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ABSTRACT
Low-dimensional materials (LDMs), due to exotic mechanical, optical and electrical properties
enhanced by ultrahigh surface-to-volume ratio and quantum confinements, have taken centerstage
in nanoelectromechanical system (NEMS) resonators. The ability to survive from high strains and
complex environments enables LDMs-based NEMS resonators innovative effectuations for mass-,
gas- and bio-sensings and computings. In this review, we highlighted the fabrication, actuation,
detection, figureofmerit, influence factors and recentprocess of LDMs-basedNEMS resonators. After
overviewing representative applications and feasible directions, we summarized the confronted
challenges in fabrications, tunings and utilizations of LDMs-based NEMS resonators. Finally, the
prospects thatmayproperly tackle theseobstacleswere concluded, attempting tooffer useful guide-
lines for both theoretical and experimental experts to promote NEMS resonators one step closer
toward industrializations.
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This review delineates the principles and advances of nanoelectromechanical system resonators
based on low-dimensional materials, followed by promising applications, such as sensings, nano-
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1. Introduction

Nanoelectromechanical systems (NEMS) show great
potentials in the fields of sensors, biochemical monitors
and radio frequency (RF) devices, owing to their high
sensitivity and efficiency with low power consumption
[1]. Differentiating from conventional microelectrome-
chanical systems (MEMS), NEMS integrate the electrical
functionalities with mechanical ones at nanometer and
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even atomic level. Profiting from the reduced dimen-
sion, emerging quantum effects and interface effects in
NEMS devices attracted ever-growing research efforts
from the communities of physics, mechanics, materi-
als science and chemistry [2–6]. Initially, the majority
of NEMS resonators relies on the thin films of metallic
(Al, Au) [7] and semiconducting (Si, GaAs) [8] mate-
rials. With rapid advances in materials synthesis and
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fabrication technology, the last decades have witnessed
the prosperity of versatile NEMS resonators. Although
the NEMS resonators possess acceptable resonance fre-
quency (f res) and quality factor (Q), brittleness (strain
< 2% usually) and the ineluctable difficulty in further
down-scaling-process greatly limit their integrations as
single entities for next-generation smart devices, flexible
devices and Internet of Things.

Recently, low dimensional materials (LDMs), includ-
ing one-dimensional (1D) carbon nanotubes and two-
dimensional (2D) family of atomically thin films with
no dangling bond, [9] have revolutionized material
and architecture design for NEMS resonators because
of their unique structures and abilities to function at
extreme conditions [10–14]. For instance, carbon nan-
otubes (CNTs) discovered by Lijima [15] in 1991 show
outstanding strength and electrical conductivity, sur-
passing the majority of conventional NEMS materi-
als [16–20]. In 2004, thin graphene flakes was iso-
lated from graphite by Geim and his coworkers and
take the centerstage for building assorted NEMS res-
onators owing to its ultrahigh strain limits and tun-
able properties [21–26]. To be more specified, graphene
has excellent electrical conductivity (mobility up to 106

cm/(V·s) [23,27]), out-of-plane flexibility, in-plane soft-
ness (Young’s modulus of 1 TPa [28,29]) and ther-
mal conductivity (3.5 ∼ 5 kW/mK [30]). Stimulated
by the success of graphene, hexagonal boron nitride
(h-BN) [31,32], transition metal dichalcogenides
(TMDCs) [33–37] and monochalcogenides (TMMCs)
[38], black phosphorus (BP) [32,39–43], MXenes [44,45]
and van der Waals (vdW) heterostructure were exca-
vated in succession toward high-performance NEMS
applications. After prepared from mechanical exfolia-
tion, chemical vapor deposition (CVD) and other synthe-
sis methods, LDMs undergo a series of nanofabrication
procedures to achieve suspended beam or film architec-
ture for NEMS resonators [46–49]. Actuated by external
light, force, magnetism and electrical fields, the physical
quantities of as-fabricated NEMS resonators are read-
out in terms of electrical/optical signals. In light of this
operation principle, applications of LDMs-based NEMS
resonators covering mass sensors, mechanical sen-
sors, chemical and biological sensors, nano-electronics
devices and quantum detection have been realized. Com-
pared with the tremendous original predictions and
experimental demonstrations of emerging LDMs-based
NEMS resonators, the review upon this topic is rela-
tive lagging. Although few reports have summarized the
progress of 2D NEMS, they mainly focus on 2D mate-
rials (2DMs)-based nanoelectromechanical sensing or
fundamental physics [50–52]. Therefore, an overview of
LDMs-basedNEMS resonators especially focusing on the

progress of entire low-dimensionalmaterial system is still
desirable.

In this review, we first summarized the classic fabri-
cation routines (Figure 1), working mechanisms, actua-
tions, detections and primary key parameters of NEMS
resonators in section 2. Subsequently, the advances in
NEMS resonators from different LDMs and their het-
erostructure were minutely provided in section 3. In the
meantime, the insightful influence of vital factors (sam-
ple thickness, geometry and operation environments) on
tuning resonance frequency, quality factor and possi-
ble dissipation of resonators were summarized. Section
4 overviewed the representative applications of LDMs-
based NEMS resonators. Finally, we highlighted the cur-
rent challenges and put forward some perspectives that
may be conducive to overcoming these bottlenecks and
advancing the applications of LDMs in future multi-
functional and intelligent NEMS resonators. This timing
review attempts to offer both skilled and fresh researchers
a guidance to accelerate the developments and applica-
tions of LDMs in high-performance and ambient-stable
NEMS resonators.

2. NEMS resonators

Attributed to the coupling of electrical and mechani-
cal properties at the nanometer scale, NEMS resonators
maximize the operating speed and sensitivity by consum-
ing negligible energy and thus become potential units
in optical, electrical and mechanical applications [25].
For NEMS resonators, the core element is the active
materials. The basic premise of active materials is to sur-
vive under certain mechanical deformations and show
great feasibility for device integrations. In this concern,
LDMs become one promising substitute for conventional
silicon in next-generation NEMS resonators. Moreover,
the superiority of LDMs for NEMS resonators also lies
in the tunable bandgaps, reduced dielectric screening,
enhanced many-body interaction, the ability to with-
stand high strain and material stability in the ultra-
high frequency (UHF) range. Therefore, the following
section carefully reviewed the fabrication routines,mech-
anisms, influent factors and recent progress of LDMs-
based NEMS resonators.

