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ectric charge output in LiNbO3-
based piezoelectric pressure sensors

Wenhao Xu, Wenping Geng, * Huiyi Zhang, Wenxiao Fu, Zihan Wang, Jiahe Li,
Xiaojun Qiao, Yichi Zhang and Xiujian Chou

Lithium niobate (LiNbO3) single crystals are a kind of ferroelectric material with a high piezoelectric

coefficient and Curie temperature, which is suitable for the preparation of piezoelectric pressure sensors.

However, there is little research reporting on the use of LiNbO3 single crystals to prepare piezoelectric

pressure sensors. Therefore, in this paper, LiNbO3 was used to prepare piezoelectric pressure sensors to

study the feasibility of using LiNbO3 single crystals as a sensitive material for piezoelectric pressure

sensors. In addition, chemical mechanical polishing (CMP) technology was used to prepare LiNbO3

crystals with different thicknesses to study the influence of these LiNbO3 crystals on the electric charge

output of the sensors. The results showed that the sensitivity of a 300 mm sample (0.218 mV kPa−1) was

about 1.23 times that of a 500 mm sample (0.160 mV kPa−1). Low-temperature polymer heterogeneous

integration and oxygen plasma activation technologies were used to realize the heterogeneous

integration of LiNbO3 and silicon to prepare piezoelectric pressure sensors, which could significantly

improve the sensitivity of the sensor by approximately 16.06 times (2.569 mV kPa−1) that of the original

sample (0.160 mV kPa−1) due to an appropriate residual stress that did not shatter LiNbO3 or silicon, thus

providing a possible method for integrating piezoelectric pressure sensors and integrated circuits.
Introduction

Pressure sensors have received much research attention from
many researchers in order to meet the needs of people from all
walks of life for accurate, efficient, and safe pressure moni-
toring. Besides, with the development of material preparation
technology, numerous research studies on exible pressure
sensors have emerged in recent years. Zehang Luo et al. used
PVDF to prepare a capacitive pressure sensor with high sensi-
tivity (0.43 kPa−1) for the high-resolution detection (13 dpi) of
pressure distribution.1 Zaihua Duan et al. prepared a high-
sensitivity (0.23 kPa−1) capacitive pressure sensor through
a facile process and at low cost using a polyester conductive
tape2 and a high-sensitivity piezoresistive pressure sensor with
a sensitivity of 5.54 kPa−1 based on polyester bers.3 Impor-
tantly, capacitive and piezoresistive pressure sensors require
additional power to work, whereas piezoelectric pressure
sensors do not need additional power. Besides, compared to
other types of pressure sensors, piezoelectric pressure sensors
are characterized by a wide bandwidth, passivity, good dynamic
characteristics, high sensitivity, and a simple structure.4–7

Therefore, there are some reports on the study of piezoelectric
modules or other self-actuated modules and their integration in
capacitive8 and piezoresistive9 pressure sensors. However,
st and Measurement Laboratory, North
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the Royal Society of Chemistry
compared with piezoelectric pressure sensors, these are usually
complex in structure or have higher requirements for the
internal structural properties of the material. Consequently,
many researchers choose to study piezoelectric pressure
sensors. For instance, Da Bin Kim et al. prepared piezoelectric
pressure sensors that maintained high linearity in a high-
pressure range by using PVDF and PET bers.10 Abhishek Sas-
mal et al. improved a ZnSn(OH)6-based piezoelectric pressure
sensor by doping different particles in PVDF.11 Despite the
excellent performance of these reported sensors, they still
struggle to meet the development trends for large-scale inte-
gration in industry. Moreover, because the materials used to
prepare these sensors are specialized, this eld is still relatively
immature as relatively less research has been performed to date
in this area. Consequently, it is challenging to integrate these
materials with mature technology and to fabricate sensors with
multiple functions by themselves. However, LiNbO3 single
crystals are an attractive piezoelectric and ferroelectric material
with excellent piezoelectric, ferroelectric, thermoelectric,
nonlinear optical, electro-optical, and acousto-optical proper-
ties, and are widely used in modulators, detectors, sensors,
integrated optics, nonlinear optics, information storage, and
other devices.12–16 LiNbO3 single crystals are widely used in
optics and are called “optical silicon” owing to their unique
electro-optical, acoustic-optical, thermoelectrical, and
nonlinear optical properties.17 Meanwhile, LiNbO3 is widely
used in the preparation of acoustic surface wave and bulk
RSC Adv., 2024, 14, 8313–8321 | 8313
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acoustic wave devices because of its high-quality factors and
large electromechanical coupling coefficient.18 Besides, LiNbO3

