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Acoustic devices play an increasingly important role in modern society for
information technology and intelligent systems, and recently significant
progress has been made in the development of communication, sensing, and
energy transduction applications. However, conventional material systems,
such as polymers, metals and silicon, show limitations to fulfill the evolving
requirements for high-performance acoustic devices of small size, low power
consumption, and multifunctional capabilities. 2D materials hold the
promise in overcoming the development bottleneck of acoustic devices
aforementioned, given their atomic-thin thickness, extensive surface area,
superior physical properties, and remarkable layer-stacking tunability. By
suspending the 2D materials, mechanical and thermal disruption from
substrate will be eliminated, which will enable the development of new
classes of acoustic devices with unprecedented sensitivity and accuracy. In
this review, the recent progress of acoustic devices based on suspended 2D
materials and their composites, especially applications in the audio frequency,
static pressure, and ultrasonic frequency range, is briefly summarized,
emphasizing the advantageous properties of suspended 2D materials and
related outstanding device performance. Together with the development of 2D
membrane synthesis, transfer, as well as microelectromechanical fabrication
process, suspended 2D materials will shed light on the next-generation
high-performance acoustic devices.
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1. Introduction

An acoustic wave is a type of mechani-
cal wave that carries energy and informa-
tion through the vibration of a medium
with the motions of atoms and molecules.
Acoustic devices, consisting of appara-
tus for emitting and receiving acoustic
waves, play a crucial role in various fields,
such as microphones,[1–7] speakers,[8–14]

hearing aids,[15] industrial monitoring,[16]

oceanography[17] and ultrasonic imaging
systems.[18] In the realm of information
technology and intelligent systems, there
is also a pressing demand for acoustic de-
vices that possess high performance, small
size, low power consumption, and multi-
functional capabilities.[19–22] In recent years,
significant progress has been made in the
development of acoustic devices, thanks
to the exploration of various diaphragm
materials,[23] the optimization of design[24]

and fabrication techniques.[25] However,
conventional material systems, including
metals, polymers, ceramics, and silicon,
show difficulties to fulfill the evolving
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requirements of next-generation acoustic devices. The physical
properties of the material directly determine the operational prin-
ciple and performance characteristics of acoustic devices, en-
compassing parameters such as Young’s modulus, mechanical
strength, dielectric constant, carrier mobility and heat capacity,
etc. The utilization of conventional millimeter-thick materials is
impeded by their high area density and damping characteristics,
posing constraints on the improvement of critical performance
indicators, such as response bandwidth and signal distortion.[26]

The scaling down of device dimensions usually leads to a rise
in thermal noise, further limiting their sensitivity of acoustic
devices.[27]

2D materials hold immense promise in tackling the aforemen-
tioned challenges, given their atomic layer thickness, extensive
surface area, superior physical properties, and remarkable layer-
stacking tunability.[28–30] Ultrathin 2D materials exhibit unique
characteristics that distinguish them from their bulk counter-
parts, which have enabled the development of new classes of
acoustic devices with unprecedented sensitivity and accuracy.[28]

Specifically, their large lateral size and ultrathin thickness re-
sult in ultrahigh specific surface area, making them well-suited
for sensing applications.[31] Especially for graphene, the high
Young’s modulus and low absorption enable the fabrication of
flexible and transparent acoustic devices. The extremely light
weight, combined with a low-stress state, enables almost effort-
less vibration in response to sound waves in the air, which yields a
flat and broad frequency response, making it a promising candi-
date for an ideal microphone diaphragm. Due to the weak van der
Waals (vdW) interlayer interaction, the convenient manipulation
of layer-stacking of 2D materials has positioned them as poten-
tial candidates for tunable electromechanical nanoresonators.[32]

In addition, the ultrathin nature of 2D materials allows them
to be integrated with modern silicon-based technologies such as
the complementary metal oxide semiconductor (CMOS) fabrica-
tion process. Furthermore, compared with substrate supported
material, suspended 2D materials yield superior advantages in
terms of deformation and transduction mechanisms for acoustic
devices.[33] Upon eliminating the interaction with the substrate
(such as mechanical and thermal disruption), the substrate no
longer hinders the material’s vibration, deformation, and recov-
ery process, thereby enabling the suspended material to respond
independently and realize its full potential for high-performance
acoustic devices.[29]

In this review, we summarize the progress of acoustic devices
based on suspended 2D materials and their composites, empha-
sizing the advantageous properties of suspended 2D membranes
and related outstanding device performance (Figure 1). We start
by briefly introducing the synthesis and suspension techniques
for the 2D membrane. Then applications in different operating
frequency ranges have been reviewed in detail. Although acous-
tic devices that operate at different frequency ranges may share
common underlying principles, the manner in which 2D mate-
rials behave as sensitive vibrational elements varies considerably
across the quasi-static to ultrasonic range. Therefore, the proper-
ties of interest for 2D materials also differ markedly. Specifically,
in the audio frequency range, the use of suspended 2D mate-
rials as the diaphragms of speakers/microphones results in ex-
cellent performances such as high sound pressure level (SPL),
high sensitivity, broad bandwidth, flat response and high signal-

to-noise ratio, etc. As for static pressure sensors, suspended
2D materials can be utilized as the deformable membrane to
achieve ultrahigh sensitivity per unit area and improved re-
sponse linearity through low-cost array design. In the ultrasonic
frequency range, suspended 2D materials possess advantages
in high resonance frequency, high quality factor, and remark-
able tunability for nanoelectromechanical (NEMS) resonators,
which can be utilized in mass, thermal and other advanced
sensing technologies. Meanwhile, we also survey some relevant
progress based on 2D material composites, which can address
some of the challenges existing in current acoustic devices based
on pure 2D material, such as the imperfect fabrication pro-
cess, in order to enhance the performance of relative acoustic
devices.

2. Suspension of 2D Membranes and Device
Fabrication

High quality vibrating membranes play an essential role in acous-
tic devices and directly influences their acoustic performance.
Nowadays, various kinds of new diaphragm materials have been
utilized in order to enhance the stability and sensitivity of acous-
tic devices, among which the high performance 2D materi-
als have been explored in detail, accompany with the develop-
ment of synthesis methods such as chemical vapor deposition
method (CVD), physical vapor deposition method (PVD), molec-
ular beam epitaxial (MBE), atomic layer deposition and slurry
method, etc. CVD and slurry methods are commonly utilized
due to their potential for large-scale synthesis with lower costs,
which will be introduced in the following sections detailly. After
the synthesis, the membrane should be transferred with proper
methods to avoid wrinkles and cracks, and suspended as vibrat-
ing diaphragms for acoustic devices. Advanced transfer tech-
niques such as the “stamp” transfer (also known as the “dry
method”) and the polymer assisted transfer (also known as the
“wet method”) have been developed to achieve either on-chip in-
tegration with miniaturized electronics or large area suspended
membrane-based acoustic devices. Here we briefly introduce the
synthesis of large area 2D materials membranes and transfer
methods with up-to-date progress and discuss how they can be
integrated with acoustic devices. Importantly, we provide a thor-
ough overview of prestress regulation techniques for suspended
2D material-based membranes. These techniques represent the
latest advancements and have received increasing attention in
previous work, which indeed plays a crucial role in enhancing
the performance of advanced acoustic devices, including sensi-
tivity, bandwidth, stability, and service life. We will discuss them
detailly in Section 2.4.

2.1. Synthesis of 2D Material Based Membranes

The CVD method is a technology that utilizes the vapor phase
reaction containing target chemical elements to generate thin
films on the substrate, possessing the advantages of simplicity,
controllability as well as cost-efficiency for production of large
area 2D material films.[34–37] Nowadays, the growth of large area
graphene on metal substrates (such as copper (Cu)) has been re-
alized. Researchers have found that domains of graphene grown
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Figure 1. Overview of the superior properties and corresponding acoustic devices associated with suspended 2D materials and their composites.

on Cu(111) surface could be directed with the same orientation
and seamlessly stitched into large area single crystal graphene
sheet.[38–40] Typically, Xu et al. referred this method and success-
fully manufactured a single crystal graphene sheet on annealed
Cu(111) surface with a size of more than half a meter (Figure 2a
shows the mechanism of the process).[41] The growth of graphene
on other metal substrates has also been realized using similar
methods.[42–45] Attempts of graphene growth on semiconductor
or insulator substrates such as silicon, silicon dioxide or ger-
manium are also explored in detail,[46–49] making it possible for
the in-situ growth of graphene films on miniaturized electronics

devices. Moreover, large area monolayer and multilayer transi-
tion metal dichalcogenides (TMDs) such as MoS2 and WSe2 have
been synthesized using the CVD method. In 2017, Yu et al. suc-
ceeded in growing monolayer MoS2 on a 2-inch sapphire sub-
strate using the step-edge-guided CVD method (Figure 2c).[50]

Li et al. and Wang et al. further developed this method and
realized wafer-scale growth of single crystal TMDs.[51,52] These
wafer-scale synthesis methods are conducive to the produc-
tion of large area membranes used for acoustic diaphragms.
Direct synthesis of suspended TMDs membranes has also
been realized recently,[53] which effectively avoids pollution and
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Figure 2. Synthesis of 2D materials by different methods. a) Process of monolayer graphene growing on Cu(111) foil by CVD. Length of the single crystal
graphene is meter-scale and it is limited by the current furnace tube and the length of the Cu foil. Reproduced with permission.[41] Copyright 2017, Elsevier
B.V. and Science China Press. b) Monolayer graphene grown on germanium substrate by CVD. Reproduced with permission.[49] Copyright 2014, The
American Association for the Advancement of Science. c) Illustration of the chemical vapor deposition furnace and growing process of monolayer MoS2.
Bottom illustration shows the stacked MoS2 of monolayer, bilayer, trilayer and four layers. Reproduced with permission.[50] Copyright 2017, American
Chemical Society. d) Synthesis and transferring process of graphene oxide membrane. The transferred GO membrane and the fiber composed a highly
sensitive fiber-optic microphone. Reproduced with permission.[54] Copyright 2017, IEEE. e) Intercalation of bulk MoS2 crystal and film made by slurry
method. The flakes stack on each other and the van der Waals interaction makes the film highly stretchable. Reproduced with permission.[61] Copyright
2018, Springer Nature Limited.

mechanical damages during the transfer process for suspension
of the acoustic diaphragm.

As for slurry method, the slurry containing 2D material
flakes, such as graphene and TMDs, can be directly spin-
coated into large area membranes.[54–57] These slurry can be pre-
pared by oxidation[58] or intercalation of 2D materials including
graphite, MoS2, WS2, and etc.[59–61] Graphene oxide (GO) and
other graphene derivative are typical materials, which could be
made into membranes utilizing slurry methods, as shown in
Figure 2d. The common synthesis method for GO is the Hum-
mers method.[55] Graphite powder undergoes oxidation reaction
in potassium permanganate mixed with concentrated sulfuric
acid, resulting in the formation of brown GO flakes. These flakes
are then dispersed in a solvent to create GO ink, which can
be spin-coated onto a substrate. After spin-coating, the flakes
from ink will stack with each other and form into a film dur-
ing the solvent evaporation. As for intercalation, electrochem-
ical method is commonly utilized, and recently, Lin et al. in-
tercalated into MoS2 crystal (cathode) with tetraheptylammo-
nium bromide molecules in acetonitrile solvent, so as to ex-
foliate them into thin layers. Then they spin-coated the MoS2
slurry on a substrate and produced a stretchable large area semi-

conductor film (Figure 2d) with good mechanical and electrical
properties.[61]

2.2. Transfer Methods for Suspension

Advanced 2D materials need to be peeled off from their grown
substrate to be made into suspended vibrating diaphragms for
possible acoustic devices. Here in this section, we mainly dis-
cuss the transfer method including polymer assisted wet transfer
method and the dry transfer method using polydimethylsiloxane
(PDMS) stamps, and also review the latest developments of sus-
pension process for large area 2D materials. It is worth noting
that transferred materials are susceptible to wrinkling and inter-
nal stress introduced by some unavoidable sharp corners or un-
dulations, which will be discussed in Section 2.4.

The dry transfer method does not need to dissolve the sub-
strate. This method is suitable for 2D materials with weak
adhesion to the substrate (such as vdW adhesion) .[62–64] 2D
materials can be peeled off directly on the PDMS and trans-
ferred to the target substrate (including the substrate with holes)
through a point-to-point method with a certain area typically of
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several tens of micrometers (shown in Figure 3a). Only poly-
mer stamps (such as PDMS) with the relatively clean surface
are utilized in this process so that there is less pollution intro-
duced. This method is most efficient in fabricating small acous-
tic devices with suspended diaphragms. Another capillary-force-
assisted transfer method is also developed and 2D materials such
as TMDs can be transferred through water invasion, implying
that the capillary adhesion between PDMS and 2D materials hy-
drophobic surfaces is strong enough to overcome the vdW force
between TMDs and substrate.[65–67] By using dry method, the ma-
terials can be easily separated from the substrate without any
etching process. However, dry method inevitably leads to uneven
strain distribution during material contact, making it challeng-
ing to transfer large area films. What’s more, for some materials
grown by CVD, it is also difficult to achieve peeling on polymers
because of the relative strong adhesion with the substrate, so the
usage of this method is sometimes limited.

Wet transfer is suitable for 2D materials with stronger adhe-
sion with the substrate, and it’s necessary to etch the substrate in
order to release the membrane. It enables transfer of larger area
membrane.[66,68–71] For 2D materials such as graphene grown on
Cu substrate, their interaction is strong and it is not accessible
to directly exfoliate them from the substrate. So the wet trans-
fer method with polymethyl methacrylate (PMMA) as a tempo-
rary supporting substrate was utilized (Figure 3c). After etching
the Cu substrate, the graphene supported by PMMA layer could
be then attached to the target substrate, such as substrates with
holes. PMMA can then be removed by acetone. However, espe-
cially for the suspended structure, the introduction of acetone
causes unavoidable cracks on the film due to the change in sur-
face tension caused by the evaporation of acetone. This problem
can be further handled by utilizing critical point dryer (CPD). Be-
fore the drying procedure, acetone is replaced by alcohol and then
alcohol is replaced by liquid CO2. Here supercritical drying is per-
formed to make the CO2 reach its critical point during the dry-
ing process through the control of pressure and temperature, and
complete its transition from liquid phase to a supercritical fluid.
In the supercritical state, there is no interface between gas and
liquid, so the supercritical fluid would be gradually expelled from
the chamber. With the assistance of CPD, structural damages of
2D membranes caused by capillary force and stretch of the film
could be avoided a lot, which contributes to large area membrane
suspension.

Recently, researchers have developed novel approaches for
transferring large-sized 2D materials and improving the diame-
ter to thickness ratio of suspended 2D materials gradually. Wang
et al. developed an inverted floating method (IFM) that im-
proved upon the previous PMMA-assisted transfer and success-
fully achieved the suspended transfer of monolayer graphene
with a diameter of 200 μm.[72] Akbari et al. used a similar
IFM for transferring thin films and further controlled the in-
ternal stress through vacuum thermal annealing, successfully
producing large-area suspended ultraclean monolayer and bi-
layer graphene membranes with diameters of up to 600 μm and
750 μm.[73] The transfer of even larger-area suspended thin films
primarily relies on the newly developed sublimation-assisted
transfer method. Carvalh et al. coated CVD-produced graphene
with anthracene in a vacuum evaporator (pressure at 5× 10−2 mil-
libars, temperature at 130 °C, heating for 30 minutes). They sep-

arated the graphene/anthracene film from the copper substrate
by electrochemical bubbling in a 0.4 m NaCl solution (at a volt-
age of 4 V), then removed the NaCl impurities from the film and
sublimated the anthracene film on the graphene film at 115 °C
(at 5 × 10−2 millibars). The success rate of the transfer using this
sublimation-assisted transfer process is close to 100%, achieving
suspended graphene with a thickness of 10 layers and a diam-
eter of 4 mm, which is at least two orders of magnitude larger
than previous literature.[74] What is even more astonishing is that
Nam et al. utilized camphor as a support layer and gradually sub-
limated it using ethanol vapor at 75 °C, achieving a ultralarge
suspension of graphene with amazingly thickness of ≈20 nm
and diameter of 100 × 100 mm2 after 48 h.[75] These suspended
graphene membranes with ultrahigh diameter to thickness ra-
tios are crucial for the fabrication of high-performance acoustic
devices.

2.3. Micromachining Fabrication Process

In this era of information and intelligence, functional de-
vices such as acoustic chips, acoustic photoelectric sensors,
micro/nanoelectromechanical systems (MEMS/NEMS) and mi-
cro/nanoresonators based on suspended materials are developed
towards high-performance and miniaturization with low power
consumption and multi-functions. Different fabrication strate-
gies have been developed and here we only briefly discuss the
“bottom-up” strategy and the “sacrificial layer” strategy in the fol-
lowings.