2.1. Fabricationmethods

LDMs family for NEMS devices are usually synthesized
on supporting substrates (metal foils, SiO2 and sapphire)
by CVD or frommechanical exfoliations of bulk crystals.
The key to fabricate operative NEMS resonators is the
transfer of LDMs onto targeted substrates. According to
the sequence of transfer and patterning, the fabrication
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Figure 1. LDMs-based NEMS resonators in this review. The availability of diverse LDMs enabled NEMS resonators in sensings, elec-
tronics and quantum detection applications. Fundamentally, the working mechanisms, actuation and detection of representative
LDMs-based NEMS resonators are included in succession.

process of NEMS resonators could be generally classi-
fied into two categories [50] (as sketched in Figure 2): (1)
patterning after transfer methods, such as wet chemical
etching that widely adopted for CVD samples, mechan-
ical etching, and dry physical etching [53,54]. In the
concern of etching methods, dry etching have relatively
high selectivity but difficulty in achieving suspended
structure. On the other hand, regular wet etching might
achieve suspended structure but some residues or con-
taminationsmay be introduced. In the aspect ofmechani-
cal etching, it remains difficult to achieve smooth surfaces
due to excessive surface impact. (2) patterning before
transfer methods, where the LDMs were first exfoli-
ated onto a transfer layer, such as polydimethylsilox-
ane (PDMS) stamp [55–58], polymethyl methacrylate

(PMMA) supporting layer and thermoplastic sacrificial
layer [49], and then transferred to a pre-patterned sub-
strate by vdW pick-up [47] or liquid wedging [59]. For
patterning before transfer methods, monolayer or mul-
tilayer 2D flakes are directly exfoliated onto targeted
substrates by PMMA, PDMS and thermoplastic layer,
thereby liberating active materials from water or chemi-
cal contaminations.With respect to the vdW pick-up and
liquid wedging methods, desired flakes are required to
be pre-exfoliated onto silicon substrates and then lift-off
via vdW force or capillary force for further transfer pro-
cess. Besides, vapor–liquid–solid epitaxial growth was
also proved to be a feasible approach to provide LDMs
for NEMS resonators and a detailed discussion will be
conducted in late sections [60].
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Figure 2. Prevalent fabrication routines of NEMS resonators. (a) Patterning after transfer methods [47]. Take wet chemical etching tech-
nique as an example. Firstly, 2D crystal was peeled onto a sacrificial membrane (1), and then covered by a resistive mask with desired
patterns (2). Later, the filmwas etched away by chemical solution (3), followedby removing the resistmask to obtain suspended structure
(4). (b) Patterning before transfer methods [50]. Take an all-dry transfer technique using PDMS stamps for example. 2D crystal was first
exfoliated onto a PDMS stamp and then transferred to a pre-patterned substrate with precise alignment (1). After gently pressing (2) and
peeling-off the PDMS stampwith care (3), the 2D crystal was released to form suspendedmicro-drumheads (4). For better understanding
and demonstrative purpose, suspended 2D films in well-defined regular geometry are selected here as the working materials.

2.1.1. Patterning after transfer methods
Figure 2(a) exhibits the patterning after transfer routine
for constructing LDMs-based NEMS resonators, using
wet chemical etching technique as an example [47,53,54].
Initially, LDMs were deposited or transferred onto the
target substrates (polymer or SiO2), and then a mask via
photolithography techniques was developed to expose
the film partially. Next, supporting layers were selec-
tively etched away by wet chemical etchants. Finally,
perfect NEMS devices were completed by removing the
masks [47]. Thismethodwas widely employed to prepare
CNTs-based NEMS devices and several 2DMs-based
ones that consisting of partially covered cavities (such as
rectangular 2D crystal films bridging over a 1D trench).
However, several drawbacks still exist, such as the easy
breaking of suspended films in solutions and subsequent
drying process owing to the high surface tension of the
etchants, and the residual contaminations from solutions
at the film surface and edge regions, extremely reduc-
ing the quality and performances of as-fabricated NEMS
resonators.

2.1.2. Patterning before transfer methods
In 2011, Castellanos-Gomez et al. [56] demonstrated the
transfer of few-layer graphene flakes upon mica flakes
using viscoelastic stamps in an all-dry transfer manner,
enabling precise manipulation of 2D flakes without the
necessity of any wet chemicals and sacrificing polymer
layers [61–63]. Figure 2(b) shows the patterning before
transfer process for fabricating NEMS resonators, tak-
ing as an example PDMS stamp dry transfer technol-
ogy [57]. 2DMs flakes were first exfoliated onto a vis-
coelastic PDMS stamp and then transferred onto of 2D
crystals were well preserved [49]. In the stamp trans-
fer process, the applied pressure on the stamp affects
the value and uniformity of the pretension distributed
in the suspended membrane. As a result, the resonance
frequency and stiffness of 2D membrane was affected.
Moreover, non-uniform strain in the transfer layer might
introduce wrinkles and nanoscale polymeric residues
may be also left on 2D membrane. Despite these draw-
backs, this all-dry viscoelastic stamping method show
great capacity in fabricating partially suspend 2DMs
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on trenches with high yields [50]. For instance, Xie
et al. [26] successfully integrated vibrating 2DMs-based
NEMS onto comb-drive MEMS actuators using a sim-
ilar transfer method, demonstrating feasible trans-scale
integrations from nanometer to micrometer. The wide-
frequency tuning of 2DMs-based NEMS resonators was
realized by employing voltage-controlled comb-driving
MEMS actuators to adjust the strain distribution within
2DMs. In combination with potential scaling-up produc-
tions of device arrays, patterning before transfermethods
are hopeful to facilitate the commercialization of high-
performance NEMS resonators.

2.1.3. Othermethods
In the past decade, the flourishing materials chemistry,
laser technology, heat and fluid modeling along with
control systems greatly accelerate many rising technolo-
gies for constructing NEMS resonators. The emerg-
ing direct-write additive manufacturing techniques (also
known as 3D printing), micro-stereolithography and
focused electron beam-induced depositionwere reported
to produceNEMS resonators with nanometer resolutions
[64,65]. Furthermore, departing from e-beam lithog-
raphy, Gruber et al. [66] proposed a novel 3D fab-
rication of ultra-sensitive and multi-functional CNT-
based resonators within a conventional scanning electron
microscope (SEM). Specifically, a CNT cantilever with
a length of 1–15 μm was directly CVD-grown on sil-
icon substrates. Afterwards, the focused e-beams were
implemented to induce Pt particles onto CNTs to track

real-time deposited mass. This routine could be adopted
to tailor the functionalities ofNEMS resonators and read-
ily employ resonators in any existing SEM setup without
any further modification.

