cavity Ay and the refractive

index of air An:

3. Simulation and Analysis

The OWG-FPC is an improvement on a single Bragg grating, which is formed by
two Bragg gratings as an FP cavity. Compared with the traditional FP cavity, it is eas-
ier to miniaturize and integrate. According to the fabrication dimensions of the optical
waveguide resonant cavity provided by the Shijia Photonics Company, China, the refractive
index difference between the cladding and core layer varies with different cross-sectional
dimensions of waveguides. When the cross-sectional dimension is 7.0 pmx 7.0 um, the
refractive index difference is 0.36%, and the transmission loss and coupling loss of the
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waveguide are the lowest. Therefore, the refractive index difference of 0.36% is selected
for simulation in this paper. We simulate the above structure using Rsoft 2020.3 software,
where the central wavelength is 1550 nm, the refractive index of the core layer is 1.4500 and
that of the cladding layer is 1.4464, the length of FP cavity is 2 mm, and the waveguide
width is 7 um. It is very important to achieve acoustic sensing by optimizing the parameters
of the optical waveguide, such as the grating period, grating pitch quantity, air groove
depth, etc.

3.1. Grating Period

When the light with a certain spectral width passes through the OWG-FPC, the light
satisfying the Bragg condition (Ap = 2nA) is reflected back at the first grating, and the rest
of the light continues to travel forward. Some part of the light is also reflected back at the
second grating. When the periods of the two groups of gratings are not the same and the
difference is not big, the two groups of light with different central wavelengths reflected
back will be superimposed and the reflection bandwidth will be widened. If the two groups
of grating periods are the same, the center wavelengths of the two reflected lights are the
same, and the reflection bandwidth does not change. If the grating period difference is too
large, the reflected lights are too far away to be superimposed, the reflection spectra will
display two peaks, and the reflection bandwidth will not increase. Therefore, it is better to
choose two gratings with different periods for sound sensing. In Figure 1, the difference
between two Bragg grating periods is defined as AA, AA = A; — Aj. Figure 3a shows the
reflection spectra for different AA values, ranging from 0.5 to 2 nm. The full width at half
maximum (FWHM) of these spectra by multi-peak Voigt fitting is presented in Figure 3b.
Figure 3c shows the maximum spectral intensity for each AA. As a rule of thumb, narrower
peaks, in other words, smaller FWHMs, indicate a higher spectral resolution, while broader
peaks indicate a lower spectral resolution. When AA is set to 1.5 nm, its reflection spectrum
is particularly smooth and has few side lobes. This suggests that the majority of the light
energy is focused in the waveguide, with minimal scattering loss into the cladding layer.

% 106

16 (a) ——AA=0.5nm ~ % (b)
14+ ——AA=1.0nm g 2.4t
’ ——AA=1.5mum o
~ 12T AA=2.0nm é 207 .
= 1.6 ¢
s 10f S S A
%‘ 08l ' 0.5 1.0 1.5 2.0
»n ’ —~ 6
5 o6 2 1610
k= & ©)
= oaf 2 127
' £ 08¢
- Q
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0.0 : ; . ; 3 0o} . . .
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Figure 3. (a) The reflection spectra with different AA; (b) the FWHM of the reflection spectra with
different AA; (c) the maximum spectral intensity with different AA.

3.2. Grating Pitch Quantity

The grating pitch quantity is also one of the important factors affecting the reflectivity.
As the grating pitch quantity increases, more light can be reflected and the loss of the total
energy is less. The light energy in the FP cavity can be expressed by optical circulating
power, which is given as [36]:
i
Pe = Py,

Ndip (10)

1— gpel
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where 14, is a parameter representing the depth of the dip in the reflected signal at
resonance, P;, is the incident power, and ¢ is the optical frequency. g;; is the round-trip
cavity gain (g, = *1721cav), 11 and r; are the reflectivities of the first mirror and the second
mirror, and I, represents other cavity losses. g;; is related to the cavity finesse F as:

TT\/8rt
F= Y= 11
1 — 8rt (1)

The larger the reflectivity of the end face of the FP cavity, the smaller the transmit-
tance. When the F increases, the energy in the cavity increases. The reflection spectra for
200-3000 gratings are shown in Figure 4. When the grating pitch quantity is reduced, the
multi-beam interference signal is weak, and a large number of side lobes and multiple
resonance peaks appear in the reflection spectra. On the contrary, when the grating pitch
quantity increases, the strong multi-beam interference signal is more sensitive to the weak
sound signal. But the grating pitch quantity is not as high as possible, because there is an
optimal in-coupling transmittance in the FP cavity. Thus, when the grating pitch quantity
reaches a certain value, the intensity of the reflected light will not increase significantly
with the further increase in the grating pitch quantity.
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Figure 4. The reflection spectra of OWG-FPC from 500 to 3000 gratings, (a) 500; (b) 1000; (c) 1500;
(d) 2000; (e) 2500; and (f) 3000 gratings.

