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Pressure-temperature cross-sensitivity and its accompanying temperature-related stability is a nerve-wracking
obstruction for pressure sensor performance in a wide temperature range. To solve this problem, we propose
a novel (to the best of our knowledge) all-silicon dual-cavity optical Fabry—Perot interferometer (FPI) pressure
sensor. The all-silicon structure has high intrinsic reflectivity and is able to eliminate the influence of thermal-
expansion-mismatch-induced stress and chemical-reaction-induced gas generation, and therefore, in essence, en-
hances measurement accuracy. From the experiment results, the pressure-temperature cross-sensitivity is reduced
to be ~5.96 Pa/°C, which presents the lowest pressure-temperature cross-sensitivity among the FPI pressure
sensors with the capability of surviving high temperatures up to 700°C thereby opening the way for high-

precision pressure monitoring in various harsh and remote environments.
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1. INTRODUCTION

Pressure sensing can provide rich interaction force information
related to the object and is of significant importance in artificial
intelligence input devices [1], electronic skin [2,3], organ sys-
tem medical pressure monitoring [4], gas-pressure monitoring
[5], and industry applications [6]. Piezo-resistivity-based pres-
sure sensors making use of physic-electronic transduction are
the most common sensor type because of their easy signal read-
out capability. Many micronanostructures, such as ultrathin
gold nanowires [7] and urchin-like hollow carbon spheres [8],
were proposed to enhance transduction efficiency. However,
electronical sensors still suffer electromagnetic interference, a
narrow working temperature range, a small pressure measure-
ment range, and large temperature cross-sensitivity, which
make them unusable in a harsh environment. For example,
pressure sensing at a high-temperature compressor can play
an important role in acroengine investigation and its active con-
trol [9-11]. The compressor exit temperatures are on the order
of ~700°C, which prevents the use of traditional electronical
sensors without a complex cooling method. In addition, tem-
perature interference is a nerve-wracking obstruction for sensor
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performance, since the large and unstable temperature cross-
sensitive characteristics of the sensor will deteriorate the mea-
surement even if the sensor survives at high temperatures.

In recent years, fiber-optic pressure sensors fabricated by
employing the microelectromechanical systems (MEMS) tech-
nology [12—-16] have attracted a great deal of attention because
of the feasibility of mass production and high consistency.
Anodic bonding technology is the usual way to form a sealed
vacuum Fabry—Perot (F-P) microcavity between glass and sil-
icon. The pressure sensitivity can be easily adjusted by design-
ing the thickness of elastic silicon diaphragm and the
microcavity diameter. Due to the microcavity diameter of
MEMS, fiber-optic pressure sensors are not limited to the
diameter of the optical fiber [17]; a ~kPa pressure sensitivity
can be easily reached. However, in a wide temperature range,
temperature cross-sensitivity is inevitably a severe problem. The
temperature cross-sensitivity mainly arises for two reasons. One
is the residual gas trapped in the microcavity. Although the
anodic bonding process is carried out under a high vacuum
condition, some gas will be produced and trapped in the micro-
cavity because of the chemical reaction essence of the anodic
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bonding process. The residual gas will shrink or expand with
temperature change and produce an undesirable force on the
inside face of the pressure-sensing diaphragm. The other reason
is the thermal stress at the interface between silicon and glass.
The thermal stress caused by the thermal expansion mismatch
between different materials will cause nonlinear variation of
temperature cross-sensitivity. The two factors together lead
to worse temperature-related stability and therefore deteriorate
the measurement precision. The problem can be relaxed with
Au/Au thermal-compression bonding to some degree by reduc-
ing gas production and relieving thermal expansion mismatch
with an Au film as a buffer layer [14].

Using real-time temperature measurement to compensate
for the pressure-temperature cross-error is an alternative
method. For example, a hybrid fiber-optic Fabry—Perot inter-
ferometer (FPI) fabricated by double-sided anodic bonding of a
through-hole-array-structured glass wafer and two silicon wa-
fers for simultaneous pressure and temperature measurement
was proposed [15], or temperature information was obtained
by fluorescent material glued near the anodic bonding structure
[16]. Nevertheless, the degree of temperature compensation ef-
fectiveness will depend largely on the temperature stability of
the sensor. The compensation may fail in high-precision mea-
surement when the thermal stress has not been eliminated com-
pletely. Therefore, reducing temperature cross response is an
essential issue to be solved in order to improve pressure mea-
surement accuracy under a wide dynamic temperature range.