2.2. Actuations and detections

LDMs-based NEMS resonators in resonant structures
(single/double-clamped beams and drums) could be lin-
early or nonlinearly driven by actuation schemes includ-
ing electrodynamic, electrostatic, thermos-elastic, piezo-
electric and optic ones [58,67,68]. The feedbacks of the
detection are delivered in terms of electrodynamics, elec-
trostatic (capacitive), piezoresistive, piezoelectrics and
optics (Figure 3) [69]. In order to optimize the perfor-
mance of each resonator, distinct dynamical approaches
were demonstrated, consisting of (1) activating higher-
order modes to improve the sensitivity of mass/gas sens-
ing, (2) multimode activation to simultaneously measure
multiple parameters within one single device, (3) internal
resonance to improve resonator stability and (4) modal
coupling and their implementations in signal process-
ing. Due to the high resonator frequencies, small vibra-
tion amplitudes and tiny dimensions of LDMs-based
NEMS resonators, the readout in a relatively precise way
is challenging. Moreover, the conventional mechanical
actuation and detection methods (like modal hammers
and accelerometers) are too large or invasive to apply,
rendering the superiority of contactless electronic and
optical readout and actuation techniques [26,67–71]. In

Figure 3. Potential couplings between mechanical, optical, electrical, magnetic, thermal and acoustics degrees of freedom in NEMS
resonators.
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optical methods, optical interference is usually adopted
to optically stimulate resonators, record phase shifting
and consequently abstract displacements through signal
demodulation. During the device-scaling-down process
(especially from the micron to nano and even atomic
scale), however, the efficiencies of actuation and detec-
tion were extremely reduced. To push NEMS resonators
a step closer toward terminal performances, transduc-
tion techniques includingmagneto-motive transduction,
single-electron transistor detection and sensing, and
arbitrary combinations of previously mentioned proto-
cols emerged to eliminate these drawbacks [60].

2.3. Resonator dynamics

In general, the architecture of LDMs-based NEMS res-
onators could be mainly classified into four categories:
singly-clamped beam, double-clamped beam/film,
partially-clamped film and full edge-clamped film [72].
With respect to different device configurations, elec-
tromechanical resonators may work with or switch
between different modes. Tiny variations in structure
might create completely different mechanical charac-
teristics even under the same driving conditions. For
instance, a cantilever beam electromechanical resonator
may work in torsion, bending, longitudinal expansion
and contraction modes [73]. For different vibration
modes, multiple higher harmonic oscillation frequencies
may generate synchronously or alternatively, exacerbat-
ing the urgency of dynamics research.

For 1DMs-based NEMS resonators, the main config-
urations are cantilever beam and doubly-clamped beam.
Taking a doubly-clamped beam as an example, the dis-
placement of vibrating beams in the z-direction is given
by [74]

ρπr2
∂2z
∂t2

+ EI
∂4z
∂x4

− T
∂2z
∂x2

= 0 (1)

with ρ is the density, r is the radius, E is Young’s mod-
ulus, I is the momenta of inertia, and T is the tension
of materials. Assuming that z = ∂z/∂x = 0 at x = 0 and
x = L, I = πr4/4 and T = 0, the resonance frequencies
are [74,75]

f0 = β2
0

4π
r
L2

√
E
ρ

(2)

with wavenumber (β0) and the length (L) of the doubly-
clamped beam.

Among numerous 2DMs-basedNEMS resonators, the
drum configuration (film or membrane) attracts over-
whelming attention [76] and therefore the fundamental
overview of resonator dynamics will be delivered based

on drum configuration here. For vibrations of 2D drum
resonators, the flexural rigidity can be formulated as
[52,77]

D = Eγ d3

12(1 − ν2)
(3)

where Eγ is the 3D modulus, d is the thickness and ν

is the Poisson’s ratio of the material. In the meantime,
the resonance frequency of resonators can be defined as
[52,77,78]

f0 = kr
2π

√
D

ρr4

[
k2r2 + γ r2

D

]
(4)

where k is the modal parameter, r is the radius of the
drumhead, ρ is the areal mass density and γ is the mem-
brane pretension. The formula contains three regions:
when γ r2/D approaches 0, the formula is close to the plate
model, whereas, when γ r2/D approaches∞, the formula
converges into the membrane model, and in-between
these two conditions is the transition model.

In conventional electromechanical resonators, it was
claimed that unusual dynamic behaviors such as geo-
metrically nonlinear modes and strong modal coupling
[79] exist pervasively under certain scenarios. Taking
electrostatic excitation as an example, the resonance of
NEMS resonators was mostly linearly under low exci-
tation intensity [80]. However, with increasing intensity
of actuation, the resonance curve deformed from sym-
metrical to unsymmetrical and the resonance peak grad-
ually shifted toward higher frequency (also defined as
a hardening-type nonlinear vibration). In this case, the
nonlinear vibration of resonators could be represented by
Duffing’s equation [81]

Meffẍ + γ ẋ + k0x + βx3 = Fcos(ωt) (5)

where Meff is the effective mass of harmonic oscillator,
γ stands for linear damping related to the quality factor,
k0 is the linear stiffness, β is the nonlinear stiffness, x is
the displacement field and ẋ ≡ dx/dt (t is the time). The
nonlinearity in NEMS resonators mainly originates from
four parts: (1) The most obvious source is material non-
linearity. In this system, the relationship between stress
and strain becomes nonlinear. For small strains, the stress
and strain follow linear Hooke’s law. However, when the
strain becomes larger that the critical point, the material
undergoes plastic deformation, and the corresponding
motion equation is nonlinear [82]. Therefore, nonlin-
earity is usually observed in extremely rigid or specially
designed structures [79]. (2) The second source of non-
linearity might originate from nonlinear dependences on
the displacements of excitation force. Under electrostatic
excitations, the value of driving force is determined by the
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dynamic range andmagnitude of applied voltage between
the resonator and the driving electrode. Consequently,
obvious nonlinearity appears. (3) The third origin is the
nonlinearity related to geometry and boundary of res-
onators. For a doubly-clamped beam in bending modes,
a non-zero deflection means the effective elongation that
can only be achieved by generating longitudinal stress
within the beam [83]. At the same time, the longitu-
dinal stress changes the resonance frequency and then
introduces nonlinearity to the system. (4) The last source
of nonlinearity is nonlinear damping which affects the
dissipation of mechanical structures [84].