Bottom-up strategy aims at fabricating the device from the bot-
tom layer to the upper layer and forming a cavity[76,77] (Figure 3h).
The craft begins from a bare silicon wafer and a layer of silicon
dioxide is grown on it by plasma enhanced chemical vapor de-
position as an insulator. The pattern on the mask is transferred
to the photoresist by ultraviolet lithography. The patterned pho-
toresist performs as a temporary mask for subsequent physical
etching. Then holes are etched with reactive ion etching until the
insulator is penetrated. After that, the bottom electrode is con-
structed with the electron beam deposition followed by solving
the photoresist with acetone. After transferring the membrane,
the microscale gold electrode should be deposited or transferred
onto the edge of the material to form the top electrode. Through
this method a simple MEMS/NEMS acoustic device is built up
which is able to be driven by alternating current.

Sacrificial layer strategy is more complex (Figure 3i).[78] In this
route, the risk of diaphragm collapse during transfer could be
minimized by setting the wet etching as the final step. Before
the wet etching step, 2D material is supported by solid substrate.
The sacrificial layer strategy relies on a silicon on insulator (SOI)
wafer in which two doped silicon layers and one silicon diox-
ide sacrificial layer consists of a sandwich combination. After de-
positing the Si3N4 on both sides, photolithography operations are
conducted to form the cavity and back hole. Here the Si3N4 works
as a stop layer in chemical mechanical polishing and Si3N4 on the
other side is for protection in the following anisotropic etching
on the thick silicon. The thick crystal silicon wafer crystal has dif-
ferent directions and the etching rate at <111> is faster than in
other directions. Since the normal direction of the SOI is <100>,
the wafer is etched by KOH to the residual of frustums which
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Figure 3. Demonstration of material transfer process, prestress characterizing and tuning method of suspended 2D materials, and fabrication of the
MEMS/NEMS structure. a) Polymer assisted wet transfer process. b) Schematic of nanoindentation on suspended graphene membrane. Before inden-
tation, the graphene film undergoes non-contact AFM scanning, and mechanical testing is conducted at a constant displacement rate, followed by load
reversal. This process is typically repeated multiple times to verify that the deformation of the graphene film remains within the elastic range and that no
slippage occurs. Reproduced with permission.[85] Copyright 2008, The American Association for the Advancement of Science. c) Force–distance curve
acquired by applying point load with the AFM tip at the center of 2.3 μm radius device. The black line is a fit of a theoretical equation for a prestressed
membrane under a point load. Reproduced with permission.[86] Copyright 2018, American Physical Society. d) Experimental setup for prestress measure-
ment of the electrostatic resonator. A sinusoidal voltage waveform sourced from a function generator (AG) is amplified by a high-voltage amplifier (AMP)
to drive the device placed in a custom vacuum cell. Time–domain deflection profiles are recorded via a laser interferometer, then frequency-domain signal
acquired through fast Fourier transformation to identify the fundamental resonance frequency and prestress can be determined according to theoretical
equation. Reproduced with permission.[89] Copyright 2021, American Chemical Society. e) Histograms of fundamental mode frequencies f1,1 and cor-
responding prestress of membrane resonators stamped onto the target substrate at different temperatures. Due to the pronounced thermal expansion
of the PDMS stamp, the membranes’ prestress shifted to higher values with increasing temperature. Reproduced with permission.[89] Copyright 2021,
American Chemical Society. f) False-colored scanning electron micrograph of an on-chip heater device, which is composed of a ring-shaped AuPd heater
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share the same bottom angle of 54.7°. Then the cavities would
be filled with silicon dioxide via low pressure chemical vapor de-
position. After chemical mechanical polishing to the stop layer
at both sides, the membrane could be transferred to the surface.
In the end, the sample should be soaked in buffered oxide etch
(BOE) to etch away the sacrificial silicon dioxide. Since transfer is
operated on a flat surface, it is much more possible to avoid the
inner stress and realize suspension of larger scale.

The above sacrificial layer method can be used in possible
acoustic device fabrication process using suspended 2D materials
as vibrating membranes. For example, considering the demand
for capacitive acoustic devices, we propose a possible scheme
based on the sacrificial layer method (Figure 3j). The main pro-
cess is similar to the general sacrificial layer method, but the
highly doped conductive silicon layer in the middle of the SOI
substrate is retained and the vent holes are micromachined on it.
With this strategy, the suspended 2D material can be combined
with the existing MEMS/NEMS structure, which has great poten-
tial for future miniaturized acoustic devices.

2.4. Prestress Regulation Techniques for Suspended 2D
Membranes

It is widely known that inappropriate internal stress or prestress
can result in the cracking or wrinkling of the 2D materials, which
in turn has an adverse impact on the overall integrity of the
materials.[79,80] Moreover, the prestress plays a pivotal role in de-
termining dynamic response performance of 2D material mem-
branes, drums or ribbons, particularly with respect to the vi-
bration fundamental frequency and sensitivity of the suspended
ones.[29] One of the key principles in tuning tunable 2D mate-
rial resonators is to regulate the fundamental frequency of the
diaphragm by controlling its prestress.[81,82] Besides, as the pre-
stress of 2D material diaphragm arises, dislocations begin to
emerge in the diaphragm sample and gradually become the pre-
dominant means of energy dissipation,[83] which possibly in-
crease the noise performance of resonators. Additionally, exces-
sive prestress may restrict the sensitivity of acoustic devices.[29]

Thus, characterizing the prestress and attempting to tune it is an
important strategy for exploiting the performance of 2D materi-
als based acoustic devices.

Prestress characterization can be categorized into contact
and noncontact methods. Among the established contact mea-
surement instruments are atomic force microscopy (AFM) and
nanoindentation,[84] which employ a probe that comes into
contact with the surface of 2D materials to obtain the force–
displacement or stress–strain curves. The curves are then fitted
to the theoretical deformation equation to obtain the prestress,
in accordance with statistical laws.[85] These methods can also be
applied to measure other mechanical properties of 2D materials,
including Young’s modulus, fracture strength, hardness, and fa-

tigue curves.[86,87] However, these methods suffer from certain
disadvantages, such as a narrow scanning range, significant in-
fluence from the probe material, an inability to confirm the con-
tact point between the probe and the material accurately, and a
lack of efficiency in mechanically characterizing large suspended
films. Moreover, potential pitfalls exist, such as the possibility of
the probe damaging the materials during testing.

Noncontact prestress characterization methods are primarily
based on electrostatic or optical techniques. Typically, an elec-
trode plate is added to one end of suspended 2D material mem-
brane, followed by an actuation voltage.[88,89] The membrane
is deformed due to electrostatic force, and the deformation is
then measured using a laser displacement meter or an optical
profilometer.[90] The prestress is subsequently fitted according to
the deformation equation, with note taken that the deformation
equation used here should be employed for surface force rather
than the point force equation used in AFM.[91] However, there is
a risk that the voltage may be too high and exceed the deforma-
tion limit of the membrane, causing it to break. Nonetheless, the
electrostatic excitation method is a simple and straightforward
way of characterizing prestress in large-area suspended mem-
branes. It is worth noting that stress also has a significant im-
pact on the Raman spectroscopy of 2D materials.[92,93] Del Corro’s
study revealed that the direction of the shift is related to the type
of stress, and that the Raman characteristic peaks are blue-shifted
when graphene is subjected to compressive stress due to the re-
duction of carbon atom spacing, while they are red-shifted when
subjected to tensile stress.[94] Nonetheless, implementing the Ra-
man spectroscopy method for fast and real-time characterization
of the prestress of 2D materials can be challenging.

Studies on techniques for tuning the prestress of 2D materials
have concentrated on the transfer and utilization processes. Due
to the significant thermal expansion of the PDMS stamp, nearly 3
× 10−4 K−1 ,[95] the prestress of films adhering to the stamp’s sur-
face is affected during heating or cooling. Based on this property,
Hartmann et al. were able to adjust the average prestress of sus-
pended films composed of graphene oxide/silk fibroin from ap-
proximately 14 MPa to around 28 MPa by increasing the tempera-
ture during the final transfer step from 5 °C to 48 °C.[89] Kim et al.
have discovered, through in situ optical microscopy, that when
trapped water evaporates through the pinned solid-liquid-gas, the
film is drawn towards the center of the water droplet, resulting in
the generation of biaxial compressive strain in the film layer.[96]

Therefore it is an intriguing notion to utilize solvents with vary-
ing surface tensions to modify the prestress in the film after
suspension during wet transfer. Once the device has been fab-
ricated, electrostatic regulation via an actuation voltage presents
a feasible option for controlling the prestress of 2D materials,[97]

similar to the technique described in prestress characterization.
However, it is worth noting that due to the Joule dissipation of
electrons in the displacement current through the resonator, the

structure with suspended few-layer graphene flake and the surrounding AuPd islands. The heater voltage (VH) is applied to one end of the chip while the
other end is grounded. As a result, a temperature increase is induced in the chip due to the dissipated power (VHIH). Reproduced with permission.[99]

Copyright 2018, American Chemical Society. g) Two AFM force-deflection curves taken near the edge of the drum (black cross in the inset) at two heater
voltages: 0 V (blue) and 5 V (red). The slope of each curve characterizes the spring constant of the drum, which is intimately linked to its prestress. By
increasing the applied heater voltage, the prestress of the graphene drum will increase and thus be precisely tuned. Reproduced with permission.[99]

Copyright 2018, American Chemical Society. h) Bottom-up fabrication strategy of suspended 2D materials based acoustic device. i) Sacrificial layer
fabrication strategy of suspended 2D materials. j) Sacrificial layer fabrication strategy of suspended 2D materials based capacitive microphone.
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electrostatically induced approach is often accompanied by a de-
crease in the quality factor.[98] To address this, Davidovikj et al.
proposed a thermally induced prestress control method that in-
creases the planar tension of graphene nanodrums by Joule heat-
ing of the metal suspension ring.[99] This method resulted in a
10% increase in the resonant frequency along with a 32% in-
crease in the quality factor. Moreover, Yang et al proposed an
integration system between the graphene ribbon with silicon
micro actuators, allowing precise control of in-plane prestress
of the suspended ribbon.[83] Nevertheless, the aforementioned
prestress tuning techniques have seldom been implemented on
large scale 2D materials, thus warranting further investigation in
this area.

In summary, great progress has been made in the synthesis
of large area 2D material-based membranes, accompanied with
a variety of methods that utilize advanced instruments and fabri-
cation protocols to minimize wrinkles and damage to the mem-
branes during the transfer process. Furthermore, the importance
of prestress in suspended 2D material-based membranes has
gained increasing attention with potential approaches for reg-
ulating prestress during suspension. However, current transfer
techniques still face bottlenecks and a reliable method with high
throughput is still waiting for exploration, such as achieving pre-
cise control over prestress and complete avoidance of wrinkles.
The fabrication of suspended few-layer or even single-layer 2D
material with millimeter or centimeter scale still remains a sig-
nificant challenge. However, with continuous advancements in
synthesis, transfer, and prestress control technologies, it is ex-
pected that larger diameter to thickness ratios can be achieved in
suspended 2D material-based membranes, which will greatly fa-
cilitate the development of higher-performance next-generation
acoustic devices.

3. Acoustic Transducers in Audio Frequency

The sensitivity of the human ear to sound varies with sound fre-
quencies. The human can hear sounds within the range of 20 Hz
to 20 kHz, which is called the audio frequency range. Sounds be-
low 20 Hz are called infrasonic sounds and sounds above 20 kHz
are called ultrasonic sounds.[10] An audio frequency acoustic de-
vice produces or processes sound waves within the audio range,
which can be generally divided into two types: speakers and mi-
crophones, used for sound generation and detection, respectively.
Traditional electronic industries have developed mature produc-
tion procedures for these transducers. However, with the con-
tinuous development of wearable, portable, and integrated elec-
tronic devices, the demand for smaller, more energy-efficient,
and more stable transducers is increasing.[100,101] This demand
for miniaturization, energy efficiency, and stability has become
a bottleneck for traditional electronics industries. The develop-
ment of 2D materials holds great promise in addressing these
challenges. With their large mechanical modulus, flexibility, and
extremely thin layers, 2D materials can be prepared into higher
quality acoustic devices.[102,103] In the following sections, we will
discuss recent developments in 2D material-based audio fre-
quency acoustic transducers in detail.

3.1. Speakers: The Main Type of Sound Generator

There are four main types of speakers: electrostatic, electrody-
namic, piezoelectric, and thermoacoustic. Electrostatic speakers
use a thin, electrically charged diaphragm sandwiched between
two metal grids to produce sound waves[11] (Figure 4a). An elec-
trodynamic speaker emits sound by vibrating due to the gener-
ated AC Ampere force when its current changes periodically in
a magnetic field (Figure 4b).[104] A piezoelectric speaker vibrates
directly due to the strain caused by AC current, which is called
the inverse piezoelectric effect[105] (Figure 4c). These three types
of speakers all require a diaphragm structure to produce sound,
which can be made from 2D materials (Figure 4d). Thermoacous-
tic speakers, on the other hand, require a stationary heating film
instead of a vibrating diaphragm, and will be discussed in Sec-
tion 3.1.3. (Figure 7a).

The sound generation process can be simplified as follows: for
the sake of simplicity, let us assume that the vibrating diaphragm
is circular and produces periodic pressure fluctuations (as shown
in Figure 4d). Based on the Helmholtz equation and Rayleigh
integral,[106] SPL generated at the distance z from the center of
the diaphragm can be expressed as follows,

P (z) = 𝜌
(
2𝜋f

)2 a

∫
0

w (r)√
z2 + r2

(1)

where 𝜌 represents the mass density of the fluid medium out-
side the membrane, f denotes the vibration frequency of the di-
aphragm, a is the radius of the diaphragm, r is the distance from
the center of the diaphragm to the vibration point, w(r) represents
the vibration amplitude at the point, and z denotes the vertical
distance from the sound receiver to the center of the diaphragm.
The sound pressure detected by the receiver is represented by
P(z). If we simplify the system as a vibrating piston, the effective
sound pressure Peff(z) measured by receiver can be given by,

Peff (z) =

√
2𝜋𝜌Awf 2

z
(2)

where A is the effective area of the diaphragm. By convention,
we define the reference sound pressure as 20 μPa, denoted as
Pref. Then, we can define the SPL as the logarithm of the ratio
between the actual pressure and reference pressure, measured
in decibels (dB), expressed as follows,[107]

SPL (dB) = 20 log
(

Peff (z)

Pref

)
(3)

We aim for an optimal speaker performance, which is partly
defined by a higher sound pressure level produced at a certain
position. According to Equation (2), we can conclude that, for a
given material with mass density 𝜌, a larger radiation area S and
vibration amplitude w lead to higher output SPL. This is partic-
ularly important given the relatively lower sound frequency f in
the audio range.

Another important feature of speaker is bandwidth. A flatter
and broader output bandwidth across the frequency range in-
dicates a wider vocal range,[108,109] potentially indicating two an-
other demands for the speaker’s diaphragms: high tunability[110]
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Figure 4. Basic structures of various kinds of speakers. a) Electrostatic speaker, where the diaphragm vibrates through AC change of electrostatic force.
Vin and VDC are input and gate voltage. Reproduced with permission.[11] Copyright 2013, AIP Publishing. b) Electrodynamic speaker, where the diaphragm
is driven by AC ampere force in magnetic field to produce sound. c) Piezoelectric speaker, with the diaphragm made of piezoelectric materials actuated
by AC changes of current through inverse piezoelectric effect. d) Simplified speaker circular diaphragm structure, with the radiated sound pressure P(z)
at vertical distance z from the center of the diaphragm.

and suitable damping coefficient.[111] These help to tune the fun-
damental vibrating frequency of the diaphragm far beyond the
working range and reduce its vibration peaks.[112] To qualitatively
illustrate the role of damping, considering the equivalent model
of a lumped parameter system, damping is approximated as a re-
sistance acting on the particle in proportion to velocity. The gen-
eral formula for forced damping vibration is given as follows,

mw′′ + bw′ + kw = F (𝜏) (4)

where m is the equivalent mass of the vibration system, w is the
displacement of the vibration system, k is spring constant of di-
aphragm material, 𝜏 is the time, b is defined as the damping coef-
ficient, and F(𝜏) is the function of external force such as periodic
electrostatic force. There is a certain relationship between damp-
ing coefficient b and damping ratio 𝜁 ,

𝜁 = b

2
√

mk
(5)

Damping ratio 𝜁 is closely related to quality factor Q, which is
given by the following equation,

Q =
𝜔0

Δ𝜔
(6)

where𝜔0 is the natural angular frequency of the vibration system,
Δ𝜔 is the bandwidth (also named as half power bandwidth) of
the vibration system. The quality factor Q is represented by the
damping ratio 𝜁 with the following relationship,

Q = 1
2𝜁

(7)

From Equation (5) we know the smaller mass and spring con-
stant (also named rigidity) leads to larger damping ratio at the
same condition. From Equation (7) it is clear that when the damp-
ing is small or close to zero, the quality factor Q of the vibration
system is large, indicating a high vibration peak shown on the
spectrum. On the contrary, when the damping is large, the qual-
ity factor Q of the vibration system is small, so a more flat and
broad frequency response on the output spectrum will be given,
which is crucial for high-quality audio devices. In comparison to
traditional bulk materials, 2D materials possess ultralight mass

Adv. Funct. Mater. 2023, 2303519 © 2023 Wiley-VCH GmbH2303519 (9 of 39)
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and low rigidity, so they are definitely promising candidates for
these demands.