In this paper, an all-silicon dual-cavity fiber-optic pressure
sensor is proposed and demonstrated. A silicon substrate and a
silicon diaphragm with etched cylindrical cavity are bonded to-
gether by silicon/silicon direct bonding to form a sealed vac-
uum F-P cavity for pressure sensing. The vacuum cavity
and the silicon substrate act as two microcavities in series con-
nection. We theoretically analyze the effect of thermal stress
and residual gas pressure on pressure measurement, which in-
dicates that the low-temperature cross-sensitivity can funda-
mentally improve the accuracy of pressure measurement over
a wide temperature range. The all-silicon structure fabricated
with direct bonding solves the problem of interface thermal
mismatch, gas building up in the sealed microcavity, and addi-
tional reflective coating. The experiment results show that the
pressure sensitivity is of ~33.034 nm/kPa under air pressure
ranging from 20 to 280 kPa. The pressure-temperature cross-
sensitivity of the proposed pressure sensor is as low as

~5.96 Pa/°C, which verifies that the thermal stress and
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residual gas issues have been overcome. To our best knowledge,
this sensor presents the lowest pressure-temperature cross-
sensitivity among the optical fiber pressure sensors with the
capability of surviving high temperatures up to 700°C.
Moreover, the silicon microcavity can be used for simultaneous
temperature sensing, which is also a useful input and can be
used for the further temperature compensation process. The
optical fiber pressure sensor is promising for a wide range of
applications, especially for pressure detection under a wide tem-
perature range.

2. SENSOR CONFIGURATION AND OPERATION
PRINCIPLE

Figure 1 depicts the structure and optical interference model of
the proposed pressure sensor. The pressure sensor consists of an
all-silicon sensing chip, a silica capillary, and a gold-coated sin-
gle-mode fiber (SMF), which are fixed by high-temperature
ceramic adhesive. The all-silicon sensing chip is composed
of two silicon layers: the first layer is a thin silicon diaphragm
with an etched cylindrical cavity, and the second layer is a thick
silicon substrate. The two layers are physically bonded together
to form a sealed vacuum cavity. Light propagates through the
SMF into the sensing chip and then is partially reflected back at
the outer surface (R,) and the inner surface (R,) of the silicon
substrate and the inner surface of silicon diaphragm (Rj;) in
turn. The silicon has a high refractive index at 1550 nm, which
results in a relatively high reflection. The outer surface of the
silicon diaphragm is rough enough so that the light will not be
reflected. Thus, additional reflection coating and antireflection
coating can be omitted, which increases reliability and temper-
ature stability further by avoiding the possible problem of coat-
ing film thermal stress. R, and Rj; form a vacuum F-P
microcavity, denoted by FP;. R and R, form a silicon F-P
microcavity, denoted by FP,. Also, R; and R; form a combined
long F-P cavity, denoted by FP3. The three reflected beams will
lead to a superposed interference, and the total intensity can be
expressed as [18]

IpA) =1, + 1, + I35 -2+/1,15 cos(¢py) - 2/ 111, cos(¢h,)
+ 24/ 1115 cos(¢hy + ), (1)

where 7y, I, and /5 are the power intensities of the three re-
flected beams, and ¢, ¢, are the phase shifts of FP; and FP,,

respectively, which are expressed as
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(a) Schematic diagram of the all-silicon-based dual-cavity fiber-optic pressure sensor structure. (All the components are high-temperature

resistant materials.) (b) Interference model of the dual-cavity structure with three reflective mirrors; (c) simulation of reflected spectra 75(4).
(Simulation parameters: 7; = 1, 7, = 3.47, L; = 60 pm, L, = 300 pm, /; is a broadband light source with a central wavelength of 1550 nm.)
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where 7, and 7, are the refractive indices of vacuum and sil-
icon, respectively, and L; and L, are the cavity length of FP;
and FP,. 1 is the wavelength of the input light. Equation (1)
indicates that the reflection spectrum of the dual-cavity FPI is
the sum of three cosine components with different frequencies
corresponding to the optical path differences (OPDs) of the
three F-P cavities. Each OPD component can be separated
and demodulated from the superposition spectra by using
Fourier transform combined with the peak-tracing method.
With 7, & 1, the OPDs of FP; and FP, are expressed as
OPD; = 2L, and OPD, = 2»,L,. It should be noted that
the design of the cavity lengths needs to avoid OPD aliasing.

