¥ ® ROYAL SOCIETY

Nanoscale
PP OF CHEMISTRY

Horizons

View Article Online
View Journal | View Issue

REVIEW

Multifunctional MEMS, NEMS, micro/nano-structures

’ '.) Check for updates ‘
enabled by piezoelectric and ferroelectric effects

Cite this: Nanoscale Horiz., 2025,

10,2744 a Aolei Xu,?® Zhouli Sui,

xabde

Mengyao Xiao, @ Wenjie Zhang,?® Huajun Liu*© and

Chengkuo Lee

MEMS and NEMS increasingly integrate multiple functions within compact platforms, enabled by
piezoelectric and ferroelectric materials such as PZT, BaTiOs, AN, ScAIN, PVDF, and Hfg5ZrgsO,. These
materials support devices including mechanical sensors, RF resonators for gas detection, energy
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harvesters, non-volatile memories such as FeERAM and FeFETs, and neuromorphic computing arrays, as
well as microspeakers and microphones for compact audio interfaces. They also play a key role in
reconfigurable photonic components through acousto-optic and electro-optic modulation. This review
examines materials, device designs, and integration strategies shaping next-generation intelligent
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1. Introduction

Recently, advances in microelectromechanical systems (MEMS)
and nanoelectromechanical systems (NEMS) have redefined
the possibilities for integrated microscale functionality.'™?
At the core of this transformation are piezoelectric'®** and
ferroelectric'®**"** materials, which offer unique electromecha-
nical coupling and tunable polarization behaviours. Piezoelec-
tric materials convert mechanical deformation into electrical
charge and vice versa, enabling their widespread use in sensors,
actuators, resonators, and energy harvesters.'”** Ferroelectric
materials, by contrast, exhibit spontaneous polarization that
can be reversibly switched by an electric field, providing the
physical basis for non-volatile memory, analog signal modula-
tion, and neuromorphic computing.*> Together, these material
systems support multifunctional devices capable of sensing,
actuating, storing, and processing information within a com-
pact footprint.

To effectively design and integrate such devices across a
broad range of MEMS and NEMS platforms, material selection
becomes a critical consideration. The materials summarized
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microsystems across domains such as Artificial Intelligence of Things (AloT), wearables, and robotics.

in Table 1. Span a broad range of systems, each selected
for its ability to meet the diverse requirements of MEMS and
NEMS devices. Perovskite oxides such as PZT,**™* BaTiO;,”>**>’
and PbTiO;***° remain widely used because of their high
piezoelectric coefficients and strong ferroelectricity, making
them ideal for actuators, sensors, and non-volatile memories.
In contrast, wurtzite semiconductors like AIN,**175% ScAIN, 66671
GaN, 664672 and ZnO*51646%73 gre valued for their low dielectric
loss and excellent CMOS compatibility, which enables their inte-
gration into high-frequency resonators and filters. For applications
requiring mechanical flexibility and low weight, ferroelectric poly-
mers such as PVDF****7*8 allow the development of conformal
devices for wearables and bio-integrated systems. Layered 2D
materials (e.g., MoS,*"*?) further push the limits of device minia-
turization with atomically thin, tunable structures, while single
crystals like LiNbQ;,>»°76%7283:84 [ iTa(Q, 61668385787 anq
a-quartz*®®® remain indispensable for acousto-optic and
electro-optic modulation in photonic platforms. More recently,
ferroelectric thin films such as Hf,;Zr,;0, (HZO)** > have
attracted attention for their scalability and CMOS process com-
patibility, offering a pathway toward embedded non-volatile
memories and logic. Similarly, layered oxides (e.g, SrBi,Ta,Oq
(SBT)****!) and lead-free alternatives such as (K,Na)NbO,
(KNN)*>” and NaNbO;*% are being explored to address envir-
onmental concerns. Each material class presents trade-offs among
piezoelectric response, ferroelectric switching, mechanical robust-
ness, and integration feasibility. Table 1 compares these materials
across key parameters—including piezoelectric coefficients, rema-
nent polarization, coercive field, and CMOS compatibility—to
guide both device-level and system-level design.

Leveraging this material foundation, piezoelectric and ferro-
electric MEMS/NEMS devices have been implemented across

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of material properties and CMOS compatibility for piezoelectric and ferroelectric MEMS/NEMS devices

Piezoelectric Piezoelectric strain Elastic Spontaneous
stress coefficient modulus Dielectric polarization CMOS
Materials coefficient (pm V™Y (Gpa) constant Ferroelectric (LC cm?) compatibility Ref.
PZT e & —5 dsy = —171t0 58 68 400-1400 v 10-18 X 45, 48-53 and
53 = 23.3 dss = 60-374 241-245
dis = 584
AIN s, = —0.58 dyy = —2.0 308 £e11 =8 X — v 46 and 61-65
€33 = 1.55 d;; =3.9 &3z =9
€15 = —0.48 dyy =21
ScAIN €31 = —2.5 ds; =7 (Sc 30%) 250 (Sc 30%) 11.6 (Sc 10%) « (Sc 27%) 80-155 v 62 and 66-71
(Sc 30%) 269 (Sc 41%) 13.7 (Sc 20%) (Sc 27%)
€33 = 2.3 das = 15-25 14 (Sc 30%)
(Sc 30%) (Sc 30%)
7ZnO €31 = —0.57 dzy = —5.0 201 een =741 X — v 46, 61, 64, 65
€33 = 1.32 ds3 = 5.9 £r33 = 7.82 and 73
LiNbO, €3, = 0.23 dsy = —1.0 203 e =441 50 X 52, 57, 65, 72, 83
€33 = 1.33 ds; = 16 £r33 = 27.9 and 84
€r = 2.43 dyy = 20.8
€15 = 3.83 dis =74
NaNbO; — ds3 = 1098-5024  115-750 ~30 v 13.5 X 98-100
LiTaO, s = —0.11 dsy = —3.0 233 11 =383 48-52 X 61, 66, 83
€33 = 1.93 dz3 = 9.0 £r33 = 46.2 and 85-87
€5 = 1.67 o = 7.5
€15 = 2.63 dys = 26
BaTiO, €31 = —0.7 dy = —33.4 222 Erq1 = 2200 26 X 52 and 54-57
(BTO) €33 = 6.7 dss3 = 90 £r11 = 56
15 = 34.2 dis = 282-392
GaAs €31 = 0.093 dis = 1.345 118 12.9 X — X 61, 63, 64, 246
€33 = 6.7 and 247
15 = 34.2
GaP e3; = 0.03 di,=1.9 141 111 X — X 66, 248 and 249
€33 = —0.07
es = —0.1
GaN €31 = —0.33 ds; = 3.1 390 Er11 = 9.5 X — X 46, 64, 66 and 72
€33 = 0.65 ér11 = 10.6
15 = —0.33
e4 = 0.56
o-Quartz €11 = 0.17 dsy = —0.09 105.8 feq1 = 4.5 X — — 46 and 88
€14 = 0.039 dy3 = 2.3 £r11 = 4.63
d; =23
dis = —0.67
PVDF — dz; = 20-30 2.5-3 11 v 6-14.5 v 50, 54 and 74-80
dss = —40 to 30
PZT-5H — dss = —274 — — — X 52, 54 and 250
ds3 = 593
dys = 741
Hf, 5Z1o s0,(HZO) — dss = 1-17.8 — — 4 12.2-16.2 89-92
PbTiO; (PTO) — dsy = —6.8 988-1354 g4, =240 57 X 58-60
ds; = 56 €11 = 190
dis = 68
BiFeO; (BFO) — dsz = 70 — — v 60-100 X 58, 251 and 252
SrBi,Ta,0, — dss = 13 — ~200 v 5-10 v 58, 93 and 94
(SBT)
MoS, ;=029Cm ' — — — X — — 81 and 82
(K,Na)NbO; — dz3 = 15-700 — 177 X 1.78-4.69 v 95-97
(KNN)

multiple functional domains. These include mechanical sensors
such as accelerometers,'®™'°® pressure sensors,'%'~19%10%107-113
and tactile arrays;*>**10510210711L,1147120 pp and acoustic resona-
tors for signal processing and gas detection;'*™"*” energy harvest-
ers for battery-free operation;'*’*” and memory architectures
such as FeRAM and FeFETs for embedded, non-volatile data
storage.>>?%3%1387145 1 the audio domain, piezoelectric
microspeakers and microphones*®™>* offer compact
and energy-efficient solutions for sound generation and capture.
Additionally, ferroelectric materials enable emerging neuromorphic

146-149

This journal is © The Royal Society of Chemistry 2025

computing architectures through memristive arrays, while also
playing a central role in acousto-optic modulators*®®!6%133-177
and electro-optic waveguides,'”®"®> where field-induced refractive
index changes allow for dynamic frequency or phase control.
These functions are increasingly converging in real-world
system-level applications. In AlIoT (Artificial Intelligence
of Things),**'8¢71°? the integration of self-powered sen-
SOI,S,22,29,188,189,193*201 lOCal memow’35,143,202*220 and Computa_
tion®*'**® enables distributed edge nodes that operate
autonomously. Wearable systems>?®>*° benefit from flexible

Nanoscale Horiz., 2025, 10, 2744-2771 | 2745
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Fig. 1 Multifunctional MEMS/NEMS devices enabled by piezoelectric and ferroelectric effects across various domains.

piezoelectric tactile arrays for physiological monitoring and
motion feedback, as well as audio interfaces enabled by micro-
scale speakers and microphones. Electro-optic components
based on ferroelectric thin films further support dynamic visual
and data interfaces. In robotics, particularly soft and bio-
inspired platforms,'%*3°24° piezoelectric tactile sensors and
acoustic resonators facilitate high-resolution perception, while
embedded ferroelectric logic units allow localized learning and
control. As shown in Fig. 1, this convergence of sensing,
memory, computation, and signal modulation into unified
micro/nano-structures is not only feasible, but also actively
shaping the foundation of next-generation smart systems.

2. MEMS sensors for mechanical
stimuli detection

Thanks to rapid progress in piezoelectric materials and micro-
fabrication technologies, a new class of MEMS sensors has

emerged, offering high sensitivity and fast response in detect-
ing mechanical stimuli. These sensors harness the piezoelectric

2746 | Nanoscale Horiz., 2025,10, 2744-2771

effect to directly convert mechanical forces into electrical signals,
eliminating the need for external power supplies. Their small size,
low power consumption, and ease of integration make them well-
suited for applications such as pressure sensing, strain detection,
vibration monitoring, and inertial measurement. Depending on
the nature of the signal they are designed to detect, these sensors
can be broadly categorized into two groups: those that respond to
static mechanical inputs and those tuned for dynamic stimuli.
Fig. 2 presents a representative selection of MEMS sensors across
this spectrum, each leveraging specific piezoelectric materials
such as PZT,104’111’113’253 AlN,lOS‘HZ ZnO,lOQ PVDF,lOG LiNbO3,103
and MoS,.>>*

Among the different types of mechanical inputs that MEMS
sensors respond to, static stimuli—such as steady pressure
or strain—are often encountered in applications like tactile
sensing'®" and biomedical diagnostics.'®® Several designs in
Fig. 2 illustrate how piezoelectric materials are leveraged to
achieve precise static sensing across a variety of configurations.
For instance, Fig. 2(a) shows a circular diaphragm pressure
sensor based on a multilayer PZT stack, where deflection under
load generates a piezoelectric voltage signal.''® This design

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5nh00386e

Published on 04 September 2025. Downloaded on 1/24/2026 12:23:27 PM.