is also a ferroelectric material with a wide range of applications
due to its high piezoelectric coefficient, Curie temperature, and
electro-optical coefficient.19 All the merits of LiNbO3 indicate
that it could be expected to allow realizing the integrated
preparation of multifunctional devices on a single lithium
niobate wafer in the future. Therefore, this research studied
piezoelectric pressure sensors based on the LiNbO3 material.

The common preparation methods of LiNbO3 with different
thicknesses are mainly thermal evaporation, liquid-phase epitaxy
technology, chemical vapor deposition, sol–gel method, pulsed
laser deposition, and the smart cut method. However, these
epitaxial methods to prepare LiNbO3 mentioned above have
many shortcomings, such as poor uniformity, physical proper-
ties, and chemical properties.20–28 In addition, the properties of
the LiNbO3 prepared by the smart cut method are inferior to
those of LiNbO3 single crystals, because ion aggregation and
lattice damage can occur at the highest ion concentration aer
the ion-implantation process. These shortcomings will result in
a degradation of LiNbO3's ferroelectricity.29–32 Besides, fragmen-
tation can occur in samples, due to a discrepancy in the coeffi-
cient of thermal expansion between LiNbO3 and Si, resulting in
low productivity. In addition, these preparation methods gener-
ally are applied for lm preparation while LiNbO3 is a hard and
brittle material, which indicates that samples prepared by the
above methods are not suitable for relatively high-pressure
measurements. However, chemical mechanical polishing (CMP)
is an ultra-precision machining technology that could represent
an important way to process LiNbO3 single crystals. CMP
comprises mechanical lapping and chemical mechanical pol-
ishing. Besides, CMP processes cause minimal damage to the
surface of LiNbO3 single crystals and there is no need for high-
temperature annealing.33 In addition, the material is rubbed in
a relative motion on a rotating polishing pad under pressure to
achieve material processing. Besides, the slurry, which consists of
submicron level abrasive particles and substances that can
corrode the material, is dropped at the interface between the
material and the polishing pad. The process of creating LiNbO3

single crystals is achieved by the combination of mechanical
contact with the abrasive particles and chemical corrosion.34 In
this way, not only can the problems mentioned above be effec-
tively prevented, but also the processing needs can be met.

The integration of MEMS devices and integrated circuit
devices has gradually become a new trend with the development
of miniaturization and integration of devices and the develop-
ment ofMEMS technology and integrated circuit (IC) technology.
Junfeng Sun of Southeast University adopted a similar Post-
CMOS integration method to realize the monolithic integration
of an RF MEMS switch and IC high-voltage driver chip.35 There-
fore, it would be meaningful to prepare and test silicon-based
LiNbO3 heterogeneous integrated devices. Currently, the homo-
geneous or heterogeneous integration of different semi-
conductors and silicon is usually achieved through direct
bonding, which has been widely used in the manufacture of
silicon-based devices.36–38 In a typical direct bonding process,
high-temperature (>800 °C) annealing is usually used to achieve
8314 | RSC Adv., 2024, 14, 8313–8321
sufficient bonding strength, but such a high annealing temper-
ature can lead to structural and interface damage.39 In order to
reduce the annealing temperature, researchers have developed
a variety of methods, such as wet bonding, vacuum ultraviolet-
light activation bonding, and plasma activation bonding.40,41

