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ABSTRACT

Micro- and nanoelectromechanical systems have numerous applications in sensing and signal transduction. Many properties benefit from
reducing the system size to the nanoscale, such as increased responsivity, enhanced tunability, lower power consumption, and higher spatial
density. Two-dimensional (2D) materials represent the ultimate limit of thickness, offering unprecedented new capabilities due to their natu-
ral nanoscale dimensions, high stability, high mechanical strength, and easy electronic integration. Here, we review the primary design prin-
ciples, properties, applications, opportunities, and challenges of 2D materials as the building blocks of NEMS (2D NEMS) with a focus on
nanomechanical resonators. First, we review the techniques used to design, fabricate, and transduce the motion of 2D NEMS. Then, we
describe the dynamic behavior of 2D NEMS including vibrational eigenmodes, frequency, nonlinear behavior, and dissipation. We highlight
the crucial features of 2D NEMS that enhance or expand the functionalities found in conventional NEMS, such as high tunability and rich
nonlinear dynamics. Next, we overview the demonstrated applications of 2D NEMS as sensors and actuators, comparing their performance
metrics to those of commercial MEMS. Finally, we provide a perspective on the future directions of 2D NEMS, such as hybrid quantum sys-
tems, integration of active 2D layers into nanomechanical devices, and low-friction interfaces in micromachines.
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I. INTRODUCTION

Microelectromechanical systems (MEMS) are a diverse and ubiq-
uitous technology in smart electronics. Just as in Moore’s law for tran-
sistors, there are many benefits and challenges to scaling down to
smaller sizes to produce nanoelectromechanical systems (NEMS).1–5

The miniaturization of mechanical devices requires materials that are
stable at small sizes and mechanically robust, yet electronically active.
Yet, thin-film materials typically used in MEMS and NEMS have lim-
its on how thin they can be before crystal grains or surface effects alter
their structure and properties. For example, silicon forms native oxides
of �1 nm under ambient conditions.6 These surface effects begin to
dominate the dynamics of NEMS as dimensions approach the nano-
scale, setting practical lower limits on the size of devices.2 Two-
dimensional (2D) materials like graphene and molybdenum disulfide
are stable down to a single molecular monolayer and thus overcome
these traditional limits.

Figure 1 shows the relation between the unique material proper-
ties of 2D atomic membranes and the highly desirable performance in
nanoelectromechanical systems. The broad class of 2D materials has
diverse and outstanding electronic properties like high electronic
mobilities exceeding 140 000 cm2/V s7,8 and strong light–matter inter-
actions.9–12 At the same time, 2D materials are outstanding mechani-
cal membranes. In plane, 2D materials are the strongest in the world,
with high 2D Young’s modulus (340N/m for single-layer graphene)
and high breaking strains (�25%), stronger than steel.13 Yet, because
of their atomic scale thickness, 2D materials push the limits of low
mass and flexibility, with bending moduli of 1.2–1.7 eV for monolayer
graphene,14–16 or about the stiffness of a cell wall.

Taken together, 2D materials represent both the ultimate limit of
a molecular electronic thin film and a mechanical atomic membrane,
making them ideal candidates for nanoelectromechanical systems,
hereafter referred to as 2D NEMS. The nanoscale dimensions lead to
devices that are orders of magnitude smaller, more responsive, and
more tunable while consuming less power than conventional silicon
MEMS, while also containing useful quantum properties and rich

nonlinear behavior. These enhanced properties lead to direct applica-
tions in sensors, actuators, and signal processing. Moreover, the high
sensitivity makes 2D NEMS an ideal platform to probe nanoscale
material mechanics, as well as coupling to electronic, magnetic, and
quantummechanical states.

In this review, we will focus on the utilization of graphene and
other 2D materials as building blocks for resonant nanoelectrome-
chanical systems, with a specific focus on nanomechanical drum head
resonators. We will outline the design principles for producing NEMS
from 2D material atomic membranes. We will then describe how the
unique mechanics translate into dynamic device behavior, describe the
applications that take advantage of these capabilities, and provide our
perspective on the prospects, challenges, and opportunities for the
future. We will not discuss the nanocharacterization of the surface and
mechanical properties of 2D materials, as there are already many
excellent reviews with this focus.17–23 We hope that our review will be
informative to all researchers of 2D materials, which are curious about
NEMS or are interested in applying NEMS techniques on their own
research, as well as researchers in the MEMS/NEMS community wish-
ing to learn how 2D NEMS compare.

II. MATERIALS, GEOMETRY, AND FABRICATION
OF 2D NEMS

Few-layer graphene was first isolated and demonstrated as a field
effect transistor in 2004,31 and single-layer graphene was first demon-
strated as a mechanical resonator in 2007.30 The first graphene resona-
tor was fabricated by directly exfoliating graphite over pre-fabricated
trenches in a silicon dioxide surface. By luck, some monolayer and
few-layer flakes were suspended as membranes or plates over the
trenches. Hereafter, we will primarily use the word membrane to dis-
cuss the suspended 2D region, though technically it may be a mem-
brane or plate. We will discuss the transition between the two regimes
in Sec. IVA3. As outlined in Fig. 1, in the intervening years since this
initial work, there has been explosive growth in the variety of 2Dmate-
rials studied, and the sophistication of the materials synthesis and fab-
rication techniques used to engineer and characterize mechanical
devices. Yet, because of common material requirements, all of these
systems rely on similar geometries for clamping and schemes for
transduction. Here, we will review these common considerations and
how they affect 2D NEMS design.

A. Materials

As shown in Fig. 2(a), 2D materials such as hexagonal boron
nitride (hBN), MoS2, and black phosphorus all share the layered struc-
ture of graphene, though the exact chemistry, mass density, electronic
properties, and symmetry may change. As a result, it is possible to fab-
ricate suspended monolayer membranes out of nearly any air-stable
2D material. While these 2D materials have very different electronic
structure and other properties, in the end, they all have very similar
mechanical behavior, and resulting dynamic performance. For the
majority of this review, we will focus on the common mechanics and
dynamics, and give only a few select examples rather than reporting
similar results for many systems. Below, we summarize examples of
the different materials that have been studied with 2D NEMS. For a
more in-depth comparison, we highlight a recent review, which col-
lates and contrasts the relative performance of resonators from differ-
ent 2D materials, as well as 1D NEMS such as carbon nanotubes.32
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Each 2D material provides access to unique electrical, optical, or
quantum properties enabling new scientific opportunities and techno-
logical applications.32 As a brief summary, black phosphorous has a
corrugated structure, leading to in-plane anisotropy in Young’s modu-
lus, electrical, and thermal conductivities.33–35 hBN is a 2D insulator
with a wide bandgap of �4.7 eV and is often used for encapsulating
and passivating other air-sensitive 2D materials or reducing environ-
mental dielectric disorder.36 CrI3 has ferromagnetic and antiferromag-
netic phases depending on stacking and applied fields.37,38 Fabricating
membranes of different material types either enables new device func-
tionality taking advantage of those properties or utilizes the excellent
sensitivity of 2D resonators to probe or transduce those properties, as
we will explore in the sections below. For example, just in the family of
graphene derivatives, there have been demonstrations of exfoliated,30

chemical vapor deposition grown,25 SiC epitaxially grown graphene,39

reduced from graphene oxide,40 and fluorinated graphene.41 In addi-
tion to graphene, there have been demonstrations of drum head mem-
branes from monolayer or few-layer 2D materials, reflecting the
diversity in properties of the entire material class. Demonstrations of
resonators from 2D semiconductors include transition metal dichalco-
genides (TMDCs) like MoS2,

42–49 WSe2,
50 MoSe2,

51 WTe2,
52 and black

phosphorus,33–35 or As2S3.
53 Resonators from insulators include hex-

agonal boron nitride54–56 or oxidized TaS2.
57 Recently, there are dem-

onstrations from metallic MXenes like Ti3C2Tx.
58 Then, there are

resonators probing more exotic material properties including magnetic
2D materials CrI3,

38 FePS3,
59 and Cr2Ge2Te6,

60 or superconducting
2D materials like NbSe2 and TaS2.

59,61–63 It is also possible to make
resonators from 2D materials heterostructures such as bimorphs from
graphene-MoS2,

64,65 graphene-hBN,66,67 encapsulated graphene-
NbSe2-graphene,

62 or WSe2-CrI3-graphene,
38 and magnetic

FIG. 1. Relation between the unique material properties of 2D atomic membranes and the desirable performance in nanoelectromechanical systems. The center image is a
nanoscale representation of a monolayer graphene resonator.24 Starting from the top, counter-clockwise: large-scale array of monolayer graphene resonators.25 Reprinted with
permission from van der Zande et al., Nano Lett. 10(12), 4869–4873 (2010). Copyright 2010 American Chemical Society, electrostatic frequency tuning curve of a monolayer
graphene resonator.26 Reprinted with permission from Kim et al., Nano Lett. 20(2), 1201–1207 (2020). Copyright 2020 American Chemical Society, amplitude vs frequency
response of a graphene resonator under increasing pN drive forces.27 Adapted with permission from Davidovikj et al., Nat. Commun. 8(1), 1253 (2017). Copyright 2017
Authors, licensed under a Creative Commons Attribution Unported License., electrostatic frequency tuning of two coupled eigenmodes in a graphene resonator.28 Reprinted
with permission from Mathew et al., Nat. Nanotechnol. 11, 747 (2016). Copyright 2016 Springer Nature Customer Service Center GmbH: Nature Nanotechnology, mass sens-
ing of pentacene molecules as a shift in the electrostatic tuning.22 Reprinted with permission from C. Chen and J. Hone, Proc. IEEE 101(7), 1766–1779 (2013). Copyright 2016
IEEE, a single-photon emitter coupled to the vibrations of a suspended 2D membrane.29 Reprinted with permission from Gao et al., Ann. Phys. 532(10), 2000233 (2020).
Copyright 2020 Wiley-VCH GmbH, a graphene resonator representing electrical and optical transduction.30 Reprinted with permission from Bunch et al., Science 315(5811),
490–493 (2007). Copyright 2007 AAAS.
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Cr2Ge2Te6 heterostructures.
60 Finally, there has been a recent trend in

leveraging similar techniques to explore quasi-2D membranes made
from materials like complex oxides such as SrTO3 and SrRuO3,

68–70 or
BSSCO.71,72

B. Common configurations and fabrication strategies

Figures 2(b) and 2(c) show schematics and images of examples of
three common configurations used for 2D NEMS: a doubly clamped
resonator, a fully clamped and sealed resonator, and a fully clamped
and vented resonator. While many different shapes and configurations
have been explored, generally the geometry of 2D NEMS may be cate-
gorized by (1) the clamping conditions (as is common in beam theory)
of the suspended diaphragm, (2) by whether they form sealed or
vented cavities with respect to their environment, and (3) by whether
and how they are electrically contacted and gated (which defines the
methods of transduction and tuning). While this last category is not
strictly geometric, the presence of and location of electrodes can
alter how the 2D material is clamped. For example, the first image in
Fig. 2(c) shows a suspended graphene ribbon clamped underneath
two gold electrodes. In addition, the presence and location of gates
alters the symmetry of the drive. For instance, the bottom image in

Fig. 2(c) shows a graphene membrane whose gate consists of two sepa-
rate electrodes. Actuation of only one electrode, or use of different vol-
tages in the two electrodes, breaks the symmetry of actuation and
favors different eigenmodes.

Clamping geometry is important because it defines how stress is
distributed and what eigenmodes are allowed. Early studies utilized 2D
monolayers doubly clamped by electrodes or trenches, where two
edges are clamped, and two edges are free. However, the small asym-
metric stress left over from transfer and asymmetric adhesion com-
bined with the negligible bending stiffness of few-layer graphene lead
to inhomogeneous rippling or buckling of the diaphragm,73–75 dra-
matically affecting the local stiffness25,30 and thus the predictability of
the eigenmodes.76 In contrast, fully clamped diaphragm where all
edges are attached to the substrate provides much more symmetric
distribution of stress, smoothing many of the ripples in the graphene,
leading to more predictable eigenmodes25 However, some rippling or
asymmetry in the fully clamped geometries is still present and difficult
if not impossible to fully remove in the monolayer limit.54,64,77 Taken
together, most 2D NEMS studies now focus on fully clamped mem-
branes for the improved control.

The second important categorization is whether the membrane
forms a sealed or vented cavity with respect to the environment. If a
membrane is clamped on all sides over a hole that does not go through
the substrate [second example in Figs. 2(b) and 2(c)], then gas in the
hole is sealed inside, causing the graphene to inflate like a balloon
when measured under vacuum.78 While sealing the cavity has useful
applications for pressure sensors, discussed later, in most other cases,
trapped gasses, liquids, or processing residue cause undesirable fre-
quency tuning or damping. There are several strategies for venting the
cavity while maintaining the mechanically preferred full clamping. As
shown in the third example in Figs. 2(b) and 2(c), the most common
strategy is to lithographically pattern small trenches to come off the
side of an otherwise fully clamped membrane.26,51,79–82 Other demon-
strated strategies include a through hole etched in the substrate40 or a
freely suspended membrane with no underlying substrate.83

An important consideration particular to monolayer 2D NEMS
that affects both the design of clamping and fabrication procedures is
the bending energy is much smaller than the adhesion energy to the
substrate, at least for typical devices, where lateral size is larger than
1lm. As a result, the graphene wraps onto the clamped edges of the
suspended structure, causing it is a residual tensile stress.78 The adhesion
strength of the graphene is �0.1 J/m2,84 so by balancing the line ten-
sion/stress at the clamping edges, the resulting stress in the graphene is
typically �0.1N/m. In devices without side-walls, such as when the
material is doubly clamped underneath electrodes, the stress is typically
�0.03N/m at room temperature.85 However, there are more complex
methods that provide higher tensions. These methods include stretching
the material by thermal contraction of the supporting electrodes,85 using
thermal expansion rings86 or comb-drive actuators.87

In most cases, variations on one of three fabrication processes are
used to fabricate 2D NEMS. In the first approach, trenches or holes
are prefabricated into a substrate; then, 2D materials are directly exfo-
liated onto the surface.30 Some fraction of 2D materials, either mono-
layer or few layers, will stick and be suspended over the pre-existing
features. As with any MEMS, the suspended structures are delicate,
and so cannot undergo any liquid processing after suspension. Thus,
any additional features like electrical contacts must be prefabricated

FIG. 2. Structure of 2D mechanical resonators. (a) Schematics of monolayer 2D
materials: graphene, hBN, MoS2, and black phosphorus. (b) Schematics of three
different geometries for clamping membranes: Doubly clamped, fully clamped and
sealed, and fully clamped with vent. (c) Images of fabricated mechanical resonators
with different materials and geometries.54,80,85 Top figure: Reprinted with permission
from Chen et al., Nat. Nanotechnol. 4(12), 861–867 (2009). Copyright 2009
Springer Nature Customer Service Center GmbH: Nature Nanotechnology; Center
FIG: Adapted with permission from Zheng et al., Microsyst. Nanoeng. 3(1), 17038
(2017). Copyright 2017 Authors, licensed under a Creative Commons Attribution
Unported License. Bottom figure: adapted with permission from Mathew et al., Nat.
Nanotechnol. 11, 747 (2016). Copyright 2016 Springer Nature Customer Service
Center GmbH: Nature Nanotechnology.
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on the surface or made using shadow mask lithography after suspen-
sion. The advantage of this approach is that it guarantees the cleanest
2D materials, which is important for applications requiring high elec-
tronic mobility or low added mass.88 The disadvantage of this
approach is the low statistics of success, making it only useful for sci-
entific study. In the second approach, the 2D material is transferred
onto a flat substrate, then shaped and electrically contacted using
lithography, and then finally suspended by etching the underlying sac-
rificial substrate and performing a critical point dry.85 The second
approach is most similar to how conventional MEMS/NEMS are fabri-
cated, and is scalable when using large-area CVD materials.25,39

However, this approach has some 2D material specific limitations,
which limit its utility. First, it is difficult to remove the lithographic
processing residue, because many conventional cleaning processes
used in MEMS will destroy the 2D membranes. Second, liquid etch-
ants like buffered oxide etch (BOE) commonly used in MEMS proc-
essing can actually wick along the 2D–substrate interface,89 making it
difficult to control the etch rate or define structure size unless the
entire 2D material is being suspended. The third approach consists of
using polymer-assisted transfer techniques, either CVD materials or

prefabricated heterostructures that may be aligned and transferred
onto prefabricated features.25,26,64 The advantage of this approach is
that it has the highest yield and scalability, and it allows the most flexi-
bility and control over what the membrane is. The disadvantage is that
it still makes it difficult to remove processing residue on the 2D surfa-
ces. Annealing the 2D materials in vacuum or argon/hydrogen form-
ing gas does remove much of the processing residue, but the changes
in adhesion and thermal expansion lead to the membranes slipping at
high temperature, which affects the stress and morphology.73

III. TRANSDUCTION, ACTUATION, AND DETECTION

Many two-dimensional materials are semi-transparent11,12 and
electrically conductive,7,8,41 enabling diverse optical, electrical, or scan
probe methods of transduction to actuate and detect the motion. Of
course, it is also possible to use different mechanisms to actuate vs
sense the motion. For example, Fig. 3(a) schematically shows a com-
mon measurement paradigm where the 2D membrane is electrically
actuated and the motion is optically sensed. In this section, we review
the most common transduction schemes utilized for 2D NEMS.

FIG. 3. Transduction schemes for actuation and detection of 2D NEMS. (a) Optical transduction of a graphene resonator.77 Reprinted with permission from Davidovikj et al.,
Nano Lett. 16(4), 2768–2773 (2016). Copyright 2016 American Chemical Society. A 633 nm laser focused on the sample detects the motion by the dynamic change in reflec-
tance. (b) Electrical transduction of a MoS2 resonator.