A. Analysis of Sensing Characteristics of the
Vacuum Cavity

As shown in Fig. 2, the cavity length L, of FP, is sensitive to
pressure because the thin silicon diaphragm above the vacuum
cavity deforms when external pressure is applied to it. Pressure
variation will be transformed into the cavity length variation of
EP,. The deflection of the diaphragm resulting from the longi-
tudinal applied pressure P combined with a lateral load for an
edge clamped round diaphragm of uniform thickness can be
given by [19]

_ 301 -)(P -4 (P - Pp)
N 16E,2(1 + &) ’

where 7 is the radius of the cylindrical cavity, « is the radius
distance from the SMF center to the cavity center, v; and
E| are the Poisson’s ratio and Young’s modulus of silicon, re-
spectively, and 7 is the effective thickness of the elastic silicon
diaphragm. Py is the residual gas pressure inside the cavity,
which can be given as a function of temperature 7" [20],

Pp= , 4)
R TO

3

where 7y is the initial temperature and Pp is the residual gas

pressure at 7. £ is a compensation factor for the deflection
due to a lateral load on the diaphragm, and ¢ is given by [19]
_ 12077(1-1})

14.68E,¢>

where o is the thermal stress which is related to the properties of
the two materials at the bonding interface,

o= () - ) E\EX(T - Tp)
A+ v)E + (1 -v)Ey’

(5)

(6)
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Fig. 2. All-silicon sensing chip’s mechanical deformation when ex-
ternal pressure and residual pressure are applied to it. Schematic dia-
gram of the length and thickness of each part of the sensing chip.

where a; is the thermal expansion of the diaphragm, a,, E,,
and v, are the thermal expansion coefficient, Young’s modulus
and Poisson’s ratio of the substrate, respectively, and 7’3 is the
bonding temperature.

In Eq. (3), we define a constant s, = 3(1 - 12)(r* - 4*)?/
16E,# (ignore the dependence of £ and v, on temperature),
and we will have

_sy(P - Pp)

o=y )

Furthermore, the cavity length Z, is also related to the original
cavity length 4. 4 is affected by the thermal expansion effect of
silicon and the strain caused by the lateral pressure. The rela-
tionship between them is given by [15]

1—21/1

h=h[l + (T -Ty]|1-
E,

(P-Py) |, (8

where Py is the initial atmospheric pressure, 7 is the initial
temperature, and 4, refers to the initial length of 4 at T
and Py. Considering all factors, the OPD of FP; can be

expressed as
OPD, = 2(h - w). 9)

According to Eqs. (3)—(9), the pressure sensitivity Sp of FP; can
be approximately expressed as

_ 00PD, _ 2( 5

+1—21/1
14+¢ £,

The temperature cross-sensitivity St. of FP; can be approxi-
mately expressed as

Sp = P ho). (10)

_ 00PD,
STC - aT
fdpRo fdf(PTo - PRO T)
— . (11
2\t e, Tar ot MY

Thus, the variation of OPD, is expressed as AOPD; =
Sp- AP + St - AT. Equations (10) and (11) indicate that
both Sp and Sy, are not constant due to the existence of &,
that is, due to the existence of thermal stress. From Egs. (5)
and (6) we know that if the thermal expansion coefficients
of the materials of the diaphragm and substrate are different,
the thermal stress will exist and vary with temperature. As a
result, with the change of temperature and pressure, variables
Sp and St. can cause a complicated nonlinear response of FPy,
especially in the case of a large temperature range. The tradi-
tional method of using a linear matrix of temperature and pres-
sure can only be used for approximate compensation in a small
temperature range, but the compensation effect is not ideal in a
wide temperature range. Take the structure fabricated by
anodic bonding between silicon diaphragm and pyrex glass sub-
strate as an example: suppose the bonding temperature 775 is
420°C, the residual pressure Ppy is 20 kPa, and the structure
parameters of the sensor are supposed as we described in the
following sensor fabrication section. The OPD response and
the pressure measurement errors of FP; after compensation
are simulated and shown in Fig. 3. It is clear that AOPD) varies
nonlinearly with temperature and pressure in Figs. 3(a)
and 3(b). The pressure measurement error increases sharply
with a wide range of temperature and pressure changes.
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Simulation results of the nonlinear response characters of the sensor model based on anodic bonding. (a) OPD response of FP; with the

variation of temperature and pressure; (b) pressure measurement errors of FP by using the traditional linear compensation method.