3.1.1. Electrostatic Speakers Based on 2D Materials and Their
Composites

Electrostatic driving is a commonly used method for speakers
that typically consists of an air chamber, a coil actuator, and a
diaphragm[11] (Figure 4a). The diaphragm, made of 2D material,
is suspended between excitation electrodes and initially biased
with a direct current (DC) voltage, VDC. When there is no input
signal, the forces exerted by the upper and lower electrodes on
the diaphragm are balanced. When an excitation voltage, Vin, is
applied, the resulting force per unit area on the diaphragm, F, is
the difference between the opposing forces of the two electrodes,
F1 and F2. This can be expressed as,

F = F1 − F2 =
𝜀VDCVin

d2
(8)

where 𝜖 denotes the permittivity of air and d represents the plate
spacing. This resulting force is proportional to the input voltage,
Vin, and exhibits a linear response in the speaker, resulting in
lower acoustic disturbance. The spring constant k and effective
spring constant keff are given by,

keff = 4𝜋𝜎0t (9)

k =
keff

Diaphragm area
=

4𝜎0t
a2

(10)

where 𝜎0 is the initial internal stress of the diaphragm and t
is the thickness of diaphragm. Due to the potential of being
fabricated with high diameter to thickness ratio, 2D material-
based diaphragms always possess lower spring constant than
normal bulk materials,[14] which triggers larger deformation of
2D material-based diaphragms. This larger deformation of the
diaphragm contributes to the SPL of speaker. Combined with
the good tunability and damping properties[13] of 2D materials, a
broader and flatter bandwidth of speaker can be also achieved.[8]

The three main types of 2D materials used for preparing electro-
static speakers diaphragm are introduced as follows.

Graphene Diaphragm Electrostatic Speakers: Graphene is one
of the earliest developed 2D suspended diaphragm materials that
illustrates the possibility of producing speakers with higher SPL
output, flatter bandwidth, and better energy efficiency with 2D
suspended materials. Zhou et al. were among the first to com-
plete the preparation of a graphene suspended speaker.[11] They
used methane gas flow to grow graphene films on a nickel sub-
strate in a CVD tubular furnace at 1000 °C, then etched the sub-
strate with FeCl3 to stand the diaphragm (as shown in Figure 4a)
with a diameter of about 7 mm and a thickness of around 60 μm
(the photo of the speaker diaphragm is shown in Figure 5a). A
standard acoustic test was conducted on this speaker within the
frequency range of 20 to 20000 Hz (the results are shown in
Figure 5b). Compared with the commercial Sennheiser MX-400
speaker, the graphene speaker has optimal SPL output and avoid-
ing sharp resonances in the range of 5–20 kHz.

Air damping of the electrostatic speaker is also enhanced by
utilizing graphene diaphragm, potentially contributing to the
more broad and flat acoustic output. Depositing an insulating
SiO2 layer on the electrode can further prevent the diaphragm
from short circuit failure. Based on the above research, Infi-
neon Technologies AG provided detailed technologies to prepare
graphene electrostatic speakers in 2016,[113] and the patent of
Zhou and Zettl in 2020 further improved the original fabrication
methods.[114]

Graphene Oxide (GO)-Based Electrostatic Speakers: GO ma-
terials, due to their oxygen-group functionalization, have cross-
linked chemical bonds within the originally packed graphene
sheets, which make them more conducive to being prepared
into large-area and low-thickness diaphragms. This is because
of their improvement in mechanical properties, as compared
to graphene, which relies on vdW interactions.[56,115] Moreover,
GO diaphragms can be formed through a self-assembly process,
which is more cost-effective and safer than the expensive CVD
method used for graphene production. Various solvents such as
water, isopropanol, and DMF can be used for preparing GO di-
aphragms in solvent casting, wet spinning, electrochemistry, and
other methods.[116] In some of these methods, the concentra-
tion of GO in the solvent can be precisely controlled to deter-
mine the diaphragm thickness for quantitative control of their
fabrication.[117,118]

Moreover, speaker diaphragms based on GO can demonstrate
excellent mechanical stability and suitable damping character-
istics. In some cases, the synthesized GO diaphragms have
Young’s modulus exceeding 30 GPa, which can be further en-
hanced by cross-linking with borate ion, polyethylene imine, or
other chemical groups to form cross-linked GO (X-GO) films,
achieving a Young’s modulus higher than 80 GPa.[112,119] Addi-
tionally, the unique viscoelastic properties of GO and X-GO result
in a higher damping ratio compared to other traditional speaker
diaphragms such as metal diaphragms. It is indicated that the
damping ratio of microspeakers with GO and X-GO diaphragms
is respectively 39% and 46% higher than those with aluminum
diaphragms. Insufficient damping typically leads to unpleasant
ringing when the excitation spectrum signal overlaps with the
resonant frequency of the speaker diaphragm. Therefore, GO and
X-GO diaphragms further optimize the acoustic performance of
the speakers with their larger damping ratio.

All of these desirable properties make GO a promising ma-
terial for utilization in higher quality acoustic devices. In 2016,
Gaskell et al. proposed a method for using GO film to prepare
speaker diaphragms for the first time.[120] This resulted in an out-
put SPL with a flat acoustic response from 20 Hz to nearly 40 kHz
and a figure of merit as high as 6.5–9.5 m4/(kg s), comparable
to Beryllium (it’s known that Beryllium diaphragm possesses al-
most the highest figure of merit among common diaphragm ma-
terials). In 2022, Hu et al. also suggested a representative elec-
trostatic speaker based on the diaphragm made of borate cross-
linked oxide graphene and GO.[112] The X-GO films can be syn-
thesized using a flow directed vacuum filtration method or vac-
uum assisted self-assembly (VASA) method to achieve the thick-
ness of approximately 100 μm (Figure 5c). The damping ratio of
X-GO film was tested and compared with common diaphragm
materials such as Ti, Al, and polyethylene terephthalate (PET), re-
vealing a significantly higher value. It’s shown that their material
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Figure 5. Physical diagram of electrostatic speakers and its performance test results. a) Structure of the graphene electrostatic speaker. Reproduced
with permission.[11] Copyright 2013, AIP Publishing. b) SPL output of the graphene speaker (EDGS) compared with the commercial Sennheiser MX-400
speaker. The bandwidth and output SPL is higher than commercial Sennheiser MX-400 speaker. Reproduced with permission.[11] Copyright 2013, AIP
Publishing. c) Structure and d) output SPL of speakers with diaphragms made by GO, X-GO and other materials. GO and X-GO shows wider bandwidth
with weaker resonance peak in audio frequency, exhibiting flatter bandwidth output. Reproduced with permission.[112] Copyright 2021, Wiley-VCH. e)
Structure and f) SPL output of graphene/PI diaphragm. As the diameter of diaphragm enlarges, the bandwidth becomes broader, however the wiggles
in higher frequency increased which is harmful to generate high quality sound. Reproduced with permission.[129] Copyright 2018, IOP Publishing, Ltd.
g) Structure and h) SPL output of graphene/PEI diaphragm. The composited diaphragm microphone possesses higher SPL than commercialized mini
speakers on average, with much smaller energy consumption. Reproduced with permission.[130] Copyright 2020, Wiley-VCH. i) Speaker diaphragms with
three types of micro-decoration patterns and j) corresponding SPL output. Increase in SPL and change of resonant peak can be controlled by selection
of micro-decoration patterns. Reproduced with permission.[131] Copyright 2023, American Chemical Society.

performance index (MPI, which is proportional to the loss coef-
ficient and positively correlated with the elastic modulus, reflect-
ing the acoustic properties of the material) was between 0.11–
0.19 m4 kg−1 s−2, considerably higher than that of the traditional
diaphragms (with MPI around 0.01–0.05 m4 kg−1 s−2), which is
believed to be caused by the interlayer friction and cross-linking
strengthening within X-GO structure. These demonstrates their
excellent suitability for high-quality speaker diaphragms. The
standard SPL test proves the broad bandwidth output of X-GO
diaphragm (Figure 5d). Other relevant works from McGill Uni-
versity and Ora Graphene Audio have also developed the cost-
reduction and industrialization methods for the further applica-
tions of GO and X-GO speaker diaphragms.[120]

Graphene–Polymer Composites (GPC) Electrostatic Speakers:
GPC materials are formed by compositing graphene with vari-

ous types of polymers such as polystyrene, polymethylmethacry-
late, polypropylene, and polyamide. The mechanical properties of
GPC are significantly enhanced compared to both the precursor
graphene and individual polymers.[121,122] They have been devel-
oped in frontier fields such as actuators,[123] biosensors,[124] and
thermal radiators.[125]

A review article in 2012 found that by adding only 3% to 5%
graphene, Young’s modulus of the polymer can be increased by 3
to 5 times without altering the mass density and flexibility of the
original polymer, highly enhancing their mechanical stability.[126]

Given the challenges associated with preparing large-area sus-
pended diaphragms consisting of a few layers or single-layer
graphene, such as defects and grain boundaries that easily lead
to breakage during transfer process,[127] GPC diaphragms may
offer a more stable material to address these issues.[128]
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It has been shown that GPC improves the maximum vi-
bration amplitude and stability of speaker diaphragms, en-
hancing their SPL output and flattening their bandwidth out-
put. In 2016, a patent by He et al. (CN106060721A) devel-
oped the GPC diaphragm fabricated in dilution coating method
and enhanced the SPL output of speaker by around 2 to 6 dB
within the range of 20 Hz to 40000 Hz. The newly devel-
oped GPC diaphragms are more resistant to breakdown com-
pared to original graphene diaphragms. In 2017, Apple’s patent
(US20170006382A1) also demonstrated the reinforcement ef-
fect of GPC on the diaphragm. The impact of some param-
eters such as radius on the acoustic performance of GPC di-
aphragms has been studied afterward. Lee et al. fabricated
a speaker with a double-layer graphene and polyimide (PI)
composite GPC diaphragm and illustrate the impact of ra-
dius on its acoustic performance.[129] Through PMMA medi-
ated transfer methods, graphene grown on the Cu substrate is
released onto PI substrate to form the diaphragm (shown in
Figure 5e). Experiment results (Figure 5f) showed that a larger
radius of diaphragm negatively impacts its acoustic output sta-
bility in higher frequencies while contribute to the SPL out-
put in lower frequencies (as shown in the wiggling blue line
in Figure 5f). Khan et al. further investigated the role of di-
ameter to thickness ratio on the acoustic performance of the
diaphragm.[130] They significantly reduced the diaphragm’s thick-
ness with utilization of polyetherimide (PEI) as a thin base ma-
terial with the thickness of 350 nm and fabricated a GPC di-
aphragm with the diameter of 25 mm, achieving a large diam-
eter to thickness ratio of around 105 (as shown in Figure 5g).
The Young’s modulus of this GPC diaphragm reaches a high
value of 3.33 GPa so that only 1 mg GPC is able to sup-
port more than 30000 mg load if distributed uniformly. This
enhanced mechanical properties may be attributed to the in-
creased adhesion energy by 𝜋–𝜋 interaction between the aro-
matic rings of PEI and single layer graphene (SLG). Experiment
results show that in the range of more than 2 kHz, the out-
put SPL of this diaphragm is on average 7.7 dB higher than
that of mobile phone speakers in the same range (as shown in
Figure 5h). The power consumption of this GPC speaker is sig-
nificantly lower than that of a conventional mobile phone speaker
across all frequency ranges, particularly at 600 Hz, demon-
strating a mere 1% energy consumption compared to electric
speakers.

In the above experiments, the resonance frequencies of the
diaphragms are often tuned into the higher frequency range
(larger than 103 Hz) in order to avoid overlapping with the
acoustic working range at lower frequencies, thereby mak-
ing the audio range acoustic signal output from the speaker
more uniform and stable. However, in some cases, the res-
onance peak at low frequencies (1 to 500 Hz) can improve
the acoustic output performance of the speakers in the low
octave range, which is mainly determined by the ratio of
the diaphragm’s spring constant and damping coefficient. Lee
et al. synthesized different GPC materials to investigate this
phenomenon, aiming to explore approaches to improve the
low-frequency performance of the speaker.[131] First, they cal-
culated the resonant frequency of the diaphragm, which is
mainly influenced by parameters such as polymer composi-
tion thickness, Young’s modulus and surface stress of the di-

aphragm of GPC, etc. This can be approximately expressed as
follows,

fmn =
𝛽2

mn

2𝜋a2

√
Et2

12𝜌m (1 − v2)
(11)

where N is graphene’s layer number, 𝛽mn is the modified Bessel
function, 𝜌m is the diaphragm’s mass density, t is the diaphragm’s
thickness, v is Poisson’s ratio and E is the diaphragm’s Young’s
modulus.

Comparing GPC diaphragms with PI, PET, and polyethylene
naphthalene (PEN) components, it is evident that the thinner
GPC diaphragm is able to create higher resonant SPL output
which is in proportion to its vibration amplitude. The 25 μm
PI/Graphene film exhibits the highest fundamental frequency
SPL among all the GPC diaphragms. Next, Lee et al. studied
the influence of substrates’ micro-decoration patterns on their
low frequency resonance. They found that the integration of
micro-patterns such as striped square, radial circle, and con-
centric pattern significantly increased the SPL of 25 μm di-
aphragms by around 15 dB compared to those without pat-
tern modifications (as shown in Figure 5i,j). Radio pattern is
more special to tune the resonance frequency from 523.36 Hz
to 293 Hz with an upgraded SPL output. So another method to
enhance the low frequency resonant performance of speakers is
to employ special surface pattern designs on their diaphragms.
Other studies have also shown the significance of surface micro-
patterns, as indicated by refs.[132–134] These works warrant fur-
ther in-depth research particularly for suspended 2D material
systems.

In summary, electrostatic speakers based on suspended 2D
materials possess the advantages of large dynamic range (DR),
high SPL, and good energy conversion efficiency due to their light
mass density, large diameter to thickness ratio, and high flexibil-
ity. However, some intrinsic weaknesses of electrostatic speakers
such as the high voltage used to generate vibration pose safety
hazard for their utilization.[135] In situations where the use of
high voltage needs to be avoided, it is necessary to consult other
types of speakers.

3.1.2. Other Types of Electric Sound Generators Based on 2D
Materials and Their CompositesElectrodynamic Speakers

The well-known moving-coil speakers (also named as electro-
dynamic speakers) are based on the electromagnetic induction
principle where a coil is embedded to the speaker’s diaphragm.
A periodic Ampere force excites the periodic motion of the
coil, leading to the vibration of the attached diaphragm,[5] as
shown in Figure 4b. This is the most general type of speak-
ers in traditional electronics, invented by General Electric Com-
pany of the United States in the middle of the 20th century.
It possesses the advantages of high SPL, simple structure,
and small distortion.[136] However, the coil structure is heavy
and inevitably has many microscopic burrs, making it diffi-
cult to integrate with the newly developed ultrathin, super-light
2D diaphragms.

By redesigning the structure of the electrodynamic speaker,
researchers have successfully embedded a coil structure within
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Figure 6. Other types of electric speakers based on suspended 2D materials. a) Structure of electrodynamic graphene speaker based on suspended
graphene diaphragm. The implanted coil structure provides a magnetic field that generate Ampere force for the energetic graphene diaphragm. Repro-
duced with permission.[5] Copyright 2021, Elsevier B.V. b) Structure of the piezoelectric speaker with a graphene/PVDF GPC diaphragm. It generates
sound via inverse piezoelectric effect. Reproduced with permission.[138] Copyright 2011, Royal Society of Chemistry. c) SPL output of the electrodynamic
graphene speaker. It shows that the working coil generates higher and more stable output SPL, given by the red line, compared the speaker in which
the coil structure does not work, given by the black line. Reproduced with permission.[5] Copyright 2021, Elsevier B.V. d) SPL output of the piezoelectric
speaker at different thickness of graphene component. GPC diaphragm with thicker graphene generates lower resonant frequency and higher SPL out-
put. It is clear that performance of speakers with GPC diaphragms containing 60–120 nm thickness graphene components are all better than PEDOT:
PSS-based commercial speaker. Reproduced with permission.[138] Copyright 2011, Royal Society of Chemistry.

the insulation layer beneath the diaphragm (Figure 6a). This new
configuration allows the coil to generate a magnetic field within
the plane of the conductive diaphragm. When the diaphragm is
energized with alternating current, it experiences periodic elec-
tromagnetic forces. .[5,137] Given that it also possesses capacitor
structure, this speaker’s diaphragm also experiences electrostatic
forces similar to those in an electrostatic speaker, so the vibra-
tion amplitude of diaphragm can be increased by this method.
Guo et al. provided a detailed analysis and demonstration of this
method (Figure 6a). Test results shows that the output SPL of
this electrodynamic graphene speaker is almost doubled com-
pared to the no-coil electrostatic speaker under the same condi-
tions (shown in Figure 6c), within nearly the whole frequency

range. However, it is noteworthy that the Joule heat loss from
the conducting coil consumes a lot of energy, leading to much
lower energy efficiency than electrostatic speakers. Overall, the
development of this type of electrodynamic speakers is not yet
fully mature, and its feasibility requires further verification and
demonstration indeed.