Nonlinearity in damping exists in many extreme cases
and even in the linear response states [85,86]. In addition
to linear oscillation, the nonlinear effects in graphene
resonators could be described by the Duffing effect
with large amplitude. In this aspect, Eriksson et al. [87]
reported the frequency tuning, nonlinearity and mode
coupling of graphene drum resonators by solving the
Airy stress problem. The analytical expressions of eigen-
frequency and nonlinear coefficients with radius, sus-
pension height, initial tension, gate voltage and elastic
constant were first obtained. The authors further proved
that the nonlinear modeling of 2D NEMS resonators
must take second and third coefficients of the nonlin-
ear Duffing equation (the quadratic term from bending
and defects, and the third term induced by radial in-plane
tension increment) into account.

2.4. Figure ofmerit

2.4.1. Resonance frequency
According to the equipartition theorem, the kinetic
energy of mechanical vibration (defined as an eigen-
mode) is equal to the potential energy stored in vibra-
tional deformation at the intrinsic frequency of an ideal
resonating structure [88] At the eigenfrequency, the
total energy in the mechanical system endlessly passed
back and forth between kinetic and potential energy. In
practical, energy dissipation is inevitable in real vibra-
tion mechanical systems. The eigenmode mechanism
in resonators with inherent energy loss is then noted
as resonance. Correspondingly, the frequency exchange
between kinetic energy and potential energy is defined
as the resonance frequency (f 0). The value of f 0 is
used to estimate the quality of NEMS resonators. Typi-
cally, high resonance frequency implies the potential of
rapid response to external fluctuations and is indispens-
able for exploring the quantum phenomena in NEMS
resonators.

The dynamics of flexural electromechanical res-
onators could be modeled as simple damped harmonic
oscillators with an effectivemass (meff ), a spring constant

(k), and amechanical resonance frequency (f 0): [6,74,89]

f0 = 1
2π

√
k

meff
(6)

It can be seen that high resonance frequency requires
one material with large k and small meff values. The
LDMs-based NEMS resonators have a high resonant fre-
quency due to extremely small effective mass. At present,
the major resonance frequencies of CNTs-based res-
onators are located in the very-high frequency (VHF) and
ultra-high frequency (UHF) range and may stride into
the terahertz range with further efforts [18]. In addition
to material selection, manufacturing process, [90] work-
ing environment [91] and additional quality [92] were
also verified to affect the resonant frequency to certain
degrees.

2.4.2. Quality factor
Quality factor (Q), defined as the ratio of stored energy
and lost energy during resonance (equation 7), is another
key parameter to reflect and judge the quality of NEMS
resonators [93]

Q = 2π
W

	W
(7)

where W is the total energy stored in the system, 	W
is the lost energy during one oscillation period. By mea-
suring the energy difference between storage and dissi-
pation, the quality factor is a damping indicator of res-
onators. The most intuitive signature of high Q values
is a sharp peak in the resonance spectrum. The origins
of energy loss could be mainly divided into three parts:
[6] (1) The first is the energy loss from the interaction
between the resonator and the medium from working
environment. (2) The second one comes from clamping
loss induced by the radiation over the NEMS anchors.
(3) The last one lies in the inherent damping of materi-
als, such as the interaction between phonons and elec-
trons. The achievement of a highQ value usually reduces
the pumping power to maintain device operation and is
also beneficial to reduce measurement errors caused by
energy loss and other lagging effects. For high precision
resonators, outstanding Q values are required to guaran-
tee the accurate frequency selection withminimal energy
loss.

According to the energy loss mechanism, device man-
ufacturing process, material properties and the operating
temperature are the main factors that affect the Q fac-
tor of NEMS resonators. Therefore, there are three main
strategies for improving the Q factor [94]. (1) The first
method is to diminish the contaminations and surface
frictions by optimizing the device manufacturing pro-
cess. (2) The mechanical quality of harmonic oscillators
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requires further improvements. For instance, researchers
have obtained high-Q NEMS using single-crystal dia-
mond films and high tensile SiN films [75,78,95]. (3)
The third method is to cool the operating temperature
for resonators. At present, rational engineering of quality
factors is essential for NEMS resonators to meet the cri-
terion of sensing, signal processing and quantum physics
investigations.

2.5. Tunability and engineering

During the NEMS operations, the resonance frequency
needs to match the proposed vibration frequency that
heavily relies on the crystal structure and manufactur-
ing process. Therefore, the existence of vacancies and
defects embedded in the lattice structure would def-
initely affect the resonance frequency and tunability.
One promising method is to utilize electrostatic gate to
tune the natural frequency of NEMS resonators [96].
Alternatively, the tuning of resonance frequency might
also be completed by heating and controlling the thick-
ness of resonating materials. For instance, Ye et al. [97]
reported the electro-thermal tuning of monolayer and
few-layer graphene-based NEMS resonators and demon-
strated their steady operations in high and even ultra-
high frequency bands. After elegant control of Joule heat-
ing, the tunable frequency could be realized via electric
heating at 1200 K. In this process, the in-plane tension of
single-, bi-, and tri-layer graphene were increased due to
the heating-induced shrinkage and thereby the resonance
frequencies increased. More importantly, the tuned res-
onant frequency range of trilayer graphene device even
approached 	f /f0 ≈ 310%. Moreover, Lee et al. [98]
reported that γ -ray radiation could be implemented to
tune the resonance frequency of MoS2-based NEMS res-
onators. Due to the changes induced by ionizing γ -ray,
the resonance frequency of as-fabricated device raised
after exposure for 24 h and returned to the initial stage
once the exposure expired.

In addition to frequency tuning, Q engineering shows
equal importance for signal detection and SNR of NEMS
resonators. One potential problem is that the reduc-
tions of device dimensions usually reduce the Q factor.
Although theQ factor increases significantly under cryo-
genic and vacuum conditions, the indispensable equip-
ment and high expenses limit the propagation of LDMs-
based NEMS resonators. Therefore, increasing the Q fac-
tor at ambient and room temperature is imperative for
the present LDMs-based NEMS resonators. As a com-
plement to the three main strategies discussed in the
previous section, Cartamil-Bueno et al. [99] reported a
laser oxidation process to improve both the Q factor and
resonant frequency of multilayer tantalum oxide (TaSe2)

resonators. In virtue of the thermal shrinkage after laser
oxidation, the stress in resonators was increased by 8
times. Consequently, enhanced Q factor (14 times) and
resonant frequency (9 times) were captured in multilayer
TaSe2 resonators.