Plasma activation bonding, which can make the bonding inter-
face possess a higher surface energy, is achieved mainly by
oxygen, nitrogen, and argon gas to activate the surface of the
material.42 Jikai Xu et al. achieved a sample with a high bond
strength aer plasma activation annealing at 200 °C, with the
bond strength comparable to the sample obtained by a conven-
tional high-temperature annealing method.43 However, the
coefficient of thermal expansion of LiNbO3 at room temperature
is 16.7 × 10−6/°C, while the coefficient of thermal expansion of
silicon is 2.5 × 10−6/°C, and a high temperature of 200 °C can
still easy lead to the fragmentation of LiNbO3 during annealing
due to the large differences in their coefficients of thermal
expansion. So, the heterogeneous integration of LiNbO3 and
silicon needs to be carried out at low temperatures. Polymer
indirect bonding is a technology that allows different materials
to be bonded together by polymers, offering the advantages of
a relatively low-temperature, simple process, and few require-
ments of the material surface. So, this technology is suitable for
standard CMOS bonding or differentmaterials bonding. Xiangyu
Yang et al. realized the heterogeneous integration between
silicon and LiNbO3 at an 80 °C annealing temperature with
a relatively high bonding intensity.44

In this study, CMP technology was used to process LiNbO3

single crystals into different thicknesses. In addition, the inu-
ences of the rotational speed of the polishing disk, the polishing
uid ow, thinning rate, and interface state were studied to
better determine the CMP process parameters. The quality of the
surface was assessed by XRD and AFM, which showed that there
were no extra impurities introduced into the prepared surface
during the CMP process and the prepared surface possessed
a low roughness, which would barely inuence the later
processes. Likewise, low-temperature polymer heterogeneous
integration technology was used to product silicon-based LiNbO3

heterogeneous integrated sheets. The quality of the heteroge-
neous integration interface was characterized by SEM and tensile
tests, which showed that the heterogeneous integration interface
was at and tight and possessed a relatively high bonding
intensity. Meanwhile, interdigital electrodes of different sizes
were introduced to study the inuence of the charge output and
different electrode sizes, which showed that the electrodes with
larger sizes had a higher charge output. The properties of
piezoelectric pressure sensors based on LiNbO3 single crystals
were tested by a self-built test platform. Besides, the inuences of
different thicknesses, electrode areas, and heterogeneous inte-
gration were illustrated by the test results, and showed that the
integration of LiNbO3 and Si could dramatically improve the
charge output of devices.

Materials and methods

Y-128-cut LiNbO3 wafer (CETC Deqing Huaying Electronics Co.,
Ltd) was used to prepare different thicknesses of LiNbO3 single
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagrams of the (a) CMP machine, (b) interdigital
electrodes, (c) fabricated sensors, (d) and measurement system.
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crystals. The photoresist (Suzhou Research Materials Microtech
Co., Ltd) was spun on a super-at glass plate and the plate with
the photoresist was prebaked at 100 °C for about 50 s for
ensuring a better connection between LiNbO3 and the plate.
The photoresist was mainly used to bond the materials and
plate, and the photoresist could be easily removed simply by
applying acetone solution aer nishing the CMP process. So, if
there are other adhesives that can provide enough bonding
strength that do not lead to de-bonding during CMP process,
and can be easily removed aer CMP process, these adhesives
can also be used for bonding between the plate and materials.
Aer prebaking the plate, the LiNbO3 wafer was rst put on the
plate and then hand-pressed. Later, the plates were put in
a bonding machine at 30 °C for 40 min to realize a sufficient
bonding strength between LiNbO3 and the plate. Meanwhile,
Al2O3 powder (Logitech Ltd) with a grain size of 9 mm and 1 mm
was put into two specialized buckets, and water was put into
both buckets to prepare Al2O3 slurry for the thinning process.
Then, a specialized iron block was put on the thinning machine
and the Al2O3 slurry with a 9 mm grain size was dropped on the
thinning plate to repair the thinning plate at 70 rmp for about
1 h. Aer the repair process, the back of the glass plate with
LiNbO3 was xed on a special device by vacuum. Then, a special
device was put on the thinning plate with the surface of LiNbO3