Piezoelectric Speakers: Piezoelectric speakers operate mainly
based on the inverse piezoelectric effect of their piezoelectric
diaphragms, whose vibration is generated in pace with the AC
voltage supplied[138] (as shown in Figure 6b). Denote the inter-
nal stress of the piezoelectric diaphragm as 𝜎. VB is applied bias
voltage on both sides of the piezoelectric film and ē31 is the di-
aphragm’s out-of-plane inverse piezoelectric coefficient (which
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means the voltage on z-direction induces the deformation on x
or y-direction). As it is defined,

ē31 = e31 −

(
cE

13

cE
33

)
e33 (12)

where e31 and e33 are piezoelectric coefficient of bulk material,
cE

13 and cE
33 are the bulk stiffness coefficient.[139] The diaphragm

deforms w under bias voltage VB,

w = 1

2
√

3

ē31VB

𝜎t
√

𝛿

𝛾o

(13)

where 𝜎 is the internal stress of diaphragm. For an isotropic elas-
tic diaphragm, the edge tension 𝛾0, bending modulus D and sheet
stiffness 𝛿 are given by,

𝛾0 = j1
𝜎t
a2

(14)

D = 1
12j

E
1 − v2

t3

a4
(15)

𝛿 = j2
E

1 − v2

t
a4

(16)

where v is the Poisson’s ratio and j1, j2, j are parameters of the
side dimensions aspect ratio. A larger deformation of diaphragm
is needed for a larger SPL output, so the following steps can
be consulted to improve the speaker’s acoustic output: 1) de-
crease the bulk stiffness of diaphragm material to enlarge the

bulk piezoelectric coefficient
ē31
e
31

; 2) lower the diaphragm’s thick-

ness and enlarger its radius to make smaller 𝛿, so as to increase
w; 3) reduce the internal stress 𝜎 of the diaphragm, which has
been illustrated in detail in Section 2. Thin-film piezoelectric
material such as flexible Polyvinylidene fluoride (PVDF) mem-
branes are promised to meet the above demands. In this sce-
nario, applying an appropriate electric structure to PVDF films
plays a crucial role in the performance of piezoelectric speak-
ers. Graphene/PVDF composite (a type of GPC), which incor-
porates conductive graphene film structure, is one of the newly
proposed methods for piezoelectric speakers. Due to the thinness
of graphene electrodes, the nonlinear interaction between the di-
aphragm and the electrodes may not be very strong.[129] This po-
tentially promotes better uniformity of the material and helps re-
duce acoustic harmonic distortion. In 2011, Shin et al. prepared
a PVDF piezoelectric speaker based on a graphene transparent
electrode (as in Figure 6b).[138] Its standard SPL test (shown
in Figure 6d) illustrates that at higher frequencies, the output
SPL is around 10 dB stronger than commercial microphones.
Xiao et al. then prepared the reduced graphene oxide/PVDF
(rGO/PVDF) sound generator and realized a synergy of thermal
drive in pace with piezoelectric drive.[140] Other piezoelectric ma-
terials can also be combined with graphene to fabricate GPC
speakers with improved performance. Kholkin et al. further spin-
coated a graphene layer on piezoelectric Si3N4, inducing the in-
verse piezoelectric response of 14 nm V−1, higher than that of
graphene/PVDF structure.[141] The combination of the graphene

electrode with materials such as lead zirconate titanate (PZT),[142]

lithium niobate (LN),[143] barium titanate (BT),[144] LiNbO3
[145]

and BaTiO3
[146] etc. is promised to inspire new applications in

high-quality sensors.
The roles of 2D materials in piezoelectric speakers are not

limited to being used merely as an electrode structure. Some
non-centrosymmetric 2D crystals also exhibit piezoelectric ef-
fects on their own.[147] In 2002, Mele and Král predicted the
possible piezoelectric effect in hexagonal boron nitride (h-BN)
nanotubes.[148] In 2014, Wu et al. detected the piezoelectric polar-
ization in 2D molybdenum disulfide (MoS2) for the first time.[149]

Relevant scholars carried out extensive exploration on other
2D materials with stable piezoelectric polarization, which can
be generally divided into the following categories: III–V semi-
conductors (such as h-BN),[150] II–V semiconductors,[151] TMDs
(such as MoS2, MoSe2, WSe2, etc.) and transition metal dioxides
(MoO2, WO2, etc.),[152] group IV metal monosulfide compounds
(such as SnSe, SnS, GeSe, GeS, etc.),[153] MXene,[154] Janus TMDs
(such as MoSSe, MoSTe),[155] etc. The work of these 2D films uti-
lized alone as the diaphragm in piezoelectric speakers is relatively
rare, thus this is an area worth further exploration in the future.

In summary, the working principle of a piezoelectric speaker
relies on the vibration generated by the inverse piezoelectric ef-
fect. It does not require a DC bias or coils structure, result-
ing in a simpler vibrating system that can be fabricated into
compact, arbitrarily shaped microdevices. Compared to other
types of speakers, piezoelectric speakers have resonant peak at
higher frequencies and exhibit significant good performance in
the higher frequency range.[13,132] However, piezoelectric speak-
ers have a narrow frequency response and poor low-frequency
performance, making them unsuitable for reproducing a wide
range of sounds.[156] Given that the low-frequency performance
of piezoelectric speakers is primarily influenced by the thickness
of the diaphragm given that its vibration mode and frequency
are determined by its thickness.[157] Ultrathin 2D materials and
their composites meet this requirement for tunable low thick-
ness, which holds significant importance for achieving more tun-
ability of piezoelectric speakers.

3.1.3. Thermoacoustic Speakers Based on 2D Materials and Their
Composites

By subjecting the surrounding air to periodic joule heating, ac-
complished by applying AC voltage to heat the thermoacoustic
speaker’s heating film (as illustrated in Figure 7a), air molecules
will undergo cyclical thermal convection and produce vibrations
in the form of pressure waves. Thus it is able to generate sound
wave without the need for a vibrating diaphragm structure. The
thermal energy power generated by the thermoacoustic speaker
is described by the following formula,[28,158]

Power (𝜏) = (VAC sin(𝜔𝜏)+VB)2

R

= 1
R

(
− VAC

2

2
cos (2𝜔𝜏) + 2VACVB sin (𝜔𝜏) + VAC

2

2
+ V2

B

) (17)

where VAC is the driving AC voltage amplitude and 𝜔 is the driv-
ing angular frequency, VB is the bias voltage and R is the de-
vice resistance. A smaller device resistance contributes to a larger
output acoustic power. The impact of heat loss in this structure
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Figure 7. Structures and SPL output performance of thermoacoustic speakers. a) Schematic of general type thermoacoustic speaker. b) Output SPL
of graphene sound-emitting devices with various graphene thickness and c) schematic of an AAO-based sound source device. Single layer graphene
shows higher SPL and more flat bandwidth. Reproduced with permission.[162] Copyright 2012, Royal Society of Chemistry. d) Output SPL of graphene
suspended on porous substrate. Increasing of porosity has positive effective on SPL output. Reproduced with permission.[160] Copyright 2012, Wiley-
VCH. e) Schematic and f) output SPL of GPC diaphragms with different components among which graphene/polymer mesh GPC shows highest SPL
output. Reproduced with permission.[163] Copyright 2015, Wiley- VCH. g) Schematic and h) output SPL of nMAG multifunctional diaphragm. Pure
suspended nMAG diaphragm shows the larger SPL output than other GPC based on nGAG. Reproduced with permission.[57] Copyright 2021, Wiley-
VCH .

cannot be eliminated, as indicated by the last two terms of Equa-
tion (17). Consequently, a significant amount of energy loss is in-
evitably generated, resulting in relatively low energy conversion
efficiency for practical thermoacoustic speakers.

One of the factors that affects the performance of thermoa-
coustic speakers is the thermal diffusion length.[159] This is the
distance that heat can travel in air medium during one cycle of
the sound wave. If the thermal diffusion length is larger than the
thickness of the speaker’s heating film, then the heat will not be
confined to the speaker surface and will dissipate into the sur-
rounding fluid. This will reduce the efficiency and sound pres-
sure level of the thermoacoustic speaker. So the thermal convec-
tion must be fast enough to suppress heat loss, which results in
poor low-frequency performance of the thermoacoustic speaker.
Another factor that influences the performance of thermoacous-
tic speakers is the heat capacity of the speaker material. The heat
capacity determines how much heat is needed to change the tem-
perature of the material. A low heat capacity means that a small
amount of heat can cause a large temperature change, which is
desirable for thermoacoustic speakers. Therefore, materials with
smaller heat capacity per unit area (HCPUA) are strongly de-
manded here. 2D materials, such as graphene and MXene, pos-
sess much lower HCPUA than bulk materials, which is suitable
for newly developed thermoacoustic heating structure. We will
mainly discuss thermoacoustic speakers based on these 2D ma-
terials in the following text

Graphene-Based Thermoacoustic Devices: Reducing the heat
loss of the substrate is significant for thermoacoustic devices.[160]

Relevant research have suggested various types of suspension
structure of heating film for reducing the contact ratio between

substrate and heating film, so as to achieve louder thermoacous-
tic output. In 2011, Tian et al. reported the design of the graphene
thermoacoustic speaker for the first time.[161] They utilized paper
to suspend 20–100 nm multilayer graphene as GPC heating film.
Standard SPL test at a distance of 5 cm presents a linear relation-
ship between SPL and frequency between 3 kHz and 20 kHz.
The device has shown an exciting flat and wide SPL output both
in audio frequency and in low ultrasound frequency (shown in
Figure 7b).

Subsequently, researchers discovered that by progressively re-
ducing the thickness of the graphene membrane in thermoa-
coustic speakers, a significant increase in SPL output was ob-
served. This increase can be attributed to the amplified HCPUA
of the thinner graphene membrane, resulting in a relatively
higher energy conversion efficiency compared to the thicker
graphene membranes. In 2012, Tian et al. fabricated the first
suspended thermoacoustic device (shown in Figure 7c) using
monolayer graphene on porous anodic aluminum oxide (AAO)
as GPC heating film.[162] This innovation resulted in a signifi-
cant increase in the maximum output SPL compared to the pre-
viously prepared heating film with 20 nm multilayer graphene
(Figure 7b), showing an enhanced SPL of 10 dB under the same
conditions. This increase in SPL is precisely attributed to the
reduction in thickness, which leads to a decrease in the heat
capacity per unit area (HCPUA). Suk et al. almost simultane-
ously developed thermoacoustic devices with similar structures
by combining SLG with polydimethylsiloxane (PDMS), PET, and
other materials to form GPC heating films.[160] The prepared de-
vice has good transparency and flexibility. Furthermore, the im-
pact of the suspension degree on the output performance of the
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Figure 8. Typical structure and performance of 2D material earphones. a) Structure and b) SPL output of the earphones. GPC based earphone shows a
higher SPL output and broader bandwidth in relatively high frequency compared with commercial earphones. Reproduced with permission.[166] Copy-
right 2015, Royal Society of Chemistry. c) Structure and d) SPL output of the MXene/PI composite speaker. With the same thickness, the diaphragms
based on MXene shows a higher SPL output than the diaphragms based on graphene. Reproduced with permission.[167] Copyright 2019, American
Chemical Society. e) Structure and f) energy efficiency of the MXene based earphone with different thickness. The energy efficiency of the MXene based
earphones are slightly higher than the graphene based earphones with same diaphragm thickness, potentially due to its lower HCPUA. Reproduced with
permission.[167] Copyright 2019, American Chemical Society.

thermoacoustic speaker is further investigated by modify-
ing the porosity of the patterned SiO2/Si substrate while
keeping the graphene-based heating films intact. It is ob-
served that as the porosity of the substrate gradually de-
creases, the thermal conductivity of the substrate also de-
creases. Simultaneously, the SPL output increases by 10 dB
on the substrate with 45% porosity compared to the non-
porous substrate. (shown in Figure 7d). Kim et al. com-
bined 28 nm multilayer graphene on the PI mesh to form
another GPC heating film (shown in Figure 7e).[163] The results
of standard acoustic tests demonstrate the positive proportional
relationship between the porosity of PI and the SPL output of the
thermoacoustic speaker again, which is consistent with the re-
sults founded by Suk et al. The SPL output of the device is further
improved by over 10 dB in low frequencies compared to speak-
ers without a PI base (as depicted in Figure 7f), demonstrating an
enhancement in the low-frequency performance of the speaker.

Increasing the diameter to thickness ratio of the heating film
is expected to be another method for improving the acous-
tic performance of thermoacoustic speakers. Asaad et al. em-
ployed a graphene/PMMA GPC heating film with a diameter
to thickness ratio of 105 and, successfully improved the flat-
ness of sound output at lower frequencies. Gao et al. proposed a
“cooling-contraction” method for synthesizing macro-assembled
graphene nanofilms (nMAG) and utilized them to create a heat-
ing film with a large lateral size of 4.2 cm and a thin thickness
ranging from 16 to 48 nm.[57] The diameter to thickness ratio of
these devices can exceed 106, also the tensile strength of these

films can reach 5.5 to 11.3 GPa with excellent conductivity be-
tween 1.8 and 2.1 MS m−1 (depicted in Figure 7g). The fully sus-
pended configuration among these films has shown the highest
89 dB SPL output (as shown in Figure 7h). Additionally, it boasts
an ultrafast electric-thermal response rate of 30 μs.

Gate modulation of thermoacoustic materials is also a sig-
nificant technique for enhancing thermoacoustic output. Zhang
et al. developed a thermoacoustic transducer using CVD-grown
woven graphene diaphragms. Through precise adjustment of the
gate voltage, the SPL output of this transducer can be compara-
ble to that with monolayer graphene heating film.[164] In a similar
vein, Heath and Horsell fabricated a graphene field-effect tran-
sistor (FET) device and potentially demonstrated the feasibility
of producing wearable earphones based this flexible graphene-
based heating film.[165] In 2015, Tian et al. developed almost the
first bendable 2D material thermoacoustic earphones combined
graphene with PET and PI as the GPC heating film[166] (the ear-
phone’s structure is illustrated in Figure 8a). It is demonstrated
that GPC with SLG component exhibits the smoother and louder
SPL output of approximately 70 dB, showing higher quality than
commercial earphones as well (Figure 8b). Further design of
more efficient circuit tuning structures and the fabrication of
heating film materials with lower HCPUA and higher diameter
to thickness ratios will contribute to the practical production of
high-performance advanced thermoacoustic earphones in the fu-
ture research.

MXene-Based Thermoacoustic Devices: In addition to
graphene, researchers have also explored thermoacoustic
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devices based on other 2D materials, such as MXene and its
composite materials. In 2019, Gou et al. successfully fabricated
the Ti3C2-MXene-based thermoacoustic speakers composited
with anodized aluminum oxide (AAO) and flexible PI films
(the speaker structure is depicted in Figure 8c).[167] MXene,
unlike graphene, possesses terminal hydrophilic groups on
its surface, which makes it easier for self-assembly into a di-
aphragm. Therefore, this MXene based composite film has the
potential to achieve a larger diameter to thickness ratio. Also the
average interlayer distance of MXene is approximately 1.31 nm,
approximately three times of multilayered graphene, resulting
in a lower HCPUA. These characteristics make MXene-based
films an important material for thermoacoustic speaker heating
films.

Tian et al. further fabricated thermoacoustic earphones based
on this material (Figure 8e). Increasing the thickness of the MX-
ene film similarly resulted in the decreasing of SPL output (as
shown in Figure 8d). However, under the same conditions, the
SPL output of MXene was clearly higher than that of graphene,
potentially due to its lower HCPUA. The energy efficiency of
MXene is also found to be higher than graphene (calculation re-
sults are displayed in Figure 8f). However, it should be noted that
the energy efficiency of MXene-based films, like other thermoa-
coustic speakers films using 2D materials, typically ranges from
10−8 to 10−6. This presents a significant disadvantage compared
to other types of speakers, especially electrostatic speakers that
achieve energy conversion efficiencies close to 100%.[11]

In summary, thermoacoustic speakers offer several advantages
compared to other types of speakers: 1) They do not rely on a vi-
brational diaphragm structure, making them more reliable and
easier to fabricate in various sizes and shapes with lighter weight.
2) They have a relatively wide frequency range, allowing for ver-
satile audio reproduction. 3) Unlike electrostatic speakers, ther-
moacoustic speakers do not require high voltage supply, making
them safer for daily use. The thin thickness, low HCPUA, high
conductivity, large diameter to thickness ratio, and good tunabil-
ity of 2D materials are advantageous for fabricating thermoacous-
tic speakers with higher energy efficiency and improved acoustic
performance. However, thermoacoustic speakers also have cer-
tain disadvantages, such as the relatively poor low-frequency per-
formance and weak energy conversion efficiency. In the future,
thermoacoustic structures can be further integrated with energy-
related issues, such as waste heat recycling, playing more signif-
icant roles in specific heating configurations.