The materials, dimensions, resonance frequency (f 0),
effective mass (Meff ), and quality factor (Q) for several
MEMS/NEMS resonators are summarized in Table 1.
Compared with 2DNEMS, 1DNEMS possess a relatively
smaller mass and size that produce better mass response
and resolutions together with their ultra-rigid character-
istics. Furthermore, the strong electron-vibrational cou-
pling in 1DNEMS provides an ideal platform for probing
the quantum limit of motion and manipulating quan-
tum states.While for 2DNEMS resonators, the ultra-high
strain limit of 2DMs brings excellent tunability and larger
coupling region, beyond the scope of 1D NEMS res-
onators. In addition, the strainmodification in 2DMs and
their heterostructure resonators may create pseudomag-
netic fields, promising for magnetic nanosensors with
ultrahigh sensitivity [100]

3. Low-dimensional materials for NEMS

Attributed to the outstanding mechanical, optical, and
electrical properties, LDMs involving CNTs, graphene,
h-BN, TMMCs, TMDCs, BP and their vdW heterostruc-
tures, have attracted massive attention toward NEMS
applications. In recent years, many precise nano-sensors
based on CNTs were reported in succession, leading to a
series of notable milestones in the field of LDMs-based
NEMS resonators. Taking the force and mass sensing as
an example, the force and mass sensitivities of CNTs-
basedNEMS resonators reachedup to record values of zN
(10−21N) and yg (10−24g) level, respectively.This section
aims to discuss the ‘Butterfly’ effect and recent progress
of diverse LDMs-based (as shown in Figure 4) NEMS
resonators. The mechanical and electrical properties of
aforementionedLDMs are detailly summarized inTable 2
to offer an insightful database for constructing efficient
NEMS devices.

3.1. CNTs-based NEMS resonators

Carbon nanotubes (CNTs) are one-dimensional carbon
materials and could be regarded as curled graphene
sheets at a certain angle. In light of layer number of
‘graphite sheet’, CNTs are divided into single walled car-
bon nanotubes (SWCNTs) and multi walled carbon nan-
otubes (MWCNTs). Given that SWCNTs and MWCNTs
possess apparently different mechanical, electronic and
optical properties, distinct performances of SWCNTs and
MWCNTs in NEMS resonators might be expected. More
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Table 1. Resonance frequency (f 0), effective mass (Meff) and quality factor (Q) for reported MEMS resonators and LDMs-based NEMS
resonators (G for graphene).

Categories Materials Geometry
Geometry (μm, W×L

for�; Dia for ◦) Thickness (nm) Meff (fg)
Operating

environment f 0 (GHz) Q Qf 0 (GHz)

MEMS SiC [201] � 0.12×1.65 80.0 5.8e4 22 K, vacuum 0.42 2500 1050
AlN [202] � 0.47×9.00 210.0 2.1e6 RT, vacuum 0.014 1220 17.1
Si[203] � 0.33×7.00 800.0 9.0e6 4.2 K, vacuum 0.071 1.8e4 1278
Al [7] � 0.1×1.0 200.0 — 4.2 K, vacuum 0.54 1730 934.2
Al [7] � 0.1×3.0 200.0 — 4.2 K, vacuum 0.087 7140 621.5
Au [7] � 0.1×2.0 200.0 — 4.2 K, vacuum 0.054 7510 405.5
Ti [7] � 0.1×2.0 200.0 — 4.2 K, vacuum 0.19 3180 604.2

Diamond [204] Disk 38 1200 — vacuum 0.25 1e4 250

1D NEMS CNT [18] Beam 0.3 (L) — 0.53 RT, 1atm 1.3 440 572
CNT [127] Beam 0.15 (L) — 0.3 6 K, vacuum 1.86 1.4e4 2.65e4
CNT [113] Beam 0.9 (L) — 1.57 100 mK, vacuum 39.2 3.5e4 1.37e6
CNT [94] Beam 1.8 (L) — 2.4 30 mK, vacuum 0.056 4.5e6 3e5
SiC [205] Beam 10 (L) 0.05 16 RT, vacuum 0.001 1e4 10
Si [206] Beam 0.2 (L) — 200 20 mK, vacuum 3 1249 3747

2D NEMS G [120] � 3.0×1.1 0.35 1050 5 K, vacuum 0.063 1.4e4 882
G [128] � 3.0×1.2 0.3 1050 8 K, vacuum 1.17 1500 1755
G [81] ◦ 5.4 0.3 5150 RT, vacuum 0.009 300 2.7
G [130] ◦ 6.5 35.0 6.2e5 RT, vacuum 0.02 3.1e4 628
G [80] ◦ 5.0 5.0 6e4 RT, vacuum 0.01 138 1.4

MoS2 [77] ◦ 5.7 20.0 1.02e6 RT, vacuum 0.02 710 14.2
MoS2 [57] ◦ 3.0 0.72 2300 RT, vacuum 0.026 109 2.8
MoS2 [70] ◦ 1.5 1.3 3140 RT, vacuum 0.075 120 9.0
WSe2 [62] ◦ 1.5 0.72 2300 3.5 K, vacuum 0.057 4.7e4 2679
TaSe2 [99] ◦ 3.2 17.0 2.1e5 RT, vacuum 0.039 1058 41.2
GaS [136] ◦ 6.2 100.0 4.1e6 RT, vacuum 0.015 30 0.45
h-BN [145] ◦ 11.1 30.0 1.6e6 RT, vacuum 0.033 619 20.4
BP [142] ◦ 0.6 190.0 5.5e4 RT, vacuum 0.075 120 9.0

G/MoS2 [156] ◦ 1.5 1.25 3020 RT, vacuum 0.071 106 7.5
G/MoS2 [157] ◦ 5.0 0.77 5600 RT, vacuum 0.015 690 10.4
G/NbSe2 [150] ◦ 5.0 1.0 2.1e4 RT, vacuum 0.016 69 1.1

importantly, the excellentmechanical strength (Eγ ∼ 1.2
TPa), [101]mass density (ρ ∼ 1.7 g/cm3) [102] and elec-
trical conductivity (mobility ∼ 105 cm2/(V·s)) [103] of
CNTs well satisfy the essential qualifications of premium
NEMS resonators, stimulating several milestones in the
community of CNTs-based NEMS resonators.