Review
1
1
1
1
: b Tl oy
I PUTI (0.2 um)
1 ey s
| i (2 pm).
. 1
Static .
5 1
sensing :
1
I -
i Z
:
1 g,
1
1
1
]
LINDO,
SensorPZT e A N
= A:tuazorpz'[ Positive charge
i SISIO,
dynamic
sensing

MEMS EFS P
Actuator PZT
Synchronous.
Sensor PZT

detector

FYvYYYS
T

Electrified body | |ERYea

Fig. 2 Piezoelectric MEMS sensors for mechanical stimuli detection.
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(@) PZT diaphragm sensor for static pressure sensing. Reproduced with
Copyright 2010, Elsevier B. V. (b) PZT thin-film array for static force detection via a suspended glass plate. Reproduced with

permission.™'* Copyright 2014, by the authors; licensee MDPI, Basel, Switzerland. (c) AIN microbridge resonator for strain sensing through frequency
shift. Reproduced with permission.t*? Copyright 2022, The Authors. Published by Elsevier B. V. (d) ZnO nanowire piezotronic strain sensor on flexible
substrate. Reproduced with permission.’°® Copyright 2008, American Chemical Society. (e) MoS, FET with piezoelectric substrate for tunable static strain
modulation. Reproduced with permission.2>* Copyright 2024, The Authors. Published by American Chemical Society. (f) Self-excited PZT cantilever for
dynamic electrostatic field sensing. Reproduced with permission.2>®> Copyright 2013, Elsevier B. V. (g) LiNbOs cantilever array for broadband vibration
sensing. Reproduced with permission.’®® Copyright 2022, by the authors; licensee MDPI, Basel, Switzerland. (h) Thick-film PZT accelerometer with low
noise and high sensitivity. Reproduced with permission.1°* Copyright 2023, The Author(s). Licensed under CC BY 4.0. Published by Springer Nature.
(i) AIN-based in-plane resonant accelerometer with leverage-enhanced response. Reproduced with permission.%® Copyright 2016, Elsevier B. V. (j) PVDF
polymer accelerometer fabricated via laser micromachining and 3D printing. Reproduced with permission.’°® Copyright 2023, The Author(s). Licensed

under CC BY 4.0. Published by Springer Nature.

achieves an average sensitivity of 280 Hz mbar " in the 0-10 kPa
range, which is 2.43 times higher than previously reported values
(115 Hz mbar™ '), and a normalized sensitivity of approximately
3256 ppm mbar ', enabling precise pressure detection. This
fundamental design remains widely used due to its simplicity
and sensitivity. In a more complex structure, Fig. 2(b) integrates a
PZT thin-film array beneath a suspended glass plate, supported by
stress-concentrating legs."'* This configuration provides a linear
response across a pressure range of 3-30 kPa, delivering an output
voltage from 1.8 mV at 3 kPa to 11 mV at 30 kPa, with good
reproducibility across the four sensing units. This setup effectively
localizes force input and enables linear static pressure detection,
particularly valuable in medical force-feedback applications.
Meanwhile, Fig. 2(c) moves into strain sensing territory, utilizing
stress-engineered AIN thin films in a suspended microbridge
resonator."'? By tailoring intrinsic stress through deposition
conditions, the device achieves a resonant frequency shift

This journal is © The Royal Society of Chemistry 2025

corresponding to a responsivity of approximately 17 000, nearly
five times higher than conventional designs, while maintaining
low residual stress (—170 MPa) and a piezoelectric coefficient of
5.76 pC N ", Flexible and nanoscale implementations also offer
new directions for static sensing. In Fig. 2(d), a piezotronics
strain sensor built from a ZnO nanowire responds to bending-
induced stress by modulating its Schottky barrier height."’
This device achieves a gauge factor as high as 1250, surpassing
state-of-the-art CNT-based sensors (~1000) and conventional
metal strain gauges (1-5), while offering excellent stability,
reproducibility, and a fast response time of ~10 ms under
repeated cyclic loading. And in Fig. 2(e), a MoS, field-effect
transistor is strain-modulated through an underlying piezo-
electric stack via the converse piezoelectric effect.”>® Electrical
biasing enables reversible tuning between compressive (—0.23%)
and tensile (+0.14%) strain, which modulates the drain current by
130x, on/off ratio by 150x, and mobility by 1.19x. The device

Nanoscale Horiz., 2025, 10, 2744-2771 | 2747
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exhibits exceptionally high gauge factors of —1498 (compressive)
and 1056 (tensile), highlighting its potential for programmable
mechanical environments with precise and bidirectional strain
control.

In contrast to static inputs, dynamic mechanical stimu-
li—such as vibrations, impacts, or transient accelerations—
require sensors that respond to time-varying forces with speed
and fidelity. Piezoelectric MEMS devices are inherently suited
for such tasks due to their high-frequency responsiveness and
strong electromechanical coupling. A representative example is
the self-excited cantilever in Fig. 2(f), fabricated from PZT films,
which operates as an electrostatic field sensor.>** The cantilever
vibrates continuously by amplifying and feeding back its piezo-
electric output, enabling real-time detection of field-induced
variations through shifts in oscillation behaviour. This device
achieves reliable measurements over an electrostatic field range
of —3 to +3 kV with good linearity at a resonant frequency of
approximately 1875 Hz, while maintaining a stable self-excited
vibration mode driven by an output voltage of about 0.12 Vpp.
Dynamic acceleration sensing is showcased in Fig. 2(g), where
a LiNbOj-based cantilever array with a central proof mass
transduces vibration into charge signals over a wide frequency
range.'® The sensor achieves a resonant frequency of 5.18 kHz
and maintains stable output across 20 Hz-2.4 kHz with linear
charge response to acceleration amplitudes from 5 g to 20 g.
The sensitivity ranges from 6.1 to 10.3 pC g~ " along the Z-axis
and 5.2 to 6.0 pC g * along the X/Y axes, with output charge
amplitude reaching 61.4-102.8 pC at 10 g. Furthermore, the
device remains functional from —40 °C to 70 °C, ensuring
reliable performance in extreme environments. For low-noise
and high-resolution applications, Fig. 2(h) introduces a cantilever
accelerometer using aerosol-deposited thick PZT.'™ Leveraging
well-aligned poling and optimized geometry, the device achieves
a charge sensitivity of 22.74 pC g~ with a natural frequency of
867.4 Hz and maintains a flat frequency response over 10-200 Hz
(within +5% error). The noise equivalent acceleration reaches as

low as 5.6 ug/+/Hz at 20 Hz, enabling detection of accelerations
above 279 pg (99.7% confidence), which makes it highly suitable
for structural health monitoring and other precision vibration
applications. Designs can also benefit from mechanical amplifica-
tion, as seen in Fig. 2(i), an AlN-based in-plane resonant accel-
erometer that uses a two-stage leverage system to magnify inertial
displacement.'® Paired with centrosymmetric double-ended
tuning fork (DETF) resonators, the device achieves a differen-
tial frequency sensitivity of 28.4 Hz g ' at a base frequency
of ~140.7 kHz, corresponding to a relative sensitivity of
201 ppm g ', which is 57% higher than prior designs. This
architecture combines compact size (2.0 x 1.6 mm?) with high
linearity (R*> ~ 0.946), offering improved robustness against
temperature drift through differential sensing. Finally, Fig. 2(j)
demonstrates a novel direction in dynamic MEMS sensing with a
fully polymeric accelerometer that employs 100 um-thick PVDF
films and 3D-printed support structures.'®® This design achieves a
charge sensitivity of 21.82 pC g ' (equivalent to 126.32 mV g *
in open-circuit mode), a 5% flat bandwidth of 58.5 Hz, and a
noise density of 6.02 pg/,/Hz, enabling detection limits down to

2748 | Nanoscale Horiz., 2025,10, 2744-2771
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~258 ng (99% confidence). These metrics rival state-of-the-art
PZT-based devices while offering simplified fabrication, miniatur-
ization (90 mm? footprint), and a heavy-metal-free architecture for
sustainable sensing applications.

Altogether, the examples in Fig. 2 underscore the remark-
able versatility of piezoelectric MEMS sensors. By thoughtfully
pairing materials such as PZT, AIN, ZnO, LiNbO;, PVDF, and
MoS, with carefully engineered microstructures, researchers
have demonstrated a wide range of devices capable of detecting
both static and dynamic mechanical signals with high sensi-
tivity and robustness. As fabrication techniques continue to
evolve and expand the material toolbox, we can expect MEMS
sensors to play an increasingly central role in intelligent
systems requiring real-time mechanical feedback—from wear-
able health monitors to autonomous robotics.

3. Application of piezoelectric RF
resonators in gas sensing

The increasing demand for real-time, miniaturized, and highly
sensitive gas detection technologies has driven significant
interest in acoustic wave-based sensors, particularly radio
frequency (RF) resonators such as film bulk acoustic resonators
(FBARs) and surface acoustic wave (SAW) devices.”®®> These
resonators operate on the principle of mass loading, where
the adsorption of gas molecules onto a functional sensing
layer results in measurable shifts in the resonant frequency,
as shown in Fig. 4(b).>*® Compared with traditional analytical
techniques like gas chromatography-mass spectrometry (GC-MS),
which are often bulky and unsuitable for field use, RF resonators
offer the advantages of compactness, low power consumption,
and fast response, making them ideal candidates for portable and
integrated gas sensing platforms.**® To illustrate the progress in
this field, Table 2 summarizes representative SAW- and FBAR-
based gas sensors, highlighting their functional materials, detec-
tion limits, and response dynamics. However, while most studies
focus on achieving high sensitivity, limited attention has been
given to the challenge of cross-sensitivity—i.e., the sensor’s
response to non-target gases or environmental variations such
as humidity and temperature. This limitation highlights the need
for future work on strategies such as selective coatings, sensor
arrays, or advanced compensation algorithms to improve gas
selectivity and enhance robustness for practical deployment.

3.1. SAW resonators for surface-sensitive detection

Among RF-based devices, surface acoustic wave (SAW) devices
are widely used for gas sensing due to their sensitivity to
surface perturbations. When gas molecules adsorb onto a
sensing film, they alter the wave propagation characteristics—
typically velocity or amplitude—leading to measurable signal
changes. These devices are typically built on piezoelectric
substrates such as quartz (ST-cut), lithium ehavio (LiNbOj),
or lithium ehavior (LiTaO;), which support stable and efficient
acoustic wave generation. The choice of substrate and wave
mode, including Rayleigh or shear-horizontal (SH) waves, plays

This journal is © The Royal Society of Chemistry 2025
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Table 2 Performance comparison of SAW- and FBAR-based gas sensors using different functional materials
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Detection
limit

Device

Type

Ref.

Response/recovery

Frequency

Sensitivity

Target gases

Sensing layer

Substrate

125
126
121

20 s/5s

5.9 GHz
200 MHz

2.4 MHz/%RH
0.02 mV ppb !

Humidity

GQDs-PEI-SiO,

LiNDbO;/Si0,/SiC

SAW
SAW
SAW

281 s/—
3.5s/1.3 s

56.2-293 MHz

Phase shift-based

detection

6 ppb
~1 ppm

H,S (NHj3, CO, tested)
CO, (N,, H,O vapor tested)

Cu,(HHTP), MOF
MFU-4/MFU-4l (MOF)

128° YX-LiNbO,

LiNbO;

36.7 s/58.5 s 124

2.37 ppm 127.68 Hz ppm ! ~247 MHz

NO, (CO,, CO, HCHO, H,,

NH; tested)

rGO-PPy/Ag (UV-activated)

LiNbO;

SAW

1.69 ppm™* 55 5/96 s

NO, (H,S, NH3, SO,, Hy,

ethanol tested)

SnO, quantum wires

122

~199.5 MHz

21 ppb

ST-cut Quartz

SAW

47.3 s/58.6 s 257

~4.5 GHz

1.472 kHz ppb "

24 ppb

PEI-modified SWNTSs

Si + AIN

FBAR

ethanol, methanol tested)
Water, methanol, ethanol,

Formaldehyde (acetone,
n-propanol, alkanes

258

~70 s/reversible

2.4 GHz

0.28-1.27 x 10° Hz ppm '

AIN

FBAR

1.51-6.85 ppm

MOF (HKUST-1) + PDMS

+ SAM

259

1.21 GHz

Si + AIN

FBAR

Reversible,
few seconds

~1 ppm Up to 20x enhancement

Acetone, n-pentane, n-hexane,

n-heptane

PCL/PIB polymers (array)

260

3-8 s (heating)/
10-18 s (cooling)

0.13 (MeOH) to 0.002 ~2.45 GHz
(CeHy2) kHz ppm ™

40 ppm

Methanol, ethanol, acetone,
IPA, toluene, cyclohexane

PSS/PDDA (Layer-by-layer)

Si + AIN

FBAR
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a critical role in determining the device’s sensitivity, frequency
range, and environmental robustness. As shown in Fig. 3(a), a
typical SAW sensor includes interdigital transducers (IDTs) on a
piezoelectric substrate, with a functional film deposited along
the acoustic path to enable selective detection.