45 Reprinted with permission from Manzeli et al., Nat. Commun. 10(1), 4831 (2019). Copyright 2019 Authors, licensed
under a Creative Commons Attribution Unported License. A frequency-modulated voltage VFM

xc
applied on one of the contacts of the MoS2 excites the motion through the elec-

trostatic force between the membrane and the gate under voltage Vg. The dynamic strain in the MoS2 modulates the current ImixðxLÞ by the transconductive effect, measuring
the amplitude of vibration. (c) Scanning probe sensing of a graphene resonator motion by an AFM cantilever.76 Reprinted with permission from Garcia-Sanchez et al., Nano
Lett. 8(5), 1399–1403 (2008). Copyright 2008 American Chemical Society. (d) Proximity transduction of a graphene membrane.111 Adapted with permission from Cole et al.,
Phys. Rev. Appl. 3, 024004 (2015). Copyright 2015 American Physical Society. A silicon microsphere detects the motion of the graphene by the change in the optical coupling
to the sphere and the graphene membrane vibrates. The sphere sustains whispering-gallery optical modes, which are excited by a tapered fiber coupled to the sphere and to
a laser source. The vibrations of the graphene induce modulations in the transmitted light.
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A. Free-space optical transduction

Free-space optical transduction is perhaps the simplest method
for actuating and detecting motion in 2D NEMS because it has the
fewest sample requirements with no electrodes or gates needed.30 For
the same reasons, free-space optical transduction is not feasible for
technological integration, and is mostly used to characterize the
mechanical properties of different 2D materials, and for explorations
of light–matter interactions. Because the density of devices can be
much higher when no electrodes or other components are needed,
optical transduction is ideal for examining of the size scaling of 2D
atomic membranes, which often requires comparison of many differ-
ent membranes.25,30,90,91

For optical actuation, a modulated free-space laser is focused on
the suspended 2D membrane. The modulation of absorbed light
causes periodic thermal expansion and relaxation of the membrane,
leading to out-of-plane mechanical vibration. The laser also applies
optical pressure to the 2Dmembrane, but the forces are orders of mag-
nitude smaller than the thermal forces, and may usually be ignored.
For optical detection, another laser with a different wavelength is
focused on the suspended membrane. Figure 3(a) illustrates the mech-
anism of optical detection in a graphene resonator. The reflection of
light off the 2D membrane and Si substrate underneath forms a
Fabry–P�erot interferometer. The change in path length as the 2D
membrane moves results in a time varying change in the reflected
light, which is monitored by a fast photodetector. The interference
conditions and resulting signal magnitude depend sensitively on the
gap size and the presence of any other thin-film layers under the sus-
pended membrane. It is important to take the interference conditions
into account when designing new 2D NEMS systems for optical
transduction.92

B. Electrical transduction

Integrating NEMS into most technologies requires all electronic
transduction. Most 2D materials are electrically active, so it is easy to
integrate them with electrodes and gates for actuation and sensing of
motion. Figure 3(b) shows a common geometry for electrical trans-
duction. The 2D material is contacted by source and drain electrodes
with a gate under the membrane. Voltages applied to the gate actuate
the membrane, and motion is detected by monitoring the current
through the membrane.85 While electrical integration adds many
desirable capabilities, it is more complex to design the layout of the
devices, so many studies of basic materials characterization or para-
metric studies usually use the simpler optomechanical measurements.
In addition to electrostatic actuation of 2D NEMS, which is detailed
below, it is possible to electrically actuate a 2D membrane by applying
current to it in the presence of a magnetic field via the Lorentz force,
although this method is much less common since it requires a magnet
or coil.93

Electrostatic actuation is achieved via the application of a voltage
on the membrane with respect to a local or global back gate located
underneath the membrane. Just as with most capacitive MEMS, the
gate simultaneously enables electrostatic actuation and tuning of the
tensile stress in the membrane. A combination of a DC voltage VDC

and radio frequency voltage VRF are applied between the gate and
drain, creating a static FDC and oscillating FRF attractive force between
the membrane and the gate, given by

FDC ¼ 1
2

@Cg

@z
V2
DC; (1)

FRFðtÞ ¼
@Cg

@z
VDCVRF cos ðxtÞ; (2)

where applying the commonly used rough approximation of an ini-
tially flat membrane and a parallel plate model, Cg is the capacitance of

the membrane with respect to the gate and @Cg

@z is the change in capaci-
tance as the membrane moves. The static force tensions the mem-
brane, while, if driven at the right frequency, the oscillating force
causes the membrane to resonate. If only actuation is desired, such as
in the case shown in Fig. 3(a), it is sufficient to use a global back gate
wherein the gate voltage is applied to the conducting substrate, and
only a single electrode is needed to contact the membrane.

Electronic readout in 2D NEMS typically takes advantage of the
electronic properties of the 2D materials for transconductive sensing.85

Transconductive sensing leverages the semimetal or semiconducting
properties of 2D materials, where the material conductance G depends
on the carrier density in the material, which is modulated by changing
the Fermi level. The conductivity of a 2D membrane is thus a function
of both the applied gate bias and the capacitance, which means there is
a change in the conductance as the membrane moves with respect to
the gate. Applying a bias Vds through a membrane using source and
drain electrodes enables detection of the motion as a change in con-
ductivity, resulting in an oscillating transconductive current Itrans given
by Chen et al.,85 Sazonova et al.,94 and Xu et al.95

ItransðtÞ ¼ Vds
dG
dVDC

VRF cos ðxtÞ � Vds
dG
dVDC

z0 cos ðxtÞ
d

VDC: (3)

Here, x is the angular frequency, z0 is the amplitude of motion, and d
is the equilibrium distance between the resonator and the back gate.
The first term in this equation is a background electronic current com-
ing from modulation of the carrier density by the oscillating voltage
VRF, while the second term rises from modulation of the carrier den-
sity as the membrane moves with respect to the gate.

We note that the transconductance sensing is different from the
capacitive or piezoresistive electrical sensing techniques more com-
monly used in typical MEMS. Piezoresistivity depends on a strain-
induced change in band structure leading to a change in conductivity.
Typically, the changes in strains in 2D NEMS are very small, so piezor-
esistivity does not play a significant role. Capacitive sensing comes
directly from the charge flowing on and off the membrane as it moves
with respect to the gate. Assuming that the applied RF voltage is much
smaller than the DC voltage, the capacitive current Icap is given by Xu
et al.95

IcapðtÞ ¼ �xCtotVRF sin ðxtÞ � xVDCCg
z0 sin ðxtÞ

d
: (4)

Here, Ctot is the total capacitance of the entire device with respect to
the gate, including the parasitic capacitance of the source–drain elec-
trodes in the case of a non-local gate. The first term is a purely electri-
cal current rising from capacitive charging and discharging by the
oscillating voltage VRF, whereas the second term arises from the charg-
ing and discharging from the mechanical vibration as the membranes
moves with respect to the gate.

The transconductive current is typically orders of magnitude
larger than the capacitive current rising from device motion. However,
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because of the small devices size, the signals from both techniques are
small compared with the parasitic currents at the same frequency
coming from parasitic capacitance, particularly when a global gate is
used. There are a few strategies for overcoming this limitation. First,
the parasitic capacitance may be minimized by fabricating a local gate
under the membrane.28,95–97 The use of local gates can have the added
benefit of enabling multiple gates to actuate specific eigenmodes with
different symmetry within the membrane.80 Second, using transcon-
ductance allows amplitude or frequency modulation, where the signal
from the mechanical motion mixes to a different, usually <1 kHz sig-
nal.85,94,98 This low-frequency modulated signal allows readout of the
amplitude of motion at a frequency where the parasitic capacitance no
longer dominates. Finally, when measuring at low temperature and
operating the device near a Coulomb blockade peak, the transconduc-
tance dG=dVDC and thus the current Itrans become orders of magni-
tude larger.99,100

C. Other transduction schemes

Optical and electrical transduction make up the vast majority of
2D NEMS studies. However, there are other less commonly used
approaches as well, which have specific strengths.

1. Scan probe sensing

Figure 3(c) shows the concept behind scan probe sensing of 2D
motion.101 An atomic force microscope (AFM) tip is touched on the
surface of a 2D membrane. When the membrane is driven electrostati-
cally or piezoelectrically, the cantilever also vibrates and reads out the
motion. This approach may be used to measure small displacements
off the 2D material resonance101 or, by scanning the tip, may be used
to map out the eigenmodes at below the optical diffraction limit, both
of which will be discussed later.76

2. Piezoelectric transduction

Piezoelectricity is commonly used in MEMS and NEMS for elec-
tromechanical transduction because it scales well with system size and
can be used for simultaneous actuation and sensing, making it useful
for GHz frequency devices.102,103 Some 2D materials like hBN and
MoS2 are not piezoelectric in the bulk, but become piezoelectric as
monolayers due to a breaking of the in-plane mirror symmetry.104

For example, from AFM indentation measurements, the forward
piezoelectric coefficient of MoS2 is approximately e11 ¼ ð2:9Þ
�10�10 Cm�1, similar to the values estimated from theory of
e11¼ð3:06Þ�10�10Cm�1.104 From these values, the transduction con-
version efficiency k2¼ðstoredmechanicalenergy=suppliedelectrical
energyÞ, also known as electromechanical coupling coefficient, should
be �1% up to 1GHz.105 This value is comparable to most piezoelectric
MEMS materials, which cite k2 between 1% and 10%,106 though higher
values are achievable.107–109 However, the absolute magnitude of the
signal coming from a monolayer is small, and other external factors
such as contact resistance110 may significantly reduce the effective mea-
sured k2. Recent papers claim evidence of resonant in-plane piezoelec-
tric transduction of monolayer MoS2 and monolayer MXene Ti3C2Tx

NEMS, but the results are problematic. A more recent paper on
MXEne resonators, but not piezoelectricity, discusses the issues in the
piezoelectricity papers depth.58 There have not been any conclusive

studies showing a resonant 2D NEMS, which is actuated or sensed pie-
zoelectrically, which would require demonstration of resonance in the
absence of a gate.

3. Optical proximity transduction

While free-space optical detection is excellent for fundamental
studies, integrating 2D NEMS into photonic systems such as high-
finesse microcavities, photonic waveguides, and optical fibers is useful
for many high-bandwidth applications in the same way as electrical
integration.

As one example, Fig. 3(d) shows a schematic for reading the
dynamic thermal fluctuations of a graphene resonator by positioning a
Si microsphere above it.111 A tapered optical fiber, positioned close to
the membrane, excites an optical mode of the microsphere. The eva-
nescent field of the optical mode couples to the graphene resonator by
dispersive and dissipative mechanisms, shifting the frequency and line-
width of the optical mode resonance as the gap between the sphere
and graphene diminishes. Other examples of evanescent field readout
were demonstrated for hBN56 and carbon nanotube resonators.112 The
displacement sensitivity of this technique is �100 fm/Hz1=2, compara-
ble but still not as low as using free-space interferometric detection.113

IV. DYNAMIC BEHAVIOR OF 2D NEMS

In this section, we will review the dynamic behavior of 2D NEMS
and highlight their links to the mechanical properties of 2D materials.
The interplay between the molecular-scale thickness of the 2D mem-
branes, high mechanical strength, and unique material properties gives
rise to very unusual behavior, which is not found in other M/NEMS.
In particular, the high responsivity of 2D membranes makes the reso-
nances highly tunable to applied forces or external perturbations, as
well as more susceptible to nonlinear effects and thermomechanical
effects, affecting both the dynamic behavior and energy dissipation.

A. Mechanical resonance frequency and lumped
element models of 2D NEMS

In the simplest model, 2D NEMS behave as membranes or plates,
where the out-of-plane resonance eigenmodes are well described by
continuum mechanics. In the linear regime, the dynamics of each
eigenmode are well described by a lumped element differential equa-
tion for a driven mass-spring-damper system. These quantities rise
from the differential equation of a damped harmonic oscillator

meff ; i€z þ beff ; i _z þ keff ; iz ¼ Fd cos ðxtÞ: (5)

According to this model, the i-th eigenmode has a lumped element
effective membrane stiffness keff ; i rising from the combination of the
distributed stretching and bending energies, an effective mass meff ; i

originating from the inertia of the distributed motion of atoms, and an
effective damping coefficient beff ; i corresponding with distributed cou-
pling of the coherent motion in the eigenmode to either the outside
system or to other modes or phonons in the resonator. All parameters
depend on the number of layers, initial stress, material type, added
mass from processing, clamping boundary conditions, and membrane
geometry, as well as the specific eigenmode that is being excited.
Derivations for using continuummechanics to predict frequencies and
lumped element analysis can be found in many elasticity and MEMS
textbooks,114,115 and will not be Reprinted here. In general, the natural
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angular frequency of the ith eigenmode of a mechanical oscillator is
related to these effective parameters by

xi ¼
ffiffiffiffiffiffiffiffiffiffi
keff ;i
meff ;i

s
: (6)

In this review, all frequency equations will be presented in terms of the
angular frequency x, while many experiments and results will be pre-
sented in terms of the cyclic frequency f, where f ¼ x=2p.

Because of the discrete nature of the thickness of 2D resonators,
when modeling their mechanics, it is often more natural to use the
material parameters normalized by the number of layers, such as the 2D
density qML and 2D Young’s modulus Y. For instance, in graphene,
qML ¼ q3DtIL ¼ 0:76 mg/m2, where q3D ¼ 2:26 g/cm3 and tIL
¼ 0.34nm is the interlayer center-to-center distance; similarly, Y ¼ EtIL
� 340N/m, where E � 1 TPa is the in-plane 3D Young modulus.13

In the mono- to few-layer limit and under most experimental
conditions, 2D NEMS are best described as tensioned membranes,
but in thicker structures, they transition to plate behavior. The
transition between these regimes depends on geometry, aspect
ratios, and built-in tension, which we will explore further in
Subsection IVA 3. For example, for a circular membrane, the reso-
nant angular frequency of the fundamental eigenmode x1 is given
by Wah116

xmembrane
1 ¼ 2:404

R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0

tILqMLN

r
; (7)

where R is the radius, r0 is the initial 2D tensile stress in units of
N/m on the membrane, and N is the number of layers. Meanwhile,
for a circular plate of the same dimensions, the frequency is given
by Wah116

xplate
1 ¼ 10:21

2R2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Yt2ILN

2

3qMLð1� �2Þ

s
; (8)

where � is the Poisson ratio.
In many cases, these two continuum models for the stiffness hold.

However, in the monolayer limit, new phenomena become important,
which impact the effective stress, such as the self-tensioning through
sidewall adhesion and nonlinear thermal fluctuations. Moreover, it is
difficult to perfectly control the stress in the membrane, leading to non-
linear geometric effects like anisotropic stress, rippling and buckling
which affect the mechanical stiffness, resonance frequencies, and eigen-
mode shapes.117 In IVA1–IVA3, we will review the resonance behav-
ior of 2D NEMS in the perspective of linear continuummechanics, then
tackle the more complex behavior in future sections.

1. Resonancemode harmonics and eigenmodes

Figure 4(a) shows the spectrum of the fundamental resonance
mode for a circular heterostructure of graphene and MoS2 mono-
layers, which is typical for nearly any 2D resonator.64 The funda-
mental mode appears as the first resonance peak centered on
f1 ¼ 15:6MHz. As shown in Fig. 4(b), the extended spectrum dis-
plays the higher harmonic peaks f2, f3,…, f6. The dashed lines
labeled as (m, n) represent the ideal frequencies from a circular
tensioned membrane fm;n ¼ am;nf0;1, where am;n is a numeric con-
stant corresponding to azimuthal node number m and radial node
number n. Overall, the measured values follow the predicted fre-
quencies for the first few eigenmodes, showing the tensioned mem-
brane model holds. However, the higher harmonics show mode
splitting and become increasingly different from the predicted
values.

FIG. 4. Harmonics and eigenmodes in 2D NEMS. (a) Frequency spectrum near the fundamental eigenmode resonance of a graphene-MoS2 circular drumhead resonator.64

(b) Extended spectrum showing higher-order resonances along with the expected frequency values from continuum mechanics (dashed lines). (c) and (d): Schematic of imag-
ing 2D NEMS mechanical motion (c) with scanning optical interferometry,64 and (d) with tip-based scanning-force microscopy.76 Figures (a)–(c): Reprinted with permission
from Kim et al., Nano Lett. 18(11), 6686–6695 (2018).64 Copyright 2018 American Chemical Society. Figure (d): Reprinted with permission Garcia-Sanchez et al., Nano Lett.
8(5), 1399–1403 (2008). Copyright 2008 American Chemical Society.
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A major challenge of 2D materials is achieving enough control to
produce uniform resonators with predicable, reliable resonances. Even
small heterogeneity in the clamping, initial stress, or flatness of the res-
onators can lead to drastic changes in the resonance. Because most of
these changes are spatially inhomogeneous, we need spatially resolved
tools to understand their impact.

2. Using eigenmodes to probe anisotropy
and heterogeneity

Eigenmodes are the collective vibrations of the 2D membranes at
each resonance harmonic. In general, eigenmodes may be measured
by exciting the resonator at a resonance frequency, then using a local-
ized probe to measure the dynamic position-dependent deflection of
the membrane motion. The localized probe may be an atomic force
microscope tip,76 a focused laser spot rastered over the surface using
scanning mirrors,54,64 or a motorized stage.90 The dynamic change in
tip deflection or reflected light is then measured with a lock-in ampli-
fier. The optical measurement has the advantage of being able to be
performed in vacuum but has lower spatial resolution to �500nm, so
is only useful on larger devices. The scanned probe technique is diffi-
cult to integrate into a vacuum system, but has much better spatial res-
olution related to the tip diameter of �20nm, and is able to directly
correlate the membrane morphology with the resulting eigenmode.