in contact with the thinning plate at 40 rmp. Besides, a simple
digital display device on the special device roughly showed how
much LiNbO3 had been removed. When the thickness of the
LiNbO3 approached the target thickness, the Al2O3 slurry with 9
mm grain size was exchanged with 1 mm grain sized material to
thin the remnant thickness. This was important because the
smaller grain size could help make a atter surface for the
processed materials, which could allow a better polishing effect
in the next process. Aer the thinning process, the processed
LiNbO3 was washed by water and dried by N2. Then, SiO2

solution (Suzhou Research Materials Microtech Co., Ltd) and
water were used to prepare the polishing solution. Similarly, the
repair process was also needed during the polishing process
and the steps for the repairing and xing were the same as for
the thinning process. Generally, to realize a smooth surface, the
polishing process was processed for 10 h. Aer the CMP
process, the glass plate was put in acetone solution for 24 h to
realize the de-bonding between the LiNbO3 and the glass plate.
Then, the processed LiNbO3 was put in alcoholic solution to
remove the remaining acetone, and was later washed by water
and dried by N2. A schematic diagram of the CMP machine is
provided in Fig. 1a.

Y-128 cut LiNbO3 at 500 mm thickness and silicon (Suzhou
Research Materials Microtech Co., Ltd) were used to realize the
low-temperature heterogeneous integration of the polyimide
(PI). The PI (Wuxi Feynman Technology Co., Ltd) was taken
from the freezer and put in a tube and the tube was centrifuged
to remove the bubbles from the PI. Besides, the PI was allowed
to stand for about 8 h to improve the activity. The LiNbO3 and
silicon single crystals were washed with deionized water and
dried by nitrogen. Then, the PI was spun on LiNbO3 and silicon
at 3500 rmp, respectively. Also, the samples were prebaked at
80 °C for 30 s making PI into a viscoelastic phase to ensure that
© 2024 The Author(s). Published by the Royal Society of Chemistry
the heterogeneous integration interface was close enough. The
surfaces to be bonded were activated through oxygen plasma
activation at 300 W for 2 min. Then, LiNbO3 and silicon were
prebonded together on a bonding machine at 35 °C for 2 h to
ensure sufficient contact of PI. Aer that, the prebonded
samples were put on a hot plate with a mass block on top.
Besides, the temperature of the hot plate was slowly increased
from room temperature to 80 °C at a rate of 0.1 °C min−1 for
24 h and then decreased slowly from 80 °C to room temperature
at a rate of 0.1 °C min−1 to nish the annealing process and to
reduce the residual stress, because excessive residual stress may
result in a fragmentation of the pressure sensor at lower pres-
sure or even micro-pressure. Besides, the action of slowly
increasing and decreasing the temperature prevents fragmen-
tation of heterogeneous integration samples caused by
dramatic temperature variation because of the different coeffi-
cients of thermal expansion between different materials.

The electrodes were prepared on the surfaces of LiNbO3 with
different thicknesses and heterogeneous integration samples by
magnetron sputtering, photoetching, and ion beam etching
processes, respectively. The specic steps were as follows. The
prepared samples were placed in a magnetron sputtering
chamber and 20/100 nm Cr/Au was deposited on the surface of
the samples at 500 W. The photoresist was spun on the metal
layer at 3000 rmp for 2 min, and later photoetched by a lithog-
raphy machine, and then placed in developing liquid for 55 s to
obtain the mask layer. The samples with a metal layer andmask
layer were put in an ion beam etching chamber to remove excess
metal materials. Finally, acetone was used to remove the
superuous photoresist, and then absolute ethyl alcohol to
remove the acetone, before nally rinsing with deionized water
to rinse out the impurities from the samples surface to nish
the electrode preparation. A schematic diagram of the inter-
digital electrode is shown in Fig. 1b. The different structures of
electrodes had the same interdigital distance of 30 mm and
overlap length of 1000 mm. Besides, in this paper, the overlap
area of interdigital electrodes is the product of overlap length,
interdigital width and the number of interdigital. So, the 0.2
mm2 overlap area refers to that the interdigital width is 10 mm
and the number of interdigital is 20. Likewise, both of 0.6 mm2
RSC Adv., 2024, 14, 8313–8321 | 8315
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and 1.8 mm2 have interdigital widths of 30 mm, and the number
of 0.6 mm2 and 1.8 mm2 are 20 and 60, respectively.