To improve sensitivity and enable higher frequency opera-
tion, ultrahigh frequency shear-horizontal SAW (SH-SAW)
devices have been developed using thin-film LiNbO; on a SiC
substrate."*® As shown in Fig. 3(b), the device consists of a
220 nm LiNDbO; film (34° Y-X cut) atop a SiO, buffer layer and
SiC support, with Al electrodes forming the interdigital trans-
ducers. The sensing layer is a ternary nanocomposite composed
of polyethyleneimine (PEI), silica nanoparticles (SiO, NPs), and
graphene quantum dots (GQDs), enabling efficient humidity
adsorption. This SH-SAW structure operates at 4.7 GHz and
5.9 GHz, offering rapid response and high sensitivity due to
both the high operating frequency and the strong interaction
between water molecules and the functional film. Recent work
has also been explored by integrating advanced porous materi-
als like conductive metal-organic frameworks (MOFs). To
enable ppb-level detection of toxic gases, surface acoustic wave
(SAW) sensors functionalized with conductive metal-organic
frameworks (MOFs) have shown significant promise."”® As
illustrated in Fig. 3(c), a SAW device was integrated with
Cuz(HHTP), MOFs as the sensing layer, deposited along the
acoustic path between interdigital transducers on a 128° YX-cut
lithium ehavio (LiNbOj) substrate. This MOF provides open
metal sites for selective H,S adsorption, enhancing both mass
loading and acoustoelectric effects. Operating at 200 MHz, the
sensor achieved a theoretical detection limit of ~6 ppb and
demonstrated high sensitivity (0.02 mV ppb~') at room tem-
perature, with excellent selectivity over common interfering
gases. These results highlight the potential of combining
high-performance piezoelectric substrates with engineered con-
ductive MOFs for ultra-low concentration gas detection. Beyond
enhancing sensitivity, SAW devices also enable kinetic analysis
of gas interactions. To study gas uptake kinetics, SAW sensors
coated with microporous MOFs have been employed.'*! As
shown in Fig. 3(d), a delay-line SAW device on Y-cut LiNbO;
was coated with MFU-4 and MFU-41 crystals, which differ in
pore aperture. The sensor uses three IDTs to monitor phase
shifts during CO, exposure. MFU-41, with larger pores, showed
faster and stronger responses than MFU-4, demonstrating the
sensor’s ability to distinguish diffusion behavior based on
molecular size. Material engineering further supports low-
temperature operation. To improve room-temperature NO,
sensing, a SAW device was developed using a 3D porous rGO-
Ppy/Ag aerogel as the sensing layer.'** As shown in Fig. 3(e), the
sensor is built on a Y-cut 128° lithium nionate (LiNbO3) sub-
strate with interdigital transducers (IDTs) patterned in a delay-
line configuration. The hybrid aerogel combines reduced gra-
phene oxide (rGO), polypyrrole (PPy), and silver nanoparticles
to provide a high surface area and active adsorption sites. UV
activation further enhances the response by generating photo-
carriers that accelerate NO, adsorption and desorption. The
sensor demonstrates fast response/recovery times (36.7 s/58.5 s),
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high sensitivity (127.68 Hz ppm™ '), and good linearity, making it
suitable for real-time environmental monitoring. Complementary
to material hybridization, crystal facet engineering also improves
performance. To achieve selective and sensitive NO, detection, a
SAW sensor was developed using facet-engineered SnO, quantum
wires as the sensing film."*> As shown in Fig. 3(f), the device is
constructed on an ST-cut quartz substrate, which offers excellent
temperature stability. The interdigital transducers (IDTs) generate
Rayleigh waves across a SnO,-coated acoustic path. By optimizing
the synthesis time to increase the exposure of (110) facets, the
SnO, film enhances NO, adsorption and mass loading. The
sensor demonstrates a linear response over 0.5-10 ppm, a detec-
tion limit of 21 ppb, and excellent selectivity against interfering
gases such as NH; and SO,.

3.2. FBAR resonators for high-frequency sensing

In parallel, film bulk acoustic resonators (FBARs) offer another
compact and highly sensitive platform enabled by the piezo-
electric effect. A typical structure of a film bulk acoustic
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resonator (FBAR) is shown in Fig. 4(a). FBARs are built on a
silicon substrate where an air cavity is etched beneath the
resonator to confine the acoustic wave in the thick direction
of the piezoelectric layer. The device consists of a piezoelectric
thin film—commonly Lead Zirconate Titanate (Pb(Zr,Ti; ,)O3),
aluminum nitride (AIN) or zinc oxide (Zn0)**"***—sandwiched
between a top and bottom electrode. When an alternating
electric field is applied, longitudinal acoustic waves are gener-
ated and reflected between the two electrodes. The air cavity
acts as an acoustic reflector, enabling the resonance condition
by minimizing energy leakage into the substrate. The passiva-
tion layer provides environmental protection and electrical
insulation. Resonance occurs when the thickness of the piezo-
electric film corresponds to half the wavelength (1/2) of the
applied RF signal. This design enables operation in the GHz
frequency range, offering higher sensitivity compared to sur-
face acoustic wave (SAW) sensors. Due to this, FBARs are
particularly advantageous for high-resolution, miniaturized,
and CMOS-compatible gas sensing platforms.>>®

This journal is © The Royal Society of Chemistry 2025
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As shown in Fig. 4(c), the FBAR sensor functionalized with
polyethyleneimine (PEI)-modified single-walled carbon nano-
tubes (SWNTSs) exhibited a strong response to formaldehyde gas
at a concentration of 200 ppb.**” The device was constructed
using a piezoelectric stack of Au (100 nm)/AIN (1 pm)/Au
(100 nm), where aluminum nitride (AIN) served as the piezo-
electric layer due to its high acoustic velocity, excellent
chemical stability, and compatibility with CMOS fabrication
processes. The optimized device—with a SWNT assembly time
of 40 minutes and PEI modification time of 10 minutes—
achieved a maximum frequency shift of approximately 325 kHz,
significantly outperforming sensors with only PEI or SWNT
layers. The enhanced sensitivity is attributed to the large sur-
face area provided by the SWNT network and the selective
binding of formaldehyde molecules by the amine groups in
PEI, which form reversible Schiff base linkages. This combi-
nation of material engineering and high-frequency acoustic
transduction illustrates the potential of AIN-based FBARs for
trace-level VOC sensing. Fig. 4(d) shows the sensing perfor-
mance of a film bulk acoustic resonator (FBAR) array functio-
nalized with HKUST-1 metal-organic framework (MOF) and
coated with a thin PDMS layer.>*® This array format supports
real-time, multi-analyte detection in compact devices. Each
FBAR consists of a 1 pm thick aluminum nitride (AIN) piezo-
electric film sandwiched between molybdenum electrodes,
operating at ~2.4 GHz. This array configuration enables
high-throughput, real-time detection of various volatile organic

This journal is © The Royal Society of Chemistry 2025

compounds (VOCs) at concentrations from 20 to 100 ppm. The
sensors exhibit distinct frequency shifts for different analytes,
with methanol and water showing the strongest responses due
to strong interactions with hydrophilic sites in HKUST-1. The
PDMS layer further enhances selectivity and environmental
stability, making the array suitable for integrated multi-gas
detection platforms. Additionally, self-assembled monolayer
(SAM)-coated FBAR arrays have demonstrated concentration-
independent VOC responses, enabling selective detection with-
out thermal modulation.”®® This approach supports simplified
multi-gas sensing and electronic nose applications. Fig. 4(e)
shows a miniaturized FBAR sensor array integrated with a GC
system for vapor detection.>®® Each FBAR consists of a 1 um
thick aluminum nitride (AIN) piezoelectric layer sandwiched
between molybdenum electrodes, built on a silicon substrate
with an air cavity for acoustic isolation. A top AIN passivation
layer provides protection. The array includes multiple polymer-
coated sensors, enabling selective detection of VOCs such as
pentane, hexane, heptane, and acetone. Operating at 1.21 GHz,
the sensors exhibit linear frequency shifts with increasing
concentration, with acetone showing the strongest response
due to its interaction with carbonyl-sensitive coatings. This
array-based design supports quantitative analysis of complex
gas mixtures with high sensitivity and low power consumption.
Fig. 4(f) illustrates a temperature-modulated film bulk acoustic
resonator (FBAR) sensor integrated with a programmable
micro-heater to enable virtual sensor array (VSA) operation.>®°
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The FBAR consists of a molybdenum (Mo) top and bottom
electrode sandwiching a 0.39 pm thick aluminum nitride (AIN)
piezoelectric layer, with an additional 0.07 pm SiO, tempera-
ture compensation layer to suppress thermal drift. A 0.19 um
AIN passivation layer is deposited on top for chemical and
mechanical protection. By dynamically varying heater power
from 0 W to 0.3 W, the device is modulated across temperatures
from 20 °C to 90 °C. This enables the same FBAR sensor to
mimic a multiparameter sensor array by generating distinct
responses to volatile organic compounds (VOCs) under differ-
ent thermal conditions. The resulting frequency shifts serve as
multidimensional features for vapor discrimination using PCA
or LDA, allowing for over 97% classification accuracy among
six VOCs.

In addition to conventional FBARs, the solidly mounted
resonator (SMR) structure has emerged as a robust alternative.
By using Bragg reflectors instead of air cavities, SMRs improve
mechanical stability and simplify surface processing. For
example, oxygen plasma-treated GO-coated SMRs have shown
enhanced NH; sensitivity due to increased surface defect
density and better nanomaterial integration.*** More recently,
multi-degree-of-freedom (Multi-DoF) BAW resonators on AIN-
on-SOI platforms have enabled dual-mode sensing.**> With
ZIF-8 coatings, both frequency and amplitude ratio responses
were used to detect ethanol vapor, showing improved sensitivity
and higher Q-factors than traditional designs.

Overall, these developments highlight the central role of
the piezoelectric effect in enabling acoustic wave-based gas
sensing. By converting electrical signals into mechanical vibra-
tions and vice versa, piezoelectric materials such as AIN, ZnO,
LiNbO3, and PZT form the foundation of both SAW and FBAR
devices. Advances in piezoelectric film engineering, device
architecture, and functional surface coatings have significantly
enhanced the sensitivity, selectivity, and integration potential
of these resonators. As a result, the application of piezoelec-
tricity in RF resonators continues to drive progress toward
compact, real-time, and highly responsive gas sensors suitable
for diverse and demanding environments.

4. MEMS energy harvesters for
self-powered microsystems

Piezoelectric MEMS energy harvesters have emerged as key
enablers for self-powered microsystems, particularly in applica-
tions such as structural health monitoring, wearable electro-
nics, and wireless sensor networks. These harvesters convert
ambient mechanical energy—such as vibration, footstep, or
structural strain—into electrical energy based on the piezo-
electric effect, wherein mechanical stress induces electric polari-
zation in non-centrosymmetric materials.**” Typically, the direct
piezoelectric effect is employed in energy harvesting, generating
voltage from applied stress, while the converse effect enables
actuation by applying electric fields."*® In recent studies, a range
of piezoelectric materials and structural designs have been devel-
oped. For example, PZT thin films are commonly used in MEMS
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cantilever-based systems for broadband vibration harvesting;"*'
PVDF and ceramic composites are embedded in wearable plat-
forms like shoes and floors due to their mechanical flexibility;***
and hybridized structures integrating TENG with piezoelectric
energy generator (PEG) enable multi-modal harvesting and
sensing.'*® These innovations demonstrate the adaptability of
piezoelectric technology to diverse scenarios, balancing energy
output, device footprint, and structural resilience.