For example, Fig. 4(c) shows both the predicted frequencies and
corresponding eigenmodes along with the actual measured frequencies
and eigenmodes from the spectra shown in Fig. 4(b).64 The eigenmo-
des reveal that the mode splitting rises from small anisotropic or non-
uniform stress in the bimorph resonator, which breaks the degeneracy
of the harmonics along the strain axis. Similarly, engineering non-
symmetric rectangular of oval clamping geometries will also break the
degeneracy of eigenmodes.118 These effects have been explored in
many 2D NEMS such as hBN,54 single-layer graphene,77,90 and
TMDC resonators.118,119

As another example, shown in Fig. 4(d), small variations in
clamping, in-plane shear or irregular edges in doubly clamped
few-layer graphene cause the membrane to buckle asymmetrically
out-of-plane.76 The free edges in doubly clamped beams enhance the
heterogeneity, leading to isolated and unpredictable edge modes.
Similar results are seen in more complex geometries, like one free
edges on incomplete circular or elliptical TMDCmembranes.118

In addition, more complex material properties can be extracted
using eigenmode analysis.33 For example, the anisotropic Young’s
moduli of black phosphorus were extracted by modeling their impact
on the eigenfrequencies of the different eigenmodes of circular resona-
tors.34 Similarly, the anisotropic Young’s moduli of As2S3 were
extracted by examining the eigenfrequencies of rectangular resonators
oriented along different axis of the same crystal.53

3. Diameter and thickness scaling

At a single monolayer, 2D materials should have a negligible con-
tribution from bending rigidity to the overall stiffness keff of the reso-
nator.14,15 As a result, the resonator is well described as a tensioned
membrane.90 Figure 5(a) plots the measured frequency vs membrane
diameter for monolayer graphene up to 25lm, showing an inverse
diameter (or radius) dependence as predicted by Eq. (7). Similar

studies show that this scaling is valid up to 750lm large monolayer
membranes.120

For thicker resonators, consisting of multiple layers, the faster
scaling of bending rigidity (kbending � N3) compared with stress rigid-
ity (kstress � N1) means that eventually, the bending rigidity will domi-
nate, leading to a crossover from membrane-like behavior to plate-like
behavior.

FIG. 5. Frequency scaling with 2D resonator size and thickness. (a) Frequency of
monolayer graphene resonators as a function of diameter.90 Reprinted with permis-
sion from Barton et al., Nano Lett. 11(3), 1232–1236 (2011). Copyright 2011
American Chemical Society. (b) Membrane to plate transition in WSe2 resona-
tors.121 Reprinted with permission from Zhu et al., Nano Lett. 22(13), 5107–5113
(2022). Copyright 2022 American Chemical Society. The plot shows the predicted
frequency of the resonators for different thicknesses, initial tensions, and diameter
(solid curves) along with some experimental data points (small circles). Note that
the dispersion of frequencies for a fixed diameter and thickness is nicely explained
by the different initial tensions of the resonators.
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The exact crossover depends on thickness, lateral size, and initial
stress.42,44 In practice, both the stress and bending-induced restorative
forces add up to yield the effective spring constant of a resonator as
keff ¼ kstress þ kbending. In terms of frequency, these two forces are
combined to yield the angular resonant frequency of the resonator as18

x2
1 ¼ ðxmembrane

1 Þ2 þ ðxplate
1 Þ2: (9)

Figure 5(b) shows the calculated resonant frequencies of a
WSe2 resonator using both pure membrane and plate equations
along with measured frequencies of WSe2 resonators for different
thicknesses and diameters.121 Up to a certain thickness, the resona-
tor frequencies follow the membrane model. As shown by the fig-
ure, the transition depends on the diameter and pre-stress of the
resonators and occurs when xmembrane

1 � xplate
1 . In the membrane

regime, the scaling of the frequency is roughly x1 � 1=
ffiffiffiffi
N

p
, which

follows from Eq. (7). The figure also shows that larger diameters
and larger initial stress favor membrane behavior and make the
transition to plate behavior occur at higher thicknesses, which can
also be seen from Eqs. 7 and 8. Although this plot is specific for
WSe2, other 2D materials have been theoretically predicted or
experimentally demonstrated to show the same trend, such as
MoS2,

42,43 BP,33 hBN,54 and Ti3C2Tx.
58

B. Resonance frequency tuning

The frequency tuning of a resonator is relevant to applications in
sensors122 and signal processing.96,123 The ultra-high aspect ratio of
2D membranes means that the spring constant is unusually small
compared with their large Young’s modulus, yet large compared with
the mass. As a result of the high aspect ratio, even small applied out-
of-plane forces induce displacements large compared with the material
thickness, leading to large tuning of the tension and resulting reso-
nance frequency. Figure 6(a) shows a typical tuning curve of frequency
vs gate voltage for monolayer graphene.85 The resonator tunes by
>150%, whereas most MEMS typically have frequency tuning of
�1%–10%. Resonators from other 2D materials show similar
tunability.43

Frequency tuning in 2D resonators is determined by a competi-
tion between electrostatic tensioning and capacitive softening, where
the final shape sensitively depends on clamping, thickness, aspect
ratios, initial tension or out-of-plane buckling, and added mass. For
example, for a flat circular membrane being pulled toward an underly-
ing back gate, the resulting frequency tuning of the fundamental eigen-
mode is43

x1 ¼
1
R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4:9Ete0 þ

pe2v
8ð1� �2ÞEte20

R2

d4
V4
DC � evpR2V2

DC

3d2

0:27pðqMLtILN þ qmtmÞ

vuuut
; (10)

where ev ¼ 8:854� 10�12 F/m is the vacuum permittivity and qm, tm
are the planar density and thickness of all added masses on the mem-
brane, which are assumed to be uniformly distributed on its surface.
The first term on the numerator of Eq. (10) is fixed and a result of the
built-in tension in the membrane. The second term rises from the elec-
trostatically induced tension, which leads to a hardening or increase in
the effective spring constant keff of a resonator, and an increase in the
resonance frequency. The third term rises from capacitive softening,
which is a nonlinear effect resulting from the 1=d2 dependence of elec-
trostatic force with respect to the gate. The gradient in force as the
membrane moves leads to an effective softening or decrease in the res-
onance frequency.

Figure 6(b) schematically shows how the competition between
tensioning and capacitive softening affects the electrostatic frequency
tuning in the resonator. Because electrostatic forces are always attrac-
tive, both tensioning and capacitive softening are symmetric with gate
voltage, leading to a symmetric tuning curve around the neutral point.
However, Eq. (10) states that the competition leads to quartic and qua-
dratic VDC terms with opposite signs. Depending on the relative initial
stress, out-of-plane displacement, and geometric parameters of the 2D
membrane, both U-shaped and W-shaped frequency tuning curves
are possible. Because of the sensitivity to initial parameters, even mem-
branes with identical dimensions can have dramatically different tun-
ing curves. Finally, the added mass also affects the initial frequency of
the membrane and the magnitude of the tuning. This added mass
might come from residue or polymers from transfer or device

FIG. 6. Frequency tuning in 2D NEMS. (a) Frequency tuning from a doubly clamped monolayer graphene resonator with electrostatic tensile stress.85 Reprinted with permis-
sion from Chen et al., Nat. Nanotechnol. 4(12), 861–867 (2009). Copyright 2009 Springer Nature Customer Service Center GmbH: Nature Nanotechnology. (b) Two possible
tuning shapes from NEMS under electrostatic tensile stress.43 Adapted with permission from Lee et al., Sci. Adv. 4(3), eaao6653 (2018). Copyright 2018 Authors, licensed
under a Creative Commons Attribution Unported License. (c) Thermomechanical tuning of suspended graphene membrane.127 Reprinted with permission from Ye et al., Nano
Lett. 18(3), 1678–1685 (2018). Copyright 2018 American Chemical Society.
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fabrication and is highly variable depending on fabrication methods. It
is not unusual to have qmtm � ð1� 10ÞqMLtIL, where qML is the 2D
monolayer planar density.85

The model of Eq. (10) enables the extraction of membrane stress
and mass from the tuning curve. In practice, the model is not very reli-
able because it makes strong assumptions about homogeneity in mass
and stress distributions and initial flatness of the membrane that is
rarely accurate and very difficult to correct for. Thus, all values should
be taken as approximations.

The exact shape of the tuning curve is also very sensitive to tem-
perature, due to changes in the initial stress of the membrane from ther-
mal expansion of the 2D material vs the clamping substrate.25,85,124

Typically, at low temperatures, the initial stress e0 becomes higher. As
can be seen in Eq. (10), the increase in initial tension suppresses the elec-
trostatic tensioning, but does not affect the capacitive softening. Thus,
most devices at lower temperature display higher initial frequency and
negative frequency tuning with gate.85,124–126

In addition to changing the substrate temperature, thermome-
chanical tuning of the stress and frequency is possible by local Joule
heating or through optical absorption of intense laser light.79,124,129

For example, Fig. 6(c) shows the change in frequency of a graphene
resonator as a function of dissipated power induced by running a cur-
rent through the device. The resonator showed a thermomechanical
frequency tunability of greater than 300%, which corresponds with
heating the graphene up to around 1200K.127 However, the control of
thermomechanical tuning is poor. The membrane stress-induced dur-
ing thermal cycling leads to slip at the edges or inelastic changes in
morphology.40,73 The slip leads to hysteresis in the initial stress and
resulting tuning behavior, confounding detailed analysis of the ther-
momechanical properties of the graphene.40,82

One last mechanism of tuning the stress and thus the natural fre-
quency of a resonator is through pressure. There are two mechanisms
for pressure tuning of the frequency, depending on whether the mem-
brane is sealed or vented. First, in a sealed cavity, a pressure difference
DP between the inside and outside of the membrane inflates or deflates
the membrane like a balloon.78 From bulge mechanics, which defines
the shape of the inflated membrane, the stress is proportional to DP2=3.

Following from Eq. (7), the pressure differential leads to a frequency
tuning of Dð f 3Þ � DP.78 As observed in both graphene78 and MoS2,

128

in the monolayer limit, it can take hours or days for the sealed chambers
to equilibrate to the ambient pressure. The primary route of leaking is
the van der Waals interface between the 2Dmaterial and the underlying
substrate, though the quality of the material and interface strongly
affects these leak rates.129 Recently, the new class of quasi-2D complex
oxide membranes has demonstrated a different self-sealing mechanism
through chemical bonding with the substrate.68 In comparison, in a
leaky cavity, the space inside and outside the cavity are connected
through a channel. In this case, the static pressure inside and outside the
cavity are equal. However, during vibration, the dynamic gas pressure
changes as the membrane compresses the gas underneath due to its
rapid oscillation compared to the equilibrating time of the cavity. Called
the squeeze-film effect, this leads to an effective change in the spring
constant of the membrane,130,131 causing the resonant frequency to tune
as Dðf 2Þ � P, where P is the environmental pressure. Between the two
configurations, the tuning in the sealed cavity has much higher respon-
sivity with pressure than the squeeze film pressure tuning. Over a range
of 0–100kPa, sealed cavities can have frequency tuning of �300% vs
�70% in squeeze-film resonators.78,128,130,131

C. Nonlinearity

Nonlinearity is critical to many NEMS technologies, and it dic-
tates the dynamics of resonators at large amplitudes. In addition to
technological implications, such as setting limits on the linear opera-
tion of sensors/actuators, nonlinearity is responsible for many scientif-
ically important phenomena, such as phonon cavity effects,80

bistability,132 and chaotic dynamics.80,133 When driven at sufficiently
high amplitudes, the response of MEMS and NEMS becomes nonlin-
ear; that is, the amplitude of motion does not scale proportionally to
the driving force.134 In general, due to scaling laws, the onset of non-
linearity occurs at smaller amplitudes for smaller systems, with 2D
materials representing the ultimate limit for the thickness dimension.
Similarly, 1D systems like carbon nanotubes also have small onset of
nonlinearity and small or no linear dynamic range.135 Figure 7(a)

FIG. 7. Nonlinear effects in 2D resonators. (a) Frequency response of a MoS2 resonator consisting of three layers.
43 The dynamic range of 70 dB is shown (green shaded area),

along with the thermal amplitude (bottom curve) and nonlinear regime before breakage (red shaded area). Adapted with permission from Lee et al., Sci. Adv. 4(3), eaao6653 (2018).
Copyright 2018 Authors, licensed under a Creative Commons Attribution Unported License. (b) Frequency response curves for a bilayer MoS2 resonator at three gate voltages, show-
ing tuning of the nonlinear behavior.148 Reprinted with permission from Samanta et al., Appl. Phys. Lett. 113(11), 113101 (2018).148 Copyright 2018 AIP Publishing LLC.
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shows an example of the drive-dependent mechanical resonance of a
three-layer MoS2 drum head membrane. At moderate amplitudes,
shown in green, the resonator operates in the linear regime. At low
amplitudes of motion, shown in blue, the high aspect ratio of 2D
NEMS leads to relatively large dynamic thermal fluctuations of the
membrane, also referred to as thermomechanical or Brownian motion,
which sets the smallest measurable signals. At high amplitudes of
motion, shown in red, the low spring constant and high Young modu-
lus lead to large geometric nonlinearities. Generally, the strain on 2D
membranes is on the scale of 0.01%, while the onset of material elastic
nonlinearity due to bond stretching occurs around 5%, so material
nonlinearities do not play a role in experiments.136

1. Dynamic thermal fluctuations and amplitude
calibration

The smallest motion of 2D NEMS is set by the dynamic thermal
fluctuations of the out-of-plane eigenmodes due to coupling to the
phonon vibrations of the atoms in the lattice and from the substrate.
The dynamic thermal fluctuations of a resonator in any microsystem
are well-defined based on the equipartition theorem, and there are sev-
eral expressions useful for understanding the behavior of 2D NEMS.
First, the equipartition theorem states that the average energy in each
eigenmode is E ¼ 1

2 kBT , where kB ¼ 1:380 65� 10�23 JK–1 is the
Boltzmann constant and T is the temperature. Simultaneously, the
energy of an eigenmode is also given by the elastic potential energy as
E ¼ 1

2 keff z
2
th, where zth is the integrated root mean square (RMS)

amplitude of vibration over all frequencies. Relating these two energies
gives the RMS amplitude of a resonator at finite temperature

zth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBT=keff

p
: (11)

While the frequencies of these vibrations mostly match with the
resonant frequency of the eigenmode, there is a finite dispersion due
to the presence of dissipation. This is quantified by the thermal noise
power SzzðxÞ vs frequency of a resonator for different eigenmode fre-
quencies xi. It is given by Lee et al.43

SzzðxÞ ¼
4kBTxi

meffQ ðx2 � x2
i Þ

2 þ ðxxi=QÞ2
� � : (12)

Note that zth can be calculated by integrating SzzðxÞ over x and
taking the square root. Most relevant to measurement, however, is the
peak noise power density, occurring at the resonance frequency of
each eigenmode. It is given by

SzzðxiÞ ¼
4QkBT
meffx3

i
¼ 4Q

xi

kBT
keff

¼ 4Q
xi

z2th: (13)

Because of their atomic thicknesses, 2D resonators have very low
effective masses and spring constants, which makes the amplitude of
the dynamic thermal fluctuations very large compared to other M/
NEMS.43 Typically, the value of zth for a typical graphene membrane
is on the scale of 1–5 Å at room temperature. While this amplitude
sounds small, bear in mind that monolayer graphene has “thickness”
of 3.4 Å (or zero depending on who you ask), so that the dynamic
thermal fluctuations are on the scale of the size of the material.
Meanwhile, the dynamic thermal fluctuations at resonance from Eq.
(13) are much smaller

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSzzðxiÞÞ

p
� 0.1–1 pm/Hz1=2, with the exact

amplitude depending on the bandwidth of the measurement.43 Using
a BW comparable to the FWHM of a resonance recovers an amplitude
consistent with Eq. (11).

Beyond their impact on thermomechanical material properties,
the thermal fluctuations have a practical utility in amplitude calibra-
tion. A desirable performance metric in any MEMS is the amplitude
of motion on an absolute scale. There are two common methods to
infer the amplitude from measured signals. The first method is to esti-
mate the change in measured signal as the moving surface vibrates,
and the second is by measuring the resonator response with respect to
well-defined thermal motion. There are also more advanced techni-
ques such as modifying the Fabry–P�erot gap81 or leveraging nonlinear-
ities of the optical transduction.137 These techniques require
displacement of the membrane with respect to a reflecting surface
comparable to the wavelength of the sensing laser, so are restricted to
either specialized setups with moveable mirrors or very large devices
with correspondingly large amplitude of vibration.

Since the thermal amplitude of motion is always present in the
system and based on measurable properties, it makes an excellent ref-
erence. Thus, many papers use thermal motion as a method of calibra-
tion that provides a scale factor relating measured signals to an
absolute amplitude, and the exact procedure of different measurement
techniques can usually be found in supporting methods.30,43,64,138

Importantly, the calibration is only valid for the specific operating con-
ditions. Any change in membrane deflection due to thermal or electro-
static force requires re-calibration.139

2. Linear dynamic range in 2D NEMS

Understanding the linear range of operation is critical for any
application of M/NEMS. The linear dynamic range (LDR) defines the
range of amplitudes in which the device’s response is linear, with ther-
mal fluctuations setting the lower limit and nonlinear dynamics setting
the upper limit. Above the LDR, the range of amplitudes before failure
defines the nonlinear dynamic range (NDR). Thus, the total operable
range of a resonator, with amplitudes between thermomechanical
motion and mechanical failure, is the sum LDRþ NDR.

Given in dB, the LDR is calculated as135

LDR ¼ 20 log10
0:745acffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2SzzðxiÞDf

p
 !

; (14)

where ac is the amplitude on the onset of bistability and Df is the mea-
surement bandwidth. The amplitude 0:745ac is the 1 dB compression
point of the resonant response, which corresponds to the amplitude of
motion that is 1 dB below the one expected from linear scaling. The
LDR is graphically displayed in Fig. 7(a) as the vertical size of the
regions highlighted in green (70 dB).43

The dynamic range increases with larger diameter, strain, and
number of layers.140 So far, for MoS2, the highest reported linear
dynamic range is around 70 dB and nonlinear dynamic range is
around 40dB, for a total dynamic range of 110 dB.43 However, most
resonators built from 2D materials have lower dynamic ranges, in the
range of 40–60 dB.30,64,85,90,141 Some variability in LDR is due to differ-
ences in the mechanics of the 2D resonator; however, much of the var-
iability is actually due to external factors like the responsivity of
the transduction mechanism and bandwidth used for measurement.
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The higher numbers are the more physically meaningful, as they come
from experiments that were intentionally optimizing the signal-to-
noise.