3.2. Microphone: Detection of Acoustic Wave

The devices used to receive acoustic waves and convert them
into human recognizable signals are called microphone. Micro-
phones can be classified into several types based on their sound
detection principles: 1) dynamic and ribbon microphones[1] (also
known as electrodynamic microphones, Figure 9a); 2) condenser
microphones[3] (Figure 9b); 3) piezoelectric microphones[6]

(Figure 9c); 4) piezoresistive microphones[2] (also known as con-
tact microphones) (Figure 9d). The aforementioned four main
types of microphones are all based on circuit design. Other newly
developed types such as fiber-optic microphones (FOMs) [168]

(Figure 9e) and acoustic laser vibrometers[169] (Figure 9f) possess

no circuit structure, which are also able to detect acoustic wave
with ultrahigh sensitivity.

The electrodynamic microphone, depicted in Figure 9a, is the
most commonly used type of microphone. It consists of a di-
aphragm, a wire coil, and a magnet structure. The coil attached
to the diaphragm moves along the magnet in response to exter-
nal sound waves, inducing a corresponding electrical current.
This structure is relatively simple in design (do not require a
built-in preamplifier) with acceptable acoustic distortion and low
production costs. However, electrodynamic microphones have
some inherent drawbacks. Typically, this structure exhibits a low-
frequency resonance peak around 2.5 kHz, which limits its re-
sponse to higher frequencies. This resonant peak also may cause
distortion and coloration of the sound.[170,171] The relatively heavy
coil structure’s inertia makes the microphone less responsive to
subtle pressure variations, severely limiting its sensitivity. There
have been some advancements in combining 2D material di-
aphragms, such as graphene,[5,137] with electrodynamic speakers,
serving as updated versions of dynamic microphones. However,
there is no clear evidence indicating that these developments sig-
nificantly enhance the performance of the microphone. Conse-
quently, electrodynamic microphones are not recommended for
new generation high-quality sound receptors.

For evaluation of the other type potential high-performance
microphones, three main parameters are typically considered:
sensitivity, bandwidth (which is related to the quality factor), and
dynamic range (DR) .[7,172] The mechanical sensitivity of the di-
aphragm material is defined as the normal deflection of the mem-
brane caused by external pressure of one unit strength, which can
be expressed as,[2,7]

Sm = Δ𝜔
ΔP

= a2

8𝜎0t
(18)

And the DR are defined as follows

DR =
Pmax

Pn
(19)

where Pmax is maximum non-distorted detected pressure and Pn
is pressure noise caused by Brownian motion of air molecular as
given below,[173]

P2
n =

4kBT𝜔0meff

A2Q
(20)

In this formula, kB is Boltzmann constant, A is the area of the
diaphragm, T is temperature, Q is the quality factor, 𝜔0 is the
resonance angular frequency and meff is the effective mass. From
Equation (20), we know the larger diameter to thickness ratio sig-
nificantly enhances the mechanical sensitivity of the diaphragm,
which is highly consistent with the characteristics of 2D materi-
als. However, for electric microphones, the specific circuit struc-
ture also influences the electrical detection sensitivity,[29,174] so
proper circuit design should be also detailly considered. We will
first discuss the performance improvement of the circuit based
advanced microphones through different 2D materials with their
composites. After that we will discuss newly developed micro-
phones that do not require circuit structures, such as FOMs and
acoustic laser vibrometers.
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Figure 9. Various types of sound detection devices. a) Electrodynamic microphone (moving coil microphone) where vibrating diaphragm generates
transient current (used for sound recording) through electromagnetic induction process. b) Condenser microphone, modeled as parallel plate capac-
itor. The transient current is generated by changing of capacitance. Reproduced under the terms of the CC-BY license.[7] Copyright 2019, Hindawi. c)
Piezoelectric microphone, generating transient current through piezoelectric effect. d) Piezoresistive microphone, inducing changing resistivity through
piezoresistive effect. These four types of microphones all based on electric readout principles. e) Fiber optic microphone (FOM). An Fabry-Pérot interfer-
ometer structure are integrated on the tip of optic fiber in order to detect the vibration of diaphragm sensitively by analyzing the interference of beams. f)
Acoustic laser interferometer, which is able to detect the small displacement of diaphragm vibration up to femtometer magnitude, utilizing interference
optical setups. Red laser with wavelength 633 nm serves as probe light and the purple laser with wavelength 405 nm is able to tune the vibration through
photothermal effects. Method e) and f) are based on optical detection principles. Reproduced with permission.[212] Copyright 2022, American Chemical
Society.

3.2.1. Condenser Microphones Based on 2D Materials and Their
Composites

Among the various types of electrical microphones, condenser
microphones are known for their higher sensitivity and wider,
flatter bandwidth response. Generally, the parallel plate capacitor
model can accurately describe this type of microphone (as shown
in Figure 9b). In this model, one end of the plate is connected to
the diaphragm to form a capacitor.[7] To charge the capacitor, a
constant voltage V is applied. When the capacitor is disturbed by
an external acoustic wave, its value changes due to small devia-
tions in the plate spacing. This induces a transient current given
by the equation,

I (𝜏) = V d
d𝜏

C (𝜏) (21)

where C(𝜏) is the capacitance at time 𝜏. The acoustic signal in-
put to the microphone can be encoded by this time-dependent
current.

Electrical sensitivity is a measure of how much output voltage a
microphone produces for a given SPL at a certain frequency. It is

usually expressed in dBV/Pa or mV/Pa. Traditional condenser mi-
crophones have higher sensitivity than electrodynamics micro-
phones because they use a preamplifier, which can increase the
signal level. In addition, the use of high-performance diaphragm
materials can greatly enhance the mechanical sensitivity of con-
denser microphones. The relative electrical sensitivity and abso-
lute electrical sensitivity are determined by the following formu-
las,

SC = 𝜕

𝜕P

(
ΔC
C0

)
= − 𝜕

𝜕P

(
Δd
d0

)
(22)

SA
C = 𝜕

𝜕P

(ΔC
A

)
(23)

where P is sound pressure, C0 is the original capacitance, d0 is
the equilibrium plate spacing, ΔC is the change of capacitance
under sound wave, Δd is the change of plate spacing, and A is
plate area. Higher device sensitivity can be achieved by adjusting
the applied voltage VB, decreasing the spacing d, and enlarging
the diaphragm area A. This can be easily achieved by 2D materials
and their composites.
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Figure 10. Graphene based condenser microphones. a) Schematic of the first condenser microphone, where graphene diaphragm is suspended on
the support frame, with designing of the fast-photodiode detector-like circuit which enables consistent gain at higher frequency. Reproduced with
permission.[26] Copyright 2015, National Academy of Sciences. b) Acoustic response of the first graphene condenser microphone, which shows broad
bandwidth and flat frequency response. Reproduced with permission.[26] Copyright 2015, National Academy of Sciences. c) Schematic and d) acoustic
response of graphene microphone with only 8 μm plate spacing. Under different external pressure this microphone shows broad and flat bandwidth
response. Reproduced with permission.[183] Copyright 2021, American Chemical Society.

2D materials, such as graphene-based materials, typically of-
fer good flexibility and can be prepared into large-area conduc-
tive diaphragms with ultrathin thickness. In recent times, there
has been ongoing research to combine these materials with mi-
crophone diaphragms, aiming to create microphone structures
with ultrahigh sensitivity. For example, Todorovíc et al. suggests
a graphene based microphone in a similar structure as B&K Type
4134 earphones in 2015,[175] whose diaphragm is pure graphene
film with a 5 mm diameter and a thickness of nearly 25 nm, show-
ing obviously enhanced sensitivity compared with B&K Type
4134 earphones. Zhou et al. developed an optimized graphene
condenser microphone (Figure 10a) using a graphene film ap-
proximately 60 layers with a diameter of 7 mm.[26] This graphene
diaphragm possesses a much larger diameter to thickness ratio
than Todorovic’s microphone. To reduce the parasitic capacitance
between the microphone and amplifier, they employed a cross-
impedance amplification circuit and additionally, they installed a
cavity on one side of the microphone electrode so as to enhance
the low-frequency stability of their microphone (with frequency
response shown in Figure 10b). Test results demonstrated a flat
acoustic response with wiggles of less than 10 dB across the entire
audio frequency range. Also this device had a bandwidth far ex-
ceeding that of other commercial microphones, typically having
a 140 kHz bandwidth. The low spring constant and large diam-
eter to thickness ratio of the graphene film are potential reasons

for the ultrahigh sensitivity and wide bandwidth of this micro-
phone. Chen et al. later built an acoustic sensor with suspended
graphene diaphragm of 1.5 mm wide and 5 layers thick,[176] a
larger diameter to thickness ratio compared to Zhou’s micro-
phone. The sensitivity of this device reached approximately 15.2
aF Pa−1, nearly 50% higher than the general Si-based thin-film
sensors. Mustapha et al. then conducted more targeted research
specially on the diaphragm diameter and prepared monolayer
graphene diaphragms with diameters ranging from 15 μm to 40
μm.[177] Test results showed that, with the same thickness, the
device with the largest diameter exhibited the highest sensitiv-
ity (approximately 20 dB larger compared to the diaphragm with
the smallest radius) and the most flat bandwidth response. In
general these microphones based on 2D materials possess sen-
sitivity comparable to or exceeding −42 dBV Pa−1 at 1 kHz,[178]

much higher than the commercial nickel-based microphone with
a sensitivity of −52 dBV Pa−1.[179] However, due to the ultrahigh
sensitivity and excellent performance of these microphones, they
can pick up more background noise than other types of micro-
phones. Therefore, it is necessary to introduce appropriate noise
reduction structures to further enhance sound quality.

Optimizing transfer methods and aiming to achieve lossless
production of 2D material films are beneficial for realizing the
fabrication of suspended diaphragms with larger diameter to
thickness ratios and enhanced stability. Carvalho et al. developed
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the sublimation-assisted transfer process and achieved the larger
area suspension of graphene diaphragms.[180] The largest sus-
pended diaphragm possessed a diameter of 4 mm with a thick-
ness of only about 3.7 nm. They selected an 1 mm diameter di-
aphragm with thickness around 1 nm to build a condenser mi-
crophone. Acoustic test results showed that the sensitivity of the
microphone increased by an average of 22 dB across the entire au-
dio frequency range compared to the reference microphone. The
larger diameter to thickness ratio with weaker internal stress is
the reason for the higher sensitivity of this microphone, which
highly demonstrates the suitability of 2D materials in enhanc-
ing microphone sensitivity. However, the transfer process dis-
cussed above may inevitably cause wrinkles and cracks, which
can have a detrimental impact on the stability, lifespan, as well
as the maximum achievable diameter to thickness ratio of the di-
aphragm. This is another aspect that can be further optimized
in the transfer of 2D material films. Pezone et al. aimed at this
and initially grew graphene films on silicon wafers and then
built a cavity by etching silicon perforations on the backward
substrate.[181] This allowed to directly suspend the graphene di-
aphragm on the opposite surface without the need for a trans-
fer process. The suspended diaphragms possess diameters up
to 155 μm with thickness of about only 7 nm, simultaneously
have lower extent of wrinkles and defects. The fabrication yield
of this method reached close to 100%, with the diaphragm’s me-
chanical sensitivity achieving approximately 92 nm Pa−1, much
higher than most commercial microphone diaphragms (approx-
imately 3 nm Pa−1). This method is beneficial for avoiding large-
scale wrinkles and cracks in suspended 2D diaphragms, and it
facilitates the realization of prestress control of microphone di-
aphragms as described in Section 2.

Condenser microphones need a bias voltage because they work
on the principle of capacitance. As mentioned above, the changes
of capacitance can produce a small transient signal for recording.
However, this AC signal is too weak to be used directly. It needs
to be amplified by a preamplifier circuit inside the microphone.
To power this circuit, a DC voltage is needed. This is called the
bias voltage or phantom power. The bias voltage also serves an-
other purpose: it polarizes the capacitor formed by the diaphragm
and the backplate. This means that it creates an electric field be-
tween them so that it is able to tune the sensitivity and frequency
response of the microphone. Relevant experiments are demon-
strated by Mustapha et al.[177] When the bias voltage is increased
until the diaphragm collapses and touch the back plate, defining
the maximum applied voltage as the “pull-in” voltage, it can be
expressed in the following formula,[7]

VPI =
√

8kd3

27𝜀A
(24)

where 𝜖 is permittivity in cavity. From this formula we can see
the “pull-in” voltage of a microphone depends on several factors,
such as the size, shape, material, the distance and configuration
of the electrodes, the air gap between the diaphragm and the back
plate. Also the internal stress of the diaphragm affects the deflec-
tion of the diaphragm, so it impacts the “pull-in” voltage. The
“pull-in” voltage of the condenser microphone is a critical param-
eter because it determines the upper limit of the bias voltage that

can be used to power the microphone and tune its sensitivity and
frequency response.

Typically the bias voltage is limited under 60% of the “pull-
in” voltage to avoid instability and nonlinear effects. Therefore,
how to avoid diaphragm “pull-in” while ensuring high stabil-
ity and sensitivity of the microphone with the smallest possi-
ble plate spacing is a major challenge in recent research on mi-
crophones based on 2D materials and their composites such
as graphene and GPC. It has been reported that by utilizing
graphene/PMMA GPC diaphragm, the condenser microphone
can achieve an equilibrium plate spacing of only 10 μm.[182] Test
results demonstrate that the microphone’s detection sensitivity
has reached approximately -20 dB, surpassing almost all tra-
ditional electret condenser microphones (ECM) by more than
9 dB, with the dynamic range of about 90 dB. Xu et al. re-
ported the development of an alternative approach for fabricating
a suspended graphene/PMMA condenser microphone, employ-
ing an improved preparation method that eliminates the need
for transfer. This was achieved by selectively etching the SiO2
sacrificial layer beneath the film, as illustrated in Figure 10c.[183]

This method enabled the microphone’s plate spacing to reach
2 μm, nearly the minimum plate spacing for graphene-based
condenser microphones, with the diameter to thickness ratio
of the diaphragm reaching up to 7800. The estimated average
sensitivity for this device was valued at 4.22 ± 10% mV Pa−1

(around −47.5 dB V) (Figure 10d). These results offer promis-
ing advancements for miniaturized acoustic devices used on
chips. However, studies in this area are still limited, and the
consideration of synergistic conditions related to plate spacing
decreasing is not yet sufficient. Therefore, further research on
plate spacing necessitates more comprehensive discussions and
investigations.

Another crucial aspect of condenser microphone research is
the type of bias voltage. The effects of DC bias voltage and AC bias
voltage on the performance of capacitive microphones have been
explored in the early researches.[184] As previously discussed, DC
bias voltage can be modulated to achieve a high signal-to-noise
ratio and wide frequency response. However, it can also lead to
issues such as DC drift and offset, which can impact the accuracy
and stability of the microphone signal. To mitigate this effects
of DC bias voltage, researchers have utilized oscillating circuits
within the microphone or preamplifier to generate AC bias volt-
age, which has shown effectiveness. Nevertheless, the introduc-
tion of AC voltage may introduce inevitable harmonic distortion
and noise into the microphone output signal, potentially reduc-
ing sensitivity and dynamic range. Given the recent researches,
the incorporation of 2D material diaphragms is able to optimize
performance of capacitive microphones to a mechanistic level, so
by employing appropriate control variable methods, it will play as
a solid platform for further investigation about the impact of AC
bias on microphone performance.

In summary, condenser microphones based on 2D materials
and their composites offer the main advantages of ultrahigh sen-
sitivity and large bandwidth compared with other types of mi-
crophones as well as condenser microphones with diaphragms
made of traditional bulk materials. Optimizing the bias volt-
age tuning of capacitive microphones, investigating the com-
prehensive impact of plate spacing, and designing more rea-
sonable noise reduction circuit structures will be crucial for
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the development of the next generation of microphones. It is
essential to comprehensively consider factors such as sound
quality, bandwidth, dynamic range, and sensitivity in order
to achieve significant advancements in condenser microphone
technology.

3.2.2. Other Types of Electric Microphones Based on 2D Materials
and Their Composites

Piezoresistive Microphones: The piezoresistive effect was
firstly discovered by Lord Kelvin in around 1856.[185] However,
the significant large piezoresistive effect in silicon and germa-
nium that could be used in piezoresistive microphones was first
discovered by Smith et al. in 1954.[7,186] A piezoresistive micro-
phone is designed with a diaphragm incorporating two pairs of
piezoresistors arranged in a Wheatstone bridge configuration
(as shown in Figure 9d). When exposed to mechanical stress
or strain induced by sound waves, the piezoresistive diaphragm
undergoes a corresponding change in resistance, synchroniz-
ing with the vibrations. This alteration in resistance leads to
changes in output current signals, enabling the microphone to
capture and record acoustic signals. Similar to the discussion on
transient current in condenser microphones, the output current
change in piezoresistive type microphones is also very small.[187]

So it typically requires the preamplifier to provide the neces-
sary gain and enable impedance matching for the output sig-
nal. Also the bias voltage is needed as a constant current ex-
citation to the piezoresistive element.[188] Parameters related to
the properties of piezoresistive microphones are described in
Section 4.1.