A MEMS piezoelectric energy harvester is developed using
a dual-cantilever structure with mechanical stoppers to
enable a broadened operational bandwidth. The system, shown
in Fig. 5(a), consists of a high-frequency cantilever (PEH-T) and
a low-frequency cantilever (PEH-B) arranged face-to-face, where
the proof mass of PEH-B can impact both the upper and lower
stoppers during vibration. Lead zirconate titanate (PZT) thin
film is used as the piezoelectric layer on both cantilevers to
convert mechanical strain into electrical energy. These impact-
induced interactions introduce nonlinear stiffness and trigger
frequency up-conversion (FUC), effectively extending the
working bandwidth. The device achieves a frequency range of
30-48 Hz and generates 34-100 nW under 0.6 g acceleration,
making it suitable for variable-frequency energy harvesting."*?
A hybridized energy harvesting system integrating both piezo-
electric and triboelectric mechanisms has been developed for
autonomous wireless sensing in harsh environments. The
system employs a lead zirconate titanate (PZT) bimorph as
the piezoelectric energy generator (PEG) and two contact-
separation mode TENGs as self-powered acceleration sensors
and stoppers. The PEG is excited through impact with the
TENG stoppers, achieving broadband output performance. This
multifunctional configuration, illustrated in Fig. 5(b), enables
simultaneous vibration energy harvesting and acceleration
monitoring. The harvested energy powers a low-consumption
Arduino-based wireless node, while the TENG provides accel-
eration sensing. Demonstration tests in a train-like environ-
ment show that the system can wirelessly transmit acceleration
data via Zigbee, supporting real-time monitoring without external
power."”® A scrape-through MEMS energy harvester is developed
to realize frequency broadening and up-conversion by coupling
two cantilevers with distinct resonant frequencies. In this design,
a low-frequency cantilever (PZT-L) with an attached proof mass
interacts periodically with a high-frequency cantilever (PZT-H) and
a metal base during vibration. Lead zirconate titanate (PZT) is
employed as the piezoelectric material on both cantilevers to
convert dynamic strain into electrical energy. When the excitation
amplitude is sufficiently high, the PZT-L cantilever impacts and
scrapes through the PZT-H cantilever, triggering frequency up-
conversion and enhancing energy harvesting performance. The
device achieves an extended bandwidth of 33-43 Hz and generates
up to 94 nW output under a 0.6 g base acceleration. As shown in
Fig. 5(c), experimental results confirm that the hybrid motion
of the two beams significantly improves power output in low-
frequency, broadband environments."*> In Fig. 5(d), a smart floor
tile integrates cantilever-based piezoelectric harvesters to capture
mechanical energy from human steps. Each 20 x 20 cm? tile
contains a harvester unit that, when compressed, generates

This journal is © The Royal Society of Chemistry 2025
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hybrid TENG-PEG energy harvester integrated in a train environment fo

duced with permission.*2 Copyright 2012, IOP Publishing. (b) Schematic of a
r wireless sensing and power generation. Reproduced with permission.*?°

Copyright 2021, Elsevier. (c) Schematic of a scrape-through MEMS harvester utilizing a low-frequency cantilever impacting a high-frequency cantilever
to induce self-oscillation. Reproduced with permission.**®> Copyright 2011, Springer Nature. (d) Schematic of a piezoelectric floor tile-based system

for real-time control of smart home appliances using harvested human

motion energy. Reproduced with permission.**> Copyright 2018, Elsevier.

(e) Schematic of a shoe-embedded piezoelectric energy harvester with plantar mapping analysis and gait-based energy generation. Reproduced with

permission.1%® Copyright 2020, Spring Nature.

enough energy to drive a wireless transmitter. The device uses
a PZN-0.5C composite ceramic, formulated as 0.72Pb(Zrg 4;-
Tig.53)03-0.28Pb[(Zng 45Nig 55)1/3Nb,/3]05 + CuO, as the piezo-
electric material, offering high transduction efficiency and
stable output under repeated loading. This enables remote
switching of home appliances such as lighting and HVAC
systems. Long-term tests demonstrate stable performance
across varying user weights and durations, making it a robust
solution for self-powered control in intelligent home and
building systems.’*® A wearable energy harvesting approach
embeds a piezoelectric PZT buzzer into the insole of a shoe,
where footstep pressure induces electrical output via the ds;
effect. The buzzer is composed of lead zirconate titanate (PZT)
ceramic, offering high piezoelectric coefficient and mechanical
robustness. As depicted in Fig. 5(e), the energy generated from
heel strike and toe-off motions is rectified and stored for later
use. Pressure mapping experiments using force plates and
plantar sensors reveal that the harvester performs best in block-
or wedge-heeled shoes and when placed near the toe region.
The design offers a low-cost, unobtrusive method for generat-
ing power in wearable systems."*®

This journal is © The Royal Society of Chemistry 2025

To provide a clearer comparison of different MEMS energy
harvester designs, Table 3 summarizes the key performance
metrics (e.g., power density, bandwidth, and output voltage/
power) of representative designs shown in Fig. 5(a-e).

Although recent progress has brought MEMS energy harvest-
ers closer to real-world deployment, several integration chal-
lenges remain. These include: (1) packaging requirements to
protect against mechanical stress and humidity; (2) size limita-
tions imposed by microsystem footprints; and (3) electrical
compatibility with existing CMOS circuits and energy storage
modules. Overcoming these constraints will be key to realizing
robust, miniaturized, and system-level integrated harvesters for
IoT and biomedical applications.

Collectively, the energy harvesting systems represent a pro-
gression from MEMS-based resonant cantilevers to large-area
and wearable implementations. The diversity of piezoelectric
materials, including PZT films, PZT bimorphs, and PZN-0.5C
ceramics, as well as structural configurations such as dual
cantilevers, bimorph beams, scrape-through mechanisms,
and embedded designs, showcases the engineering flexibility
of piezoelectric harvesters. These approaches not only enhance
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Table 3 Comparison of key performance metrics for MEMS piezoelectric energy harvesters

Power density Bandwidth Output
Working principle/device type Material (LW em™?) (Hz) Output voltage (V) power(LW) Ref.
Piezoelectric (MEMS cantilever) PZT 12.9 267-350 3.4 V (peak) 5.15 131
Hybridized TENG & PEG PZT, PDMS 230 3-1k 45 V (TENG) 120 128
+12 V (PEG)
Piezoelectric (scrape-through beam) PZT 10.4 600-700 3.0 V (peak) 2.48 134
Piezoelectric (U-shaped beam) PZN-0.5C composite 20.2 70-90 8.4 V (peak) 7.6 132
ceramic
Piezoelectric (shoe embedded) PZT ceramic 2.5 1-3 Max 1.5 V (AC) 4.2 135

energy conversion efficiency across variable-frequency and
impacted environments but also offer practical integration into
smart infrastructure and mobile platforms. In particular, the
inclusion of a performance comparison table and discussion of
integration challenges further strengthens th’ section’s practi-
cal value and facilitates engineering adoption.

5. Ferroelectric-based memory and
computing devices

Ferroelectric materials not only enable reliable non-volatile
memory>”'*! through reversible polarization switching but also
underpin emerging memristive devices that emulate synaptic
plasticity for neuromorphic computing.*>'*"**® Building on
this versatility, ferroelectric thin films are first integrated into
FeRAM and FeFET architectures to achieve high-speed, low-
power data storage. More recently, these films have been adapted
into memristor arrays that combine storage and processing within
the same physical substrate, enabling in-memory computation
and accelerating brain-inspired learning.

5.1. Ferroelectric non-volatile memories

Ferroelectric non-volatile memories (FeENVMs) represent a class
of memory technologies that leverage the bistable polarization
states of ferroelectric materials to store digital information
without continuous power supply.'*'*®” Two primary device
implementations include ferroelectric random-access memory
(FeRAM), which uses a capacitor-based 1T-1C structure, and
ferroelectric field-effect transistors (FeFETs), which embed a
ferroelectric layer into the gate stack of a MOSFET to enable
non-destructive readout and enhanced scalability.*”> These
devices have attracted widespread interest due to their fast-
switching speed, low operating voltage, and compatibility with
CMOS processes, making them promising candidates for
embedded non-volatile memory and logic-in-memory applica-
tions. As illustrated in Fig. 6(a), FeRAM (left) features a
discrete ferroelectric capacitor paired with a transistor, while
FeFET (right) integrates the ferroelectric thin film directly
within the gate dielectric, enabling higher integration density
and more efficient memory access.*”> Common ferroelectric
materials used in these devices include perovskite-type oxides
such as AlScN**® and emerging HfO,-based materials like

2754 | Nanoscale Horiz., 2025, 10, 2744-2771

Hf, 5Zry 50,°%21*2%° and Al-doped HfO,,*® which offer CMOS
compatibility and scalability.?”**

Fig. 6(b-d) focus on material and structural strategies for
FeRAM devices. In Fig. 6(b), phase engineering of Hf; ,Zr,O,-
based ferroelectric capacitors is presented to achieve hysteresis-
free, pseudo-linear dielectric behaviour.”” This is critical for
improving the reliability and integration of MFM-based FERAM.
Si doping helps suppress polarization switching by stabilizing
the amorphous phase, while La doping enhances the anti-
ferroelectric phase, increasing the dielectric constant without
causing hysteresis. These approaches enable better control
of the polarization response and improve FeRAM scalability.
Fig. 6(c) illustrates a three-dimensional (3D) vertically stacked
ferroelectric capacitor structure, designed for FeRAM applica-
tions. The device uses a TiN/Al-doped HfO,/TiN stack and
incorporates a pillar electrode architecture to increase the
active area without enlarging the footprint. This structure
enables multiple ferroelectric capacitors to share a common
vertical electrode, improving integration density and reducing
power consumption. The cross-sectional TEM image confirms
the layered structure and uniformity, while the polarization—-
voltage (P-V) curves show strong ferroelectric switching with a
remanent polarization (2Pr) over 20 pC cm > and low coercive
voltage (~2.7 V). These characteristics, along with high endur-
ance (>10° cycles) and long retention (10 years), demonstrate
the potential of this 3D capacitor design for scalable and
reliable FeRAM memory cells.?® A ferroelectric tunnel junction
(FTJ) is employed to build a plasmon-electron addressable
FeRAM device, as shown in Fig. 6(d).>'* The structure consists
of a thin HfO, ferroelectric layer (~5 nm) sandwiched between
two Au electrodes. The device writes memory states using
surface plasmon polaritons (SPPs) and reads them via tunnel-
ing current. Polarization switching in the HfO, layer modulates
the tunneling barrier, leading to a bistable I-V response that
enables non-volatile memory storage. This hybrid design, com-
bining optical writing and electrical reading, is compatible with
CMOS processes and offers promise for low-power, high-speed
FeRAM applications. Recent studies on Hf, 5Zr, 50, thin-film
capacitors have reported ultrahigh dielectric permittivity by
stabilizing the non-centrosymmetric orthorhombic phase.>®
These improvements enhance polarization strength and scalability,
supporting high-density and low-voltage FeRAM applications.

In addition to conventional FeRAMs, recent studies have
introduced alternative ferroelectric memory architectures that

This journal is © The Royal Society of Chemistry 2025
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utilize polarization-modulated resistive switching, commonly
referred to as ferroelectric resistive random-access memory
(FeRRAM) or ferroelectric memristors. One such example
involves a composition-graded ScAIN-based metal-ferroelec-
tric-semiconductor (MFS) structure, which enables highly
controllable multilevel storage through engineered polariza-
tion gradients.®” This structure achieves up to 7-bit resolution,
linear weight updates, and low-voltage operation, making
it well-suited for neuromorphic computing and analog in-
memory processing. Another notable approach employs a
[001]-oriented NaNbO; film in a metal-insulator-metal (MIM)
configuration to realize a self-rectifying, self-powered resistive
switching device.>'* This device exploits ferroelectric polariza-
tion to modulate the Schottky barrier at the metal/ferroelec-
tric interface, enabling selector-free, energy-autonomous
operation. These advances expand the design space of FeNVMs
beyond FeFET and FeRAM architectures, highlighting the
versatility of ferroelectric materials in enabling multifunctional,

This journal is © The Royal Society of Chemistry 2025

low-power memory systems for next-generation intelligent
electronics.