3.1.1. Evolution of CNTs-based resonators
In 1999, by attaching a CNT fiber to a gold wire
on an insulator, Poncharal et al. [104] pioneered the
single-clamped (cantilever) CNT resonator and stimu-
lated intense research of CNTs-based NEMS resonators.
Afterwards, Sazonova et al. [105] proposed the electri-
cal actuation and detection of doubly-clamped CNTs-
based NEMS resonators. In other words, both the ten-
sion tuning of CNTs and the records of resonance fre-
quencywere accomplished by electric fields. This demon-
stration of outstanding sensitivity, frequency and tun-
ability broadens versatile applications of CNTs-based
NEMS resonators. For instance, the exceptional elec-
tron transport behaviors including ballistic conduction
over long distances and multiple Coulomb blockade-
related phenomena, were reported in CNTs-based res-
onators. Lassagne et al. [106] found the electromechan-
ical coupling in CNTs manifested the nonlinearity of

resonator dynamics at cryogenic temperature that elec-
trons entered the Coulomb-blockade regime. Recently,
Bai et al. [107] fabricated centimeter-long CNTs using
CVD method and showed the fatigue behavior of indi-
vidual CNTs via acoustic excitations. Nowadays, CNTs-
based NEMS resonators also grow to be an ideal platform
for studying nonlinear phenomena, quantum electron
transport, surface science and light–matter interactions.
Next, we attempted to overview the progress of CNTs-
based NEMS resonators, especially the breakthrough in
last five years.

3.1.2. Actuations and detections
With devices down-scaling to nano-meter level, the exci-
tation and detection of CNTs-based NEMS resonators
become quite challenging. At the initial stage, field emis-
sion and SEMwere first adopted to detect the resonances
of CNTs beams, but the unsatisfying sensitivity hindered
further NEMS advancements based on CNTs. To sur-
mount these problems, Sazonova et al. [105] reported a
tunable CNTs-based NEMS resonator by electrical actu-
ations and detections (Figure 5(a)). The resonance beam
was made of doubly-clamped CNTs with a diameter
and length of ∼4 nm and ∼1 μm, respectively. A gate
electrode was employed to electrostatically interact with
CNTs. The gate voltage (Vg) can induce charges along the
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Figure 4. Crystal structures of representative LDMs overviewed in this work, covering CNTs, graphene, h-BN, BP, TMDCs and their
heterostructures.

Table 2. Mechanical and electrical properties of several low-dimensional materials.

Low-dimensional
material

Elastic
modulus (N/m) Possion ratio

Bending
rigidity (eV) Band gap (eV)

Transistor mobility
(cm2/(V·s))

CNT 1250 [207] 0.18–0.22 [208] 0.85 [208] 0.08 [103] 15,000 [103]
G 340 [209] 0.18 [210] 1.8–2.7 [211] — 15,000 [212]
h-BN 200–500 [213] 0.21 [214] 0.8–1.5 [214] 5.56 [213] —
MoS2 180 [215] 0.27 [216] 9.61–10.2 [211] 1.8 [217] 340 [218]
WS2 177 [219] 0.22 [219] 13.4 [211] 2.0 [220] 1,103 [221]
WSe2 116 [222] 0.19 [219] 11.9 [223] 1.5 [224] 705 [225]
MoSe2 105.7 [226] 0.23 [226] 6.39 [227] 1.55 [228] 240 [229]
MoTe2 79.9 [219] 0.24 [219] — 1.02 [230] 2,526 [229]
GaS 78.7 [231] 0.24 [232] — 3.05 [231] 215 [231]
BP 23–92.3 [233] 0.4–0.93 [233] 4.3–8.6 [233] 0.8 [234] 10,000 [235]

CNTs given by:

q = CgVg (8)

where Cg is the capacitance between CNTs and the gate
electrode. The attraction between separated charge +q
and −q creates an electrostatic force on CNTs. If a DC
and an alternating current (AC) are applied to the gate,
the total electrostatic force is given by

Fel = 1
2
C

′
gV

DC
g (VDC

g + 2δVg) (9)

where C′
g is the capacitance derivative of the gate with

respect to the distance between CNTs and gate, VDC
g ,

δVg are the DC and AC voltages. Once DC voltage

was applied, the length of CNTs varied and consequently
the tension along nanotubes altered, leading to a tunable
resonance frequency. Moreover, an additional AC volt-
age was used (Figure 5(b)) for resonance excitations by
generating a periodic driving force. In addition, a gate
driving RF signal (frequency ω) was adopted to ignite
the resonance process and a carrier signal of frequency
ω +	ω was incorporated into the power source. There-
fore, the CNT behaved as a signal-mixer and the cur-
rent variations within the circuits were monitored by a
lock-in amplifier. After matching the excited resonance
to the resonance frequency of CNTs by adjusting the
RF signal, sharp variation occurred in both the ampli-
tude and phase of the as-generated current. Conductance
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Figure 5. Representative actuations and detections of doubly-clamped CNTs resonators. (a) A false-color SEM image of a suspended
device (top) and corresponding schematic (bottom). (b) The experimental setup. (c) Color plots of current response vs Vg and driving
frequency [105]. The inset shows the extracted peak positions in the frequency-gate voltage map. (d, e) SEM image and schematic of a
CNTs resonator device. (f ) Topography (i) and bending-mode nanotube vibration (ii-iv) images at different actuation frequencies. Zero
(ii), one (iii), and two (iv) nodes correspond to first, second and third-order bending eigenmodes, respectively [108] (g) Schematic of CNTs
vibration measurement using an RLC resonator and a low-temperature HEMT amplifier. (h) The fundamental eigenmode displacement
noise spectrum of CNTs resonators [109].

variations along CNTs directions were revealed to be
proportional to the induced charge fluctuations while
the vibrating detection was recorded by measuring con-
ductance variations between resonant structure and sub-
strate electrode. Using this method, the authors proved
the effectiveness of DC gate voltage in adjusting the CNT
tension and the resonance frequency (Figure 5(c)). It is
also worth highlighting that all the processes here were
conducted with sole electrical means [105]. Although the
experimental setup, actuation and detection are simple,
it remains difficult to distinguish each resonance peak
from the circuit. Under this dilemma, Garcia-Sanchez
et al. [108] proposed an integrated method to detect
the mechanical motion of CNTs resonators by a scan-
ning force microscopy (SFM) cantilever. As shown in
Figure 5(d), an oscillating voltage was applied through

the gate to actuate the motions of CNTs. The mechani-
cal vibrations were probed by modulating the oscillating
frequency of the applied voltage by a side gate elec-
trode to match first eigenmode of the SFM cantilever
(Figure 5(e)). To minimize the force exerted on the tube
by the SFM cantilever, the tapping working mode was
selected throughout the whole measurement. The supe-
riority of this method rested in the spatial resolution
of CNT resonance and the direct imaging of resonance
mode. Recently, Bonis et al. [109] proposed an ultra-
sensitive detection scheme to reduce the noise limit in
detecting vibrations, which utilized a resistor-inductor-
capacitor and a high electron mobility transistor ampli-
fier (Figure 5(g)) at liquid helium temperature. By reduc-
ing SNRof thermal vibrations to 17 dB at 300mK, the dis-
placement and force sensitivity of the device (Figure 5(h))
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could reach up to 0.5 pm/
√
Hz and 4.3 zN/

√
Hz, respec-

tively. From the views of prime cost and accessibility,
electrical or optical means are frequently preferred to
drive and detect NEMS resonators up to date.