As can be seen in Fig. 1c, the heterogeneous integration
samples were put on a printed circuit board (PCB) that was used
for soldering the wires to connect to the charge amplier, with
the sample electrodes connected to the PCB by conductive silver
paste. This set up was followed because the LiNbO3 single
crystals would not have been able to withstand the high
temperature of the soldering process. In addition, the sensors of
the samples with different thicknesses had similar structures,
as shown in Fig. 1c. In addition, the size of the samples on the
PCB was about 1.2 × 1.2 cm and the size of the PCB was about
2.1 × 3.5 cm. As can be seen in Fig. 1d, the fabricated sensors
were put on the platform and pressed by a compression-testing
machine through a resin probe composed of Teon. Besides,
the output signal of the prepared sensors was captured and
amplied by the charge amplier and then transmitted to an
oscilloscope.
Results and discussion

Fig. 2a presents a schematic diagram of the LiNbO3 single-
crystal thinning process. Fig. 2b shows the thickness of the
prepared LiNbO3 single crystals characterized by a step meter.
The physical removal of material from the LiNbO3 surface was
mainly based on the interaction between the single crystal,
polishing disk, and polishing solution. The interactions can be
divided into three types:45 (1) indirect contact condition, where
the single crystal and polishing disk slip past each under the
effect of the polishing solution and the removal is nished by
the force generated by uid motion;46,47 (2) mixed condition,
where the contact type between the single crystal and polishing
disk alternates between indirect contact and direct contact
during the removal process;48,49 (3) direct condition, where there
is little polishing solution existing at the interface between the
single crystal and polishing disc, and the removal is realized by
the friction caused between the single crystal and polishing
Fig. 2 (a) Schematic diagram of the CMP process, (b) thickness illus-
tration using a step meter, (c) and the removal rate under different
conditions.

8316 | RSC Adv., 2024, 14, 8313–8321
disc.50,51 Fig. 2c illustrates the removal rate under different
slurry ow rates. The maximum removal rate occurred when the
slurry ow rate was 2 ml min−1 and the pad speed was 40 rmp,
because the interface between the material surface and pad was
in a mixed condition with an optimal balance between physical
removal and chemical removal. The chemical removal domi-
nated when the slurry ow rate was 2 ml min−1 and the pad
speed was 30 rmp, so, in this condition, the removal rate
declined due to the insufficient physical removal. Likewise, the
removal rate also declined due to the insufficient chemical
removal under the condition that the slurry ow rate was 2
ml min−1 and the pad speed was 50 rmp. Besides, this
phenomenon could be also observed whether the slurry ow
rate was 1 ml min−1 or 5 ml min−1, and the optimal removal
rate was different with different combinations of slurry ow rate
and pad speed. Therefore, realizing a high removal rate should
be attempted in a mixed condition with an optimal balance
between physical removal and chemical removal, while exces-
sive physical removal or chemical removal is adverse to the
removal rate.