Fig. 6(e-g) focus on ferroelectric field-effect transistors (FeFETS),
which integrate a ferroelectric layer into the gate stack of a
MOSFET structure. As shown in Fig. 6(e), a ferroelectric field-
effect transistor (FeFET) is constructed using a monolayer MoS,
channel and a 45 nm-thick Alj.egSco.3,N (AlScN) ferroelectric
gate dielectric.’®® The use of AIScN provides a high remanent
polarization (Pr ~ 80-115 uC ecm™?), enabling strong electro-
static modulation of the channel. The In-contact electrodes
minimize contact resistance and allow efficient carrier injec-
tion, resulting in high on-current (~ 120 pA/pum at V43 =1V) and
a large I,n/Iog ratio (~2 x 107). The device shows clear counter-
clockwise hysteresis in the transfer characteristics, confirming
the ferroelectric switching behaviour. This design demon-
strates excellent potential for high-performance and scalable
non-volatile memory applications based on 2D FeFETs. Fig. 6(f)
highlights a ferroelectric channel field-effect transistor (FcFET)
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based on a MoS,/2D perovskite heterojunction.* In this archi-
tecture, the 2D Ruddlesden-Popper perovskite serves directly as
the channel material, enabling both semiconducting and ferro-
electric properties within a single layer. This differs from
conventional FeFETs that use ferroelectrics solely as gate
dielectrics. The device exhibits a remarkably wide memory
window of up to 177 V, a high on/off ratio of ~5 x 10°, and
strong nonvolatile behaviour with retention over 1000 s and
endurance beyond 10°® cycles. Benefiting from charge trapping
and polarization switching, the FCcFET also demonstrates multi-
level conductance control and sub-10 ps programming, under-
scoring its potential for future neuromorphic and high-density
memory systems. Fig. 6(g) illustrates a multilevel FeFET array
for in-memory computing, demonstrating both memory and
logic capabilities.*® The FeFET device features a TiN/HZO/SiO,/
Si gate stack, as confirmed by cross-sectional TEM imaging. By
applying different program pulses, the transistor exhibits four
distinct threshold voltage states (SO to S3), enabling multibit
data storage in a single cell. This characteristic is used
to implement a content-addressable memory (CAM) array for
low-power edge detection tasks. The threshold voltages corre-
spond to specific conductance levels, and matching operations
are performed by sensing current responses across different
gate voltages. This multilevel operation allows for both exact
and fuzzy feature matching, making it well suited for edge AI
tasks that require fast, energy-efficient decision making. The
system achieves sub-10 f] per operation energy consumption and
supports non-volatile, analog-to-digital converter (ADC)-free
readout, highlighting the strong potential of FeFET-based archi-
tectures in neuromorphic and edge computing applications.

In summary, FeRAM technologies are progressing toward
greater reliability and scalability through material doping and
3D integration. Ferroelectric resistive memories (FeRRAMs),
including memristive devices, have emerged as promising alter-
natives, offering multilevel conductance control, self-rectifying
behaviour, and compatibility with neuromorphic and low-
power applications. Meanwhile, FeFETs are advancing toward
multifunctional operation by integrating 2D materials and
enabling in-memory computing with high-density, multilevel
storage capabilities. Collectively, these developments highlight
the expanding role of FeNVMs in next-generation memory and
intelligent electronic systems.

5.2. Ferroelectric memristor arrays for neuromorphic
computing

In addition to conventional FeNVMSs, ferroelectric tunnel junc-
tions (FTJs) have emerged as a promising class of memristive
devices for neuromorphic computing.'*! FIJs utilize an ultra-
thin ferroelectric layer sandwiched between two electrodes,
where the polarization direction modulates the tunneling bar-
rier and hence the device resistance. This effect, known as
tunnel electroresistance (TER), enables analog resistive switch-
ing and multilevel conductance states suitable for synaptic
weight emulation.””> As illustrated in Fig. 7(a), when the
polarization points toward the electrode with weaker screening
(typically M), it lowers the average barrier height and increases
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the tunneling probability, placing the device in a low-resistance
(ON) state.>”® Reversing the polarization increases the barrier
height and suppresses current flow, switching the device into a
high-resistance (OFF) state. The operation of FTJs follows
a clear write-polarize-read sequence. A voltage pulse above
the coercive field is applied to write the desired polarization
direction, effectively programming the resistance state. The
resulting polarization state is non-volatile, meaning it remains
stable without power. A small read voltage is then used to sense
the current without disturbing the polarization, ensuring non-
destructive readout. This resistive switching mechanism is
attributed to asymmetric electrostatic screening at the ferro-
electric/electrode interfaces. Commonly used ferroelectric
materials for FIJs include PVDF,?”* BaTiO5,%”*27® Hf, ;Zr, 50,
(HZO),36143:217:277:278  ph(7r Ti)O; (PZT),'***”® and BiFeO;
(BF0).>8°282 Combined with excellent scalability and energy
efficiency, FIJs are well suited for high-density ferroelectric
memristor arrays in brain-inspired computing architectures.>**

Building on this principle, recent implementations of FTJs
have demonstrated not only reliable binary switching but
also precise, symmetric multilevel conductance tuning—a key
requirement for analog synaptic behaviour. One notable exam-
ple employs ultrathin PZT tunnel barriers with Ag or Au top
electrodes and Nb-doped SrTiO; as the bottom electrode.*”®
By applying a mixed-voltage pulse scheme (MVPS), the device
achieves linear and symmetric conductance updates across
256 levels, enabling highly accurate vector-matrix multiplica-
tion with minimal error. Fig. 7(b) presents this experimentally
realized FTJ array, highlighting its gradual resistance modula-
tion, low write noise, and strong endurance (>10° cycles).
System-level simulations further show that FTJ-based networks
can reach a recognition accuracy of ~92% on CIFAR-10, with
an inference energy efficiency of ~85 TOPS/W, outperforming
conventional memristive systems and underscoring the suit-
ability of FTJs for scalable neuromorphic computing. Beyond
accurate and symmetric weight modulation, FTJs have also
demonstrated the ability to emulate biological synaptic learning
rules. A particularly important example is spike-timing-dependent
plasticity (STDP), where the synaptic weight is updated based
on the relative timing between pre- and post-synaptic spikes.>*°
As illustrated in Fig. 7(c), an FIJ-based synapse based on a
BiFeO; (BFO) ferroelectric barrier can mimic this behaviour
through polarization-driven domain dynamics, enabling bio-
logically plausible learning at the device level. In a crossbar
network simulation, FTJs were used to form a fully connected
spiking neural network that autonomously learned to classify
input image patterns—such as vertical, diagonal, and horizon-
tal bars—without external supervision. During training, the
synaptic conductance evolved according to STDP rules, and
the output neurons specialized in detecting specific patterns.
These results highlight the potential of FTJs not only as
memory elements but also as plastic, trainable synapses for
implementing energy-efficient neuromorphic computing systems.
While FTJs demonstrate strong potential for analog switching and
synaptic learning, optimizing their behaviour under identical
pulse programming (IPP) remains challenging. In particular,
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Fig. 7 Ferroelectric tunnel junction (FTJ) devices for neuromorphic computing. (a) Schematic of a ferroelectric tunnel junction (FTJ), where polarization
reversal modulates the tunneling barrier and resistance state. Writing is achieved via voltage-induced polarization switching; reading is non-destructive
and based on tunneling current. Reproduced with permission.2”® Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Experimental FTJ
(Ag/PZT/NSTO) with symmetric, gradual conductance updates under a mixed-voltage scheme; supports high-accuracy vector-matrix multiplication.
Reproduced with permission.2’® Copyright 2024, Wiley-VCH GmbH. (c) BFO-based FTJ emulating spike-timing-dependent plasticity (STDP) in a spiking
neural network for unsupervised pattern learning. Reproduced with permission.?®®> Copyright 2017, The Author(s). Licensed under CC BY 4.0. Published
by Springer Nature. (d) Polarization switching dynamics and programming behaviour in TiN/HZO/TiN FTJs under identical pulse programming (IPP);
highlights history and continuous effects for multilevel updates. Reproduced with permission.*® Copyright 2024, The Author(s). Advanced Intelligent
Systems published by Wiley-VCH GmbH. (e) Large-scale, selector-free FTJ crossbar array based on Hf,Zr;_,O, enabling accurate in-memory computing
with low sneak path currents. Reproduced with permission.?® Copyright 2023, The Authors. Advanced Intelligent Systems published by Wiley-VCH
GmbH. (f) Integration of FTJs with sensory inputs for threshold-based nociceptive response; demonstrates combined sensing and neuromorphic

computation using HfSiO,-based memristors. Reproduced with permission.284 Copyright 2025, Elsevier B. V.

Hfj 571050, (HZO)-based FTJs with a TiN/HZO/TiN structure
have been studied for their CMOS compatibility and tunable
polarization dynamics.>® As shown in Fig. 7(d), the device’s
switching behaviour under IPP is influenced by both a history
effect and a continuous effect, enabling gradual conductance
updates even within a fundamentally bistable free energy land-
scape. These effects, not captured by traditional LGD or KAI
models, allow for multilevel analog programming using opti-
mized sub-coercive pulse schemes, and enable over 5-bit sym-
metric weight updates suitable for neuromorphic arrays.
Building on device-level synaptic behaviours, recent advances
have pushed FTIJs toward system-level integration for in-memory
computing.”** As shown in Fig. 7(e), a selector-free crossbar array
based on a TiN/Hf,Zr,_,O,/W structure was fabricated on a
CMOS-compatible Si/SiO, platform. These FIJs exhibit more than
60 programmable conductance states with high symmetry, low
variability, and strong nonlinearity, enabling precise and energy-
efficient vector-matrix multiplication (VMM). Circuit simulations
demonstrate that a fully connected neural network mapped to the
array achieves up to 92% accuracy on the MNIST dataset, while
benefiting from low IR drop and suppressed sneak currents due
to the intrinsically low device conductance. This work highlights
the potential of FIJs as scalable, backend-integrable building
blocks for neuromorphic computing accelerators. Beyond array-
level integration, ferroelectric tunnel junctions (FTIJs) are now
being explored for on-receptor computing, where sensing and

This journal is © The Royal Society of Chemistry 2025

computation are co-located at the device level.”®* As shown in
Fig. 7(f), an HfSiOx (HSO)-based FTJ integrated with a sensor
exhibits threshold-dependent responses, mimicking biological
nociceptors that react only when stimuli exceed a critical intensity.
The device shows key nociceptive behaviours such as sensitiza-
tion, relaxation, non-adaptation, and threshold-triggered spiking.
These characteristics enable the FTJ to distinguish harmful inputs
from benign ones and encode them into neuromorphic signals.
Such dual-functionality—combining sensing and computation—
opens a new paradigm for intelligent front-end electronics where
FTJs serve not only as memory or synaptic elements but also as
stimulus-responsive processors for edge Al systems.

6. MEMS micro-speakers and
microphones

Piezoelectric MEMS microphones and microspeakers have
become key enablers in compact, low-power audio systems,
finding applications in consumer electronics, biomedical
implants, and robotics. These devices rely on the piezoelectric
effect, where mechanical stress generates electric charge (direct
effect), and applied voltage induces mechanical deformation
(converse effect). In microphones, incoming sound deforms a
diaphragm to produce voltage; in microspeakers, electrical signals
drive diaphragm motion to emit sound.”®**® Among the
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materials used, aluminum nitride (AIN) is favored for its CMOS
compatibility and stability in high-frequency sensing, while
lead zirconate titanate (PZT) provides stronger electromechani-
cal coupling, making it suitable for high-output speakers.'*%>%”
Recent works further introduce structural innovations such as
dual-cantilever beams, piston-driven diaphragms, and bimorph
stacks, often coupled with sol-gel or aerosol-deposited PZT
layers to enhance SPL and reduce distortion. These advance-
ments highlight how material choice and microstructure
design jointly drive performance in miniaturized MEMS acous-
tic devices. In addition to SPL and THD, frequency response
characteristics and conversion efficiency have become critical
supplementary metrics in evaluating acoustic performance
comprehensively, further enhancing the design and optimization
of MEMS-based audio solutions.