In comparison, MEMS and NEMS resonators made from silicon-
and piezoelectric-based materials have commonly shown dynamic
ranges around 100 dB or more.142–146 That most 2D resonators have
lower LDR than other MEMS and NEMS devices with larger dimen-
sions is consistent with the larger thermomechanical noise amplitude
for devices with reduced dimensions.147

Optimizing the dynamic range of 2D resonators is critical to
many applications and making them competitive with more tradi-
tional MEMS. This requires understanding the physical origins and
scaling laws defining nonlinearity, damping, and thermomechanical
motion, which we will address in Secs. IVC3–IVD3.

3. Geometric nonlinearity in 2D NEMS

The two geometric nonlinearities dominating the behavior of 2D
NEMS are common to many MEMS systems: nonlinearities from
amplitude-dependent membrane stress and capacitive softening. The
lumped element model allows treatment of nonlinearities as a Taylor
expansion of the position-dependent force and spring constant on the
resonator around a static equilibrium position as

FtotalðzÞ ¼ �k1z � k2z
2 � k3z

3 þ � � � ; (15)

where z is the deflection from the equilibrium position, and k1, k2, and
k3 are the linear, quadratic, and cubic spring constants. Progressively,
higher-order terms become important at large enough deflection.
However, for the majority of applications explored in 2D NEMS, the
first three terms are sufficient to describe the observed behavior. Thus,
we do not consider the higher-order terms kn with n> 4 in the follow-
ing analysis. The nonlinear force terms lead to an effective frequency
of the resonator vs amplitude, called the backbone curve, given by
Nayfeh andMook149

x0
i ¼ xið1þ jz20Þ; (16)

where xi and x0
i are the linear- and amplitude-dependent resonant

frequency, respectively, and z0 is the amplitude of motion and

j ¼ 3k3
8k1

� 5k22
12k21

: (17)

The exact values may be extracted from Galerkin analysis148,149

and are highly sensitive to membrane geometry, static equilibrium
shape, and dynamic eigenmode shape. For example, the expressions
for the stress forces due to deflection of an initially flat circular mem-
brane operating at the fundamental resonance eigenmode under initial
in-plane stress r0 are

FstressðzÞ ¼ �4pr0z �
8pYN

3R2ð1� �Þ z
3 þ � � � : (18)

We can write a similar expression for the nonlinear force rising
from electrostatic capacitive attraction

FelectrostaticðzÞ ¼ � 1
2
evpR

2V2 1
d2

þ 2z
d3

þ 3z2

d4
þ 4z3

d5
þ � � �

� �
: (19)

Here, we used the parallel-plate capacitor approximation for a
flat circular drumhead. While the exact values would depend on the
shape of the eigenmode, the approximate values are on the correct
order of magnitude and capture the essential physics. These equations
show that for a flat membrane, the stress nonlinearities only have odd
terms because the force must be symmetric, e.g., k2 ¼ 0. Typical values
are k1 � 0:1� 1N/m and k3 � 1014 � 1015 N/m3.27,140 If, however,
the symmetry is broken, either from pull down of the membrane with
electrostatic gates, or from initial buckling out-of-plane, then it
becomes necessary to include even terms as well. In contrast, the
capacitive nonlinearities always have both even and odd terms due to
the broken symmetry. In the simplest case, the lowest stress nonlinear-
ity is cubic and positive, and the lowest capacitive nonlinearity is qua-
dratic. As a result, according to Eq. (17), the two terms compete with
each other with capacitive nonlinearity leading to a negative frequency
shift with amplitude, called softening, while the stress nonlinearity
leading to a positive frequency shift with amplitude, called hardening.
Figure 7(b) shows the change in the nonlinear resonance vs drive of
the same resonator at different gate bias and shows a gate-dependent
transition from nonlinear softening to hardening behavior. Between,
there is a narrow range of gate voltages at which the two nonlinearities
cancel, leading to a larger linear regime before higher-order nonlinear-
ities emerge. The strong dependence of nonlinearity and dynamic
range on applied strain and gate is potentially useful in reconfigurable
devices whose response may be switched on and off from the nonlin-
ear regime by the electrostatic gate voltage.148

4. Bistability and switching

Just as with many nonlinear mechanical resonators, at high drive,
the nonlinearity in 2D resonators leads to a bistability, characteristic of
a Duffing oscillator.137,150 Figure 8(a) shows the nonlinear response of
a graphene resonator driven at high amplitude.132 The resonator
shows a hysteresis of 70 kHz when it is swept upward vs downward in
frequency. The hysteresis is a result of switching from a high-
amplitude state to a low-amplitude state if the frequency is swept
upward, and vice versa if swept downward. Figure 8(b) shows the
amplitude vs time response of the same resonator driven at a fixed fre-
quency inside the hysteresis loop, as shown in Fig. 8(a). The amplitude
stochastically switches between the upper and lower solutions due to
thermal fluctuations after a noise signal is applied to the gate in con-
junction with the drive that enhances the effective temperature. The
switching frequency reaches rates up to 4.1 kHz, a factor of 100 faster
than state-of-the-art MEMS.151 This high switching rate has applica-
tions for graphene resonators as ultrasensitive microphones132 and
chaotic signal generators.152

D. Energy dissipation

For all MEMS, energy dissipation or damping plays an important
role in determining the fundamental limits on performance. For
instance, low dissipation is ideal for efficient transduction of classical
and quantum signals,153–157 while high dissipation broadens the fre-
quency bandwidth of operation. The ability to dynamically tune the
dissipation or quality factor of a resonator is advantageous in applica-
tions that benefit from having a variable bandwidth, such as reconfig-
urable RF filters, AFM imaging,158 and tunable inertial sensors.159
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Dissipation is mathematically described by the effective damping
coefficient beff in the lumped element equation of motion, Eq. (5). In
any M/NEMS system, there are many potential linear and nonlinear
dissipation mechanisms, which we will detail Secs. IVD1–IVD3.
Linear dissipation mechanisms add, leading to a total effective damp-
ing beff or similarly a normalized dissipation rate Qeff that is the sum
of the individual dissipation contribution from each mechanism bj,

beff ¼
X
j

bj: (20)

From the equation, it is clear that the largest dissipation mecha-
nism dominates. Yet, each mechanism can have different physical ori-
gin and scaling as a function of geometric, environmental, and
experimental parameters. As a result, isolating and identifying the
dominant mechanism is quite challenging and requires extensive para-
metric measurements to explore the scaling of dissipation, nanoscale
simulation, and developing new theories. Dissipation is typically mea-
sured in the frequency domain from the full-width-half max (FWHM)
of the resonance peak or in the time domain by the ringdown in
amplitude vs time after drive is removed. As a result, dissipation is
most often represented through the dimensionless quality factor Q, or

the peak width/dissipation rate c ¼ beff=meff . The quality factor and
other measures of dissipation are related in the following ways:

Q ¼ 2pE
DE

¼ xi

c
¼ xis ¼

meffxi

beff
; (21)

where E and DE are, respectively, the stored energy and dissipated
energy in one cycle, and s is the decay time. Generally, a lower-quality
factor corresponds with higher dissipation, wider resonance, and faster
ringdown.

An unusual feature of graphene and 2D resonators, with pro-
found implications on their applicability, is that they have a surpris-
ingly low-quality factor in the range of Q � 10� 500 at room
temperature.42,43,50,54,56 In contrast, at room temperature, NEMS built
from silicon show quality factors in the scale of thousands2 or even
106 in high-stress SiNx resonators.

160,161 Even more interesting, as dis-
cussed further later,Q in 2D resonators shows strong tuning with tem-
perature, and much higher-quality factors at low temperature, Q> 105

in graphene, and Q> 104 in TMDCs,50,62,126 showing that if we can
fully understand and engineer the mechanisms, there is room for dras-
tic improvement of the quality factor and thus the utility of 2D NEMS.

In this section, we will first summarize the measured scaling of
quality factor as a function of experimentally relevant parameters and
then discuss the theories on the dominant dissipation mechanisms.

1. Quality factor and dissipation in 2D resonators

Here, we will discuss the experimental measurements and simu-
lations of quality factor in 2D mono and few-layer resonators vs envi-
ronmental and design parameters like pressure, lateral size,
eigenmode, temperature, and strain, then discuss potential mecha-
nisms in Sec. IVD2. We will focus our discussion mostly on graphene,
but other 2D materials show similar trends of Q. For example, under
similar experimental and design conditions, TMDCs show slightly
higher Q at room temperature42,43,50 and lower Q at low tempera-
ture,50,62,126 though variations between studies are large. Simulations
attribute the higher-quality factor in TMDCs vs graphene to a larger
phonon bandgap in the former, which reduces scattering of the
eigenmodes into other phonon modes.162 However, the exact models
describing the differences have yet to be established, and the differ-
ences between 2D materials are minor compared with the overall
behavior of all 2D materials compared with conventional thin films.

First, as with any MEMS, the presence of gas adds strong dissipa-
tion. In 2D NEMS, this dissipation typically yields quality factors of
Q< 10 at atmospheric pressure compared with Q � 50–500 in vac-
uum (P < 10�6 Torr).78,128–131 The scaling of Q vs pressure depends
on whether the resonator forms a sealed cavity or is vented to the envi-
ronment.128 For example, fully clamped and vented resonators show
scaling Q � 1=P for pressures below 100 mbar,130,131 consistent with
the predicted dissipation due to the squeeze-film effect, which results
from coupling membrane deflection with gas compression. For higher
pressures, gas flows into and out of the cavity become more significant
and the assumption of pure gas compression breaks, leading to a more
complex pressure dependency. In contrast, as discussed earlier in Sec.
IVB, fully clamped and sealed membranes allow gas to get trapped in
the cavity, leading to more complex interplay between inflation-
induced tensioning and damping. At high (near atmospheric) pres-
sure, Q scales as xi=P, where P is the pressure outside the cavity.128 At

FIG. 8. (a) Duffing response of a monolayer graphene resonator showing hystere-
sis in forward and backward sweeps in frequency and (b) amplitude vs time
response of a nonlinearly driven graphene resonator at the fixed frequency shown
in (a) within the hysteresis loop. The resonator shows stochastic switching between
the upper and lower solutions with a frequency of 4 kHz.132 Reprinted with permis-
sion from Dolleman et al., Nano Lett. 19(2), 1282–1288 (2019).132 Copyright 2019
American Chemical Society.
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low pressure (below �50 Torr), the damping from the internal gas
pressure dominates and the quality factor saturates. Additionally, if
there is slow leakage into or out of the sealed membranes, it can be dif-
ficult to predict hysteresis in the damping and resonance
frequency.78,128

Figure 9(a) plots the quality factor Q vs membrane diameter
from 2 to 30lm in monolayer graphene resonators at room tempera-
ture.90 The quality factor increased with increasing diameter, following
Q � D1:1 and reaching Q � 2400 for the larger membranes. Of
course, the frequency also scaled inversely with membrane size
x � D�0:9. This systematic dependence of Q on diameter only occurs
in fully clamped membranes. In contrast, in doubly clamped resona-
tors, Q is lower and more unpredictable, due to the presence of dissi-
pative modes originating from the free edges.25,76,165 Deconvolving the
contribution to quality factor from frequency required comparing the

dissipation from multiple eigenmodes with different frequencies for
each resonator at each diameter. This comparison showed that the
quality factor did not scale directly with frequency, just membrane
diameter.

The trend for quality factor vs thickness t is less clear.42 While
some thicker resonators show higher-quality factors, the variation at a
particular thickness is at the same magnitude as any trend with thick-
ness, likely due to sample variations in stress and morphology.42 An
important factor that determines the dissipation in multilayer resona-
tors is the van der Waals interactions between layers.26,163 In particu-
lar, due to the low energy threshold for sliding 2D materials against
each other,164,166–168 interlayer friction should be an important extra
mechanism of dissipation starting from bilayer to few-layer resonators.
Figure 9(b) is a plot of the simulated quality factor in a bilayer resona-
tor as a function of the interlayer friction stress rf, starting from a

FIG. 9. Parametric dependence of the quality factor Q in 2D resonators. (a) Plot of quality factor vs membrane diameter for monolayer CVD grown graphene membranes.90

Reprinted with permission from Barton et al., Nano Lett. 11(3), 1232–1236 (2011). Copyright 2011 American Chemical Society. (b) Plot of simulated quality factor vs interlayer
friction rf for a bilayer resonator under different pre-strains.163 Red and green dashed lines correspond to measured average quality factors of Bernal-stacked and twisted
bilayer resonators. The yellow panel shows the range of interlayer friction values estimated from static friction measurements, with the orange dashed line being the average of
these measurements.164 To help interpretation, the dashed blue line corresponds to pre-strain e0 ¼ 10�4, which is a typical pre-strain in the resonators.26 Reprinted with per-
mission from Kim et al., Nano Lett. 20(2), 1201–1207 (2020). Copyright 2021 American Chemical Society. (c) Temperature dependence of monolayer graphene resonators.25

Reprinted with permission from van der Zande et al., Nano Lett. 10(12), 4869–4873 (2010).25 Copyright 2010 American Chemical Society. (d) Quality factor of a monolayer gra-
phene resonator clamped to an expansion ring. The plot shows Q for three different in-plane strains (set by VH) and multiple gate voltages (VG;eff ).

86 Reprinted with permission
from Davidovikj et al., Nano Lett. 18(5), 2852–2858 (2018). Copyright 2018 American Chemical Society.
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frictionless case Q0.
163 The model is based on a structural dissipation

model commonly used in macroscopic systems.169 As denoted by the
inset color bar, the plot compares the decay in quality factor for differ-
ent pre-strains, from e0 ¼ 10�5 to e0 ¼ 10�3. For comparison, the fig-
ure shows the average quality factor of many Bernal-stacked
(hQBS�BLi) and twisted (hQT�BLi) bilayer graphene resonators mea-
sured on a single chip. The yellow panel is an estimation of the inter-
layer friction from sliding measurements of a graphite–graphite
interface,164 which indicates that rf should be in the range of
10�4–10�3 N/m. These frictions are enough to significantly decrease
the quality factor compared with the frictionless case and can explain
the reported trend of higher-quality factor in monolayer vs bilayer res-
onators,163 confirming predictions from previous MD simulations.170

The higher dissipation in bilayers also agrees with the lower on-set of
nonlinearity in monolayer vs bilayer resonators predicted by simula-
tions.171 For devices with a larger number of layers, other dissipation
mechanisms besides interlayer friction may be more relevant in deter-
mining Q. In thicker devices, the mechanics transition from mem-
brane to plate behavior and the material approaches aspect ratios
more common to typical NEMS. As a result, other dissipation mecha-
nisms which scale with thickness become more important, such as
thermoelastic dissipation and dissipation from material defects.172,173

To probe the influence of interfacial dissipation in multilayer resona-
tors, a similar statistical comparison between the dissipation of resona-
tors containing different pristine interfaces (commensurate or
incommensurate) and different number of layers would be necessary.

Most dramatically, dissipation in 2D resonators depends strongly
on temperature, with the quality factor rising from Q � 100 at room
temperature to Q> 104 at low temperature. Figure 9(c) shows the
temperature dependence of the inverse quality factor in doubly
clamped monolayer graphene resonators.25 The exact trend depends
strongly on the clamping. In doubly clamped resonators, for tempera-
tures above T � 100 K, Q�1 scales roughly as Q�1 � T2, whereas for
lower temperatures, Q�1 � T0:3 � T0:5.25,85 In contrast, fully clamped
resonators show similar ranges, but with scaling Q�1 � T�1, and no
crossover.174,175 The more complex temperature scaling in doubly
clamped membranes is a result of losses from edge modes at low tem-
perature176,177 and changes in strain from thermal expansion on elec-
trodes at higher temperature.174 For the fully clamped membrane, the
Q�1 � T�1 scaling matches simulations based on thermal fluctua-
tions, discussed later.170 While the vast majority of studies focus on
graphene resonators, other 2D resonators made from WSe2 or gra-
phene/NbSe2 heterostructures show similar trends.50,62

In comparison, carbon nanotube resonators, which are intrinsically
doubly clamped and 1D but structurally similar to graphene, show very
similar changeover in scaling laws as the doubly clamped graphene reso-
nators.178,179 Meanwhile, conventional thin-film resonators show scaling
Q � T0:2�0:3 through all temperatures, meaning that the quality factor
at low temperature is only a factor of 2–3 better than at room tempera-
ture. In contrast, in graphene and carbon nanotubes (CNTs) at sub-
kelvin temperatures, the dissipation becomes very low, leading to some
truly impressive quality factors given the size. Monolayer graphene reso-
nators coupled to superconducting cavities achieved quality factors
Q> 105 126,138 while multilayer graphene resonators achieved Q� 106

at T¼ 15 mK.180 These high-quality factors at low-temperature mean
graphene and carbon nanotube resonators are good candidates for
high-quality qubits or quantum information storage.

According to simulations, quality factor should strongly tune
with strain, due to the increase in stored energy and higher fre-
quency.170,181 This hypothesis has motivated several studies on strain
engineering in 2D resonators through electrostatic gating, like the elec-
trostatic frequency tuning studies discussed in Sec. IVD1,43,182 heat
shrinking of patterned SU8 clamps or thermal heaters to apply in-
plane strain onto suspended graphene membranes.86,97,183 In practice,
the experimental results are mixed because of the difficulty of unravel-
ing strain from nonlinear effect, strain-induced slip, or morphology
changes. For example, as shown in Fig. 7(b), the changeover in nonlin-
ear response as a function of gate voltage makes it difficult to unravel
the interaction of strain and nonlinear effects on the quality factor. As
another example, using heat shrinking of patterned SU8 clamps to
apply in-plane uniaxial strain onto doubly clamped graphene resona-
tors showed an increase in quality factors up to Q � 7000 at room
temperature.183 However, as shown in Fig. 9(d), a more recent study
explored the dependence of quality factor using thermally heated elec-
trodes86 to apply an in plane biaxial strain on a 2D membrane fully
clamped by and SU8 expansion ring and an electrostatic gate. Each
color corresponds with applying a different heating voltage to change
the tension and morphology, while the data points within each color
show the tuning of Q and frequency with gate voltage at that tension.
The data show that different morphologies/strains lead to different
tuning of bothQ and frequency with gate, but the values are not signif-
icantly different from unstrained graphene resonators, and there are
no clear trends with strain. The difference between these two studies
might be due to the relative strains applied, or because of morphology
and eigenmode changes in the double clamped resonators, as dis-
cussed in Fig. 4. In general, while the promise of strain engineering to
modify dissipation is high, it will only be realized with creative new
approaches to ensure large biaxial strain is uniformly applied to flat
membranes.