2D materials and their composites, such as GPC, are pro-
jected to be fabricated into piezoresistive microphones given
that some 2D materials and their composites exhibit high gauge
factors (which measure the extent of resistance change with
strain and generally, materials with higher gauge factors possess
stronger piezoresistive characteristics) .[6,29,189–201] However, cur-
rently, there is limited literature on 2D material-based piezore-
sistive microphones. One possible reason for this scarcity of
research may be due to the inherent drawbacks of piezoresis-
tive microphones, including a limited dynamic range and poor
sensitivity.[187] Therefore, further research is needed to explore
this field. Piezoresistive microphones are mainly modified into
MEMS devices and primarily employed in the field of static
pressure sensing, working as piezoresistive pressure sensors.
These sensors address the limitations of traditional piezoelec-
tric and capacitive sensors. Combined with 2D material based
diaphragms, they are able to possess ultrahigh sensitivity and
tunable bandwidth.[28,202] In Section 4.1, we will delve into a de-
tailed discussion of those high performance piezoresistive pres-
sure sensors based on 2D materials and compare them with the
traditional acoustic sensors.

Piezoelectric Microphones: Piezoelectric microphones are de-
vices that use the piezoelectric effect to convert sound vibrations
into electrical signals. Piezoelectric microphones are typically
composed of a thin piezoelectric material sandwiched between
two electrodes, such as a traditional quartz, ceramic, or polymer
film (as shown in Figure 9c). Recently, 2D material based piezo-
electric thin films are developed as a new generation of piezo-

electric material. When sound waves hit the piezoelectric mate-
rial, it deforms and generates a potential difference between the
electrodes as the output signal, without the need of an externally
applied polarizing voltage. However it requires a preamplifier to
amplify the output voltage of the piezoelectric microphone to the
level that can be processed by the subsequent circuitry. There-
fore, developing a well-designed and sophisticated circuit for the
piezoelectric microphone, which facilitates easy miniaturization
and integration, holds significant research importance.

Piezoelectric microphones, in general, offer advantages such
as high sensitivity, a wide frequency range, and low noise com-
pared to other types of microphones. The output energy and size
of piezoelectric microphones can be optimized based on the in-
put pressure, bandwidth, and different piezoelectric materials.
Thinner piezoelectric films generally exhibit better transient re-
sponse, while a larger area results in a greater effect of sound
waves on the diaphragm, leading to the generation of more out-
put charge and increased sensitivity. From this, it can be observed
that 2D materials with ultralarge area and atomic thinness are
highly beneficial for enhancing microphone sensitivity.[6,203,204]

Additionally, atomic thin films of 2D materials are so flexible that
they can rapidly respond to sound waves of different frequencies,
resulting in a broader resonance bandwidth.

However, it is important to note that these microphones also
have drawbacks, including high impedance, temperature depen-
dence, and aging effects. Considering that the output signal cur-
rent is very small, it results in a high output impedance. High
impedance means that the piezoelectric microphone requires an
amplifier with a high input impedance to amplify the signal; oth-
erwise, signal loss and related errors may occur. The sensitivity
and frequency response of the piezoelectric microphone also vary
with temperature, as temperature affects the polarization, elastic-
ity, and thermal expansion properties of the piezoelectric mate-
rial. Temperature dependence implies that the piezoelectric mi-
crophone needs a compensation circuit to correct the signal in
case of the distortion and drift. Furthermore, the performance
of the piezoelectric microphone deteriorates over time. The po-
larization properties of the piezoelectric material gradually de-
grade over periods, leading to a decrease in sensitivity and stabil-
ity. This means that the piezoelectric microphone requires an ag-
ing testing and calibration process to ensure its accuracy and con-
sistency of the signal. In summary it is necessary to control the
experimental conditions and implement appropriate compensa-
tion strategies to optimize test accuracy considering the limita-
tions of the piezoelectric microphone.

It is worth noting that, up to this point, only a limited num-
ber of composite materials comprising 2D materials and piezo-
electric polymers have been successfully used in the fabrica-
tion of piezoelectric microphones. Wang et al. utilized a PVDF-
fluoridetrifluoroethylene (TrFE)/MXene material to construct a
pressure sensor where MXene enhances the piezoelectric po-
larization of PVDF,[205] showing improved sensitivity compared
with pure PVDF piezoelectric film. Graphene is also utilized as
conducting electrode component in GPC combined with piezo-
electric materials such as PVDF, PZT, and other piezoelectric
materials.[206,207] In these structure, the graphene electrode is
lightweight and thin, which promotes the device transparency.

However, it should be noticed that pure MXene films and other
2D materials have hardly been experimentally fabricated into
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piezoelectric microphones, though various types of 2D materi-
als, such as BN, TMDs (such as MoS2, WS2) has shown out-of-
plane ferroelectric effect.[208,209] This could be attributed to the
insufficient piezoelectric coefficient of these pure 2D materials
and the challenging of transfer processes, which makes it diffi-
cult to be directly fabricated into piezoelectric thin films with re-
liable acoustic performance. With recent advancements in newly
developed materials such as Janus TMDs with out of plane sym-
metry broken, it as a promising new 2D material for producing
high-performance piezoelectric speakers. In the future, signifi-
cant breakthroughs are anticipated to be made for those concept-
based piezoelectric speakers such as single atomic layer piezo-
electric speakers etc., as the further development of transfer and
preparation processes.

3.2.3. Optical Sound Detectors

Optical sound detection methods directly capture the mechan-
ical vibrations of the diaphragm using interference, reflection,
and other techniques. These methods offer higher sensitivity
and greater convenience compared to electric detection meth-
ods. FOMs and laser vibrometers are typical examples of optical
acoustic detection devices, which will be discussed in the follow-
ing sections

Fiber Optic Microphones (FOMs): Conventionally, FOMs are
fabricated in the following steps: Firstly, researchers insert an op-
tical fiber into the outer ferrule and precisely control the small
distance between the end of the optical fiber and the ferrule port.
Then, they integrate a 2D material diaphragm (such as graphene)
onto the ferrule port, forming a Fabry-Perot interferometer (FPI)
structure with the end of the optical fiber. By using a photode-
tector (PD) or other equipment to detect interference fringes or
reflection spectra, the vibration amplitude and frequency of the
graphene diaphragm can be deduced through spectrum analysis
(the general structure of a FOM is shown in Figure 9e).

The detection intensity Iout is the sum of reflections from the
optical fiber end and the membrane, given by the following equa-
tion with reflectivity denoted by R1 and R2,[210]

Iout =
(

R2 + 𝜉R1 − 2
√
𝜉R1R2 cos 𝜃

)
Ii (25)

where 𝜃 is phase difference between two reflected beam, gener-
ally the value is 𝜃 = 4𝜋L/𝜆. Ii is the intense of input light while 𝜉

is coupling constant given by,

𝜉 =
4
[

1 +
(

2𝜆L
𝜋N0a2

0

)2
]

[
2 +

(
2𝜆L

𝜋N0a2
0

)2
]2

(26)

where 𝜆 is guiding wavelength in length L cavity, N0 is refractive
index (approximately 1 for air medium) and a0 is the radius of
mode field (typically 4.9 μm for SMF-28 single-mode fiber). The
change of cavity length caused by vibration is the deflection of di-
aphragm w, then the absolutely contrast of reflected light is given
by,

ΔI = 8𝜋
𝜆

Ii sin 4𝜋L
𝜆

√
𝜉R1R2w (27)

The photodetector responses to the detected light intensity
with output voltage Vout = RIout, so the deformation w of di-
aphragm can be inferred from intensity variation with the for-
mula given as,

w =
𝜆
(
R2 + 𝜉R1

) (
Vout − V0

)
8𝜋V0

√
𝜉R1R2

(28)

where V0 is equilibrium output voltage of PD at no sound. From
this, we can express the total external sound pressure P of as,

P =
B1𝜎0tw

a2
+

B2Etw3

(1 − v) a4
(29)

where B1, B2 are dimensionless indices. Equations (27) to (29)
indicate that the deformation of FOM diaphragm and vibrations
of external acoustic pressure can be directly analyzed from the
output optical signals of the FOM. Remind that the mechanical
sensitivity of the FOM is determined by Equation (18),

Sm = Δ𝜔
ΔP

= a2

8𝜎0t
(30)

Due to the controllable internal stress and high diameter to
thickness ratio of suspended 2D materials and their composite
diaphragms, their mechanical sensitivity can be significantly ad-
justed. With the capability to directly capture the vibration sig-
nal of the diaphragm, the FOMs based on 2D materials and
their composites can exhibit a notable measurement sensitiv-
ity to sound pressure fluctuations, given that the measurement
equipment is well optimized. As a result, these materials hold
promising prospects for next-generation high-performance mi-
crophones. Similar principles can also be applied to pressure
sensing. Further details regarding these FOMs and pressure sen-
sors with similar structures will be discussed in Section 4.2.1.

In summary, the magnitude of deformation w affects the cavity
length of the FP cavity, which in turn affects the intensity of the
interfering light. Therefore, by directly measuring the intensity
of the interfering light, we can accurately determine the defor-
mation of the diaphragm thus achieving precise measurement
accuracy.

The reflectivity of the 2D material based diaphragms also has
an impact on experimental measurements. From Equation (27),
it can be observed that the change in light intensity is directly pro-
portional to the square root of (R1R2), the multiplication of the
material reflectivity of 2D material and optical fiber base. Hence,
using 2D material based diaphragms with higher reflectivity is
advantageous for enhancing the intensity of the effective inter-
ference signal, thereby improving the resolution of thin film de-
formation. Furthermore, it can be deduced that adjusting the ap-
propriate cavity length, employing suitable wavelengths, and se-
lecting 2D materials with higher reflectivity all contribute to im-
proving the precision of optical vibration measurements.

Laser Vibrometers for Sound Detection: The vibration of the
diaphragm can be directly detected by laser vibrometers. Various
types of laser vibrometers are shown in Figure 11. Davidovikj
et al. employ a He–Ne laser to create a laser vibrometer, in
which the laser is directed onto the underlying 2D material.
The incident light undergoes multiple reflections at each
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Figure 11. Laser vibrometers for high quality sound detection. a) Interference interferometer which detects the vibration form the interference of beams
after penetrating the vibrating films. Large resolving power and broad bandwidth covering several Megahertz can be detected by this method. Reproduced
with permission.[211] Copyright 2016, American Chemical Society. b) Laser vibrometer based on reflection method, with similar principle as atomic force
microscope tips, where the vibration of film is magnified by light reflection. Reproduced under the terms of the CC-BY license.[213] Copyright 2015, Crown.
c) Laser Doppler Vibrometer, which can directly readout the vibration frequency and amplitude with relatively lower frequency and larger displacement.
The resolution of this method is able to reach several femtometers. Reproduced with permission.[214] Copyright 2023, Royal Society of Chemistry. d)
High-sensitive broadband spectrum measured by laser interferometers, possessing broadened response and high sensitivity in ultrasonic frequency
range which will be discussed in the following sections. Reproduced with permission.[211] Copyright 2016, American Chemical Society.

interface, resulting in periodic vibrations that cause alterations
in the spectrum of interference intensity.[211] This enables the
measurement of vibration amplitude and frequency with high
sensitivity (Figure 11a). This method can detect the vibration
mode of graphene film under high-frequency drive and measure
the thermal fluctuations of suspended 2D material without
external drive (Figure 11d). The displacement resolution of
this interferometer reaches an ultrahigh value of 11 fm Hz−1/2.
Similar methods have also been developed by Wang et al.[169,212]

which accurately detect the ultrasonic resonant behavior of 2D
material-based mechanical resonators. However, it is important
to note that this method is more suitable for acoustic measure-
ment at high frequencies with smaller vibration amplitudes
that are less than one wavelength of the probe light in order to
generate effective interference.

Other methods have been developed to accurately detect acous-
tic vibrations at lower frequencies. Zelinger et al. developed a
method (Figure 11b) that utilizes a silicon cantilever coupled
with a multilayer graphene film, employing similar principles
as the atomic force microscopy (AFM) tip.[213] This method al-
lows direct analysis of vibrations from beam reflection signals.
However, the sensitivity and signal-to-noise ratio (SNR) of this
method have not been proven to be more precise than acoustic
detection using high-quality microphones. Another commonly
used method, as described by Baglioni et al., is to employ a
laser Doppler vibrometer (LDV), such as the OFV-5000 vibrom-
eter controller, to accurately measure the mechanical and vi-

bration properties of microphones diaphragms (as shown in
Figure 11c).[214] The instantaneous velocity of the film vibration
can be accurately determined by measuring the Doppler fre-
quency shift of small regions where incident light interferes with
reflected beams of known wavelengths. By counting the light and
dark stripes of the interference spectrum on the LDV, the ampli-
tude of the film vibration can be resolved down to the femtometer
level.[215,216]

The utilization of laser vibrometers to characterize the acoustic
vibration of diaphragms offers a simple and fast way to achieve
highly accurate detection. However, their application is limited
due to the expensive equipment involved, making them unsuit-
able for large-scale industrial usage. Optical sound detection
methods, in general, provide ultrahigh sensitivity and SNR due
to their direct interaction with diaphragm vibrations, similar to
how our eyes perceive moving objects, without the need for cum-
bersome circuit analysis as in electric detection methods (where
accuracy mainly depends on circuit impedance characteristics).
Nonetheless, the method described above still has certain limi-
tations, including high costs, limited applicability for large-scale
industrialization, and poor environmental stability. There is po-
tential for further research and development in optical detection
technology, such as the area of array sensing technology. This
approach involves integrating FOM arrays with varying geomet-
ric parameters. By analyzing and interpreting the combined de-
tection results, it is anticipated that a broader frequency band-
width and greater sensitivity for acoustic vibration sensing can
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Figure 12. Pressure detection methods. a) Piezoresistive: the resistance of the membrane depends on the strain of the membrane. b) Optical: the
reflected light signal depends on the displacement of the center point of the membrane. c) Capacitive: the capacitance between the membrane and the
electrode depends on the average displacement of the whole membrane.

be achieved. In conclusion, the optical sound detection technol-
ogy is expected to find increased development and utilization in
the future, particularly in the field of ultrahigh accuracy acoustic
detection.

4. Static Pressure Sensors

Pressure sensors are widely used in both industrial monitoring
and everyday life. They are commonly manufactured as MEMS
devices that convert external pressure into electrical or optical
signals. However, the increasing demand for high-performance
pressure sensors brought about by the Internet of Things has
placed greater emphasis on the sensitivity and size of these
devices.[28]

To meet these requirements, 2D materials have garnered at-
tention due to their high surface area, making them an at-
tractive option for developing highly sensitive pressure sen-
sors with small dimensions. This section will focus on pres-
sure sensors for static pressure, while resonant pressure sen-
sors for high-frequency sensor devices will be discussed in the
section 5.

There are several methods available for measuring the defor-
mation of suspended films, with two main types being strain-
based and displacement-based pressure sensors. Strain-based
pressure sensors detect changes in the resistance of the film
under strain to measure pressure (Figure 12a), resulting in a
linear response and a clear output signal. Displacement-based
pressure sensors typically measure changes in displacement us-
ing optical (Figure 12b) or capacitive (Figure 12c) means and
are less susceptible to environmental factors such as gas and
humidity.

4.1. Strain-Based Pressure Sensors

Piezoresistive pressure sensors are a widely used pressure sen-
sors, due to the fact that the resistance can be detected simply by
a change in voltage or current in the circuit (Figure 12a). Piezore-
sistive pressure sensors function based on the principle of the
piezoresistive effect.[28] The sensing element of the device, typ-
ically a suspended thin film, undergoes deformation under the

influence of a pressure differential ΔP, resulting in the introduc-
tion of a corresponding strain within the film. This strain causes
a measurable change in the electrical resistance of the sensor,
which can be accurately detected and quantified as a measure of
the applied pressure. The extent of this effect is determined by
the gauge factor (GF) of the material, which is the ratio of the
relative change in resistance to the applied strain[217]

GF = d𝜑
𝜑0

1
ds

+ (1 + 2𝜈) (31)

where 𝜑 is the resistivity, 𝜑0 is the material’s zero-strain resistiv-
ity, s is the applied strain in the material, and 𝜈 is the Poisson ra-
tio. Commercially available piezoresistive sensors predominantly
utilize metal foils. However, due to the absence of a band gap
in metals, their resistivity exhibits only marginal changes upon
strain application, resulting in lower GF within the range of 1–
5. In contrast, semiconductor materials possess a non-zero band
gap and their intrinsic carrier density is dependent on the band
gap. Strain application alters the energy band structure, thereby
modulating the carrier density and yielding higher GF values.[218]

The GF of MoS2 are −148, −224, and −40 for monolayer, bi-
layer and trilayer, respectively.[219,220] Theoretical GF predictions
for monolayer WSe2 are about 3000.[221] The high piezoresistive
coefficients make it possible to fabricate smaller and more sensi-
tive pressure sensors from 2D materials.

In most cases, strain-based pressure sensors employ sus-
pended films that are characterized by square geometries, as such
configurations enable the attainment of elevated strain gradients.
Relationship between center deflection and pressure difference
of a square suspension membrane is described as[222]

P =
C1t𝜎0(

l
2

)2
w +

C2f (𝜈) tE(
l
2

)4
(1 − 𝜈)

w3 (32)

where C1, C2 are dimensionless constants, 𝜎0 is the prestress in
the film, l is the edge length of the film, 𝜈 is the Poisson’s ra-
tio, f(𝜈) is a geometric function, t is the film thickness, E is the
Young’s modulus and w is the displacement at the centre of the
film.