Some surface material of the samples was removed by the
action of abrasive particles, which means that a certain degree
of lattice damage to LiNbO3 may occur during thinning process.
The surface lattice properties of monocrystalline materials can
be characterized by XRD analysis. Themain working principle is
that X-ray irradiation on the surface of the sample interacts with
the sample, triggering its diffraction inside the lattice. The
optical path difference of the diffracted light can be determined
by using Bragg's equation:

2d sin q = nl (1)

where, d is the interplanar spacing, q is the diffraction angle,
and n is the diffraction order. The crystal structure of the
sample can be determined by the lattice constant of the sample,
which can be calculated by Bragg's equation. Fig. 3 shows the
XRD results, where it can be seen that there were two diffraction
peaks, and both the rst and second diffraction peaks for the
300 mm sample were shied only 0.08° to the le compared to
those for the 500 mm sample, whichmeans that the peaks barely
shied in position when the thickness decreased. Besides, the
curve shows that there were no stray peaks elsewhere, which
indicates that there were no excessive impurities embedded in
the LiNbO3 single crystals during the thinning process that may
have affected the periodicity of the LiNbO3 single-crystal lattice.
Fig. 3 XRD characterization of LiNbO3 of 300, 400 and 500 mm
thicknesses.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 AFM characterization of LiNbO3 of 300, 400 and 500 mm
thicknesses. (a–c) AFM characterization of the surfaces. (d) Ra and RMS
values of the different thicknesses.
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AFM can be used to characterize the surface morphology of
samples at a high resolution, and so here was used to quanti-
tatively characterize the level of surface attening of the ground
samples. Fig. 4a–c show the surface roughness of the 500, 400,
and 300 mm LiNbO3 samples measured by AFM. Fig. 4d shows
the quantitative values for the contour arithmetic mean devia-
tion (Ra) and root mean square (RMS). The results show that the
thinning process did not have much effect on the surface
roughness of LiNbO3, and the Ra values for the 300 and 400 mm
samples were only 284 and 225 pm, respectively, while the Ra
value for the 500 mm was 171 pm, demonstrating that the ob-
tained LiNbO3 single crystals would meet the standard for
practical applications in terms of their surface condition.

Fig. 5a shows the process for the heterogeneous integration,
in which the polyimide used for the heterogeneous integration
was a thermoset material and in the form of polyamide acid
(PAA). Fig. 5b shows the chemical equation for the polyimide
solidication process,52 indicating that polyimide will generate
a by-product vapor, which can lead to bubbles forming in the
interface, a low bonding intensity, and a decrease in the
heterogeneous integration areas. In order to decrease the
amount of by-product and guarantee an excellent
Fig. 5 Heterogeneous integration preparation process. (a) Schematic
diagram of the heterogeneous integration process. (b) Formula
showing the heating process to prepare polyimide.

© 2024 The Author(s). Published by the Royal Society of Chemistry
heterogeneous integration interface, the polyimide to be coated
on the surface of samples should be prebaked during the
heterogeneous integration to remove any solvent, realizing
solidication to a certain extent together with a certain adhe-
sion. However, with the extent of solidication deepening, the
adhesion of the polyimide decreases. Therefore, oxygen plasma
activation was introduced to activate the polyimide surface to
enhance the surface energy to realize the prebonding.

Plasma is mainly composed of ions, electrons, photons, and
free radicals. In a high-frequency alternating electric eld, the
electrons are accelerated and collide with plasma gas leading to
the generation of free radicals, ions with positive charges, and
more electrons.53 Besides, it is hard for ions to be accelerated
continuously in a high-frequency alternating electric eld,
because ions have more mass than electrons and thus nally
accumulate on the surfaces of materials, beneting the bonding
process.54 Plasma activation bonding mainly relies on the
improvement of the surface hydrophilicity of a material to
achieve the bonding process. Besides, the bonding process
mainly relies on the hydrogen bonds formed between the water
molecules absorbing to the surface and the van Waals force
between the active groups generated by activation. Therefore,
aer plasma activation, the hydrogen bonds and van der Waals
forces of the reaction are gradually transformed into covalent
bonds to generate greater binding energy, thereby increasing
the bonding strength and nally completing the bonding
process.