3.1.3. Figure ofmerit
NEMS resonators with ultra-high frequency not only
show great potential for mass and force sensitivity,
but also offer exceptional systems for exploring quan-
tum phenomena. For the sake of achieving ultra-
high resonance frequencies, the modes of mechanical
motion in the lowest quantum states were quite promis-
ing [110–112]. To improve resonance frequency, many
efforts were devoted to optimizing detection methods,
device architectures and manufacturing processes. For
instance, through optimizing the detections by introduc-
ing mixing technology, Sazonova et al. [105] demon-
strated the frequency of ∼ 200MHz in a double-clamped
CNTs device in vacuum (<10−4 torr). Afterwards, Peng
et al. [18] further employed metal nanobridge coatings
and the frequency of fundamental mode of CNT-based
NEMS resonators was recorded to exceed 1.3 GHz at
room temperature in air. Recently, Laird et al. [113]
reported a resonance frequency of 39 GHz in a doubly-
clamped CNT electromechanical resonator (at 100 mK,
in dilution refrigeration), the highest reported reso-
nance frequency of CNT resonators so far. The authors
attributed this phenomenon to a thermally excited state
probability below 10−8 and a relaxation time of 140 ns
by cooling the resonator into ground states. In addition,
the shrunkCNT resonatorwith suitable coatingmaterials
(such as Fe) achieved resonance frequencies more than
10 GHz or even into the THz range [18]. In a nutshell,
with suitable coating materials and CNT shrinking, the
resonance frequency of CNTs-based devices set a record
value, but further efforts are still demanded to impetus
ultrahigh frequency from laboratory to practical scene.

Quality factor that reflects the detection accuracy and
energy loss is another perpetual index for CNTs-based
NEMS resonators. So far, the methods to improve the
Q factor mainly focus on growing ultra-clean CNTs and
lowering the working temperature in vacuum condi-
tions [114]. On one hand, the employment of ultra-clean
CNTs certainly reduces the surface friction for achieving
a higher Q factor, concurrently improving the opera-
tion stability of as-fabricated devices. On the other hand,
cooling the resonator to millikelvin (mK) temperature
in a vacuumed cryostat would reduce ‘pollution’ (surface
adsorption) [115] and consequently enhance theQ factor.
Moser et al. [94] tested an ultra-clean nanotube resonator
at 30 mK and achieved aQ factor up to 5× 106, the high-
est Q value so far (Q ∼ 1.4× 104, at 6 K [113]). Apart

from the optimized process and low-temperature opera-
tion, the accomplishment of higher Q value might reside
in further improvement of measurement technologies to
minimize the impact of electrostatic noise.

3.1.4. Devices physics
The aspiration of higher quality factor drives researchers
to explore possible origins of energy dissipation (Q−1)
during operations. Among diverse assumptions, air
damping plays a dominant role in dissipation since gas
molecules inevitably surround the resonators. Energy
wastes from the interactions between vibrating structures
and surrounding air molecules. For a long time, damp-
ing in the Foucault pendulum and submicron NEMS
resonators can be described by a linear damping force
γ dx/dt (γ is the relevant damping coefficient, x is the
deflection of the resonator and t is the time). After imple-
menting LDMs, it becomes possible to explore damping
inmore than one atomic systems. Eichler et al. [116] stud-
ied the damping of NEMS resonators based on CNTs and
graphene sheets. In their resonators, the linear damp-
ing model failed to describe and the damping behavior
became nonlinear. But after introducing a coefficient (η)
of nonlinear damping, the damping of CNT and even
graphene NEMS resonators could be well explained by
a nonlinear damping force (ηx2dx/dt). In addition, they
also pointed out the strong dependence between damp-
ing and vibration amplitudes. Though nonlinear char-
acteristics of damping may offer some clues to improve
the overall performances, further damping study is con-
ducive to a deeper understanding of energy dissipation
and tunable quality factors in CNTs-based NEMS res-
onators.

Although the quantum states were observed and
manipulated inCNTs-basedNEMS resonators, the possi-
bility of observing quantum effects is diluted by the ther-
mal noise force. Therefore, efficientmethods to cool these
systems into the quantum regime were highly required.
Principally, the back-action of electrons on the resonator
might suppress thermal vibrational fluctuations. After
integrating aRF resonatorwith a superconducting single-
electron transistor,Naik et al. [117] achieved a population
number of 200 quanta far from the quantum regime. On
this basis, Urgell et al. [118] later demonstrated the back-
action of electrons on resonator vibrations as a simple
and efficient method to cool the resonators to the quan-
tum state limit. Tominimize the residual contaminations,
CNTs were directly grown between two electrodes by
CVD methods (Figure 6(a)). After being inserted into
a dilution refrigerator, the resonator was cooled to 70
mK and then a DC current was applied to modulate
the dynamics of vibrations. These modified vibrations
reacted with electrons and formed a closed-loop with
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Figure 6. Additional physics in CNTs-based resonators. (a) Schematic diagramof a CNTdevice (top) and relevant SEM image (bottom). (b)√
δz2 as function of Vsd. The yellow shaded area represents the region with self-oscillation of the device. (c) Sz vs	ω/2π curve recorded

at Vsd = 0.565 mV [118]. (d) Strongly-coupled CNTs resonators. Schematic diagram (left) and color mapping (middle) of the coupled
resonator and double quantum dot system as a function of driving frequency and DC voltage (right) [119]. (e) The acoustic resonance
setup for investigating the vibration behavior of centimeter-long individual CNTs [107].

finite delay. The reaction significantly reduced thermal
vibrational fluctuations and as-generated self-oscillations
(Figure 6(b)) lowered the device vibration to 4.6 ± 2.0
quanta (Figure 6(c)). This protocol suggested that elec-
trons would be a powerful resource for quantum manip-
ulations in NEMS resonators. As shown in Figure 6(d),
Deng et al. [119] reported a CNT resonator coupled
with two independent tunable modules. The frequency
of each resonator was separately tuned by two local gates.
Moreover, the conductance of each resonator was uni-
formly modulated by one additional resonator between
two resonators through phonon–phonon interactions.
The electron fluctuation in CNT induced the back-action
force on the mechanical modes while softened and even
damped the phonon modes. As a result, the coupling
strength of two series-connected CNT resonators was
found to reach more than 200 kHz, providing opportu-
nities to probe electron–phonon coherent interactions,
electron long-range coupling and electron entanglement
states.