Adv. Funct. Mater. 2023, 2303519 © 2023 Wiley-VCH GmbH2303519 (24 of 39)

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202303519 by Peking U
niversity H

ealth, W
iley O

nline L
ibrary on [07/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.afm-journal.de

Table 1. Sensitivity comparison of different piezoresistive pressure sensors (N/A: specific parameter that is not provided by the authors).

Author Year Material Suspended
areaa) [μm2]

Test range
[kPa]

Sensitivity
[kPa−1]

Sensitivity per
unit areab)

[kPa−1μm−2]

Zhu et al.[226] 2013 Graphene/SiNx 78400 0–70 6.67 × 10−5c) 8.50 × 10−10c)

Smith et al.[195] 2013 Graphene 384 40–100 2.96 × 10−5d) 7.71 × 10−8d)

Wang et al.[227] 2016 Graphene/SiNx 240100 0–40 2.8 × 10−4 1.17 × 10−9c)

Wagner et al.[230] 2018 PtSe2/PMMA 157 N/A 1.39 × 10−3c) 8.85 × 10−6c)

Lin et al.[228] 2019 Graphene/PMMA 1570 0–80 2.87 × 10−5 1.83 × 10−8

Liu et al.[229] 2020 Graphene/PMMA 602 0–70 7.42 × 10−5d) 1.23 × 10−7d)

Gonzalez et al.[223] 2012 Silicon germanium 62500 0–60 2.5 × 10−5 4 × 10−10

Godovitsyn et al.[224] 2013 Silicon 4000000d) 0–100d) 2.37 × 10−4d) 5.92 × 10−11d)

a)the area of the suspended membrane; b)Sensitivity per unit area = Sensitivity/suspended area; c)From Ref. of Wagner et al;[230] d)From Ref. of Liu et al;[229]

In the linear region characterized by small displacements, the
displacement of the suspended film can be primarily attributed
to the first term on the right-hand side of Equation (32). The
thickness of the piezoresistive material is a critical parameter
that significantly impacts the performance of the piezoresistive
pressure sensors. Nevertheless, traditional piezoresistive materi-
als encounter significant challenges in achieving very thin thick-
nesses, which can limit their performance in applications re-
quiring high sensitivity. Suspended 2D materials with atomic-
thin layer thickness offer a promising avenue for addressing the
challenges associated with achieving ultrathin piezoresistive ma-

terials (Table 1) .[223,224] The mechanical sensitivity at the cen-
ter of the film increases with the square of (a/2)2/t, where a is
the length of the square membrane and t is its thickness. Thus,
a higher value of diameter to thickness ratio corresponds to a
greater strain change inside the film for the same differential
pressure, which in turn increases the sensitivity of the resistive
device. In 2013, Smith et al. successfully fabricated suspended
CVD monolayer graphene films on 6 × 64 μm2 square cavities
(Figure 13a).[195] The team demonstrated the piezoresistive ef-
fect of graphene in nanoelectromechanical thin film configura-
tion, revealing an average GF of 2.9 and a sensitivity per unit

Figure 13. Strain-based pressure sensor. a) CVD monolayer graphene suspended on a 6 × 64 μm2 rectangular cavity. Reproduced with permission.[195]

Copyright 2013, American Chemical Society. b) The device in a) demonstrates the piezoresistive effect of graphene in a nanoelectromechanical film with
a sensitivity per unit area of up to 7.71 × 10−8 kPa−1μm−2. Reproduced with permission.[195] Copyright 2013, American Chemical Society. c) SEM image
of ≈2 nm thick CVD graphene transferred on a suspended 490 × 490 μm2 SiNx film with the through-hole arrays. Reproduced with permission.[227]

Copyright 2016, Royal Society of Chemistry. d) The device in c) maintains a high sensitivity of 2.8 × 10−6 kPa−1 over a wide pressure range. Reproduced
with permission.[227] Copyright 2016, Royal Society of Chemistry. e) Optical image of PtSe2 on a 157 μm2 cavity through PMMA-assisted suspension.
Reproduced with permission.[230] Copyright 2018, American Chemical Society. f) Absolute resistance (left y-axis) and pressure (right y-axis) change for
one pressure cycle (1000 mbar, pumped down to 200 mbar, 1000 mbar) of the device. Reproduced with permission.[230] Copyright 2018, American
Chemical Society.
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area of 7.71 × 10−8 kPa−1 μm−2 (Figure 13b). In 2014, they
experimentally determined that biaxially strained CVD mono-
layers of graphene exhibited a higher average GF of 6.1.[225]

Aside from pure 2D materials, it is also possible to produce sus-
pended films by combining 2D materials with silicon-based ma-
terials. This approach can facilitate the transfer of suspended
2D materials and enhance their strain. A piezoresistive pres-
sure sensor was proposed by Zhu and co-workers in 2013.[226]

The sensor was created by transferring a CVD multilayer poly-
crystalline graphene film onto a suspended square silicon ni-
tride (SiNx) membrane that was suspended and had a side length
of 280 μm and a thickness of 100 nm. The graphene was then
selectively patterned in the area with the highest strain. Wang
et al. have reported a method for enhancing the strain sensi-
tivity of graphene-based pressure sensors.[227] They first created
a 490 × 490 μm2 SiNx membrane with an array of micropores
and then transferred a large graphene film onto it (Figure 13c).
The method resulted in a significant increase in strain on the
graphene, thereby achieving a sensitivity of 2.8 × 10−4 kPa −1

(Figure 13d).
In recent years, there have been significant progress on the

development of larger-sized suspended films using polymer-
assisted graphene. This approach has enabled the creation of
films with increased dimensions, which has potential applica-
tions in various fields, including pressure sensing. Lin et al.
combined PMMA with graphene to achieve a sensitivity of
2.87 × 10−5 kPa−1 sensitivity.[228] Liu et al. prepared a pres-
sure sensor with sensitivity of approximately 7.42 × 10−5 kPa−1

.[229] The sensitivity of this device on the unit area is ap-
proximately the same order compared with suspended mono-
layer graphene. Due to the high specific surface area of 2D
materials, the resistance of 2D materials is very sensitive to
air and humidity. The polymer not only acts as a support
for the film, but also isolates the 2D material from the ex-
ternal environment so as to improve the stability of the de-
vice.

In addition to mechanical sensitivity, the sensitivity of a de-
vice is directly related to the gauge factor of the material. As
we mentioned earlier, 2D materials possess a tunable band gap,
allowing piezoresistive coefficients to reach exceptionally high
levels.[220,221] Wagner et al. (Figure 13e) verified that platinum
diselenide (PtSe2) has a GF of −85 ,[230] using 157 μm2 sus-
pended membrane with a sensitivity of up to 1.39 × 10−3 kPa−1

(Figure 13f).

4.2. Displacement-Based Pressure Sensors

Displacement-based pressure sensors exhibit high environmen-
tal robustness and have a wide range of potential applications,
including but not limited to automotive, aerospace, and blood
pressure monitoring. Displacement-based pressure sensors can
be broadly categorized into two primary categories based on
their sensing mechanisms: optical fiber pressure sensors and ca-
pacitive pressure sensors. Optical fiber pressure sensors mea-
sure the displacement at the center point of the diaphragm
(Figure 12b), while capacitive pressure sensors detect the de-
flection of the entire diaphragm caused by the applied pressure
(Figure 12c).

4.2.1. Optical Fiber Pressure Sensor

Typically, in order to obtain a larger displacement at the center
point of the film, fiber optic pressure sensors usually employ a
suspension membrane characterized by a circular geometry. The
relationship between the center deflection of a circular suspen-
sion membrane and the pressure difference has already been de-
scribed by Equation (29). In the linear range, dominated by the
first term on the right side of equation, the mechanical sensitivity
of the fiber optic pressure sensor is proportional to the diameter
to thickness ratio and inversely proportional to the prestress in
the film. In order to obtain higher sensitivity in fiber optic sen-
sors, many studies have prepared suspension films with larger
diameter to thickness ratio using 2D materials (Table 2).[231]

2D materials exhibit superior mechanical and atomic-thin
layer thickness properties, particularly the ability to fabricate de-
vices with high diameter to thickness ratios, which is challenging
in traditional bulk materials. This makes them ideal candidates
for use in optical fiber pressure sensors and FOM diaphragms.
In 2012, Ma et al. constructed a pressure sensor using a few-layer
graphene diaphragm with a width of 25 μm (Figure 14a).[232] The
diaphragm proved to be effective in accurately detecting fluctua-
tions in air pressure, exhibiting a high sensitivity of over 39.4 nm
kPa−1 (Figure 14b). Then in 2013, they built one of the earli-
est FOM utilizing around 100 nm thick multilayer graphene
film with 125 μm diameter,[233] indicating a high sensitivity of
1100 nm kPa−1, with an equivalent noise background of only 60
μPa Hz−1/2. This was an exciting value compared with other types
of microphones at that time. In 2015, Li et al. conducted a study
wherein they modified the length of the FP cavity to 98 μm and
fabricated a suspended graphene film with a thickness of 4.36 nm
and a diameter of 125 μm.[234] The device achieved an impres-
sive sensitivity of 2.38 nm Pa−1 and demonstrated a flat response
within the whole audio frequency. Optimization of devices’ struc-
tures is also a good way for performance improvement. Liao
et al. fabricated graphene film with enhanced sensitivity based on
the principles of differential Bragg reflector/distributed feedback
Bragg (DBR/DFB) fiber laser.[235] Li et al. used the elastic theory of
vibrating film to simulate how various mechanical parameters in-
fluence the diaphragm’s response. They predicted that the higher
reflectivity, lower thickness, smaller Young’s modulus and larger
diaphragm diameter are conducive to higher detection sensitivity
and better signal-to-noise ratio of devices.[236] In 2017, Yu et al. de-
veloped a fiber optic pressure sensor utilizing a suspended MoS2
diaphragm with a thickness of 8 nm on a 125 μm diameter cavity
(Figure 14c).[237] The sensor exhibited a remarkable sensitivity of
89.3 nm Pa−1 in the 0–100 Pa range (Figure 14d).

However, the reflectivity of graphene is too low, resulting in a
low signal-to-noise ratio of the FP cavity. Wu et al. utilized GO and
prepared an 100 nm thick suspended diaphragm with a 1.8 mm
diameter to form an FP cavity.[54] Experiments show that GO film
has a flatter acoustic response compared with graphene, with the
detection signal-to-noise ratio enhanced to 62.2 dB. Dong et al.
further explore the role of the diaphragm’s reflectivity.[238] They
synthesized a 4-layer graphene film composited with 5 nm sil-
ver film, enhancing the maximum reflectivity of the diaphragm
for more than 5 dB, the result shows the sensitivity of FOM in-
creased by 3 times compared with the film’s original electric sen-
sitivity. Better results can be achieved by modulating the air gaps
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Table 2. Sensitivity comparison of different optical fiber pressure sensors.

Author Year Material Suspended
areaa) [μm2]

Test range
[Pa]

Sensitivity
[nm Pa−1]

Sensitivity per unit areab)

[nm Pa−1μm−2]

Ma et al.[232] 2012 Graphene 490 0–2 × 104 0.0394 8.03 × 10−5

Ma et al.[233] 2013 Graphene 11265 0–0.4 1.1 8.97 × 10−5

Li et al.[234] 2015 Graphene 12265 0–9 2.38 1.94 × 10−4

Yu et al.[237] 2017 MoS2 12265 0–100 89.3 7.28 × 10−3

Xu et al.[231] 2014 Silver 4521600 0–7 × 10−3 160 3.54 × 10−5

a)the area of the suspended membrane. b)Sensitivity per unit area = sensitivity/suspended area.

within FP cavity as well. Monteiro et al. utilized a method of so-
lution self-assembly method to fabricate GO films on optic fiber
tips.[239] In a 4 mg mL−1 GO aqueous dispersion, a diaphragm
with a thickness of about 40 nm and radius of about 75 μm was
directly deposited on the optical fiber section through vdW in-
teraction (Figure 14e), without the usage of the hazard chemical
transfer process. The experiment shows a flat frequency response
with a maximum signal to noise ratio of 32.7 dB (Figure 14f).
Large stability and sensitivity are remained by FOM of up to
90 degrees Celsius. In the future, further improving the me-
chanical properties of diaphragm materials and analyzing their
performance in extreme environments deserves more efforts to
explore.

4.2.2. Capacitive Pressure Sensors

An alternative technique for determining the displacement of
membranes is to measure capacitance, which has low energy con-
sumption and high pressure sensitivity. The basic operating prin-
ciple of a capacitive pressure sensor is illustrated in Figure 12c.
The capacitance of the sensor can be determined by the equation:

C = 𝜀A
d

(33)

where 𝜖 denotes the absolute dielectric constant of the medium,
A represents the area of the pole plates, and d is the distance
between the plates. When the pressure differential causes the

Figure 14. Optical fiber pressure sensor. a) Optical images of CVD graphene suspended on a pure silica capillary with an inner diameter of 25 μm.
Reproduced with permission.[232] Copyright 2012, Optical Society of America. b) The sensitivity of the suspended graphene bilayers in a) reaches 36 nm
kPa−1. Reproduced with permission.[232] Copyright 2012, Optical Society of America. c) Low-magnification SEM image of a ceramic ferrule with a diameter
of 125 μm covered with a MoS2 film of approximately 8 nm thickness. Reproduced with permission.[237] Copyright 2017, Wiley-VCH. d) Pressure sensors
with sensitivity up to 89.3 nm Pa−1 prepared from approximately 8 nm thick self-supported MoS2 films in c). Reproduced with permission.[237] Copyright
2017, Wiley-VCH. e) SEM image of the suspended GO film with a thickness about 40 nm. Reproduced with permission.[239] Copyright 2021, MDPI.
f) Signal-to-noise ratio of the suspended 40 nm thick GO film at different input acoustic frequencies, with a maximum of 32.7 dB when the frequency is
25 kHz. Reproduced with permission.[239] Copyright 2021, MDPI.
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Table 3. Sensitivity comparison of different capacitive pressure sensors (N/A: specific parameter that is not provided by the authors).

Author Year Material Suspended areaa)

[μm2]
Test range

[kPa]
Sensitivity
[aF Pa−1]

Sensitivity per unit areab)

[aF Pa−1μm−2]

Berger et al.[244] 2017 PMMA/graphene N/A 0–100 4.2 1.23 × 10−4

Berger et al.[245] 2018
Polymer/graphene

196 000 000 0.5–8.5 27100 1.38 × 10−4

Šiškins et al.[243] 2020 Graphene 196 250 80–120 N/A 4.78 × 10−5

Tran et al.[242] 2017 Graphene 502 400 1–5 × 10−3 410 000 8.16 × 10−1

Han et al.[240] 2009 Polyamide /metal 288 000 000 0–35 30 000 1.04 × 10−4

a)The area of the suspended membrane; b)Sensitivity per unit area = sensitivity/suspended area.

suspended membrane to deform, altering the distance d between
the pole plates, the change in ambient pressure (ΔP) can be de-
tected by measuring the shift in capacitance between the sus-
pended material and the fixed electrode.

The high sensitivity of capacitive pressure sensors requires a
larger average displacement (w̄) across the film. The average dis-
placement of the entire suspended membrane can be approxi-
mated as follows

w̄ = w
2

(34)

where w is the displacement of the center point of the film. To ob-
tain higher sensitivity, capacitive pressure sensors are also usu-
ally employ a suspension membrane characterized by a circular
geometry.

Throughout deformation, the relative area (A) of the electrodes
remains constant, and as a result, the equation for the change in
value of capacitance versus deflection can be simplified to

ΔC = 𝜀A
d0

− 𝜀A
d0 −

w
2

= −w𝜀A
d0(2d0 − w)

(35)

where d0 denotes the initial distance between the film and the
electrode. Increasing the diameter to thickness ratio of the sus-
pended membrane, or decreasing the initial spacing between the
pole plates can significantly enhance the capacitive sensitivity of
the device. The use of suspended 2D materials confers unique ad-
vantages in fabricating capacitive pressure sensors with height-
ened sensitivity (Table 3).[240]

The sensitivity of capacitive pressure sensors is closely re-
lated to the area of the suspended membrane. To enlarge this
area, Chen et al. employed a combination of a gradual sol-
vent replacing technique and a hydrogen bubbling transfer ap-
proach with thermal annealing to manufacture a suspended
graphene (five layers) pressure sensor with a diameter of 1.5 mm
(Figure 15a).[176] The device achieved a capacitive sensitivity of
up to 15.15 aF Pa−1 (Figure 15b). In 2017, Davidovikj et al. fabri-
cated a patterned bottom electrode on an insulating substrate to
optimize the contribution of the suspended graphene film to the
overall device capacitance,[241] enabling capacitance readout for a
single layer suspended graphene film with a diameter of 5 μm.
Using an array of suspended graphene films with a diameter of
8 μm and a thickness of 2 nm, Tran et al. achieved a capacitive
sensitivity of 164 aF Pa−1 over a low-pressure range of 1–5 Pa.[242]

In 2020, Šiškins et al. developed pressure sensors using an array

of nearly 10000 bilayer graphene membranes,[243] each having a
diameter of 5 μm (Figure 15c), achieving a capacitive sensitivity
per unit area of up to 47.8 aF Pa−1 mm−2 (Figure 15d).