Figure 5 shows the FWHM and maximum light intensity of the spectra for different
grating pitch quantities. When the grating pitch quantity is over 500, the FWHM of the
spectra is narrower and does not change much. Furthermore, when the grating pitch
quantity is 1500, the spectral intensity is the maximum.
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Figure 5. The spectral linewidth (a) and the maximum light intensity (b) of the reflection spectra for
different grating pitch quantities.

3.3. Air Groove Depth

The air groove of OWG-FPC is used to sense the acoustic signal by the evanescent
waves. The interference of the sound pressure on evanescent waves depends on the air
groove depth. The evanescent wave energy is very feeble and only exists on the surface
of the core layer. It decays exponentially with the increase in distance from the core layer,
so the cladding layer has to be etched. If the air groove is too deep, most of the light will
be lost outside the core layer. On the contrary, if the groove is too shallow, the effect of
sound on the evanescent wave is very weak, which the test is unable to sense. Therefore,
the appropriate air groove depth is very important for sound signal sensing.

Figure 6a shows the spectra of OWG-FPC for the gap between the air groove and the
core layer in the range of 0-3 um. The FWHM and light intensity of the leftmost main
peak of the spectra in Figure 6a are shown in Figure 6b,c, respectively. Figure 6d shows
the light field distribution for different gaps. When the gap >1.5 pm, the effect of the air
groove depth on the FWHM and peak intensity of the spectra is almost negligible. At this
point, the interference of the sound signal on the evanescent wave is too small to realize its
high-sensitivity sensing. For a gap of 0-1 um, the air groove is so deep that a large amount
of light is scattered into the cladding layer and the air. The resulting weaker spectral signals
are also disadvantageous to the detection of acoustic signals. When the gap is 1 um, the
reflection spectrum is smooth and has few side lobes, and its peak intensity is highest. It
makes the waveguide sensitive to the variation of weak sound signals.

3.4. Acoustic Performance Analysis on OWG-FPC

When we analyze the performance of OWG-FPC acoustic sensing, the optimal param-
eters of this sensor are as follows: the refractive index of the core layer is 1.45, the length of
FP cavity is 2 mm, AA is 1.5 nm, the grating pitch quantity of the single Bragg grating is
1500, the gap between the air groove and the core layer is 1 um. Next, we investigate the
effect of these parameters on the acoustic sensing performance.

Figure 7a is the normalized reflection spectra when the sound pressure ranges from
0 to 0.1 Pa. Figure 7b is the corresponding peak wavelengths of the spectra with different
sound pressures applied. There exists a remarkable linear relationship between the sound
pressure and the peak wavelengths of the reflection spectra. Specifically, with the increase
in the sound pressure, the peak wavelengths of the spectra shift towards the left, indicating
a decrease in the peak wavelength. The rate of change is given by the spectral sensitivity to
the variation of sound pressure and modelling predicts the sensitivity could be 0.4 nm/Pa.
This observation validates the suitability of the proposed reflection spectra system as a
sensitive tool to detect variations in sound pressure.
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Figure 6. (a) The reflection spectra for different gaps; (b) the FWHM and (c) maximum light intensity
for different gaps; (d) the light field distribution for different gaps.
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Figure 7. (a) Normalized reflection lines under different sound pressures. The black arrow is the
direction that the peak wavelength moves in with increasing sound pressure; (b) Peak wavelengths
when different sound pressures are applied.

Based on the results shown in Figure 7, it can be concluded that there is a strong corre-
lation between the sound pressure and the reflection spectra of the sensor. This relationship
can be used to develop a sensor for monitoring sound pressure levels. The sensitivity of
such a sensor depends on the spectral sensitivity of the sample and can be optimized by
selecting materials with high spectral sensitivity. Additionally, the linearity of the rela-
tionship between sound pressure and peak wavelength suggests that this sensor could
potentially be used for quantitative measurements of sound pressure levels. Therefore, the
self-designed acoustic sensor based on silicon OWG-FPC has potential applications in the
high-precision measurement field for acoustic signals.

3.5. Temperature Resistance Analysis of OWG-FPC

To analyze the finite element simulation model of the OWG-FPC, Comsol software
is deployed and the resulting temperature distribution diagram is presented in Figure 8.
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The ambient temperature is constant (200-1200 °C) and the heat is allowed to flow along
the waveguide. Because the heat cannot be transferred into the sensor in a relatively short
time in the transient process, the external temperature of the sensor is high, and its internal
temperature is low. When the time is infinite, the internal and external temperatures of the
sensor are consistent, which is comparable to the ambient temperature. This shows that the
sensor can withstand the impact of high temperatures for a short period of time.

Wy

Figure 8. Temperature distribution diagram of OWG-FPC.

Si0O; is an atomic crystal famous for its high melting point of 1723 °C. The cladding of
the silicon-based optical waveguide is silica; the core layer is germanium-doped silica. The
optical fibers are the same as the silicon-based optical waveguide. The physical properties
of germanium-doped silica and silica are essentially the same. Under the same temperature
change, the coefficients of thermal expansion and thermal stress of these materials are
almost the same. Therefore, high-temperature thermal stress does not affect its structural
integrity and optical properties.