The maximum measurement error can reach 58.98 kPa when
AP =1 MPaand AT = 600 K. It can be seen that eliminat-
ing thermal stress is the key to improving pressure measure-
ment accuracy.

With our proposed all-silicon structure, there is almost no
thermal stress at the bonding interface. Thus, Egs. (10) and
(11) will be simplified to constant values as A and B,

1 —21/1
Sp=-2 hy | = A,
P (54 + z o)

1

P
STC = 2(&1/70 + 5d RO) = B
Ty

(12)

The pressure-temperature cross-sensitivity of FP; is calculated
as St./Sp, which is mainly induced by the residual gas pressure
Pro. Owing to the silicon direct bonding technique, the gas
production is avoided during the bonding process, and hence
the residual gas will be reduced. Thus, the all-silicon fiber-optic
pressure sensor provides an approach to improving the pressure
measurement accuracy from the root of the material and fab-
rication technique.

B. Temperature Characteristics of the Silicon Cavity
FP, can be used for temperature sensing because silicon owns a
high thermo-optic coefficient and heat conductivity coefficient.
Similarly, the relationship between OPD of FP, and the change
of pressure and temperature can be written as

1 —21/2
E,

OPD, = 2Ly[1 + (T - T)] |1 - (P - Py)

x [y + (T - Ty)],

where f refers to the thermo-optic coefficient of silicon, and
Lyg and 7y, refer to the original cavity length and refractive
index of silicon at 7. Actually, over a large temperature range,
B is not a constant with temperature [21]. It is approximately
linear with temperature as f = fy + k(T - T), where f; is
the thermo-optic coefficient at 7, and x = 1.82x 107.
Ignoring the part a, (T - Ty)? in Eq. (13), we have

(13)

1-2v
E—ZZ(P—PO) [7220

+ (Bo + aamag)(T - To) + k(T - T)?].

OPD2 = 2L20 1-

(14)

The pressure cross-sensitivity Sp, of FP, can be expressed as
_ d0OPD, 1-2u,

Spe o -ZLzoE—z[”zo + (Bo + o) (T - T)
+&(T = Ty)?]. (15)
The maximum of Sp. is calculated to be -7.492x

107 nm/kPa when the temperature changes 700°C. The ef-
fect of pressure on OPD, is only 7.492 nm under 1 MPa
pressure variation (according to the parameters of FP, we de-
scribe in the following fabrication section), and hence is
negligible compared to the temperature sensitivity of FP,

(111.613 nm/°C). Therefore, Eq. (14) can be simplified as
OPD, = 2Ly[ny9 + (Bo + @) (T - To) + k(T - T)?]

(16)
The temperature sensitivity S7 can be expressed as
00PD,
S, =
T T
= 2Ly By + aymyg + 2x(T - To)l = C + 2D(T - T),
(17

where C = 2L,y(fy + asn59), and D = 2L,yk.

According to Egs. (12) and (17), the variation of OPDs cor-
responding to FP; and FP, can be expressed as a matrix to real-
ize pressure and temperature simultaneous measurement,

AOPD,| |A B||AP 0
[AOPDZ] = {o C] [AT} + [D(AT)Z]' (18)
It is worth noting that besides passive temperature sensing, the
silicon cavity can also be used as an active temperature optical-
control medium. 980 nm light can be absorbed by the silicon
cavity to heat the sensor [22], which is useful for the sensor

under a low-temperature environment to avoid ice formation,
or deicing in aviation applications.