Fig. 6a shows the SEM characterization of the heterogeneous
integration interface, from which it can be seen that the thick-
ness of the polyimide adhesive at the bonding interface was
approximately 12.73 mm. Besides, the heterogeneous integra-
tion interface was at and tight between Si and LiNbO3, which
proved that the two layers of polyimide lms had already
penetrated into each other and cross-linked together. Fig. 6b
shows the tensile tester instrument used to test the bonding
intensity. Fig. 6c shows the average bonding intensity was
3.12 MPa, which was not only high enough to prevent de-
bonding occurring during the CMP process, but also low
enough to prevent LiNbO3 or silicon shattering during the
heterogeneous integration process.
Fig. 6 Heterogeneous integration characteristics. (a) SEM of a cross-
section, (b) tensile tester, (c) results of the bonding intensity.
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Fig. 7 Output signal waveform diagram. (a–c) Results for different
electrodes areas of 0.2, 0.6, and 1.8 mm2. (d and e) Results for different
thicknesses of 400 and 300 mm; (f) results for the heterogeneous
integration sample.
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Interestingly, the phenomenon in which the output signal
increased with the overlap area of the interdigital electrode
increasing was observed, as shown in Fig. 7a–c, mainly because
electrodes with larger areas can capture and transmit more
charges. Besides, the output signals for different thicknesses
were measured, as demonstrated in Fig. 7b, d and e. According
to the results, samples with lower thickness were more sensitive
than the larger ones, mainly because they were more likely to
suffer from deformation of the materials, leading to relatively
more displacement of lattice, thus leading to a relatively high
electric dipole moment, which nally improved the output
signal of the prepared sensors. According to Fig. 7f, an obvious
enhancement of output signal was observed aer heteroge-
neous integration. Actually, the piezoelectric effect was induced
by the asymmetry of the crystal structure, and the sample was
pulled by the force of the heterogeneous integration, leading to
the variations in the crystal structure increasing relative to the
change amount of the electric dipole moment. Therefore, more
charges were generated by larger electric dipole moments,
leading to the higher output signals of the heterogeneous
integration samples.

For better comparison of the output signals the between
samples with different structures, the peak of the output signal
was plotted as a linear t error bar curve, as shown in Fig. 8. The
least-squares method was introduced to linear t the data
points with the characteristic equation:

Y = a + bx (2)

where Y is the output of the sensors, x refers to the input
pressure, a is the intercept of the characteristic equation, and
b refers to the slope from the characteristic equation. Besides,
the intercept and slope were calculated by:
Fig. 8 Linear fit error bar curve. (a) Comparison of different electrodes
areas, (b) comparison of different thicknesses, (c) comparison between
the heterogeneous integration and original sample.
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a ¼

Pm
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b ¼
m
Pm
j¼1
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j¼1

Xj

Pm
j¼1

Yj

m
Pm
j¼1

Xj
2 �

 Pm
j¼1

Xj

!2
(4)

where Yj represents the average value of the output of the JTH
data point, m refers to the number of test points, and Xj is the
input pressure of the JTH data point. In addition, the deter-
mination coefficient (R2) was considered to represent the line-
arity of tting a straight-line and R2 was calculated by:

R2 ¼ 1�

Pm
j¼1

�
Yj �cYj

�2

Pm
j¼1

�
Yj � y

�2 (5)

where m represents the number of data points, Yj represents the
average value of the output of the JTH data points, bYj refers to the
output value on the linear tted line, and �y is the output value
corresponding to the center point on the linear tting line. So,
the value of R2 determines the tting effect from the character-
istic equation and model, and the tting effect is positively
related to the proportion of explanatory variables in the charac-
teristic equation that can correctly explain the value of the data
points. Therefore, when the explanation rate of the explanatory
variable to the predictor variable is larger, the determination
coefficient is larger, and the tting effect between the charac-
teristic equation and the sample model is better.