However, quartz fiber is prone to breakage, so different coating materials must be
used. Polyimide, copper, and gold-plated fibers are the three most commonly used coating
materials, withstanding up to 400, 600, and 800 °C, respectively. Depending on the coating
material utilized for the quartz fiber, the maximum operating temperature of the sensor
may be restricted. For instance, if gold-plated fiber is chosen as the optical sensing medium,
the withstanding temperature is limited to 800 °C. It is therefore critical to carefully select
and match the waveguide and fiber coating materials to ensure optimal and accurate
performance of the sensor.

Noise sensors are mostly used when the ambient temperature changes slowly. If the
temperature changes greatly in a short time, the waveguide grating is not heated uniformly,
resulting in a change in the spectra, which will affect the accuracy and sensitivity of the
sensor. In the future, we can consider carving another set of gratings next to the waveguide.
By comparing the spectra of the two gratings, we can further reduce the influence of
the temperature.

The traditional FP cavity, consisting of two highly reflective dielectric films positioned
at both ends, cannot sustain high temperatures since the film can only withstand tempera-
tures below 300 °C. Consequently, the FP cavity is not suitable for use in high-temperature
and harsh environments. However, the waveguide grating FP cavity, coupled with gold-
plated fiber, which we have adopted in the study, is designed to significantly improve
the withstanding temperature of the sensor. This feature makes it more viable for use in
extreme environments characterized by high temperature and high pressure. The design of
this novel structure is of great significance and holds immense potential for applications in
industries such as petroleum, chemical, and aerospace where high-temperature monitoring
is critical. Table 1 shows the comparison of different acoustic sensors.
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Table 1. Comparison of different acoustic sensors.
Suitable for
Type Sensing Structure Sensitivity High Ref.
Temperature
Vibrating Mach—Zehnder 01 Pa No 7]
b interferometer
membrane Nano-silver film probe 160 nm/Pa No [16]
structures Copper diaphragm 30 uPa/Hz No [20]
FP fiber 80 mV/Pa No [24]
No membranous eruature.men}braneless 4912 mV/Pa 200 °C [25]
optical fiber
structure Silicon optical waveguide This
. ; 0.4 nm/Pa 800 °C
Fabry-Pérot cavity work

3.6. Preparation Process of OWG-FPC

The silicon-based OWG-FPC is a micro-structure formed by micro-nano processing on

a silicon substrate using femtosecond laser inscription [37-40]. The air groove is typically
etched using the mask method. The preparation process of the OWG-FPC is shown in
Figure 9.

] Gersio,
_— — —
[]sio,
@) (b) (©)

N ‘L [ si

[T
. Mask template

D

=
I
®

&
<

] []
I N Oar
(e) (d)

Figure 9. Schematic diagram of OWG-FPC preparation process.
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A layer of SiO, is grown on the silicon substrate, and a layer of germanium-doped
5i0; is grown on the silicon dioxide layer.

After the growth is completed, the entire structure is annealed at high temperatures of
900 °C-1100 °C for 35 h. A mask template is set on the germanium-doped SiO, layer.
The excess germanium-doped SiO; is etched off by reactive ion etching to form a
straight optical waveguide in the SiO, layer.

The SiO; is grown on the SiO; layer by plasma-enhanced chemical vapor deposition
to form the upper cladding layer. After the reflux treatment at high temperature, the
upper cladding layer and SiO; layer coated the straight optical waveguide to form
the optical waveguide substrate.

Set the mask template again, and the upper surface of the upper cladding layer is
etched by reactive ion etching to form a micro air groove.

The depth of the micro air groove is less than the thickness of the upper cladding
layer. The transmission fiber is then coupled at both ends of the straight optical
waveguide. Finally, two Bragg gratings are formed by using the femtosecond laser
inscription method.

4. Conclusions

In conclusion, we propose a method for sound pressure measurement based on a

silicon optical waveguide Bragg grating FP cavity. By simulating the sensor structure
with Rsoft, Matlab, and Comsol software, we studied the influence of different parameters
on the spectra, such as the grating pitch quantity, grating length and air groove depth,
and obtained the optimal parameters of the waveguide. Furthermore, we simulated
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the reflection spectra caused by sound pressure. The modelling predicts that the sensor’s
sensitivity could be 0.4 nm/Pa. We also simulated the temperature distribution of the sensor
at different temperatures and discussed the sensor’s tolerance temperature and preparation
technology in detail. Because the optical waveguide grating FP interference cavity has
multiple resonant spectral lines in the reflection bandwidth, it has higher demands on
signal processing, which needs to be further optimized in future works. Compared with
the traditional acoustic sensors with a thin film or mass block, the self-designed sensing
structure has high sensitivity and small size, and is portable, easy to reuse, and uncostly. It
is significant for noise detection in the field of precision measurement, high-temperature,
and high-pressure environments.
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