3. SENSOR FABRICATION

The all-silicon sensing chip is fabricated by employing MEMS
technology. A silicon-on-insulator (SOI) wafer with a device
layer of 100 £ 0.5 pm thickness and a double-sided polished
silicon wafer with 300 4= 10 pm thickness are chosen as the
materials. The size and the orientation of the two wafers are
both 100 mm and (100).
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Fig. 4. Fabrication processes of the proposed FPI sensing chip. (a) Spin the photoresist on the surface of the device layer of the SOI wafer;
(b) photolithograph with the pre-prepared mask; (c) etch the cavity array by dry etching; (d) remove the photoresist; (¢) prebond the SOI wafer
with the silicon wafer; (f) anneal the prebonded wafer; (g) remove the handle layer and buried oxide layer by dry etching; (h) roughen the surface of
the device layer by ultraviolet laser; (i) dice the bonded wafer into independent sensing chips; (j) assemble the sensing chip with silica capillary and

gold-coated SMF.

As shown in Fig. 4, first, we spun the photoresist on the
device layer of the SOI wafer [Fig. 4(a)] and used photolithog-
raphy to make the etching windows with the help of the pre-
prepared mask [Fig. 4(b)]. Next, shallow cylindrical cavity ar-
rays with 60-pm depth and 1000-pm radius were fabricated by
dry etching so that the device layer with 40-pum thickness was
left [Fig. 4(c)]. After removing the photoresist, the SOI wafer
and the silicon wafer were cleaned and the surface was activated
by wet chemical and plasma treatments to improve the surface
hydrophilicity and enhance the bonding properties of the sil-
icon wafers [Fig. 4(d)]. Subsequently, the two wafers were put
into the bonder and were aligned and contacted for prebonding
[Fig. 4(e)]. During the prebonding process, the vacuum degree
was set to 107 Pa, bonding pressure was maintained at
0.2 MPa, and the temperature was maintained at 420°C.
The covalent bonds between wafers are formed by van der
Waals force during the prebonding process, which makes
the wafers contact closely. To further improve the bonding
strength, we need to put the wafers into the furnace after pre-
bonding for the annealing process [Fig. 4(f)]. The temperature
was increased up to 1100°C and then cooled naturally. Finally,
we removed the handle layer and the buried oxide layer of the
SOI wafer by dry etching to leave the device layer only
[Fig. 4(g)].

After finishing the MEMS fabrication process, the surface of
the device layer was roughened by an ultraviolet laser to elimi-
nate parasitic interference [Fig. 4(h)]. The pure physical process
avoids the possible thermal stress induced by an antireflection

Fig. 5. Pictures of different parts of the fiber-optic pressure sensor
structure. (a) Complete sensor after the MEMS process and package;
(b) sectional view of a sensing chip and the inset is the detailed section
view under a microscope; and (c) top view of the whole wafer before
being roughened.

film. Then the wafer was diced into 5 mm x 5 mm indepen-
dent sensing chips [Fig. 4(i)]. A gold-plated SMF fiber that can
withstand temperatures of 700°C was connected to the sensing
chip [Fig. 4(j)]. The SMF was aligned to the center of the sil-
icon substrate surface through a silica capillary and then was
fixed by using high-temperature ceramic glue. The picture
of the complete sensor is shown in Fig. 5(a), and Fig. 5(b)
is the sectional view of a sensing chip and the inset is the detail
of the F-P cavity under a microscope; Fig. 5(c) is the top view
of the whole bonded wafer before being roughened. The silicon
diaphragm above the microcavity obviously sinks under atmos-
pheric pressure.

4. RESULTS AND DISCUSSION

A. Sensor Response to the Pressure Variation
The experimental setup for investigating the pressure character-
istic of the proposed optical pressure sensor is shown in Fig. 6.
Light from a band board light source propagates into the sensor
via a circulator and then the reflected signal will be recorded by
the optical spectrum analyzer (Yokogawa AQG6370). We put
the sensor into an air pressure chamber. Pressure can be pre-
cisely adjusted by a high-accuracy controller (Honeywell
ADT-222C) with a precision of 0.02 kPa. The pressure cham-
ber was placed in a thermostat (ESPEC SETH-A-040U) with a
precision of 0.5°C to control the surrounding temperature.
A representative interference spectrum obtained at 20°C and
100 kPa is shown in Fig. 7(a). The waveform of low frequency