2. Comparing mechanisms of dissipation in 2D NEMS

Unraveling the mechanisms underlying dissipation in NEMS in
general is very challenging both experimentally and theoretically, yet
very important, and still an active area of research. First, there are
many competing mechanisms, and it is difficult to know which one
should dominate without simply comparing every mechanism.
Second, while it is possible to write down equations representing any
individual mechanism, and infer scaling laws, actually calculating a
value requires making assumptions on factors which are not provided
by experiments—such as process-induced parameters like distribution
of added mass, heterogeneity of clamping, heterogeneous stress and
morphology, or density of defects. For a theory to be valid, it should
predict both the scaling behavior and order of magnitude of dissipa-
tion. In general, conventional intrinsic and extrinsic dissipation mech-
anisms do not fully explain the measured behavior. Here, we will
briefly compare commonly considered mechanisms of dissipation in
NEMS and rule some of them out either based on experimental evi-
dence or because the theory predicts negligible contributions for realis-
tic assumptions. In Sec. IVD3, we will discuss the most promising
current theory.

In general, dissipation is classified into either extrinsic or intrinsic
mechanisms.2,184 First, we will consider extrinsic dissipation mecha-
nisms, which result from coupling the resonator to its environment or
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from the transduction mechanism/experimental conditions. Examples
include viscous gas damping, clamping/attachment losses, Ohmic
heating, optomechanical coupling, or coupling with charges or two-
level systems in the dielectric substrate.172 The strength of these differ-
ent mechanisms varies by orders of magnitude. For example, viscous
dissipation dominates for a resonator operating at atmospheric pres-
sure, but is negligible at the pressures used in most studies (typically P
�10�6 Torr).78 Experimentally, Ohmic losses or optomechanical
effects can be achieved under very large drive,79,127 but values are typi-
cally chosen to make them not dominant, when studying intrinsic
behavior. At low drive, comparisons across studies show both electri-
cally and optically actuated resonators have similar ranges of Q at both
room and low temperature.25,42,43,50,79,91,163 Experiments, like those
shown in Fig. 9(a), show the quality factor scales with membrane
diameter, suggesting that clamping losses might be a dominant mecha-
nism.90 However, equations predicting the clamping or attachment
losses predict at least three orders of magnitude higher-quality factors
than those observed in experiment,172 suggesting that the mechanism
might have the same scaling as clamping losses, but a different physical
origin. Finally, losses from other mechanisms such as coupling of elec-
trons in the 2D membrane to two-level systems or adhesion to the
substrate are predicted to provide negligible dissipation.172

Intrinsic mechanisms are more difficult to directly control and
are still an active area of research in the broader MEMS/NEMS com-
munity. Intrinsic dissipation mechanisms result from material proper-
ties and may be further broken down into dissipation in ideal
materials, such as conversion of energy into phonons through the
thermoelastic or Akhiezer dissipation, or dissipation in imperfect
materials due to coupling to defects within the material or surface
states.2 One of the original motivations for pushing to study 2D mate-
rials as NEMS was that their material properties are ideal for minimiz-
ing intrinsic mechanisms of dissipation—2D membranes are single
crystal with no defects (except for CVD grown materials), and the van
der Waals surface has no dangling bonds, which should minimize sur-
face dissipation and can dominate dissipation in ultrathin amorphous
or 3D crystalline resonators.2,185 Moreover, thermoelastic, Akhiezer,
and clamping dissipation are all predicted to scale with thickness, so
going to a monolayer should minimize those mechanisms.172,173 The
actual measured values point to a more interesting and complex solu-
tion. At low temperature, 2D NEMS have a high-quality factor com-
pared with silicon MEMS. However, there is a strong temperature
dependence Q�1 � T�1 for fully clamped resonators), and at room
temperatures 2D NEMS end up with a lower-quality factor compared
with silicon NEMS. While some intrinsic mechanisms like thermoelas-
tic dissipation theories predict the Q�1 � T�1 temperature depen-
dence observed in 2D resonators, they also predict that 2D resonators
should have four orders of magnitude higher-quality factors than con-
ventional silicon MEMS even at room temperature, contrary to what
is observed.172 As discussed in Sec. IVD, this disagreement has moti-
vated a search for a new theory to describe dissipation in 2D NEMS.

3. FPUT dissipation from nonlinear thermal fluctuations

Over the last decade, theoretical and experimental studies suggest
a new mechanism unique to 1D and 2D materials, though a complete
theory is still in development. In ultra-high aspect ratio resonators,
like carbon nanotube strings and 2D membranes, nonlinear thermal

fluctuations induce significant dissipation at room temperature.186

This mechanism has roots in the dynamics of the Fermi–Pasta–Ulam–
Tsingou problem, where the nonlinear coupling between modes ther-
malizes an otherwise dissipationless linear system.112,181

To understand the origin of the Fermi–Pasta–Ulam–Tsingou
thermalization in 2D NEMS, let us first consider the dissipation at low
temperature. The high-quality factor of 2D resonators at low tempera-
ture allows direct measurement of the ringdown of the resonator in
the time domain after the removal of drive, which is a more reliable
measure of dissipation than the more common measurement of
FWHM. This is because, in many cases, FWHM measurements tend
to be averaged over a long period, and thus may be artificially spread
due to fluctuations in the natural frequency.112 Figure 10(a) shows the
ringdown of a graphene drum coupled to a superconducting local gate
at three different gate voltages (offset by a factor of 4 from each
other).180 In each measurement, there are two separate rates of ring-
down, a fast one at high amplitude and a slower one after settling to a
lower amplitude. The onset of higher, nonlinear loss occurs at very
small amplitudes of�100 pm. The slower decay time at low amplitude
corresponds with impressively high-quality factors of Q> 106. The
higher decay rate for larger amplitude is a result of nonlinear coupling
of the driven fundamental eigenmode to undriven higher harmonics,
which leads to an additional channel of loss for the resonator.

To further elucidate this mechanism, Fig. 10(b) is a molecular
dynamics simulation of the time evolution of a graphene membrane,
initially excited at the fundamental eigenmode and left to relax. The
plot shows the spectral density at different time steps, and the color
scale shows the area under the curve for the fundamental eigenmode.
The inset shows the time evolution of the energy for the first 10
eigenmodes, showing the transfer of energy or phonons from the ini-
tially driven eigenmode to the higher modes due to nonlinear mode
coupling.181 These MD simulations predict that the nonlinear thermal
fluctuations lead to an effective enhanced dissipation out of any one
eigenmode scaling linearly with temperature, as observed in the exper-
imental measurements on fully clamped membranes. Similarly, multi-
scale mechanics models demonstrate that nonlinear couplings
between eigenmodes make a crucial source of dissipation in graphene
membranes.187–189

Intuitively, the low onset amplitude for nonlinear dissipation from
mode coupling at low temperature explains the much lower-quality fac-
tors at room temperature. When compared with conventional MEMS, a
distinctive feature of 2D material and other nanomaterial NEMS like
carbon nanotubes and smaller nanowires is that the very high aspect
ratio leads to very low spring constants. As seen in the earlier discussion
on thermal motion and dynamic range, the thermal fluctuations at the
drive frequency are small compared with the drive amplitude. However,
following from Eq. (11), the total root mean square dynamic thermal
fluctuation of a single eigenmode integrated over all frequencies at room
temperature is much larger, xrms � 100 pm. In other words, even before
driving the system, the dynamic thermal fluctuations in nanomaterial
NEMS are already large enough to drive the system into nonlinear cou-
pling of eigenmodes.135,190

While the role of FPUT nonlinear thermal fluctuations is clear at
low temperature and in simulation [Figs. 10(a) and 10(b)], there has
not yet been a direct measurement of how the fluctuations lead to the
high dissipation of 2D resonators at room temperature. The best com-
parison comes from a similar system consisting of a carbon nanotube
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suspended over a micro-ring optical resonator, giving very high tem-
poral fidelity. Figure 10(c) shows the amplitude of the dynamic ther-
mal fluctuations of the carbon nanotube plotted vs time and
frequency.112 The data show that the instantaneous natural frequency
of the nanotube fluctuates over time, resulting in a higher apparent
dissipation, as shown by the time-integrated FWHM (plotted on the
right). Whereas the apparent quality factor is about 40, the real quality
factor is estimated as 4000–20 000 from the local time-series data.
Effectively, the energy present in the higher eigenmodes translates to
quasi-periodic changes on the stress of the membrane, leading to fluc-
tuations in the frequency of the fundamental eigenmode, and broaden-
ing of the apparent time-averaged resonance.186

There are several important implications of the nonlinear ther-
mal fluctuations beyond dissipation. At room temperature, every
eigenmode, not just the driven eigenmode, will be thermally occupied
with high enough amplitude to drive the system nonlinearly, which
can be enough to drastically alter the thermomechanical properties,
like initial stress and apparent Young’s modulus,81 thermal expansion
coefficient,191 and heat transport.192 For static deformations, statistical
mechanics and MD calculations provide the length scales and stress

values where the thermal fluctuations dominate over continuum
mechanics models.193–198 However, a complete picture is still missing,
which unravels the relative contributions of entropic and continuum
mechanics on the dynamic behavior of 2D NEMS devices with differ-
ent sizes and initial stresses.

V. COUPLED SYSTEMS

Many characteristics of 2D NEMS allow them to strongly couple
to external coherent excitation and between different eigenmodes. For
example, their high-frequency tunability and low onset of nonlinearity
allow strong and tunable coupling between disparate eigenmo-
des.28,80,199 The high tunability of 2D resonators also permits building
phononic crystals and waveguides with tunable response.123,200–202

The high light–matter interaction of 2D materials permits different
forms of optomechanical coupling, such as photothermal back-
action,79 exciton-induced back-action,203 and valley optomechanics.204

In addition, the high mechanical flexibility of 2D layers allows their
easy integration onto other M/NEMS to couple the motion of separate
structures.205,206 Exploiting these couplings allows new forms of sens-
ing and transducing exquisitely small forces across different physical

FIG. 10. Dissipation from nonlinear thermal fluctuations in nanomaterial NEMS. (a) Experimental ringdown measurement of a multilayer graphene resonator at cryogenic tem-
perature for three different gate voltages. After t¼ 0, two distinct dissipation regimes are seen in the amplitude decay, with different damping coefficients. The different dissipa-
tion rates occur due to nonlinear mode coupling, which is more pronounced at high amplitudes, resulting in an additional energy escape channel.180 Reprinted with permission
from G€uttinger et al., Nat. Nanotechnol. 12(7), 631–636 (2017). Copyright 2017 Springer Nature Customer Service Center GmbH: Nature Nanotechnology. (b) Ringdown simu-
lation of a graphene membrane, which is initially excited at the fundamental eigenmode and then left to relax. The plot shows the spectral density at different time steps, and
the color scale shows the area under the curve for the fundamental eigenmode. The inset shows the time evolution of the energy for the first 10 eigenmodes, showing the ther-
malization due to intrinsic nonlinear mode coupling.181 Reprinted with permission from Midtvedt et al., Phys. Rev. Lett. 112, 145503 (2014). Copyright 2014 American Physical
Society. (c) Thermal dynamics of a carbon nanotube probed by an optical microcavity. The plot shows the wavelet transform of the time-dependent signal at different time steps
around the main peak at f � 700 kHz, showing the fluctuating resonant frequency. The right plot shows the apparent resonance curve obtained with a longer integration
time.112 Reprinted with permission from Barnard et al., Nature 566(7742), 89–93 (2019). Copyright 2019 Springer Nature Customer Service Center GmbH: Nature.112
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domains and between different systems, and can generate entirely new
hybrid or metamaterials. In this section, we will review the diverse
demonstrations of coupling in 2D NEMS.

A. Parametric coupling between eigenmodes
in a single resonator

Parametric coupling of different eigenmodes within a single reso-
nator is a phenomenon present in many classical and quantum sys-
tems,207,208 which has applications such as parametric drive, frequency
stabilization, or multimode sensing.209–212 2D NEMS are ideal systems
to explore eigenmode coupling because of their frequency tunability
and strong nonlinearity, giving the opportunity to tailor the harmonic
alignment of the eigenmode frequencies, an important component of
parametric coupling and an unusual capability in most M/
NEMS.28,47,80,213,214 In this section, we will give a brief overview of
parametric eigenmode coupling in 2D NEMS. A more in-depth analy-
sis of this topic is given in two recent reviews on the dynamics of 2D
membranes215 and the thermomechanical physics of nanomechanical
systems.186

In the linear regime, eigenmodes of any mechanical resonator are
by definition orthogonal and non-interacting, and each eigenmode
can be treated as a distinct mass-spring-damper system. However,
overlapping eigenmodes become coupled when considering the non-
linear phenomena discussed in Sec. IVD3, such as the dynamic mod-
ulation of the tension in the membrane.28 A more general form of Eq.
(5) describes the dynamics of an eigenmode i, while including nonlin-
ear interactions between other eigenmodes out to cubic order is190,215

€zi þ ci _zi þ x2
i zi þ

XN
j¼1

XN
k�j

Cijkzjzk

þ
XN
j¼1

XN
k�j

XN
l�k

Dijklzjzkzl ¼ fd cos ðxdtÞ : (22)

Here, the terms Cijk and Dijkl are the nonlinear quadratic and cubic
coupling coefficients describing the influence of eigenmodes j, k, and
l on eigenmode i. As described in Sec. IVC3, these terms rise from the
geometry, and deflection of the membrane, but can also come from
optical or electrostatic forces. For example, the case i ¼ j ¼ k
¼ l reduces Cijk and Dijkl to the quadratic and cubic nonlinearities of
eigenmode i. These nonlinear coupling coefficients lead to energy
exchange between eigenmodes and a host of new phenomena that are
being actively explored. For example, they are related to the nonlinear
dissipation from thermal fluctuations discussed in Sec. IVD3.

Yet, another common form of coupling in NEMS, in general, and
2D NEMS, in particular, is parametric coupling.28,216 The equations
governing the dynamics of two parametrically coupled eigenmodes
are28

€zi þ c _zi þ x2
i þ Ci cos ðxptÞ

� �
zi þ K cos ðxptÞzj ¼ fi cos ðxdtÞ;

(23)

€zj þ c _zj þ x2
j þ Cj cos ðxptÞ

h i
zj þ K cos ðxptÞzi ¼ fj cos ðxdtÞ;

(24)

where xp is the frequency of the parametric drive, also called the
pump; Ci is the intramodal coupling constant of eigenmode i; K is the

intermodal coupling constant; andxd is the drive frequency. In princi-
ple, the pump signal xp can be applied at any frequency. However, to
achieve strong parametric coupling, the combined frequency of the
coupling terms should resonate with the frequency of the eigenmodes
being excited. As an example, suppose xd ¼ xi and the pump fre-
quency is the detuning between the eigenmodes xp ¼ xj � xi. Then,
the coupling terms will have solutions of the form cos ðxptÞ cos ðxdtÞ
¼ cos ½ðxj � xiÞt� cos ðxitÞ which through mixing will produce terms
of the form cos ðxjtÞ. Thus, the coupling matches the frequency xj of
the j – th eigenmode in Eq. (24), amplifying its motion near resonance.

The high tunability of 2D NEMS allows tuning not only the fre-
quency of individual eigenmodes but also the strength of the coupling.
For instance, because the different eigenmodes have large but different
tuning rates with electrostatic voltage, many 2D resonators can be tuned
to reach an avoided crossing, where two modes approach each other in
frequency. In turn, the small frequency gap leads to large cooperativity,200

maximizing the strength of parametric coupling between the eigenmodes.
Figure 11(a) shows a schematic diagram of two parametrically

coupled eigenmodes 1 and 2 in a monolayer graphene resonator.28 By
convention, the ordering of the eigenmodes is such that x2>x1.
Application of a pump signal with an angular frequency of xp

¼ x1 þ x2 parametrically drives both eigenmodes. Figure 11(b)
shows the effective dissipation rate c1 of the first eigenmode as a func-
tion of pump voltage Vp. The 4� decrease in c1 from Vp¼ 0 to 2V
results from compensating the dissipation to the phonon bath by the
pump energy.28 Figures 11(a) and 11(b) represent the case of a pump
in the blue sideband of eigenmode 2, because the pump frequency
xp ¼ x2 þ x1 is higher than x2. In this situation, the pump amplifies
the motion of both eigenmodes 1 and 2. Similarly, application of
pump on the red sideband of eigenmode 2, that is, with frequency
xp ¼ x2 � x1, also parametrically couples both eigenmodes, but
leads to the opposite effect on eigenmode 1, damping or cooling the
motion.28 While cooling down eigenmodes through mechanical
pumping is not capable to bring them to their quantum states, which
is commonly done with optomechanical techniques,217 it still holds
promise as a method to manipulate phonon exchange between
eigenmodes once they are in their quantum states.

As another example, Fig. 11(c) shows the schematic of a process
involving three eigenmodes of a monolayer graphene resonator, whose
frequencies are labeled x1 as the eigenmode of interest, xsb for the side-
band eigenmode, and xc for the phonon cavity eigenmode.80 In this
scheme, the gate voltage is carefully tuned to bring the system to the
point where x1 þ xsb ¼ xc. The goal of aligning the three eigenmodes
to this condition is to amplify the magnitude of the pump drive applied
at xsb, coupling the phonon cavity to the eigenmode of interest. Indeed,
when the pump frequency resonates with the frequency of the sideband
eigenmode, its effects are amplified by the quality factor of the sideband
eigenmode. When weakly driving the resonator at frequency x1 while
applying a pump voltage at xsb, phonons go from the first eigenmode
into the phonon cavity eigenmode. Figure 11(d) shows the thermal
noise density of the resonator around x1 for different pump voltages.
The total energy or effective temperature of the first eigenmode
decreases by �30% for pumping voltages of 0–46mV, which shows
strong cooling strength compared to typical MEMS.80

Finally, there is also the coupling between the low-frequency
(MHz–GHz) out-of-plane vibration, which can also be thought of as
flexural phonons, and the high-frequency (1–100THz) intralayer
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phonons from interatomic vibrations. This form of coupling has been
observed by driving graphene and MoS2 resonators in the nonlinear
regime, while simultaneously probing the Raman spectra.218–220 The
dynamic nonlinear motion leads to a change in strain in the mem-
brane, which leads to a shift in the Raman modes. Because of the
orders of magnitude frequency difference (MHz vs 100s of THz), there
is a low cooperativity between the in-plane and flexural modes, so the
low-frequency dynamic motion induces an average change in the ten-
sion and resulting phonon modes rather the parametric coupling dis-
cussed in the previous examples.