Among these, bioinspired directional sensing (Fig. 8(a))
leverages the mechanically coupled diaphragms of Ormia
ochracea to enable broadband sound localization in a compact
aluminum nitride (AIN)-based piezoelectric MEMS microphone,
ideal for auditory prosthetics and surveillance applications.'*>
Its frequency response remains consistent from 1 kHz to 10 kHz,
ensuring broad auditory capture. In contrast, Fig. 8(b) illustrates a
clinically oriented floating piezoelectric microphone mounted on
the human incus, utilizing a ceramic bimorph element for
effective signal pickup in totally implantable cochlear implants
(TICISs), offering improved sensitivity and hygiene advantages over
conventional external microphones.'”" The microphone achieves
a flat frequency response between 0.3 and 10 kHz and sensitivity

sPL®)
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of 0.8 mV Pa~" at 1 kHz under 10 Vpp excitation. The measured
efficiency of the microphone is approximately 0.9%, balancing
output voltage and mechanical robustness. Fig. 8(c) demonstrates
the integration of MEMS microphones in a robotic auditory
system. Four MEMS microphones are mounted on a humanoid
robot’s head to capture spatially separated audio inputs for sound
source localization. The microphones, based on piezoelectric
sensing principles though without specified material in the study,
collect audio data as a TurtleBot3 mobile robot provides ground-
truth position tracking. Deep learning models including convolu-
tional neural networks (CNN), LSTM, and biLSTM are trained to
estimate 2D spatial coordinates of the sound source based on
wavelet-transformed acoustic inputs. The system enables accurate
real-time auditory perception, even in the presence of movement
or noise, and highlights the potential of MEMS microphones
combined with AI for human-robot interaction and intelligent
environmental awareness.”*® Each MEMS unit demonstrated a
frequency range between 500 Hz and 8 kHz, which is suffi-
cient for human voice detection and localization tasks. These
sensing-side innovations are complemented by the develop-
ment of advanced MEMS microspeakers, as illustrated in
Fig. 8(d)-(f), each tackling unique challenges in bandwidth,
distortion, and integration. Fig. 8(d) introduces a piezoelectric
MEMS microspeaker design based on dual triangular cantilever
diaphragms optimized for multi-mode acoustic actuation. One
diaphragm targets low-frequency responses while the other
handles higher frequencies, with both integrated into a com-
mon structure using PZT (lead zirconate titanate) thin films

Location x (m) y (m) z (m)

Front Right 0.0206 00309  0.0986
Left 0.0206 00309  0.0986
Left 0.0215 0.0558

1000
Frequency (Hz)

Fig. 8 MEMS micro-speakers and microphones. (a) Schematic illustration of a directional MEMS microphone inspired by the Ormia ochracea fly,
featuring mechanically coupled diaphragms. Reproduced with permission.'>? Copyright 2020, PMC. (b) Schematic setup of a humanoid robot head
equipped with four MEMS microphones for deep-learning-based sound source localization. Reproduced with permission.t>* Copyright 2022, Springer
Nature. (c) Schematic diagram of a floating piezoelectric microphone mounted on the human incus for fully implantable middle-ear systems.
Reproduced with permission.88 Copyright 2023, Wiley. (d) Schematic structure of a dual-cantilever piezoelectric MEMS microspeaker with asymmetric
diaphragm structures for multi-mode actuation. Reproduced with permission.**” Copyright 2024, Elsevier. (e) Schematic configuration of a piston-type
piezoelectric MEMS microspeaker actuated by trapezoidal PZT plates through folded springs. Reproduced with permission.**° Copyright 2023, IEEE.
(f) Schematic configuration of a multilayer bimorph MEMS microspeaker evaluated in an ear canal simulator for enclosed-field acoustic analysis.
Reproduced with permission.148 Copyright 2025, MDPI.
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and metallic electrodes. Finite element modeling reveals that
asymmetric geometries help balance stress and displacement,
reducing nonlinearities and minimizing total harmonic distor-
tion (THD). Experimental results confirm broadband sound
pressure level (SPL) enhancement across the 5-13 kHz range.
This design addresses key limitations of single-mode MEMS
speakers by enabling more faithful audio reproduction at low
driving voltages, suitable for earbuds, smart wearables, and
hearing aids.""” Additionally, the dual-mode structure achieves
a flatter frequency response from 1 kHz to 12 kHz and reaches a
conversion efficiency of 10.2% at 9.8 kHz, providing a stronger
overall performance profile compared to conventional unim-
odal devices. Pushing the limits further toward high-fidelity
and compact design, Fig. 8(e) presents the design and evalua-
tion of a full-range piezoelectric MEMS microspeaker, which
employs a 2 pum thick sol-gel PZT layer embedded between
patterned electrodes on four trapezoidal plates, which are
mechanically linked to a central piston via folded elastic
springs. This configuration enables synchronized motion of
the actuators and piston, maximizing effective acoustic area
while maintaining an acoustically closed behaviour through
engineered air gaps and a dedicated back chamber. The
speaker achieves SPL values exceeding 107 dB above 500 Hz
under 30 Vpp excitation, with total harmonic distortion (THD)
remaining below 1% at 1 kHz. Both numerical simulations and
experimental results using an IEC 60318-4 ear simulator con-
firm the linear mechanical response and high-fidelity sound
reproduction, even without the aid of polymeric sealing mem-
branes. This robust and compact design, with a footprint of
4.5 x 4.5 mm?, demonstrates significant promise for future
integration into miniaturized in-ear audio devices.'*® System-
level measurements show a nearly flat SPL curve from 500 Hz to
10 kHz, with conversion efficiency peaking at 13.1% around
4.3 kHz, indicating strong performance in both voice and
music frequency bands. To validate system-level performance
in realistic acoustic environments, Fig. §(f) presents the acous-
tic testing of a packaged multilayer bimorph MEMS speaker
inside an artificial ear canal based on the IEC 60318-4 standard.
The speaker employs aerosol-deposited PZT layers over a
stainless-steel substrate, forming a robust and compact struc-
ture. Measurement and simulation results reveal that the
speaker maintains a flat frequency response and achieves SPL
over 108 dB at 1 kHz under 30 Vpp, while preserving low
distortion. The diaphragm’s edge compliance is shown to be
a critical factor in output efficiency, and the entire structure
demonstrates strong potential for woofer-type integration in in-
ear systems. Efficiency analysis confirms an acoustic conver-
sion efficiency of 9.5% at 1 kHz, which is competitive among
MEMS woofer-type designs. Such devices meet the rising
demand for miniaturized, high-output audio modules in con-
sumer electronics and medical audio delivery.'*®

Overall, these designs showcase the flexibility of piezoelec-
tric MEMS structures in tailoring acoustic performance through
structural geometry and material selection. Whether using AIN
for CMOS compatibility or PZT for high-sensitivity applications,
these devices demonstrate how MEMS integration and material

This journal is © The Royal Society of Chemistry 2025
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engineering together enable miniaturized, high-performance
acoustic systems.

7. Reconfigurable photonic devices:
acousto-optic and electro-optic
control

Piezoelectric and ferroelectric materials play a pivotal role in
reconfigurable photonic devices by enabling efficient acousto-
optic*®e1661537176 and electro-optic'”®™*# modulation. Through
mechanical vibrations or electric-field-induced refractive index
changes, these materials facilitate dynamic control of optical
signals—such as frequency shifting, phase tuning, and amplitude
modulation—crucial for integrated photonic circuits in commu-
nication, sensing, and optical computing applications.

7.1. Acousto-optic modulators

In the study of piezoelectric actuated acousto-optic modulation,
achieving efficient microwave-to-optical transduction relies on
precise multi-physical-field coupling control to enable cross-
frequency information transfer and efficient energy conversion.
The mode-coupling framework illustrated in Fig. 9(a) provides a
systematic theoretical perspective for analyzing and optimizing
the synergistic interactions among microwave, mechanical,
and optical modes. This system comprises four fundamental
components: microwave mode, mechanical mode, signal optical
mode, and pump optical mode.®® Under microwave excitation,
the piezoelectric effect induces high-frequency mechanical oscil-
lations, generating propagating acoustic waves. These waves
travel within the piezoelectric material and interact with loca-
lized optical modes, thereby establishing a cross-spectral infor-
mation transmission pathway. Specifically, the microwave
mode is coupled into the system via an impedance-matched
port, characterized by an external coupling rate I'ex and intrin-
sic loss I';. Concurrently, the piezoelectric transduction mecha-
nism converts microwave energy into mechanical vibrations,
leading to the formation of an acoustic mode with frequency
@, governed by the electromechanical coupling strength gep,.
The interaction between the mechanical mode and optical
modes constitutes the core dynamical mechanism of this
system. The signal optical mode, modulated by the optomecha-
nical coupling rate g,,,, undergoes optical field modulation via
mechanical oscillations, facilitating effective signal transmis-
sion and modulation.?®® A pump optical mode can be intro-
duced to enhance overall modulation efficiency through
nonlinear scattering or parametric amplification, maintaining
a high photon population density and further improving the
stability and tunability of the optical signal. The intrinsic losses
Ko, and external coupling rates k.. of both optical modes
collectively determine the system’s total optical quality factor,
thereby influencing photon lifetime and optical resonance
characteristics.

Different acoustic modes affect the electroacoustic coupling
factor and the electro-optic coupling factor through stress
distribution, thereby determining the modulation efficiency
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Fig. 9 Piezoelectric actuation device for AO modulation. (a) Mode coupling scheme for microwave-to-optical transduction. Reproduced with
permission.®® Copyright 2024, The Optical Society. (b) Total displacement profiles of typical acoustic waves actuated for microwave-optical interface,
showing Rayleigh—Lamb and Love-type shear modes on suspended and bulk substrate. Reproduced with permission.®* Copyright 2021, The Optical
Society. (c) An IDT-enabled microwave-optical interface utilizing an Si waveguide embedded between a PZT layer and SiO, cladding. Reproduced with
permission.*® Copyright 2022, American Chemical Society. (d) A SAW-based microwave-optical interface with an MZI waveguide on Ge,5Sb10Ses film
atop LNOI. Reproduced with permission.>®2 Copyright 2025, Springer Nature. (e) AO frequency shifter with GaP~BGaP-GaP hetero-structure device
with optical resonator exhibits inherent quality factors higher than 25 000 and 20 000, operating at optical phase-matching conditions. Reproduced with
permission.?®®> Copyright 2023, Wiley-VCH. (f) Cross-sectional view of a BAW resonator illustrating the longitudinal displacement distribution of a typical
HBAR mode. Reproduced with permission.®® Copyright 2024, The Optical Society. (g) A high modulation speed acousto-optic modulation achieved on
photonic integrated chips by stimulating high-harmonic body acoustic wave resonance. Reproduced with permission.*®® Copyright 2020, Springer
Nature. (h) A piezoelectrically actuated photonic—microwave transducer with HBAR acoustic modes in a suspended cladding coupling to a microwave
line and DC stress-optic tuning. Reproduced with permission.*®® Copyright 2024, The authors. (i) A metal-air-piezoelectric thin-film configuration,
incorporating air gaps and suspended structures, enables enhanced acoustic wave propagation control and improved acousto-optic coupling efficiency
for high-frequency applications. Reproduced with permission.?** Copyright 2024, IEEE. (j) Optomechanical crystal design, showing optical and
mechanical modes FEM simulation. Reproduced with permission.!>> Copyright 2009, Springer Nature. (k) An optomechanical ring resonator with
integrated photonic and phononic waveguides, supporting co-resonant photon and phonon modes. Reproduced with permission.*®” Copyright 2023,
Springer Nature. (I) Schematic of the suspended optical waveguide feeding the piezo-optomechanical transducer with electrical terminals, which are
connected to the microwave kinetic inductance resonator. Reproduced with permission.*®2 Copyright 2024, Springer Nature. (m) A piezo-
optomechanical transducer with a piezoelectric block embedded in a superconducting resonator alongside an optomechanical photonic-crystal cavity,
allowing microwave pulses to drive a fixed-frequency qubit, and its readout signal is upconverted to the optical domain via the transducer. Reproduced
with permission.’®* Copyright 2025, Springer Nature.

and mode matching effect. This suggests that acoustic design
in the design of AOM devices will be beneficial for achieving
efficient broadband modulation. Guided by this, the excitation
and propagation of acoustic modes directly determine modula-
tion efficiency. In bulk substrates, the Rayleigh-type surface
acoustic wave (SAW) mode induces elliptical particle motion
confined within a shallow surface region, making it suitable for

2760 | Nanoscale Horiz., 2025,10, 2744-2771

near-field coupling. Recognizing these limitations of Rayleigh-
type surface waves, researchers have turned to suspended Lamb
modes and Love-type shear-horizontal waves as complementary
solutions. The symmetric SO branch offers minimal attenuation
but a narrower operational band, whereas the antisymmetric
A0 branch extends bandwidth at the cost of higher bending-
induced loss. Love-type shear-horizontal waves introduce
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strong shear confinement that suppresses crosstalk, thereby
enabling higher integration density. Although all three rely
on piezoelectric transduction, they differ in vertical energy
distribution and modal field overlap, providing designers with
explicit trade-offs between low loss, wide bandwidth, and
compact.®">%°

As illustrated in Fig. 9(b), the displacement distributions of
Rayleigh, Lamb, and Love waves reveal distinct propagation
and spatial confinement characteristics. These diverse modes
expand the design space in frequency selectivity, bandwidth
tunability, and energy localization, offering the material and
structural foundation for high-performance, low-loss, and com-
pact acousto-optic modulators (AOM). Building on this modal
analysis, device designs exploit interdigital transducer (IDT)
finger period and electrode placement to. Selectively excite
SAW, Lamb, or shear-horizontal modes. In bulk resonator
configurations such as high-overtone bulk acoustic resonators
and film bulk acoustic resonators, the Fabry-Perot cavity
formed by electrodes and substrate thickness supports long-
itudinal or shear bulk modes with high quality factors. Surface-
wave and bulk-wave modulators both rely on geometric and
piezoelectric-layer optimization to achieve optimal coupling and
frequency response. The construction of high-Q mechanical reso-
nant cavities or the adoption of cavity-enhanced strategies can
prolong the lifetime of mechanical modes and strengthen their
interaction with optical modes. Furthermore, the integration of
multi-mode optical cavities, combined with pump-enhanced
photon number amplification, contributes to increased acousto-
optic conversion gain. Combined with structural engineering
techniques such as film suspension,'*®'7%1722%1 thege strategies
provide precise control over acoustic pathways and acousto-optic
interaction regions, enabling device operation across the RF and
millimeter-wave regimes.