Thermostat

Controller

Fig. 6. Experimental configuration for investigation of the pressure
characteristic of the sensor.
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Fig. 7. Example of the demodulation process from the reflection spectra. (a) Recorded interference spectra under 20°C and 100 kPa; (b) OPD

results after taking fast Fourier transform of the reflection spectra.

is produced by the vacuum cavity FP, and the waveform of
high frequency is produced by the silicon cavity FP, and
the combination of the two cavities, FP3. In order to demodu-
late the OPD:s of the two cavities with large dynamic range and
high resolution, the Fourier transform combined with the
peak-tracing method is carried out [23]. Figure 7(b) shows
the retrieved rough OPDs by taking the fast Fourier transform.
The OPDs of 111.3, 2202, and 2313 pm represented by the
three distinct peaks correspond to FP;, FP,, and FP3, respec-
tively. The insets in Fig. 7(b) show the extracted independent
interference spectra corresponding to FP; and FP, by using
bandpass filters. Combined with the peak-tracing method,
the precise OPD measurement results can be obtained.

According to the thin plate or small deflection theory [19],
the maximum deformation of silicon diaphragm should be less
than 20% of its thickness to ensure that the deformation
changes linearly with external pressure. Thus, the maximum
measurement pressure is about 385 kPa. The experiment
was carried out when the temperature of the thermostat was
stabled at -20°C, 0°C, 20°C, 40°C, and 60°C. At each temper-
ature, the pressure was controlled to increase from 20 to
280 kPa, with a step of 20 kPa.

The OPD response of FP; and FP, at each condition was
obtained and is shown in Fig. 8. The relationship between the
OPD of FP; and pressure is shown in Fig. 8(a). The pressure
sensitivity of FP;, acquired using linear fit, rises slightly
from -32.815 nm/kPa to -33.179 nm/kPa, corresponding
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to temperature from -20°C to 60°C, which agrees well with the
theoretical value Sp = -32.984 nm/kPa when 2 = 330 pum.
All fitting curves exhibit high linearity (R?* = 0.9999). The
slight increase of pressure sensitivity is reasonable due to the
decrease of silicon’s Young’s modulus when the temperature
rises. The inset in Fig. 8(a) shows the OPD shift of FP; with
temperature, with pressure being fixed at 100 kPa. A temper-
ature cross-sensitivity of 0.320 nm/°C is found, which is very
close to the theoretical value S, = 0.312 nm/°C when
Ppro = 0and 6 = 0. The result indicates that the thermal stress
and residual gas both have been greatly reduced compared to
the sensor fabricated by the anodic bonding technique [24].

On the other hand, as Fig. 8(b) shows, the OPD of FP,
remains almost unchanged with pressure increasing to 280 kPa,
which demonstrates that the silicon microcavity FP, is insen-
sitive to pressure.

B. Sensor Response to the High-Temperature
Variation
In order to evaluate the high-temperature performance of the
all-silicon pressure sensor, another experimental setup was
built, as Fig. 9 shows. We put the sensor directly into a furnace
(Lindberg/Blue M BF51866KC-1) to control the surrounding
temperature; other instruments remained unchanged.
During the experiment, the sensor was heated up from
100°C to 700°C with a step of 50°C and then was cooled down
back to 100°C with the same step. The OPD demodulation

b
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Fig. 8. Demodulation results of OPDs’ response to pressure from 20 to 280 kPa at low temperatures. The demodulation results corresponding to

(a) vacuum cavity FP; and (b) silicon cavity FP,.
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Fig.9. Experimental configuration for the investigation of the high-
temperature characters of the sensor.

results of the high-temperature experiment are shown
in Fig. 10.

From Fig. 10(a), it can be observed that OPD of the vacuum
cavity FP shifts with temperature linearly with a low-temper-
ature cross-sensitivity of 0.256 nm/°C and 0.261 nm/°C, cor-
responding to the heating and cooling process, respectively,
which is a little smaller than the theoretical value. This is be-
cause Young’s modulus of silicon decreases with increasing tem-
perature. Since the experiment was carried out over a large
temperature range, the silicon diaphragm deformation in-
creased under the same external pressure. On the other hand,
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the lower linearity and coincidence in Fig. 10(a) further verified
the complication of temperature interference, such as the tiny
difference of two silicon wafer materials and tiny gas existence.