B. Coupled resonators andmechanical metamaterials

Mechanically coupling two or more resonators with similar fre-
quencies leads to overlap of the eigenmodes, nonlinear coupling, and

avoided crossing similar to that seen when two eigenmodes are degen-
erate in a single resonator. This mechanical coupling is most com-
monly achieved in MEMS by designing an overlap between the
distinct resonators. In contrast, the strong in-plane moduli and weak
van der Waals coupling to the substrate allow off resonance mechani-
cal waves to propagate along 2D materials even when they are not sus-
pended. This propagation allows coupling between distinct resonators,
which might be connected by a long suspended bridge123 or even
unsuspended portions of 2D materials.221,222 The coupling strength X,
seen as the splitting of frequencies in an avoided crossing, is as high as
11MHz for 100MHz resonances.222 As a comparison, most coupled
cantilever MEMS show coupling strengths on the order of a few kHz
on the 100 kHz–10MHz resonant frequency range.223,224

Coupling an array of resonators together forms a phononic wave-
guide, a one-dimensional mechanical metamaterial.225 Phononic

FIG. 11. Dynamics of coupled eigenmodes in 2D resonators. (a) Schematics of a Stokes sideband process for a monolayer graphene resonator.28 Energy is pumped in the
system by an RF voltage with frequency equal to the sum of the frequencies of two eigenmodes. (b) Reduction of the effective dissipation rate of an eigenmode with frequency
x1=2p ¼ 94:9 MHz due to parametric amplification.28 (c) Schematic of an anti-Stokes sideband process involving three mechanical eigenmodes of a monolayer graphene res-
onator.80 (d) Response of the fundamental eigenmode (x1=2p ¼ 3MHz) as a function of a drive voltage applied with the frequency of the sideband eigenmode
(xsb=2p ¼ 3:8 MHz). The fundamental eigenmode is cooled as the energy is transferred to the phonon cavity eigenmode (with frequency xc ¼ =2p ¼ 6:8 MHz.80 Figures
(a) and (b): adapted with permission from Mathew et al., Nat. Nanotechnol. 11, 747 (2016). Copyright 2016 Springer Nature Customer Service Center GmbH: Nature
Nanotechnology. Figures (c) and (d): adapted with permission from De Alba et al., Nat. Nanotechnol. 11(9), 741–746 (2016). Copyright 2016 Springer Nature Customer
Service Center GmbH: Nature Nanotechnology.
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waveguides have distinct band structures, which allows propagation or
suppression of acoustic waves into well-defined frequency bands, with
potential applications in RF filtering, in mechanical computing, and
reconfigurable material properties.226,227 The first demonstration for a
phononic waveguide from 2D materials used hexagonal boron
nitride.201 The hBN waveguide consisted of 10–40 couple resonators
with frequency bands in the 15–50MHz range. Wave guiding requires
that the coupled resonators have very close natural frequencies, so a
thick crystal (�40nm) was chosen to avoid heterogeneity in mem-
brane stress that often comes with 2D monolayers. For most purposes,
this initial demonstration did not leverage the strengths of 2D
materials, but the general idea is very promising. For example, 2D
material-based phononic waveguides could be made tunable through
electrostatic gating or may be used to couple the photonic properties
of 2D materials to the mechanical band structure to creating new
kinds of photonic–phononic converters and quantum transducers.

C. Optomechanical coupling

Optomechanical coupling and back action results from the
coherent coupling between optical fields and mechanical vibrations,
and has applications in active cooling to bring MEMS into the quan-
tum regime to act as mechanical qubits.5,228 Typically, in MEMS, opto-
mechanical coupling is achieved by integrating a mechanical resonator
with a photonic resonator to achieve high fluence where light waves
coherently interact with the mechanical resonance many times.
Because of their strong light–matter interactions per unit thickness
and high force sensitivity, 2D NEMS have enormously strong optome-
chanical coupling.79,203 Moreover, the unique valley physics of many
transition metal dichalcogenides enable new forms of exciton
coupling.204

The most commonly studied forms of optomechanical back
action in typical MEMS/NEMS result from radiative pressure, which
involve elastic momentum transfer of photons reflected off a material,
and photothermal pressure resulting from the absorption of pho-
tons.229 In 2D NEMS, the strong light–matter interactions mean the
photothermal pressure dominates. For instance, Fig. 12(a) shows the
relation between the effective dissipation rates of a graphene resonator
under increasing laser powers.79 The inset shows the corresponding
tuning of the resonance spectrum. Figure 12(b) shows the dynamical
reflectance of a MoSe2 resonator under a tunable laser with different
wavelengths.203 In both cases, a diffraction limited laser spot is shined
on the sample, generating a Fabry–P�erot interferometer of the 2D
membrane with respect to a reflecting back gate. The intensity of the
light incident on the 2D membrane depends on the distance with
respect to the back gate. The vibration of the membrane leads to a
change in absorption of photons and modulation of stress of the mem-
brane as it vibrates, generating a position-dependent gradient in the
photothermal force. These coherent interactions are distinct from
static photothermal effect, say by heating a sample with a laser to
change the average stress. In both graphene and MoSe2, the gradient
generated by the photothermal force either decreases or increases the
effective dissipation depending on its phase relative to the phase of
vibration.

Another way to couple light with 2D NEMS vibrations is through
their excitonic properties. Figure 12(c) shows a schematic of valley
optomechanical coupling in transition metal dichalcogenide resona-
tors in a magnetic field gradient. Due to spin–orbit coupling, the

energetically degenerate K and K0 valleys in monolayer transition
metal dichalcogenides like MoS2 have opposite spin states. As a result,
left or right circularly polarized light shined on the monolayer will
selectively excite either the K or K0 valley, respectively, leading to a net
spin polarization in the sample. This gives rises to an out-of-plane net
force on the membrane with a magnitude proportional to the net val-
ley population, F / jNK � NK 0 jrB when an external magnetic field
gradient rB is applied. Figure 12(d) shows the frequency response of
the MoS2 membrane optically actuated by modulating the polarization
of light in a fixed magnetic field gradient while keeping the intensity
constant. When modulating between horizontally and vertically polar-
ized light, no resonance is visible. However, modulating between left
and right circularly polarized light leads to a resonance signal due to
the magnetic force generated by coherently modulating the net valley
population.204 There are also exciting predictions that have yet to be
realized on quantum optomechanical coupling between 2D excitons
and strain.230,231

D. Hybrid coupled systems

While the previous examples focused on monolayer or multilayer
membranes from single materials, most M/NEMS need more than
one layer to operate. Enabling functionality and probing properties
not available in single materials require integrating disparate materials
together. In this section, we will review the integration and types of
coupling in either heterostructures of different 2D materials or hybrid
systems in which 2D materials are coupled to thin-film NEMS
materials.

1. Interlayer interactions in 2D heterostructures

Utilizing NEMS from 2D heterostructures instead of single 2D
materials provided new strategies such as enhancing functionalities
and probing fundamental friction in van der Waals interfaces or
enabling mechanical coupling to quantum states.

The sensitivity of 2D resonators is low enough to measure the
very small forces resulting from dislocation motion or slip at van der
Waals interfaces, creating a new tool for probing interfacial mechanics.
Figure 13(a) represents the tuning curve of amplitude vs frequency
and gate voltage obtained from a Bernal-stacked bilayer graphene res-
onator.26 In contrast to the smooth tuning curve from the monolayer
resonator shown in Fig. 6(a), the Bernal-stacked bilayer graphene
shows stochastic jumps in the tuning curve (indicated with white
arrows). These jumps originate from a change in the initial stress due
to the creation and annihilation of single stacking faults (solitons) at
the van der Waals interface and are instigated by the stress induced by
the electrostatic gate. Meanwhile, not shown, the tuning from twisted
bilayer graphene once again shows a smooth tuning curve due to the
superlubric slip at the incommensurate interface, where the membrane
effectively behaves as two independent monolayers. Using the same
approaches has unraveled the effect of interfacial friction and adhesion
on the resonance properties in bimorphs from 2D material hetero-
structures including graphene-MoS2

64,65 or graphene-hBN.66,67 These
heterostructures are fabricated by stacking two layers. Depending on
the procedure, this stacking process can lead to very clean interfaces or
having process residue or bubbles stuck at the interface. Clean interfa-
ces lead to smooth tuning curves similar to twisted bilayer graphene,65

while small amounts of residue or bubbles lead to kinks, hysteresis,64
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or dips66 in the tuning curve from high friction slip at the interface or
delamination in the bubbles.67

An interesting, but so-far unexplored question, is how the out-of-
plane flexural modes would affect the dynamic interlayer phonon
modes. As discussed above in Sec. VA, there is a large frequency dif-
ference between the in-plane modes of 2D materials (� THz)232 and
out-of-plane flexural modes (� MHz). As a result, there is unlikely to
be a parametric coupling. However, there could be a modulation of
the mode frequency due to average changes in tension or changes in
stacking from interlayer slip.

Another feature of heterostructures as 2D NEMS is that different
materials may have different functionalities. For instance, there are
many 2D materials, which have outstanding properties but are envi-
ronmentally sensitive, so cannot make freestanding membranes with-
out degradation during processing. Encapsulating NbSe2 with
graphene and suspending the structures as membranes allow the

creation of a superconducting 2D NEMS from a material, which is
unstable by itself. The superconducting heterostructures showed
impressively high-quality factors of 245 000 at low temperatures,62

which are comparable to the best-reported graphene resonators.126,138

In addition, the low intrinsic resistance of NbSe2 preserved high-
quality factors with an increase in gate voltages, which was one of the
main challenges in graphene-based resonators.126,138 This research
demonstrates that encapsulation 2D heterostructures provide a route
to overcome challenges in single material 2D NEMS.

2. Coupled graphene-NEMS systems

Additionally, the features of 2D materials, like high mechanical
strength, low mass, and high electronic mobility couple well with other
NEMS. For example, graphene is an excellent massless electrode when
integrated with SiNx

233 or AlNx resonators.107 Figure 13(b) shows

FIG. 12. Optomechanical coupling in 2D resonators.(a) Optomechanically induced dissipation in a graphene resonator, leading to enhancement of the effective dissipation rate
with the laser power.79 Reprinted with permission from Barton et al., Nano Lett. 12(9), 4681–4686 (2012). Copyright 2012 American Chemical Society. (b) Differential reflec-
tance of a monolayer MoSe2 resonator under different driving frequencies and probing laser photon energies.203 Reprinted with permission from Xie et al., Nano Lett. 21(6),
2538–2543 (2021). Copyright 2021 American Chemical Society. (c) Schematic of suspended monolayer MoS2 over the substrate coated with Ni/Fe Permalloy films. The
Permalloy films generate field gradient by distortion of the local field. Pump laser modulated between left and right circularly polarized and probe laser is applied to the mem-
brane.204 (d) Mechanical motion is actuated with circular polarization through valley–mechanical force.204 Figures (c) and (d): adapted with permission from Li et al., Nat.
Photonics 13(6), 397–401 (2019). Copyright 2019 Springer Nature Customer Service Center GmbH: Nature Photonics.
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dissipation vs frequency for a SiNx drum resonator. Black and red
points represent before and after graphene transfer, respectively. Using
graphene in this setting showed an average reduction of less than 30%
in the quality factors of the resonators. At the same time, the graphene
can still be used to tune or actuate resonator motion. In contrast, poly-
crystalline metal films are both high density and have high internal
friction, so depositing metal thin films onto the resonant portions of
low mass NEMS causes mass loading that can dramatically alter both
the frequency and quality factor. For example, depositing Cr films on
SiNx reduces the quality factor by more than a factor of 4.234 This
shows great potential for using graphene as a massless electrode in
NEMS.

Another way to create hybrid coupled systems is by embedding a
graphene membrane into a larger silicon nitride membrane. The two
systems are orders of magnitude different in size and mass, yet have
similar resonance frequencies. This puts the resonators into strong
parametric coupling leading to energy pumping from one system into
the other in driven systems,235 as well as the undriven thermal
fluctuations.236

This strong coupling may be combined with the tunability of gra-
phene to generate new behavior. Electrostatically tuning the frequency
of the graphene to one of the silicon nitride eigenmodes allows the
modes to hybridize, which means one system can be used to drive the
other system and parametrically amplify the motion.235 As shown in
Fig. 13(c), this strong coupling leads to giant nonlinearity, which can
be used to generate phononic frequency combs.237 Specifically, para-
metrically driving graphene into nonlinear motion tuned to the same
frequency as a linear silicon nitride eigenmode leads to the formation
of sidebands. Increasing the parametric amplification leads to addi-
tional sidebands and a phononic frequency comb in the graphene
motion.

VI. APPLICATIONS

All the exquisite properties of 2D materials discussed in Secs.
IV andV make 2D materials excellent candidates for the next genera-
tion of NEMS, from low-powered actuators, tunable transducers, and

exquisitely sensitive sensors. Moreover, the high responsivity of 2D
resonators to changes in strain or internal forces makes 2D NEMS a
valuable tool for probing fundamental material properties, phase
transitions, and quantum phenomena that are difficult to detect or
transduce with other techniques. In this section, we will review select
state-of-the-art applications of 2D mechanical resonators. We will
focus on applications, which specifically demand dynamic mechanical
motion of the membrane, and will not cover the diverse other forms of
transduction, which may be utilized in 2D devices, such as sensing via
changes in conductivity of static suspended membranes.

A. Actuators

MEMS actuators are transducers that convert electrical signal to
mechanical motion and vice versa. The main uses of MEMS actuators
are in electronic applications such as switches and variable capacitors,
or in devices that use mechanical displacements to modulate signals,
such as speakers and scanning micro-mirrors. In most cases, attempts
to further miniaturize MEMS actuators by utilizing 2D materials use
the same operational principles and device structures. However, due to
their ultra-thin nature, utilizing 2D materials generally leads to lower
power consumption and higher transduction efficiencies. Table I sum-
marizes the demonstrations of different kinds of electromechanical
actuators made from graphene, as well as the relevant metrics of per-
formance for each application.

1. Switches

Compared to electronic switches, such as transistors, MEMS
switches provide higher on–off ratios and higher temperature and
environmental stability. These MEMS switches have broad applica-
tions on components operating in harsh environments, as well as in
low powered RF circuits for mobile communication. The simplest and
most common types of MEMS switches are 2-terminals devices where
one electrode is a suspended plate or cantilever, and the other is
located underneath. By applying a critical pull-in voltage between the

FIG. 13. Heterostructure-based 2D NEMS and hybrid systems. (a) 2D map of amplitude vs frequency and gate voltage obtained from Bernal-stacked bilayer graphene.
Stochastic jumps are observed in the tuning curves, stemming from soliton creation and annihilation.26 Reprinted with permission from Kim et al., Nano Lett. 20(2), 1201–1207
(2020). Copyright 2020 American Chemical Society. (b) Dissipation vs frequency for Si3N4 drum resonator before (black) and after (red) graphene.233 Reprinted with permis-
sion from Lee et al., Nano Lett. 13(9), 4275–4279 (2013). Copyright 2013 American Chemical Society. (c) Phononic frequency comb generated in a coupled graphene-SiNx
system, schematically shown on the top left. The 28.7 kHz separation between peaks is the same as the detuning between the two hybrid eigenmodes formed by coupling one
graphene eigenmode to one SiNx eigenmode.

235 Reprinted with permission from Singh et al., Nano Lett. 18(11), 6719–6724 (2018). Copyright 2018 American Chemical
Society.
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two terminals, the suspended component deflects and makes an elec-
trical contact with the bottom electrode. Another design applies a
3-terminal geometry where source, drain, and gate are electrically iso-
lated, whereas the source is electrically connected to a suspended
element. Applying a voltage to the gate terminal pulls down the sus-
pended portion, closing the contact between source and drain.

Figure 14(a) shows a schematic example of a 3-terminal graphene
switch. Figure 14(b) shows the corresponding drain–source current vs
gate voltages at a fixed source–drain bias of 4V. Contact in the switch
occurs at a gate voltage of about 30V. Table I summarizes other exam-
ples of both 2-terminal and 3-terminal switches.238–243,247 The pull-in
voltage is in the range of 0.5–10V for device size ranging from 1 to
600 lm2 in the 2-terminal geometry and 20–45V in the 3-terminal
case for a device size of �25lm2. In comparison, typical MEMS
switches have pull-in voltages in the range of 3–100V for device sizes
ranging from 7200 to 15mm2.248 The reason is the reduction of the
pull-in voltage in MEMS require smaller spring constants, which typi-
cally require making larger structures, such as cantilevers, increasing
the overall area occupied by the switch. Thus, utilizing graphene
reduces the power consumption needed for actuation while occupying
a fraction of the area of current MEMS switches. The downside of the
smaller area is that much larger current densities are needed to drive
the same on current. For all 2D switches, the source–drain currents
are limited to the range of 0–1 lA, with the maximum current limited
by Ohmic heating causing damage in the graphene. However, a second
major limitation is the low number of cycles before failure resulting
from irreversible stiction and tearing due to high mechanical stresses
or excessive heating. The best demonstration so far only resulted in a
maximum of 5000 cycles for single-crystal graphene vs several millions
in commercial MEMS switches.248 Resolving this problem requires

improved uniformity of membrane stress and morphology for more
uniform material adhesion.