Building on the mode-coupling framework that links elec-
tromechanical coupling strength and acoustic confinement to
modulation efficiency, device designs translate key theoretical
parameters into practical geometries. Specifically, the IDT
finger period is chosen to satisfy the phase-matching condition
for the targeted acoustic mode, while electrode overlap and port
impedance are tuned to achieve the desired external coupling
rate and minimize intrinsic loss By mapping the coupling
coefficients g.,, and gom onto IDT geometry and electrode
positioning, designers can optimize classic piezoelectric-based
modulators for high conversion efficiency and bandwidth.*®
In these devices, metallic IDTs patterned on PZT thin films
generate in-plane acoustic waves that remain confined near the
surface and couple into adjacent optical waveguides, as shown in
Fig. 9(c). The efficiency of this transduction is quantitatively
characterized by the parameter VnL, which reflects the voltage-
length product required to induce a phase shift of m in the
optical signal. Experimental implementations have demon-
strated gold and aluminium IDTs operating at 576 MHz and
2 GHz, respectively, with corresponding VnL values of 3.35 V cm
and 3.60 V cm, indicating moderate modulation efficiency
governed by the coupling coefficient g.,, and the g, for opto-
mechanical interaction.

This journal is © The Royal Society of Chemistry 2025
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It is important to note that SAWs are primarily confined to
the surface of the piezoelectric layer, with their acoustic modes
decaying exponentially into the underlying substrate.'*” There-
fore, in integrated designs, the placement of optical waveguides
must be carefully optimized to maximize acousto-optic overlap.
Generally, a suspended piezoelectric layer design can enhance
the acoustic quality factor and modulation efficiency, although
it introduces greater fabrication complexity.'*®'*1%* Fig, 9(d)
presents the non-suspended hybrid approach that employs an
LNOI platform with integrated Ge,sSb0Ses thin-film Mach-
Zehnder interferometers to leverage both the high modulation
efficiency on lithium niobate substrate and the pronounced
nonlinear response of chalcogenide glass.>®> Under this
scheme push-pull modulation at 0.84 GHz achieves an excep-
tionally low VrL of 0.03 V cm while maintaining mode effi-
ciency comparable to suspended structures. Fig. 9(e) presents a
boron-doped gallium phosphide heterostructures on silicon
that combine lattice-matched epitaxial growth with strong
piezoelectric coupling to form a scalable AOM platform.>** In
this design of SAW-based optical modulator, the electrodes and
substrate thickness form an acoustic Fabry-Pérot cavity that
supports longitudinal and shear bulk modes with high Q
factors near 1 GHz on bulk substrate, fully exploiting the
opportunity brought by functional piezoelectric materials that
reach both fabrication accessibility and device optimum per-
formance. Collectively, these designs share the need for precise
IDT period tuning and electrode placement to optimize the
overlap integral and coupling strength. Film suspension and
integration of novelly developed materials can further enhance
acoustic confinement, quality factor, bandwidth tunability, and
modulation efficiency.

Another pathway for the stronger acousto-optic interaction
and highly integrated design of acousto-optic modulators by
employing BAW modalities. Fig. 9(f) illustrates the longitudinal
displacement distribution under a typical HBAR mode, where
acoustic waves form standing waves across the multilayer stack
in the vertical direction, thereby exciting multiple higher-order
harmonic modes. Unlike SAW devices, which rely on in-plane
surface propagation, the longitudinal wave of HBAR’s vertical
confinement of acoustic energy makes it especially well-suited
for three-dimensional vertical integration platforms. Fig. 9(f)
illustrates the HBAR longitudinal displacement distribution
where vertically confined standing waves excite higher-order
harmonics. Unlike SAW, this vertical confinement supports an
acoustic quality factor Q that directly reflects the ratio of energy
stored in the mechanical mode to the intrinsic loss defined in
the multimode model. By minimizing energy loss through
vertical energy trapping while maintaining adequate external
coupling efficiency via electrode and cavity design, HBAR AOMs
achieve high Q without enlarging the chip footprint.**® In this
design, the transverse stress of BAW with large shear stress can
also be demonstrated for AO modulation by placing the optical
waveguide at the opposite node of the stress distribution on the
LN substrate.”® Such a balance between intrinsic loss and
external coupling underpins both their broad bandwidth and
efficient microwave-to-optical transduction.
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Fig. 9(g) further demonstrates HBAR’s capacity to excite
high-order bulk wave harmin onics, underscoring its potential
for high-speed modulation. Such architectures have been suc-
cessfully implemented on Si3;N, waveguide platforms. Silicon
nitride is prized for its ultralow optical propagation loss and
strong Kerr nonlinearity. However, intrinsic SizN, lacks a
Pockels effect, making direct high-speed electro-optic modula-
tion challenging. To address this, researchers have integrated
HBAR structures within photonic-crystal stacks, harnessing
their strong acousto-optic coupling to achieve modulation at
microwave frequencies above 1 GHz. The vertical confinement
of acoustic modes not only liberates lateral design freedom and
reduces modal crosstalk but also ensures outstanding modula-
tion performance while maintaining low optical loss."®*?% This
hybrid HBAR nanophotonic platform holds promise for frontier
applications such as synthetic-dimension topological photonic
devices, on-chip microwave-to-optical transducers, and low-
phase-noise optoelectronic oscillators. For example, a demon-
stration isolator on SizN, achieved over 17 dB of isolation via
HBAR-induced spatiotemporal modulation. Then the inte-
grated HBAR-nanophotonic platform in Fig. 9(h) combines a
locally suspended SiO, cladding layer with microwave coupling
and electrostatic tuning to yield a photon transduction effi-
ciency of 1.6 x 10> and a 25 MHz modulation bandwidth
under a 21 dBm drive without superconducting elements.">®
Another BAW-based modulator design in Fig. 9(i) implies a
metal-air-piezoelectric architecture to introduce dual suspen-
sion and sacrificial air gaps to isolate the acoustic core, sup-
press damping, and demonstrate excitation of the A1 Lamb
mode at 10.38 GHz with a high electromechanical coupling
coefficient of 28%.%°* Overall, these implementations illustrate
that precise vertical confinement and modal overlap control
enable highly integrated, high-performance acousto-optic
modulators across diverse material platforms.

While classical SAW and BAW modulators employ extended
interaction regions and rely on macroscopic interdigital trans-
ducer designs, emerging quantum acousto-optic devices must
instead confine both photons and phonons within sub-cubic-
micron volumes to meet stringent requirements for coherence,
noise suppression, and nonclassical state transduction. Fig. 9(j)
presents a typical OMC structure where finite element simula-
tions demonstrate the co-localization of optical and acoustic
modes."” In this scheme the periodic phononic and photonic
crystals create band gaps that confine photons and phonons to
the same sub-cubic-micron region, thereby maximizing the
optomechanical coupling rate while suppressing intrinsic loss
Unlike classical AOM devices where surface acoustic waves
propagate over large interaction regions with substantial energy
dissipation, OMC-based quantum AOMs exhibit higher inter-
action strength and reduced parasitic modes due to this tight
spatial confinement.

Another critical requirement for quantum-level performance
is the suppression of thermal noise, which directly influences
coherence, signal fidelity, and the detection of single-photon
events. In classical SAW and BAW modulators, thermal phonon
populations introduce excess noise, particularly when the
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interaction volume is large and the device is operated at room
temperature. By contrast, OMC-based devices can be engi-
neered to minimize mechanical dissipation and heat genera-
tion, leveraging phonon band gaps to filter thermal excitations
and thereby reduce noise contributions. This low-noise
environment not only improves the stability of quantum trans-
duction but also reduces the actuation energy required to
achieve strong modulation.

Building on the multimode coupling principle, both opto-
mechanical ring resonators and piezo-driven optomechanical
crystals are designed to co-localize optical and acoustic modes,
enabling efficient microwave-to-optical conversion with mini-
mal energy loss. Fig. 9(k) illustrates an optomechanical ring
resonator (OMR) optimized for efficient microwave-to-optical
frequency conversion.'®” By confining photons and phonons
within co-resonant cavities, the optical quality factor of 10° and
the acoustic quality factor of 10° can be interpreted as the direct
manifestation of low intrinsic loss and strong coupling coeffi-
cients gen, and gom defined in the multimode framework. At an
acoustic pump power of 1.6 mW, the OMR achieves an internal
conversion efficiency exceeding 2 percent, which corresponds
to a high ratio of coherent transduction to total loss channels
and validates the role of traveling-wave coupling in maximizing
external coupling rate I'.x while suppressing unwanted para-
sitic modes. Compared to traditional standing-wave cavities,
the traveling-wave nature of the ring resonator supports multi-
mode coupling, multi-channel conversion, and flexible integra-
tion into large-scale OMIC networks. Compared to such OMR
structures, the hybrid piezoelectric-optomechanical devices
illustrated in Fig. 9(1) extend this concept to quantum transduc-
tion. Extending this principle, the hybrid piezoelectric-opto-
mechanical transducer in Fig. 9(1) demonstrates non-classical
photon pair generation with a heralding efficiency of up to
47%."®> This metric can be viewed as a measure of coherent
coupling efficiency between the mechanical mode and both
microwave and optical ports, and its improvement from 40%
to 80% fidelity reflects the reduction of microwave loss and
enhanced phase-matching between the optical k, and acoustic
@, modes. The system leverages spontaneous parametric down-
conversion combined with piezoelectric-driven optomechanical
coupling to achieve entanglement across frequency domains.

In Fig. 9(m), a fully integrated piezo-optomechanical trans-
ducer achieves single-shot optical readout of a superconducting
qubit with 81 percent fidelity while converting microwave
signals near 5.2 GHz to optical frequencies around 191 THz.'**
This performance can be interpreted within the multimode
coupling model because of precise control of x,;, I'ex, and
Zom, €nabling high signal-to-noise conversion under cryogenic
operation. Collectively, these quantum-oriented OMC devices
translate the abstract coupling parameters into practical per-
formance metrics, including conversion efficiency, heralding
probability, and readout fidelity, to establish a clear design link
between classical AOM principles and quantum acousto-optic
transduction.