Reducing the distance between the polar plates is another ef-
fective method of improving capacitance sensitivity, as demon-
strated by Equation (35). Berger et al. achieved a suspended film
on a 50 nm air medium by combining a single layer of graphene
with a 140 nm polymer[244] (Figure 15e) and the device shown
was able to achieve a sensitivity of 123 aF Pa−1 mm−2 from 0
to 100 kPa (Figure 15f). To further enhance sensitivity, the re-
searchers incorporated a 12.5 μm polymer in combination with
graphene,[245] resulting in a pressure sensor capable of detecting
sensitivity of up to 27.1 fF Pa−1 within the 0.5 to 8.5 kPa range.

The ultrathin nature of 2D materials offers unique advantages
in the development of highly sensitive pressure sensors. Com-
pared to traditional materials, 2D material pressure sensors ex-
hibit higher sensitivity per unit area in piezoresistive, capacitive,
and optical fiber pressure sensors, making them particularly ap-
pealing for producing small-sized pressure sensors with higher
sensitivity (Tables 1–3).

However, the current transfer process for producing sus-
pended 2D materials and their composites on closed cavities re-
mains to be improved, and achieving thin-thickness films with
large suspended areas remains challenging. The conflicting rela-
tionship between high sensitivity and wide linear measurement
range of pressure sensors is also an unsolved challenge, and
modulating the prestress of suspended membrane is a feasible
solution. The current piezoresistive pressure sensors prepared
from suspended 2D materials and their composites are much
more sensitive per unit area than conventional materials, but the
overall sensitivity is not as good as conventional piezoresistive
materials with large dimensions, and the development of mate-
rials with higher GF is expected to solve this shortcoming. In ad-
dition, the high specific surface area of 2D materials in piezore-
sistive pressure sensors makes them more vulnerable to temper-
ature, humidity, gases, etc. Reducing the environmental impact
on piezoresistive materials by compounding other materials to
isolate them is an effective means of broadening the operating
range of piezoresistive pressure sensors. The capacitive pressure
sensors also presents a challenging problem primarily due to the
high parasitic capacitance. While increasing the suspended area
of the thin film and reducing the electrode spacing can enhance
capacitance sensitivity, it increases the parasitic capacitance of the
device at the same time. Patterning the electrodes to match the
suspended membrane or increasing the ratio of the suspended
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Figure 15. Capacitive pressure sensor. a) Optical image shows a CVD graphene film with a diameter of 1.5 mm in suspension, deformed by air pres-
sure by approximately 100 μm. Reproduced with permission.[176] Copyright 2016, Royal Society of Chemistry. b) Capacitive response to air pressure
corresponding to the device in Figure a), with a sensitivity of up to 15.15 aF Pa−1. Reproduced with permission.[176] Copyright 2016, Royal Society of
Chemistry. c) Optical image of CVD bilayer graphene suspended on an array of circular holes with a diameter of 5 μm. Reproduced with permission.[243]

Copyright 2020, Springer Nature. d) Barometric capacitance response corresponding to the device in c) with a sensitivity per unit area of up to 47.8 aF
Pa−1 mm−2. Reproduced with permission.[243] Copyright 2020, Springer Nature. e) Optical image and AFM height image of PMMA-assisted graphene
suspended on a 30 μm diameter hexagonal array. Reproduced with permission.[244] Copyright 2017, Royal Society of Chemistry. f) The sensitivity per
unit area of the device in e) up to 123 aF Pa−1 mm−2 over a pressure range of 0 to 100 kPa. Reproduced with permission.[244] Copyright 2017, Royal
Society of Chemistry.

area of the film to the whole membrane provide good ideas
for solutions. As for optical fiber pressure sensors, drawbacks
including low signal-to-noise ratio and narrow measurement
range, must also be taken into account. The former can be im-
proved by using a higher reflectivity suspended membrane, and
the latter is also expected to be solved by suspending a larger
size, reducing the thickness of the membrane, and regulating
the prestress of the membrane. All of these undoubtedly require
advanced material preparation and transfer method as technical
support.

5. Ultrasonic Frequency Acoustic Devices

As discussed in Section 3 of this review, it is possible to tune the
resonant frequency of acoustic diaphragms to the ultrasonic fre-
quency range by adjusting the internal stress and the diameter
to thickness ratio of 2D materials. Acoustic diaphragms working
in the ultrasonic frequency range not only could be used for ul-
trasonic imaging or echolocation, but become ideal candidates
for sensing.[169,246] Due to the characteristics of low mass, high
sensitivity and large frequency tuning range, 2D material res-
onators can be used in the fields of micro-mass sensing,[247,248]

micro-force sensing,[249,250] temperature sensing,[251–254] radia-
tion sensing[255,256] and so on. Utilizing these resonant proper-
ties of membranes, specific applications such as light mass and
ambient temperature detection can be specially developed with

dramatically increased sensitivities, which we will discuss about
in more detail.

5.1. Mass and Pressure Sensors Based on Suspended 2D
Materials Resonators

Suspended diaphragms fabricated from 2D materials have the
advantages of ultralight weight which should be highlighted in
ultrasensitive micro mass sensing. The mass of gas atoms at-
tached to the membrane can be calculated by monitoring the
variance of resonant frequency, which is typically within the ul-
trasonic frequency range. A study of graphene mass sensor via
molecular dynamics simulation (the schematic of this device is
shown in Figure 16a) found that the resonance frequency of
membrane changes from 1.1665 THz to 0.8510 THz with 20 Xe
atoms attached on the center (Figure 16b),[248] which could be
utilized to realize mass sensing of more than 10−6 femtograms.
This mass sensor can be further utilized for specific recognition
of gas molecules. Dolleman et al. analyzed the impurity con-
centration on the surface of graphene by monitoring the vari-
ation of the resonance frequency of graphene diaphragm with
respect to oxygen plasma cleaning time,[257] achieving highly
sensitive impurity detection. Other calculation results indicate
that the mass sensing sensitivity of graphene can be achieved
as high as 10−27 g Hz−1,[258] which is able to resolute the
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Figure 16. Pressure/mass sensors based on 2D material ultrasonic resonator. a) Illustration of different settings of the atoms in the simulation. A
model of a fully clamped square graphene resonator of 100 nm2 is built with the honeycomb structure representing the graphene. The green atoms
were fixed and the blue atoms are free to vibrate vertically carrying target Xe atom. Reproduced with permission.[248] Copyright 2011, Elsevier B.V. b)
Period change when mass varies. Reproduced with permission.[248] Copyright 2011, Elsevier B.V. c) Structure of the pressure sensor based on unsealed
resonator. Reproduced with permission.[267] Copyright 2016, American Chemical Society. d) Frequency shift of the unsealed pressure sensor at different
atmospheric pressure. Reproduced with permission.[267] Copyright 2016, American Chemical Society.

attachment of only one hydrogen atom with 10−4 relative shift of
resonant peak.[29] Compared to other traditional materials based
mass sensors, graphene mass sensor has obvious advantages.[259]

These measurements of resonant frequency due to attached light
mass can be combined with the optical and electrical measure-
ment methods demonstrated in Section 3 so as to further en-
hance the measuring efficiency. Other theoretical calculations of
2D material based mass sensors have studied the influence of
temperature,[260] in-plane magnetic field,[261] layer numbers,[262]

internal stress,[263] diameter to thickness ratio[264] and higher or-
der nonlinear vibration modes.[265] The results of these theoret-
ical calculations provide feasible suggestions for future experi-
ments with enhanced sensitivity and reliability of mass sensors.

As for pressure sensors working in the ultrasonic frequency
range, unlike the static pressure sensors discussed in Section 4,
the film is squeezed and the stress changes because of the air
pressure difference between two sides, which directly causes the
shift of resonant frequency. Lee and Feng used bilayer and tri-
layer MoS2 on high-frequency circular drumhead resonator and
found that the resonator exhibited ultrasmall footprints, mini-
mal air damping and high pressure responsivity, revealing the
great potential for pressure sensing in a wide pressure range.[266]

In 2015, Dolleman et al. transferred the few-layer graphene on a
dumbbell shaped hole, forming an unconventional pressure sen-
sor with venting channel (Figure 16c).[267] The unsealed structure
maintains the average pressure inside and outside the resonator.

When operating at a high frequency, the gas inside is trapped in
its effective position because of the viscous force, and the reso-
nance frequency shift obviously when the pressure varies from
23 mbar to 1000 mbar (Figure 16d).

5.2. Thermal Sensors Based on Suspended 2D Materials

As temperature raises, the resonant frequency also changes due
to the variation of Young’s modulus, internal stress, volume
and many other factors. The correspondence between resonant
frequency and temperature is potential to be utilized as thermal
sensors. Yang et al. successfully made a thermal sensor based
on MoS2 mechanical resonator (as shown in Figure 17a).[268] By
changing the temperature with small steps and monitoring the
resonant frequency variations, they calibrated the temperature
coefficient of frequency (TCF, defined as the ratio of frequency

change to resonant frequency, with value
|f0−f

′
0 |

f0
or Δf

f0
) and ther-

mal expansion coefficient of this MoS2 mechanical resonator.
It shows a negative TCF with an estimated value of −0.396%
K−1 from 293 to 315.5 K (Figure 17b). The quality factor also
decreases with temperature (determined by power of laser). Sim-
ilar work is conducted in graphene based mechanical resonators
by Ye et al.[254] It is shown that graphene diaphragm possesses
an extraordinary negative thermal expansion coefficient. As
the temperature goes up, the diaphragm will shrink, which is
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Figure 17. Thermal/radiation sensors based on 2D material ultrasonic resonator. a) Schematic about suspended MoS2 thermal sensor with laser heating
to determine the device temperature. Reproduced with permission.[268] Copyright 2015, IEEE. b) Temperature-frequency curve in experiment and sim-
ulations, as shown in the figure they show good correspondence. Reproduced with permission.[268] Copyright 2015, IEEE. c) Illustration of the working
principle of the fully clamped graphene resonator. Reproduced with permission.[254] Copyright 2018, American Chemical Society. d) Experimental data
and calculated resonance frequency with different temperatures indicated by different laser power. Reproduced with permission.[254] Copyright 2018,
American Chemical Society. e) Illustration of the working principle of the double clamped graphene resonator at high temperature. Reproduced with
permission.[269] Copyright 2018, IEEE. f) Anomalous temperature-frequency correspondence of graphene resonator at high temperature. Thermal sen-
sor has a limited operating range given that thermal expansion coefficients beyond a certain temperature becomes positive, which causes the resonant
frequency to reduce. Reproduced with permission.[269] Copyright 2018, IEEE. g) Resonance frequency shift caused by absorption of infrared light of dif-
ferent power. Reproduced with permission.[255] Copyright 2020, IEEE. h) Detection of the 𝛾-ray at low dose. Reproduced with permission.[270] Copyright
2016, AIP Publishing.

necessary for keeping its resonant peak on stage (no res-
onant peak exists if the diaphragm enlargers and gets
relaxed), making it more stable to realize temperature
modulation of the resonant peak., Next, they studied
the graphene resonator tuned by periodic Joule heating
(shown in Figure 17c, the color of the atoms indicates the
temperature gradient with the green and red atoms representing
low temperature and high temperature respectively). The test
result shows broad band modulation ranges with TCF≈310%
at temperature up to 1200 K (Figure 17d). Further upgrading
the temperature to 2650K (the highest operating temperature
for electromechanical resonators known to date, as shown
in Figure 17e), the operation range of frequency modulation
indicated by TCF reaches approximately 1300%, as is the widest
frequency tuning range up to that time.[269] These works defi-
nitely illustrate the strengths of suspended 2D materials to be
utilized into thermal sensors. However, this type of thermal
sensor has a limited operating range given that thermal expan-
sion coefficients beyond a certain temperature becomes positive
which causes the resonant frequency to reduce (as is shown in
Figure 17f).

Furthermore, specific temperature sensing within different
optical wavelength ranges can be achieved due to the different
absorption characteristics of 2D materials. For instance, multi-
layer black phosphorus has a direct bandgap of 0.3 eV and thus
absorbs infrared light up to 4 μm. When exposed to a 785 nm
infrared light, the resonant frequency decreases as laser power
(indicating temperature) goes up (Figure 17g) with the respon-

sivity about −0.31 kHz μW−1.[255] Such selective light absorption
properties can be highly utilized in infrared ranged thermal sens-
ing. Some other works also illustrate the phonon absorption of
the MoS2 which makes it respond to the absorption of 𝛾-ray with
the sensitivity of 30–82 Hz per phonon,[270] comparable with the
dosage at the very beginning of the nuclear leakage (Figure 17h).

5.3. Other Types of Ultrasonic Transducers Based on Suspended
2D Materials

In addition to static pressure sensors, some pressure sensors op-
erating in the ultrasonic frequency range with unclosed struc-
tures are able to achieve wider range and higher sensitivity pres-
sure responses as well as miniaturized sizes.[267,271–273] For exam-
ple, the micro-machined ultrasonic transducer (MUT) classified
as piezoelectric micromachined ultrasonic transducer (PMUT)
and capacitive micro-machined ultrasonic transducer (CMUT)
have been widely utilized in medical imaging and ultrasound
localization.[274,275] PMUT is a sensing array composed of piezo-
electric film such as PZT and polymer support layers, which re-
alizes the conversion between mechanical energy and induced
charges during deformation.[274,276] The CMUT reads the defor-
mation through the capacitance change between the suspended
film and the bottom electrode to obtain acoustic information.
Some CMUT diaphragms are also composed of 2D materials and
polymers.[244] Due to the ultralight weight and high mechanical
strength of 2D material graphene, it can also be composed of
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CMUT without the polymer support layer.[176,277] The resolution
of these detectors would be greatly improved by arraying acous-
tic devices with micron-scale sizes. Combined with ultrathin 2D
materials, the arrayed MEMS-based CMUT shows its potential to
be further miniaturized with higher performance, which it is still
in the early stage of research.

On the other hand, as for the ultrasonic resonator and sensing
application, there is less work using 2D composite materials. It
seems that most ultrasonic resonators are micro-sized or nano-
sized devices so that the 2D materials are easier to be transferred
and suspended compared with large-area suspending materials,
thus the polymer support layer is unnecessary. Besides, higher
weight of the diaphragm will reduce the sensitivity under some
scenarios. Taking mass sensor as an example, according to the
working principle, the sensitivity is reflected by the shift of the
resonance frequency point, which is determined by the relative
change of the mass. Heavier weight will inevitably lead to a sub-
stantial reduction in sensitivity.

In summary, ultrasonic frequency acoustic sensors based on
suspended 2D materials typically respond to physical quantities
such as mass, pressure, and temperature through changes in
resonant frequency. These resonators have the ability to detect
mass as small as a single hydrogen atom, making them promis-
ing for applications such as highly sensitive gas sensing and in-
door air pressure navigation. Additionally, the sensitivity of the
resonator to temperature has potential applications in monitor-
ing industrial production and processes related to high-precision
thermal treatments. By combining the advantages of 2D mate-
rials and micromachining technology, further development of
highly-integrated ultrasonic transducer arrays made of 2D ma-
terials would result in even higher precision and sensitivity for
ultrasound detection.

6. Conclusion

In this review, we briefly summarize the recent progress of
acoustic devices based on suspended 2D materials and their
composites, especially applications in the audio frequency, static
pressure, and ultrasonic frequency range, comprehensively dis-
cussing their preparation methods, working principles and per-
formance optimization methods. 2D materials and their com-
posites have aroused more and more attention, due to their
intrinsic outstanding properties including atomic layer thick-
ness, large diameter to thickness ratio, high mechanical strength,
extensive surface area, and remarkable layer-stacking tunabil-
ity, which are conducive to promoting the development of
high-performance acoustic devices with controlled size (either
large or small), low power consumption, and multifunctional
capabilities.

On the one hand, with the development of the wafer-scale 2D
materials synthesis methods, as well as the controllable mem-
brane transfer techniques, high quality large area vibrating di-
aphragm with diameter to thickness ratio exceeding 106 can be
achieved, which is almost impossible in traditional bulk ma-
terials. Remarkably, through suspension of 2D material mem-
branes, the mechanical and thermal disruption from substrate
can be further eliminated. The larger diameter to thickness ratio
of suspended 2D material-based diaphragms leads to greatly op-
timized performance for speakers/microphones and sensors. On

the other hand, integrated with the mature MEMS/NEMS tech-
niques, acoustic devices based on 2D materials and their com-
posites have also shown their great potential in future state-of-
the-art transducers and sensors, such as highly arrayed nanoscale
2D acoustic sensors with significantly increased bandwidth and
sensitivity. All these advancements will definitely pave the way
for the high-performance next-generation acoustic devices in the
near future.
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