2. Oscillators

MEMS-based oscillators generate output signals with higher-
frequency precision, lower power, and smaller footprint compared to
electronic oscillators and are frequently used in timing applications
such as clock generators. A typical MEMS oscillator is composed of a
mechanical resonator with a programmable integrated circuit that
feed-backs the motion of the resonator as a voltage on the gate to
amplify the thermally driven resonance. As summarized in Table I, a
graphene drum head oscillator showed a tunable resonance of
47–51MHz, controlled by electrostatically tuning the stress on the gra-
phene. The 4MHz range was only limited by the utilized feedback cir-
cuit,96 and thus, it can be extended at least by a factor of 10.85 The
tuning sensitivity was 2.7MHz/V, and phase noise was approximately
�40 dBc/Hz at zero-offset frequency. Commercial MEMS-based volt-
age controlled oscillators (VCOs) have frequency ranges of
1–100MHz while displaying phase noises < 80 dBc/Hz. However, the
graphene VCO showed much lower power consumption of < 1lW,
compared with the mW range power consumption for typical MEMS
VCOs (e.g., SiTime XO series). Thus, graphene oscillators have poten-
tial for applications in remote and ultra-miniaturized systems such as
in situmass sensing and RF signal processing.

3. Speakers

MEMS actuators have great potential in sound applications.
Similar to oscillators, MEMS speakers work based on the vibrations of

TABLE I. Characteristics of 2D NEMS actuators.

Application Principle Material system Reported range
Performance

metrics
Advantages over

MEMS
Challenges and
limitations

Electro-mechanical
switch

Electrostatically
actuated

2-contact switch

Graphene
(Refs. 238–241)
FL Graphene

(Refs. 240 and 242)

0–500 nA (max) Pull-in voltage
(min to max):

0.5–10V Switching
time (min to max):

40–100 ns

Lower pull-in
voltage

Moderate number
of cycles (50 000

max)

Electrostatically
actuated

3-contact switch

Graphene
(Ref. 243)

0–30 nA Pull-in voltage
(min to max):

20–45V

Lower pull-in
voltage

Small number of
switching cycles

(30 max)
Voltage-controlled
oscillator

Resonator con-
trolled by feed-

back-loop

Graphene (Ref. 97) 47–51MHz Tuning responsiv-
ity: 2.7MHz V�1

Intrinsic phase
noise: �73 dBc

Hz�1

Higher tunability,
compactness, lower

power

High phase noise

Acoustic speaker Thermoacoustic Graphene
(Ref. 244)

2–50 kHz Power 0–0.25W Lower distortion
(high frequencies),

transparent

High distortion at
low frequency

Graphene on
PDMS (Ref. 245)

111 kHz Power 0–0.25W Transparent,
flexible

High distortion at
low frequency

Electrostatically
driven diaphragm

FL graphene
(Ref. 246)

20Hz –20 kHz Power <1lW Lower distortion,
lower power

No significant
limitations
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a membrane (or diaphragm), which is actuated electrostatically or
thermally to produce sounds. Compared to more conventional audio-
transducers, MEMS devices have higher signal fidelity while occupying
less space. Table I summarizes the performance of graphene speak-
ers,244–246 while Fig. 14(c) shows the design of one specific electrostatic
graphene speaker, composed of a multilayer graphene diaphragm with
7mm diameter suspended between two perforated silicon plates that
provide gates for actuation.246 Figure 14(d) shows the velocity ampli-
tude for frequencies in the audible range (2–20 kHz). The nearly flat
response curve is responsible for very small signal distortion and is
close to that of an ideal speaker. The flatness is a result of the large dis-
sipation of the graphene motion by the surrounding air, which is pos-
sible due to its ultra-high aspect ratio.

Another way of driving the motion of the membranes is to simply
expand them through Joule heating, in the so-called thermoacoustic
speakers. Both the electrostatic and thermoacoustic designs have advan-
tages. Electrostatic speakers cover the entire audible range while con-
suming power that is six orders of magnitude less than the
thermoacoustic design. The electrostatic speakers also have a much flat-
ter frequency response curve compared to most commercial speakers.246

On the other hand, the main advantage of thermoacoustic speakers is
that it can be made on a transparent substrate or integrated into screens.

B. Sensors

Another important application of MEMS is in sensing of external
signals or forces: electronic, chemical, mechanical, quantum, etc. In gen-
eral, the sensitivity limit of MEMS decreases for decreasing spring con-
stant and mass, which means that 2D materials are intrinsically well
suited for sensing. A second advantage is that 2D materials are both
electrically active and mechanically strong, so they make up membranes,
which self-sense their deflection to measure external signals rather than
having to integrate mechanical and electronic components together as is
typically done in conventional MEMS. 2D NEMS have been demon-
strated for sensing of pressure,129,249–253 vibration/sound,70,254–257

force,111,138 acceleration,258 mass/chemicals,259 electromagnetic radia-
tion,260 cell motion,261 and flow rate.262 Table II summarizes the dem-
onstrations of different kinds of sensors made from 2D materials, as
well as the relevant metrics of performance for each application. Most of
these demonstrations are comparable to or outperform the state-of-the-
art sensors. However, all suffer from low control and reproducibility
that is a challenge across all nanomaterial devices.

1. Pressure sensors

MEMS pressure sensors transduce a pressure difference across a
suspended membrane into an electrical signal. The main advantages of

FIG. 14. Actuators from 2D NEMS. (a) schematic of a 3-terminal graphene-based NEMS switch.243 (b) Corresponding current Isd vs gate voltage Vg for a graphene based a 3-
terminal NEMS switch. The device switches at around Vg¼ 30 V.243 (c) Graphene speaker.246 The graphene is actuated by two perforated silicon electrodes that allow air in
and out of the diaphragm. (d) Vibration velocity response of the membrane in the audible range. This measurement was done using laser Doppler velocimetry (LDV) on the
membrane so does not include extrinsic effects rising from the final assembly of the speaker. Panels (a) and (b): Reprinted with permission from Liu et al., Adv. Mater. 26(10),
1571–1576 (2014). Copyright 2014 Wiley-VCH GmbH. Panels (c) and (d): Reprinted permission from Q. Zhou and A. Zettl, Appl. Phys. Lett. 102(22), 223109 (2013).
Copyright 2013 AIP Publishing LLC.

Applied Physics Reviews REVIEW pubs.aip.org/aip/are

Appl. Phys. Rev. 10, 031302 (2023); doi: 10.1063/5.0106731 10, 031302-25

Published under an exclusive license by AIP Publishing

 01 February 2024 03:27:35

pubs.aip.org/aip/are


MEMS-based pressure sensors are higher accuracy, fast response,
compactness, and ease of integration with readout electronics. Table II
shows the characteristics of pressure sensors made with 2D materials,
which are classified into three categories depending on the sensing
mechanism: the resonant frequency,129,130 piezoresistance,249–251 or
capacitance change.252,253 Furthermore, each demonstration may be
further classified with resonators that form cavities, which are hermeti-
cally sealed129,249–253 or not sealed (squeeze-film).130 Regardless of

approach, 2D pressure sensors demonstrate sensitivity to measure
pressure differentials of an atmosphere down to �0.1 mbar. In con-
trast, most commercial MEMS sensors have ranges from hundreds of
mbars to a few bars (e.g., STMicroelectronics LPS series). This
improvement in sensitivity to pressure is because the responsivity of
2D sensors is orders of magnitudes larger. For example, the best
responsivity of squeeze-film pressure sensors is 32 kHz/mbar129 for
graphene vs �0.2 kHz/mbar for silicon.266 For most 2D pressure

TABLE II. Characteristics of 2D NEMS sensor applications.

Application Principle Material system Reported range
Performance

metrics
Advantages over

MEMS
Challenges and
limitations

Pressure sensing Frequency shift MoS2 (Ref. 128)
Graphene (Refs.
129 and 131) FL
graphene130

MXene58

10�3–103 mbar Responsivity
(min to max):

9–32 kHz mbar�1

Better sensitivity,
compactness

Nonlinear response

Piezoresistance Graphene (Refs.
250 and 251),
PtSe2 (Ref. 255)

0.2–1000 mbar Responsivity (min
to max): 4� 10�6

to 5.5� 10�4

mbar– 1

Better sensitivity,
compactness

Hermeticity

Capacitance
change

Graphene (Refs
252 and 253)

0.5–1000 mbar Responsivity: 0.1 aF
Pa�1 (single)

47.8 aF Pa �1 mm2

(array)

Better sensitivity.
compactness

Hermeticity

Vibration sensing Amplitude
modulation

Graphene
(Ref. 254)

1–100MHz Responsivity: 17 pA
pm�1 Resolution:

7 pm Hz�1/2

Smaller size, high
resolution ultra-
sonic imaging

� � �

2.5 cm Acoustic
sensing

Condenser
microphone

Graphene
(Ref. 263)

0.1–500 kHz Responsivity:
92 nm Pa�1 at

5.5 kHz

Higher fidelity,
wider BW, lower

power

� � �

FL graphene (Refs.
264 and 265)

0.1–1000 kHz Responsivity: 1mV
Pa�1 at 10 kHz

Wider BW, lower
power

� � �

Fiber-optic-cou-
pled Fabry–P�erot
interferometry

FL graphene (Refs.
255 and 257)
MoS2

256

0–100 Pa (ampli-
tude) 0–0.8MHz

Responsivity (min
to max):

2.4–89.3 nm Pa�1

Resolution: 0.77 Pa
Hz�1/2 at 5Hz

Better sensitivity,
use in remote/
harsh spaces

� � �

Force sensing Force displacement Graphene 300K
(Ref. 113) FL gra-
phene 15 mK
(Ref. 138)

BW: 35 kHz,
(Ref. 113) 200Hz

(Ref. 138)

Resolution: 0.15 fN
Hz�1/2, (Ref. 113)

zN Hz�1/2

(Ref. 138)

Better sensitivity � � �

Acceleration
sensing

Piezoresistance Graphene
(Ref. 258)

0–27 kHz Resolution: 50 lg
Hz�1/2 at 100Hz

Smallest
accelerometer

� � �

Mass sensing Frequency shift Graphene
(Ref. 259)

5–8 ppb (H2 in Ar) Minimum sensitiv-
ity: 886 zg

Better sensitivity Selectivity

Bolometer Frequency shift Graphene
(Ref. 260)

1–100 nW incident
power

Resolution: 2 pW
Hz�1/2 BW:

0.01–1.3 MHZ

Better sensitivity
and higher speed

Limited BW for
high-frequency
transduction

Cell sensing Membrane
deflection

Graphene
(Ref. 261)

0–60 nm Resolution: 0.3 nm
Hz�1/2 at 1Hz

Better sensitivity,
speed and label-
free detection

� � �

Flow sensing Piezoresistance Graphene
(Ref. 262)

Flow speed
5–56 m/s

Responsivity:
710�8 m s�1

Compactness, large
DR

Adsorption of
molecules
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sensors, the main challenge is guaranteeing hermeticity over long peri-
ods of time to avoid drifting of readout values because of internal lea-
kages. Of smaller importance, the challenge in squeeze-film sensors is
the non-linear responsivity, which requires more complex calibration
and readout schemes compared to linear sensors.

Modifying the structure of the membrane allows pressure sensors
to get turned into flow sensors. For example, in perforated graphene/
SiN heterostructure membrane, different flow rates cause different
pressure differentials across the membrane, which can be monitored
through changes in the piezoresistance of the graphene.262 The
reported measurable range is 5–56 m/s, whereas typical MEMS flow
sensors based on deflecting elements have ranges of 0–20 m/s.267

However, one challenge is the unwanted adsorption of gas molecules
on the graphene surface, which modifies the conductivity, and requires
additional calibrations of the flow–resistance relationship. Thus, the
concept of a graphene flow sensor is worth further exploration, includ-
ing operation based on shear stresses.268

2. Acoustic and vibration sensors

Both acoustic and vibration sensors transduce external mechani-
cal sound or vibrations into an electrical or optical signal. The design
of MEMS acoustic sensors is very similar to pressure sensors, usually
consisting of a suspended membrane or thin plate that deflects upon
application of sound pressure. In the case of vibration sensors, the
effective mass of the suspended element provides the inertial driving
force. As usual, the advantages of using MEMS for these applications
are integration with electronics, small size, and low power without
sacrificing sensitivity. Table II summarizes the characteristics of 2D
NEMS-based vibration and acoustic sensors.254–257,263 For the 2D
vibration sensor shown in Table II, mounting the substrate onto a
vibrating piezoactuator induces vibrations of a monolayer graphene
membrane, whose amplitude is electrically read and calibrated to the
amplitude of motion of the substrate.254 The bandwidth covers most
of the high-frequency (HF) and very-high-frequency (VHF) range of
1–100MHz, and responsivity is on the order of �1 pA/pm. The high-
frequency range makes 2D vibration sensors useful for nanotechnol-
ogy applications such as ultrasound scanning probe microscopy.254

However, by increasing the mass of 2D resonators, such as by attach-
ing proof-masses,258 it is possible to bring the resonances to a few kHz,
which would make 2D vibration sensors useful for monitoring macro-
scopic systems such as industrial machines.

For acoustic sensors, Table II shows the characteristics of two
types of devices: condenser microphones and fiber-coupled acoustic
sensors. Condenser or electrostatic microphones share the same design
principles of the electrostatic speakers shown in Figs. 14(c) and 14(d),
but operate in the opposite way, converting ambient sounds into elec-
trical signal based on changes of the gate capacitance.264,265 In fiber-
coupled sensors, a 2D membrane is transferred to a ferrule attached to
the tip of an optical fiber. Acoustic waves drive the membrane, and the
motion is optically read by Fabry–P�erot interferometry of the reflected
signal. Because of their design, the main application of condenser
microphones is to transduce sounds in the audible range (hence the
name microphone), whereas fiber-coupled sensors are typically
designed to cover both audible and ultrasonic range and to operate in
harsh environments, such as underwater or inside the body. Both
types of sensors have similar mechanical response, with the acoustic

amplitude falling in the range of 0–100Pa and BW of 0–0.8MHz,256

while responsivity can be as high as 90 nm/Pa.263 In comparison, tradi-
tionally used materials in fiber-coupled sensors such as silica and silver
have responsivity of �10–80nm/kPa,269,270 whereas MEMS micro-
phones typically have BW from audible frequencies up to 100 kHz and
responsivity up to 3 nm/Pa.263 Thus, 2Dmaterials show improvements
of orders of magnitude. Because of their enhanced sensitivity, low
manufacturing cost, and mechanical flexibility, 2D acoustic sensors
can serve not only for sound capture but also as acoustic probes in sit-
uations ranging from well monitoring to bioimaging.

3. Other types of sensors

Most experimental papers reporting 2D NEMS-based sensors are
focused on the previous two types of sensors. However, many other
types of sensors are possible by measuring the response of 2D NEMS
under different conditions. In general, there are three mechanisms of
sensing an external variable through a resonator: either by monitoring
its effect on the amplitude of motion, phase of motion, or in the reso-
nant frequency. We will explore a selection of these sensor types,
which are also summarized in Table II.

2D NEMS bolometers. Bolometers are a class of sensor that
transduces light into electricity by heating up a material, to measure
small changes in electromagnetic radiation. The performance of a
bolometer depends on the transduction speed and sensitivity, both of
which are enhanced by decreasing the heat capacity of the system.
Graphene is a promising candidate for nanomechanical bolometers
due to its low heat capacity and high thermal stability. Figure 15(a)
shows a schematic of a trampoline graphene nanomechanical bolome-
ter (GNB) operating at room temperature.260 Unlike a conventional
nanomechanical bolometer, which monitors deflection of a beam
upon absorbed light, a graphene nanomechanical bolometer monitors
the resonance frequency. Any absorption of light in GNB will induce
an increase in temperature of the graphene membrane, causing ther-
mal stress with shifting resonance frequency. Figure 15(b) plots the
change in resonance frequency with respect to absorbed power
obtained from a graphene-based bolometer. The GNB achieved a sen-
sitivity of 2 pW/Hz1=2, which is similar to the best-reported sensitivi-
ties at room temperature.278–281 In addition, utilizing the high thermal
stability of graphene, GNB was tested for a high-temperature opera-
tion of �1213K, where the device showed stable operation and no
sign of damage. This makes the device very promising for harsh envi-
ronment applications, such as in spaceships and exploration probes.

a. 2D NEMS accelerometers. Figure 15(c) shows a schematic
drawing of an accelerometer formed by attaching a silicon proof mass
to suspended graphene ribbons.258 Any change in acceleration forces
triggers the displacement of proof mass leading to a change in strain
of the suspended graphene ribbon, leading to a resistance change
proportional to the actual acceleration. The corresponding sensing
bandwidth and responsivity are displayed in Table II. Figure 15(d)
shows the output voltage and change in resistance vs acceleration
amplitude at 160Hz. Assuming the same proof mass weight, the
graphene-based accelerometer shows one order of magnitude
higher change in resistance compared to other silicon-based pie-
zoresistive accelerometers.275–278 In addition, the structure of
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graphene accelerometers has at least two orders of magnitude
smaller area than silicon accelerometers.

b. 2D NEMS force sensors. Because of their high responsivity,
2D NEMS make excellent force sensors. However, the ultimate
limit in force sensitivity at room temperature is determined by the
thermal fluctuations and the sensitivity of any readout electronics.
To create force sensors, graphene NEMS were coupled to a super-
conducting cavity as the gate, allowing very low sensitivity readout
at low temperature.125,126,285 Any applied force produces a dis-
placement of the membrane, which is read by monitoring the
reflection coefficient of microwave photons from transmission
lines to the superconducting cavity. The best force to displacement
transduction will occur when the force is applied at the mechanical
resonance frequency. At resonance, graphene force sensors reached
sensitivities down to zetanewtons, comparable to carbon nanotube
resonators.280 While these sensors can only operate in the sub-
Kelvin regime, they have applicability in quantum sensing and
transducing quantum states.

c. 2D NEMS mass sensors. MEMS-based mass sensors operate on
the principle that any adsorbate shifts the resonant frequency. For a
mass uniformly adsorbed on the area of a membrane, the ratio of the
change in frequency is the same as the ratio of the adsorbed mass to the
effective membrane mass as long as the stiffness of the adsorbed layer is
zero. Since most applications of NEMS mass sensors are targeted for
detecting very small amounts of gas or biochemical molecules, the zero-
stiffness assumption is reasonable. The low effective masses of 2D
NEMS make them excellent mass sensors compared with typical
MEMS. Moreover, the high surface area of 2D membranes increases the
number of adsorption events compared to other nanomaterials such as
nanotubes. Experimentally, monolayer graphene NEMS showed mass
sensitivities of <900 zg from adsorbed H2 molecules.259 For these rea-
sons, mass sensing is an exciting application of NEMS in applications
like low concentration sensing of hazardous chemicals. However, a
major challenge of MEMS-based mass sensors in general, especially in
the cases of single molecule detection, is the frequency shift is very sensi-
tive to the position of the molecular adsorption, and there is no selectiv-
ity of adsorption. Just like in any sensor, control of the selective binding

FIG. 15. Sensors from 2D NEMS. (a) Schematic of graphene-based bolometer,260 (b) Plot of resonance frequency change due to absorbed light. Solid line represents a fit to
the data, producing 2.3 kHz nW–1.260 (c) Schematic of an accelerometer based on suspended graphene nanoribbons with attached proof mass.258 (d) Output voltage (red) and
change in resistance of graphene channel (blue) vs different accelerations at the graphene resonance frequency of 160 Hz.258 Panels (a) and (b): Reprinted with permission
from Blaikie et al., Nat. Commun. 10(1), 4726 (2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution Unported License. Panels (c) and (d): Reprinted
with permission from Fan et al., Nat. Electron. 2(9), 394–404 (2019). Copyright 2019 Springer Nature Customer Service Center GmbH: Nature Electronics.
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sites and their binding species are necessary for the technological feasi-
bility of 2D NEMSmass sensors.