According to Fig. 8a, the sensitivities of the different elec-
trodes were 0.059, 0.160, and 0.268 mV kPa−1. Besides, the
sensitivity of the 1.8 mm2 electrode area was increased by
354.24% and 67.5% compared to the 0.2 mm2 and 0.6 mm2

electrode areas, respectively. In addition, the R2 value demon-
strated that these sensors had excellent linearity. According to
Fig. 8b, the sensitivities of the 300, 400, and 500 mm thicknesses
were 0.218, 0.177, and 0.160 mV kPa−1, respectively, and the
enhancements of the sensitivities were 10.63% and 36.25%,
respectively, from the 500 mm to 300 mm samples. In addition,
the R2 value declined in the processed samples, because the
relatively low surface evenness induced an offset of the output
signal compared to the unprocessed LiNbO3. According to
Fig. 8c, the sensitivity of heterogeneous integration was about
16.06 times that of the original sample. The great enhancement
was realized by the structural change due to the high “prestress”
just as mentioned above. In addition, the data points seemed to
meet a parabola caused by the relationship between the nominal
stress and pressive strain exhibiting a nonlinear dependence,55

leading to the relatively low R2 value. A comparison of the results
from our study with other research is shown in Table 1.

Generally, the response time is one of the most important
indicators of piezoelectric pressure sensors, because the shorter
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of this research to other reported studies

Ref. Materials Sensitivity

Nam-In Kim56 AlN 0.072 mV kPa−1

Shuaichao Chen57 CNT/PVA/nano-ZnO 0.259 mV kPa−1

Donguk Kwon58 Carboxyl fabric 0.585 mV kPa−1

Xuewen Wang59 SWCNT-PDMS 1.8 mV kPa−1

This work LiNbO3 2.42 mV kPa−1

Fig. 9 Response time under different pressures. (a–c) Results for
samples with overlap areas of 0.2, 0.6, and 1.8 mm2, (d–f) results for
samples with 400 and 500 mm thicknesses, (e) results for the
heterogeneous integration sample.
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the response time of the pressure sensor, the more quickly
information can be obtained about pressure changes, so that
the device can respond more quickly, thus reducing the occur-
rence of accidents. According to Fig. 9, the response time
decreased as the pressure increased, mainly because the high
pressure was set at a relatively fast speed, otherwise the high
pressure could not be detected precisely at low speed. According
to Fig. 9a–c, the electrodes area did not inuence the response
time, because different areas of electrodes did not inuence the
crystal structure when LiNbO3 was pressed. According to
Fig. 9b, d, and e, the response time performance improved with
the thickness of LiNbO3 decreasing, mainly because the pres-
sure could be more easily propagated in a thinner material than
in a thicker material, which means that all the lattices within
the thinner material would complete the displacement faster,
leading to less time required for the sample to reach the output
peak. According to Fig. 9f, an enhancement of the response time
was also observed in the heterogeneous integration sample.
Generally, the pressure caused by PI is a kind of dynamic
balancing force and has a tiny variation near equilibrium. So,
the atoms in LiNbO3 were in a dynamic rather than a static
state, whichmeans that the atoms did not need time and energy
to change from the static to dynamic state when another pres-
sure was applied on the sample. Therefore, the heterogeneous
integration sample displayed an improved response time
performance compared to the 500 mm LiNbO3 sample.
Conclusions

In this paper, LiNbO3 single crystals of different thicknesses
were prepared by CMP technology, and their surfaces were
characterized by XRD and AFM. The heterogeneous integration
© 2024 The Author(s). Published by the Royal Society of Chemistry
samples were prepared by a low-temperature polymer hetero-
geneous integration technique, and the heterogeneous inte-
gration interface was characterized by SEM. Both the surface
and heterogeneous integration interface characterizations
showed that the prepared materials had excellent performances
in terms of a compact interface, and Ra values of 284 and 224
pm. The effect of different interdigital electrodes, different
thicknesses of LiNbO3, and heterogeneous integration on the
performance of piezoelectric pressure sensors was investigated.
The results showed that the heterogeneous integration had the
greatest effect on the sensitivity enhancement, which was about
15.06 times higher than that of the unbonded sample, and the
thickness of LiNbO3 had a relatively low effect on the sensitivity.
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