Modulation efficiency, typically expressed by the VnL para-
meter, remains a primary metric for assessing the performance
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of the AOM device. To enhance this efficiency, structural
adaptations such as released or suspended configurations are
often employed, as these lower Vz by increasing acousto-optic
coupling, thereby enabling reduced drive voltages without
compromising bandwidth. SAW platforms benefit from opti-
mized IDT designs and differential acoustic paths that suppress
energy leakage, while HBAR resonators rely on vertical acoustic
confinement to maintain high optical Q factors. In contrast to
the classical implementations, OMC architectures realize
strong optomechanical coupling by confining both optical
and mechanical modes within deeply subwavelength volumes,
enabling efficient modulation under low power and low ther-
mal occupancy. The fundamental shift in design philosophy is
evident when comparing IDT-based SAW and BAW AOMs to
quantum-oriented OMC architectures, as the former emphasize
fabrication maturity and device generality, whereas the latter
demand spectral precision, mode purity, and nonlinear cou-
pling capabilities tailored to non-classical state generation and
transduction. Consequently, the hybridization of OMC struc-
tures with piezoelectric excitation emerges as a critical strategy
in the development of piezoelectric transducers for advanced
modulation, offering synergistic enhancement in both signal
fidelity and thermal noise suppression, which are indispensable
for large-scale quantum networks and cryogenic quantum pro-
cessors. The intrinsic photoelastic effect links material refractive
index modulation to the cube of the index, which means that
high-index waveguides such as silicon, or the integration of
transducers fabricated on materials with large piezoelectric coeffi-
cients, including PZT and ScAlN, significantly improve tuning
efficiency and reduce power consumption.

Emerging materials have further expanded the AOM material
toolbox. ScAIN films prepared by sputtering or metal-organic
chemical vapor deposition (MOCVD),"*® exhibit stronger piezo-
electric response and better mode overlap than AIN, though
etching challenges remain at high scandium concentrations."”
BaTiO; (BTO) combines strong electro-optic and piezoelectric
properties, enabling modulators with bandwidths approaching
30 GHz, yet its piezoelectric-driven potential for AOM applications
is still underexplored.'®>'®® Recent studies on silicon-hafnium
beryllium oxide hybrid micro-ring devices show that the hafnium
beryllium oxide layer functions as both an active optical medium
and a piezoelectric actuator, achieving bidirectional tuning
with power efficiency as low as 0.12 nW pm ™~ ".'® In addition,
potassium sodium niobate (KNN) offers a high piezoelectric strain
coefficient, suggesting potential for lead-free AO modulation and
energy-harvesting applications.”

From the perspective of SAW-based AOMs, ongoing devel-
opment emphasizes enhancing acousto-optic coupling by
adopting high-performance substrates such as X-cut LiNbO;
and ScAIN. These materials offer strong piezoelectricity, effi-
cient mode overlap with optical waveguides, and support low-
loss, phase-matched excitation for surface waves. For BAW-
based devices, the current focus lies in fabricating high-Q
resonators with vertical confinement and multilayer hetero-
structures that achieve high acoustic velocity contrast and
efficient GHz-class modulation. OMC-based AOMs, by contrast,

This journal is © The Royal Society of Chemistry 2025

View Article Online

Nanoscale Horizons

represent the frontier of nanoscale photon-phonon interaction,
where co-localized optical and mechanical fields enable excep-
tionally strong coupling suitable for both classical signal pro-
cessing and quantum transduction. Integration of piezoelectric
elements with OMCs allows efficient phonon generation and
manipulation at GHz frequencies, which is particularly relevant
for linking superconducting qubit systems through photonic
networks.">

Looking forward, low-power and high-speed integration
across SAW, BAW, and OMC platforms will depend on break-
throughs in piezoelectric actuator engineering, material growth
and patterning precision, and scalable heterogeneous integra-
tion. A synergistic approach that combines the advantages of
this modulation of cross-frequency mode-coupling architec-
tures is essential for developing programmable RF-optical
compatible systems and quantum-compatible AOM devices.

7.2. Electro-optic tunable waveguides

Electro-optical (EO) tunable waveguides are essential compo-
nents in modern photonic integrated circuits (PICs).'8*7'8*
By applying an external electric field, the refractive index of
an EO material can be modulated, leading to phase shifts and
amplitude changes in guided optical modes. This mechanism
allows for high-speed and broadband modulation with low
insertion loss, which is critical for optical communication
systems, signal processing, and emerging applications in
photonic computing. Various materials such as lithium niobate
(LiNbO3, LN), barium titanate (BaTiO;, BTO), and lead zirco-
nate titanate (PZT) have been employed for EO tuning, integrated
either monolithically or as hybrid layers onto silicon or silicon
nitride waveguides. These configurations facilitate scalable and
reconfigurable photonic architectures, advancing programmable
photonic systems for next-generation technologies.

Fig. 10(a) shows an LN-based EO modulation device based
on a Mach-Zehnder interferometer (MZI) with multiple
branches for in-phase (I) and quadrature (Q) signal modulation,
achieving a 3 dB bandwidth larger than 70 GHz.'® Fig. 10(a)
illustrates the layout of the device, which features an input
grating coupler, a multimode interference (MMI) splitter, and
distinct I and Q branches controlled by thermo-optic (TO)
phase shifters. Ground-signal-ground (GSG) electrodes are inte-
grated along the branches to apply the required external
voltages for EO modulation, and grating couplers at the output
end couple light off-chip. The optical modulation response is
characterized by measuring the normalized transmission as a
function of the applied voltage. Fig. 10(b) shows the transmis-
sion curves of the I and Q branches, indicating clear sinusoidal
modulation behaviour. The half-wave voltages (Vn) are
extracted for devices of different lengths: 1.9 V for a 13-mm-
long device and 3.1 V for a 7.5-mm-long device. The extinction
ratio (ER) exceeds 25 dB, indicating a strong modulation
contrast. The variation of transmission with voltage demon-
strates that the applied electric field modifies the refractive
index of the EO material via the Pockels effect, resulting in
phase shifts and thus modulation of the transmitted light
intensity. The transmission peak shifts correspond to the phase
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Fig. 10 Electro-optic tunable waveguides. (a) Schematic of an LNOI-based /Q modulator. (b) Normalized optical transmission of both branches of the
13-mm and 7.5-mm devices as a function of the applied voltage, showing Vr of 1.9 V and 3.1V, respectively. The inset shows the measured normalized
transmission on a logarithmic scale, showing an extinction ratio greater than 25 dB. (a) and (b) reproduced with permission.*®®> Copyright 2022, Springer
Nature. (c) Microscope picture of the PZT-on-SiN ring resonator with gold contacts. (d) Transmission spectrum of the PZT-on-SiN ring resonator
(waveguide width = 1 pm, radius = 150 um). (e) Ring transmission as a function of applied DC voltage, the arrow shows in which order the spectra is
measured. (c)-(e) reproduced with permission.2°> Copyright 2017, Optical Society of America. (f) Microscope image of a Sco 1Alo N EOM device. Insect:
Zoomed-in view of the GSG electrodes illustrating good alignment with the buried ring resonator. (g) Cross-sectional SEM image of bonded ScAIN-on-
insulator substrate. (h) Transmission spectra of a near-critically coupled TE-mode resonance under different applied voltages. Lorentzian fits for £200 V
are shown in bold. (f)—(h) reproduced with permission.t’”® Copyright 2024, Springer Nature. (i) Micrograph of a racetrack resonator device with BTO phase
shifters (dashed rectangles). (j) Schematic cross-section of the phase shifter, consisting of a silicon ridge waveguide on top of a BTO layer with gold
electrodes. (k) Top: resonance shift as a function of increasing and decreasing voltage (butterfly-shaped curve), yellow arrow indicates the range of stable
domain states at 2 V bias. Bottom: Schematics indicating how domains are populated while increasing the voltage applied between the electrodes

indicated in green. (i) (k) reproduced with permission.*8® Copyright 2022, Springer Nature.

modulation, with a m phase shift achieved at Vr, and the
direction of the shift depends on whether the refractive index
increases or decreases under the applied field. Besides,
Alexander et al. demonstrated an integrated photonic modula-
tor based on PZT deposited on silicon nitride (SiN) waveguides.
Fig. 10(c) shows the fabricated ring resonator structure with
PZT coating and gold electrodes for modulation control.>*® The
device was fabricated on LPCVD SiN waveguides with a high-
quality PZT layer deposited by chemical solution deposition
(CSD), patterned using reactive ion etching (RIE) for precise
electrode placement. The transmission spectrum of the ring
resonator, shown in Fig. 10(d), exhibits a series of resonance
dips corresponding to different wavelength channels, confirm-
ing the Q-factor of 3000 and well-defined resonance character-
istics of the structure. The free spectral range (FSR) measured
was approximately 1.11 nm, with a waveguide width of 1 pm
and ring radius of 150 pm. Fig. 10(e) shows the EO modulation
performance, where the ring transmission is plotted as a
function of wavelength under different applied voltages. The
resonance wavelength shifts with applied voltage, demonstrat-
ing a tuning efficiency of approximately 17.2 pm V', and
a VnLrn of about 1 V cm. The device also exhibited a modulation
bandwidth exceeding 25 GHz and optical loss below 1 dB cm ™.
This work demonstrates the potential of PZT-on-SiN platforms
for high-speed and low-loss integrated photonic modulators.
Another work also employed ring structure but with a different
material. As shown in Fig. 10(f), Yang et al. fabricated micror-
ing resonators (MRR) on scandium-doped aluminum nitride
(ScAIN)-on-insulator substrates.’”® The cross-sectional SEM
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image in Fig. 10(g) highlights the ScAIN waveguide and elec-
trode structure that ensures strong overlap between the optical
mode and the applied electric field. The experimental transmis-
sion spectrum in Fig. 10(h) shows resonance shifts under
varying applied voltages, indicating an effective tuning mecha-
nism through the Pockels effect. The measured Q-factor
exceeded 43000, and the device showed a notable shift in
transmission spectra, confirming enhanced EO performance
in ScAIN. This platform offers a scalable and CMOS-compatible
path for high-speed photonic modulators and phase shifters.

Beyond EO modulators, materials that exhibit intrinsic
ferroelectric properties can be used for non-volatile memory
in integrated photonic circuits. As shown in Fig. 10(i), Geler-
Kremer et al. designed a phase shifter consisting of a silicon
ridge waveguide integrated on top of a BTO thin film, encapsu-
lated within multilayer stacks including Al,O; and Au
electrodes.'®® The cross-sectional schematic in Fig. 10(j) illus-
trates the device layers, including a 100-nm Si waveguide core,
225-nm buffer, and 750-nm phase shifter section atop the BTO
layer. The electro-optic hysteresis measurement in Fig. 10(k)
demonstrates multilevel, non-volatile phase control, with eight
distinct states achieved through controlled ferroelectric domain
switching. The device exhibits ultralow insertion loss (~0.07 dB)
and switching energy as low as 4.6-26.7 pJ, offering a scalable
solution for programmable photonic circuits.

While significant progress has been made across multiple
EO material platforms, several opportunities remain under-
explored. For instance, phase-change ferroelectrics like potas-
sium sodium niobate (KNN) or EO-active III-V semiconductors
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(e.g., GaP, GaAs) could offer higher bandwidth and better
quantum-optic integration than current platforms. Moreover,
exploring GHz-THz modulation regimes, quantum-classical
cross-over dynamics and integration with superconducting or
spintronic systems could unlock novel applications in quantum
photonics and photonic neuromorphic computing. In conclusion,
future research should focus not only on optimizing device
figures-of-merit (Vr, Q, bandwidth, energy) but also on identifying
and engineering materials that bridge classical and quantum
functionality in compact, low-power platforms.

8. Conclusions

The convergence of piezoelectric and ferroelectric effects in MEMS
and NEMS platforms has opened a versatile pathway toward
building multifunctional micro/nano-devices capable of sensing,
actuation, memory storage, and signal modulation. These effects,
when strategically coupled with well-engineered materials and
device architectures, enable compact and energy-efficient solu-
tions that serve a growing demand for intelligence at the edge.

Through this review, we have highlighted the wide-ranging
application domains empowered by these effects—from tactile
sensors, accelerometers, and RF resonators to energy harvesters,
memory devices, neuromorphic arrays, and optical modulators.
Each application leverages a specific set of material and structural
requirements, making material selection a key determinant of
device performance and scalability. The comparative framework
provided here aims to serve as a practical reference for aligning
material properties with functional needs, particularly in CMOS-
compatible processes.

Looking forward, the integration of these device functional-
ities into larger application ecosystems—such as AIOT, wearable
health monitoring, immersive AR/VR, and soft robotics—will
hinge on system-level co-design. This includes not only optimiz-
ing individual components, but also developing seamless signal
flow across sensing, memory, and computing layers. Advances in
heterogeneous integration, flexible substrates, and in-memory
computing architectures are expected to further blur the bound-
aries between physical sensing and information processing,
moving toward intelligent microsystems that are autonomous,
adaptive, and deeply embedded in real-world environments.
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