These examples exhibit that exceptional mechanical and electrical
properties of 2D materials have shown great promise for becoming the
next generation of sensors, exceeding the performance of commer-
cially available state-of-the-art MEMS.

C. Probing material properties

The strong interaction between in-plane strain or deflection and
material properties of 2D membranes enables new strategies to use 2D
NEMS to probe and extract intrinsic material mechanical, thermal,
and structural parameters. Additionally, 2D materials are able to host
emergent quantum states, which have no analog in conventional
MEMS yet are sensitive to strain or capacitance, or which will induce
changes in stress in the membrane, enabling new methods for
mechanical transduction of quantum states.

1. Mechanical properties

One obvious application of 2D NEMS is to extract the mechani-
cal properties of the 2D materials by modeling their dynamical con-
stants using continuum mechanics models followed by numerical
fitting. For example, measuring the cubic spring constant of a gra-
phene membrane yields a Young’s modulus E � 600 GPa,27 which is
inside the range of E obtained with other techniques.18 As another
example, resonators made with anisotropic 2D materials such as BP
and As2S3 show resonant frequencies, which depend on the in-plane
orientation of the anisotropic crystal structure with respect to the ori-
entation of rectangular-shaped devices. This allows an estimate of the
ratio between Young’s modulus in different crystallographic direc-
tions, 2.5 for BP and 1.7 for As2S3.

33,34,53

In addition to elastic properties, 2D NEMS are also well suited
for studying the mechanics of interfaces by measuring the response of
resonators using 2D heterostructures. For instance, phenomena such
as soliton motion,26 interlayer friction,163 and adhesion67 are relatable
to dynamic properties of NEMS such as frequency tuning and dissipa-
tion. Extending this idea, a recent paper analyzed the interaction
between a graphene resonator and its supporting substrate by measur-
ing hysteresis loops in its frequency tuning curve caused by slip.281

2. Thermal properties

2D NEMS probe the thermal conductivity and reveal the mecha-
nisms of thermal transport of 2D materials by monitoring the change
in membrane resonance frequency from a localized laser spot on the
2D membrane as a function of intensity and spot position, as well as
substrate temperature. For example, Fig. 16(a) shows a resonant fre-
quency map of a multi-layer black phosphorus membrane as a func-
tion of laser spot position.35 Fitting the amount of strain change vs
laser power and spot position with finite element models reveals that
black phosphorus has anisotropic thermal conductivity with 3–4 times
higher conductivity along the zigzag (�40W m�1K–1) vs armchair
(�10W m�1K�1) directions. As another example, the temperature-
dependent thermal conductance of monolayer MoSe2 is mediated by
diffusive phonon transport above 100K and ballistic phonon transport
for T below 100K.51

In principle, other thermal properties like the coefficient of
thermal expansion (CTE) could be inferred from the response of
2D NEMS or by correlating resonance properties with Raman
spectroscopy. In practice, there is an enormous disagreement not
just in the value but the sign of CTE of graphene.81,82,117,124,282 The
reason for this disagreement is because of the nonlinear entropic
fluctuations in 2D membranes discussed in the dissipation section
(Sec. IVD). The magnitude of these fluctuations is tied to the size,
stress, and temperature of the membrane. As such, they break the
simple continuum mechanics models on which parameters like
CTE are defined, and are more related to the entropic mechanics
governing systems like free polymers.198–203 As a result, the value
measured via one method (e.g., Raman peak shifts, rippling, reso-
nant frequency tuning) or geometry (suspended or on surface,
number of layers, clamping) cannot be easily extended to other
systems. While adding complexity, this shows that there is still
interesting physics to be understood governing the thermal and
mechanical properties of materials in reduced dimensions.

3. Quantum phase transitions

When materials undergo quantum phase transitions, 2D NEMS
allow us to probe the very small perturbations in strain or carrier den-
sity as changes in the frequency. This gives potential for 2D NEMS to
probe or transduce a variety of quantum phenomena, from quantum
hall states, to magnetic phases, to correlated electronic phases.

The strong coupling between the mechanics and electronic
carrier density permits 2D NEMS to probe quantum states like the
quantum Hall effect in graphene.88,283 Figure 16(b) shows the
amplitude map of a graphene resonator for different frequencies
and magnetic fields.88 The frequencies show a saw-tooth like
behavior as the magnetic field increases. The smooth frequency
variation (between jumps) is due to the change in chemical poten-
tial of the graphene membrane within a Landau level [extracted
and shown in right side of y axis in Fig. 16(b)]. The change in
chemical potential modulates the electronic carrier density in the
graphene and thus the electrostatic force on the membrane. This
frequency shift is analogous to the capacitive softening discussed
in Sec. IV B, except that now the capacitance is based on a finite
rather than infinite density of states. The sudden frequency jumps
are due to transition between Landau levels, causing discrete
changes in the carrier density. The ability to directly measure
chemical potentials without specialized tools is an advantage of the
NEMS technique for studying Hall effect physics88 and can be
applied to other material systems to probe physics like the charge
cores in flux vortices in superconducting membranes.72

The last several years have brought a host of new magnetic 2D
materials, which display layer-dependent paramagnetic, ferromag-
netic, and antiferromagnetic phases. Figure 16(c) shows the resonant
frequency (top) and magnetic circular dichroism (MCD, bottom) of a
CrI3 resonator as a function of external magnetic field.38 The resonator
consists of bilayer CrI3 encapsulated between monolayer WSe2 and
few-layer graphene, used as the electrostatically active layer.
Encapsulation prevented CrI3 from air exposure. There are discrete
and hysteretic jumps in the resonance frequency as a function of the
applied magnetic field. These jumps are a result of an antiferromag-
netic to ferromagnetic phase transition in the magnetic bilayer, where
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the antiferromagnetic phase corresponds with the two layers having
opposite polarization and the ferromagnetic phase corresponds with
the two layers having same polarization. When the magnetic field
reaches 60.5T, the aligned spin configuration becomes energetically
favorable. The frequency shift is due to a magnetostrictive effect, caus-
ing a small change in strain between the two phases.

The last several years have also seen an explosion of 2D materials
with complex correlated states. Many of these states only onset at low
temperatures, and 2D NEMS may be used to probe those phase transi-
tions as discrete changes in strain as a function of temperature.61 For
example, Fig. 16(d) shows the resonant frequency for different temper-
atures of multilayer FePS3 (left) and TaS2 (right) resonators.

59 In both
cases, discontinuities in the derivative of the square of the frequency
(df 20 =dT) are signatures of the phase transition. For FePS3, the peak at
114K represents an antiferromagnetic to paramagnetic phase transi-
tion, whereas for TaS2, the peak at 77K is a transition from a charge-
density wave (CDW) to a disordered electronic phase. The phase tran-
sition induces a small change in lattice constants and the coefficient of
thermal expansion, leading to a sudden change in the slope of the fre-
quency vs temperature curve.59

VII. PERSPECTIVES: CHALLENGES
AND OPPORTUNITIES

In the sections above, we articulated how the discoveries of gra-
phene and other 2D materials were a breakthrough in MEMS and
NEMS, providing an easy route to access the nano- and sub-nanoscale
regime with corresponding improvements in responsivity, transduc-
tion, tunability, and sensitivity. We have discussed the emerging appli-
cations and newly enabled fundamental scientific directions currently
being explored. Next, we will discuss the key challenges of control and
reproducibility that must be overcome for 2D NEMS to become a via-
ble technology, and how these issues affect which applications are
most likely to succeed first. Finally, we will speculate on some promis-
ing future frontiers that have not yet been realized.

A. Challenges

While 2D NEMS hold a great deal of potential, there are also
important challenges in reproducibility, control, and scalable
manufacturing that prevent their immediate incorporation as viable
technologies. Many of the studies of 2D NEMS discussed above are of

FIG. 16. Probing material and physical properties with 2D NEMS. (a) Resonant frequency mapping of a black phosphorus (BP) resonator as a function of the (x, y) coordinates
of the excitation laser. The clamped edge of the resonator is shown by the dashed black line. The non-symmetric profile of the resonant frequency is a result of the different
thermal conductivities of BP along its armchair (AC) and zigzag (ZZ) directions. Adapted with permission from Islam et al., Nano Lett. 18(12), 7683–7691 (2018). Copyright
2018 American Chemical Society.35 (b) 2D map of phase vs frequency (chemical potential) and magnetic field (filling factor). The shift of frequency reveals the evolution of
chemical potential (Yellow). Reprinted with permission from Chen et al., “Modulation of mechanical resonance by chemical potential oscillation in graphene,” Nat. Phys. 12(3),
240–244 (2016). Copyright 2016 Springer Nature Customer Service Center GmbH: Nature Nanotechnology.88 (c) Resonant frequency (top) and MCD (bottom) vs applied mag-
netic field in bilayer CrI3 resonator. Reprinted with permission from Jiang et al., Nat. Mater. 19(12), 1295–1299 (2020). Copyright 2020 Springer Nature Customer Service
Center GmbH: Nature Materials).38 (d) Resonant frequency vs temperature plots of FePS3 (left) and TaS2 resonators. The discontinuity in the second derivative of the fre-
quency indicates a phase transition. Adapted with permission from �Si�skins et al., Nat. Commun. 11(1), 2698 (2020). Copyright 2020 Authors, licensed under a Creative
Commons Attribution Unported License.59

Applied Physics Reviews REVIEW pubs.aip.org/aip/are

Appl. Phys. Rev. 10, 031302 (2023); doi: 10.1063/5.0106731 10, 031302-30

Published under an exclusive license by AIP Publishing

 01 February 2024 03:27:35

pubs.aip.org/aip/are


hero devices, selected from many failures. Often systematic studies
taken with the greatest care, including our own, show enormous
device-to-device variation in frequency, dissipation, nonlinearity, and
tunability of factors of 1–10 in magnitude on a single substrate. Some
of these challenges are common to all 2D materials research, while
some are specific to NEMS.

• Challenges common to all 2D materials. There are two broad
challenges in scalability and control that are common to all 2D
material applications: (1) scalable synthesis with deterministic
control over material quality and uniformity and (2) scalable
yet atomically precise fabrication processes. Regarding the scal-
able synthesis, there are several routes to produce 2D materials
at wafer scales. However, at this stage, there is still not deter-
ministic control over material quality, doping, or electronic
mobility.284 Moreover, all processes must take into account det-
rimental effects from the environment, such as inhomogeneous
doping from the substrate or atmosphere,8,285 as well as the
air285 and water degradation of some 2D materials. Regarding
the scalable fabrication processes, some of the notable chal-
lenges are scalable transfer methods to produce desired interfa-
cial cleanliness and alignment;286 atomically precise fabrication
methods for accessing individual layers within 2D heterostruc-
tures;41 and integration of new processes with traditional
CMOS processes.287,288

• Challenges specific to NEMS from 2D materials. In most MEMS
technologies, one of the most difficult to control yet important
parameters that determine the mechanical response is the film
stress. Slight variations in processing conditions during thin-film
deposition affect the stress in the film, and such variations must
be taken into account in the system design and final calibration
for any device. This challenge is aggravated in 2D materials
because: (1) the very high responsivity of the membrane stiffness
to stress and morphology combined with their low mass means
even small deformations, such as wrinkles, as well as the smallest
added mass from processing or atmospheric adsorption, will
have dramatic effects on the mechanics. (2) Most methods of
transferring 2D materials onto patterned substrates to make sus-
pended membranes are not conducive to improved control of
stress, since they rely on poorly controlled macroscale or capil-
lary forces and adhesion mechanics.

Taken together, the current lack of predictive control cancels out
many of the benefits in sensitivity, transduction, and responsivity for
many technological applications, but is largely not a problem if not an
opportunity for fundamental studies. The good news is most of these
challenges are also crucial to many applications with nanomaterials,
and a great deal of effort and funding is going into realizing nanoscale
control. In the meantime, some applications are more robust against
the inherent variability. For example, most applications based on sens-
ing require careful calibration to make signals meaningful, and high
device variability makes such calibration more difficult. In contrast,
applications based on the tunability of 2D materials are less sensitive
to variability because they intrinsically rely on dynamic control of the
frequency over a wide range with an applied gate. Even more robust
are applications that operate below the resonance frequency. For
example, graphene-based acoustic devices are already being
commercialized.289,290

B. Frontiers and new opportunities

There is still much work to be done on improving control to
incorporate existing 2D NEMS into technology, exploring the funda-
mental nonlinearity and entropic properties of atomic membranes,
and to use 2D NEMS as a test bed to explore the properties of the
more than 1000 currently predicted van der Waals materials, as well as
other quasi-2D materials like complex oxides or superconducting
materials.63,68–70,72 Moreover, mechanics could be used to transduce
defects within the 2D materials, such as single-photon emitters made
from hBN resonators.29,230,231 In addition to those examples, there are
a few frontiers, which are ripe for new discoveries or which have been
predicted but not yet realized.

• 2D membranes as structural elements in M/NEMS. There are
many opportunities to utilize 2D membranes as mechanical ele-
ments. Early examples of this are seen in the accelerometers
made from graphene supporting a silicon proof-mass258 and gra-
phene membranes as a tunable coupler of two MEMS resona-
tors.205 Extending this concept further, one can envision
geometrically reconfigurable three-dimensional structures or
metamaterials where graphene serves as springs, actuators, or
hinges.291–295

• 2D materials as active electronic and optoelectronic layers in M/
NEMS. There are many opportunities that could leverage the
diverse electronic and optoelectronic properties of 2D materials
as active electronic materials, using mechanical waves to trans-
duce the electronic properties or direct quasi particles. Examples
in this direction are TMDC monolayers transferred onto surface
acoustic wave (SAW) devices, which use strain waves to guide
excitons in the 2D materials,296–299 or as the tunable membranes
in acoustic waveguides.201,300 Using excitons or phonons as
information carriers is promising for next-generation quantum
technologies.301

• Slippable M/NEMS with 2D superlubric interface. Many
machines that work at the human scale become inoperable at the
micro- and nanoscale because friction overwhelms other forces, put-
ting limits on the size of systems like micromotors, microgears, slid-
ing microactuators, and microswitches. The orders-of-magnitude
lower friction resulting from the structural superlubricity in incom-
mensurate 2D interfaces opens up new classes of NEMS based on
slippable interfaces in 2D heterostructures. By applying lateral
forces, it is possible to laterally slide and rotate 2D layers in hetero-
structures,164 which could be utilized to actuate non-suspended
MEMS on a surface. So far, such motion has only been demon-
strated by pushing on heterostructures with AFM or STM
tips.302–304 However, there have been several intriguing device
concepts proposed, but not yet realized, based on lateral motion
in electrostatically actuated heterostructures for low dissipation
nanoswitches or nanogenerators.305–309

• 2D NEMS as qubits. 2D NEMS are excellent candidates for
qubits for quantum information. The high frequency of 2D reso-
nators means they will reach the quantum limit (zero-point) of
motion at comparatively high temperatures.310 As a result, utiliz-
ing a combination of cryogenic and optomechanical or electronic
back action, 2D membranes may be cooled to a few or single
phonon occupation.279,311 In addition, the high-quality factor
and low spring constant mean that there will be a large and
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detectable amplitude of motion in the quantum limit of >1 pm,
and a long coherence time.

• 2D NEMS for multi-domain quantum transduction. The proper-
ties of 2D materials allow easy multi-domain transduction by
integrating the 2D membranes with superconducting and pho-
tonic resonators, coupling photons with microwave to optical
energies with phonons in the quantum limit.125,126,279,312 Even
more interesting, the low onset of nonlinearity in 2D membranes
offers a unique opportunity to use 2D NEMS to host nonlinear
quantum dynamical effects, which could be used to transduce
between qubit states310 and lead to non-Gaussian states.313,314

Taken together, it has now been 15 years since the first graphene
resonator was demonstrated. Since then, the field of 2D NEMS has
undergone explosive growth, segmenting into several categories such
as leveraging the favorable scaling for enhanced performance com-
pared with existing MEMS technologies, to probing and coupling the
properties of a diverse and growing class of materials to mechanics,
and to fundamental studies of the nature of nonlinear and thermal
mechanics in the atomic limit. As we look to the future, we are seeing
new applications emerge, which are not just improved by 2D NEMS,
but uniquely enabled by them, promising to make the next 15 years
even more exciting than the last.
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