In Fig. 10(b), the OPD response of the silicon cavity FP,
exhibits a quadratic relation with temperature, with no hyste-
resis. The fittings to the heating and cooling data give the
first-order coefficients of 121.670 nm/°C and 124.185 nm/°C,
respectively, and the second-order coefficients of 1.05822 x
104 nm/(°C)? and 1.06166 x 1074 nm/(°C)?, respectively,
which agree well with the theoretical value of 111.660 nm/°C
and 1.09320 x 104 nm/(°C)2.

In summary, from the discussion above, the sensor shows
the ultralow temperature cross-sensitivity and excellent stability
during the high-temperature cycle experiment. Pressure and
temperature can be simultaneously obtained by solving the fol-
lowing matrix equation:

[AOPDl ] _ [—33.034

0.197 [ AP
AOPD,

0 122928 | | AT

0
* [0.105994 x (AT)Z}’ (19)

where AOPD, and AOPD, are in the unit of nanometers, and
the units of AP and A7 are in kilopascals and °C, respectively.
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Fig. 10. Demodulation results of OPDs’ response to high temperature from 100°C to 700°C under atmosphere environment. The demodulation
results corresponding to (a) vacuum cavity FP; and (b) silicon cavity FP,.

Table 1.

Comparison of the Proposed Fiber-Optic Pressure Sensors in Terms of Structure, Pressure Sensitivity,

Temperature Cross-Sensitivity, and Pressure-Temperature Cross-Sensitivity

Temperature Pressure-Temperature

Type Structure Pressure Sensitivity Cross-Sensitivity Cross-Sensitivity
MEMS The present work 33.034 nm/kPa 0.197 nm/°C 5.96 Pa/°C

Silicon-glass-silicon double-sided 12.816 nm/kPa 3.365 nm/°C 263 Pa/°C

anodic bonding [15]

Silicon-glass anodic bonding [16] ~3 nm/kPa ~1.136 nm/°C ~379 Pa/°C

Silicon-glass thermal compression 47.26 nm/kPa 3.4 nm/°C 71.9 Pa/°C

bonding [14]

All sapphire direct bonding [13] ~5.122 nm/kPa ~2.5 nm/°C ~488 Pa/°C
All-silica SMF-MMF-silica diaphragm [25] 24.8 nm/kPa 1.48 nm/°C 60 Pa/°C

SME-HC-PBE-HCEF [26] 1.336 nm/kPa 0.1 nm/°C 74 Pa/°C

Fiber-tip air bubble FPI [27] 24.44 nm/kPa 2.6 nm/°C 106 Pa/°C

SMF with side-open F-P cavity [28] 4.071 pm/kPa 0.83 pm/°C 204 Pa/°C

(wavelength shift) (wavelength shift)
SMF fabricated by femtosecond laser [29] 0.56 nm/kPa 8.88 x 1073 nm/°C 15.86 Pa/°C
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The values of A, B, C, and D are the average of the experiment
data. What is more, as shown in Table 1, compared with the
other reported fiber-optic pressure sensors, the pressure sensor
proposed in this paper not only has a larger pressure sensitivity
but also exhibits an ultralow pressure-temperature cross-sensi-
tivity of ~5.96 Pa/°C. The high-pressure sensitivity and low-
pressure temperature cross-sensitivity make the optical pressure
sensor attractive for high-temperature pressure measurement
applications, such as compressors of aeroengines.

5. CONCLUSION

In this paper, we theoretically analyzed the factors that influ-
ence the temperature cross-sensitivity of a microcavity pressure
sensor. An all-silicon dual-cavity fiber-optic pressure sensor was
successfully fabricated. The sensing chip comprises two silicon
layers, which are bonded together by direct bonding. A sealed
vacuum F-P microcavity was formed between the silicon
substrate and the silicon diaphragm for pressure sensing.
The silicon substrate acts as the second solid microcavity for
temperature sensing. The sensor can eliminate the influence
of thermal stress and residual pressure greatly. The experiment
results showed that the ultralow pressure-temperature cross-
sensitivity of ~5.96Pa/°C was successfully obtained. In addi-
tion, the sensor can survive a temperature of up to 700°C.
Therefore, the proposed fiber-optic pressure sensor provides
an excellent candidate for pressure measurement in harsh
and complicated environments.
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