Recent studies demonstrated that the combination
of optic and acoustic means enables non-destructive
actuation and detection of resonances in CNTs-based
devices. As shown in Figure 6(e), the author deposited
TiO2 nanoparticles onto CNTs for optical visualization

and frequency tuning and further claimed robust tun-
ing effects by controlling the density of particles. Dif-
ferent from traditional e-beam-related characterizations,
this non-contact measurement by an optical microscope
avoided damaging CNTs by high-energy electron beams,
and simultaneously realized the detections of centimeter-
long individual CNTs in air. To date, ultra-small geom-
etry, tunable frequency, high quality factor and sensi-
tivity were achieved in CNTs-based NEMS resonators
and many innovative sensors were demonstrated in suc-
cession. However, the atomic structures of CNTs have a
negative impact on device repeatability, and the dynam-
ics and reliability of the CNTs resonators are immature.
Next, the combinations of experiments and finite element
simulations may be the perspective direction for CNTs
resonators. An in-depth understanding of the working
mechanisms simultaneously provides valuable guidance
for designing and developing novel NEMS resonators.

3.2. Graphene-based NEMS

Graphene, sp2 carbon atoms closely packed into a honey-
comb structure, exhibits excellent mechanical and elec-
trical properties that are qualified for high-performance
NEMS resonators [78]. For instance, benefiting from
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Young’s modulus up to 1 TPa, breaking strength of 130
GPa and the strain tolerance up to 25%, [25] graphene-
based NEMS resonators achieved resonance frequencies
as high as 178MHz [64] and quality factors up to 100,000
at 100 mK [116]. These peculiar properties and out-
standing performances render graphene one of the most
studied 2DMs for NEMS resonators.

3.2.1. Evolution of graphene-based NEMS resonators
With the mature preparation methods (mechanical exfo-
liation and CVD methods), significant advances in
versatile graphene-based NEMS resonators have been
achieved and the aforementioned superior properties
of graphene were fully utilized in resontors [120]. The
first-generation graphene NEMS resonators were pre-
pared on graphene from mechanical exfoliation in 2007
[121]. Subsequently, Van der Zande et al. [199] fabricated
large arrays of suspended CVD graphene resonators with
different configurations. Under optical/electrical actu-
ation and detection, the NEMS resonators based on
CVD graphene exhibited comparable electromechani-
cal properties with graphene devices from mechanical
exfoliation. Furthermore, Chen et al. [96] applied sim-
ple circuits to enable graphene oscillators to generate
and convert self-sustaining mechanical motion at room
temperature. Then, the frequency modulation and signal
generation efficiently realized the transmission of audio
signals. With remarkable mechanical, electronic, optical
and phononic properties, graphene is also advantageous
to probe the coupling between fundamental excitations
and macroscopic mechanical modes. For instance, by
introducing bending vibrations in graphene, Zhang et al.
[122] took advantage of the micro-Raman spectroscopy
to illustrate the dynamic of optical phonon softening.
This work also highlighted the importance of dynamic
strain engineering and dynamic strain-mediated con-
trol of light–matter interactions in 2D materials and
their heterostructures. Moreover, by adjusting the exci-
tation power to achieve a continuous two-to-one reso-
nance, Keskekler et al. tuned the parametric resonance of
graphene device in the range of 40–70MHz and reported
a nearly twofold increment of nonlinear damping [123].
In this section, we summarized theworkingmechanisms,
actuation and detections, key indices and recent progress
of graphene-based NEMS resonators.

3.2.2. Actuations and detections
Similar to CNTs-based NEMS resonators, the excita-
tionmethods for igniting graphene resonators aremainly
optical and electric means. For optical excitation, a laser
with periodical intensity was irradiated onto suspended
graphene and then absorbed heat with expansion excites

the vibrations of graphene. On the contrary, the electri-
cal excitation is usually applied to graphene devices with
a field-effect transistor (FET) structure. Conducting sub-
strates are employed as back gates and a pair of source
and drain electrodes are fabricated for imposing AC and
DC signals. Modulated by the electrostatic force between
graphene and the back gate, the vibration of graphene
begin to ignite and the resonance frequency is highly
correlated with the amplitude of DC voltage.

The detections for graphene vibrations are similarly
divided into optical and electrical detections. Optical
detection is achieved in light of optical interference prin-
ciple. For graphene on a silicon wafer device, suspended
graphene forms a Fabry–Perot cavity with the ‘hollow’
silicon substrates. Once irradiated to the graphene sur-
face, the laser beam is split into two beams: one beam
directly reflected by graphene film, and another beam
transmitted through graphene and then reflected by the
bottom surfaces. The reflected beams of different optical
paths interfere with each other, and the interfered ampli-
tude reflects the vibration strength of graphene. Finally,
a photodetector is used to convert interference informa-
tion into electrical signals and then the detection process
is completed by a spectrum analyzer. In this detection
mode, the tension and vibration information of graphene
can be abstracted by measuring the conductance and
using the relationship between conductance and inter-
nal stress of graphene. For example, Barton et al. [53]
studied the behaviors of graphene-based resonators using
electrical excitation and optical detection (Figure 7(a)).
Under a low-power laser (300 μW), vibration amplitude
of suspended graphene (square shape) was measured as
functions of frequency and gate voltage (Figure 7(b)).
The frequency vs Vg curves were also plotted to extract
the density of the resonant cavity [124]. At lower laser
power, graphene vibrates in light of Brownian motion.
With increasing the laser power, the vibration ampli-
tude of graphene increased monotonically and finally
approached its natural regeneration and self-oscillation
stage. As shown in Figure 7(c), self-oscillation (in fre-
quency) of graphene films could be elegantly tuned by
gate voltages.

In addition to electrical and optical methods, recent
studies have introduced acoustic and thermal means
into actuating and detecting graphene-based NEMS res-
onators. Verbiest et al. [125] successfully actuated a rect-
angular graphene resonator by using the substrates to
transmit ultrasonic waves (Figure 7(d)). In addition to
the standard capacitive actuation, a piezoelectric element
with a resonance frequency of 4.5 MHz was employed
to mechanically vibrate the substrate. Figure 7(e) shows
the actuation of graphene resonator by introducing ultra-
sound. Due to the high nonlinearity of the mechanical
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Figure 7. Graphene-based NEMS resonators manipulated by optical, acoustic and thermal approaches. (a) Experimental setup of
graphene resonators by capacitive driving and optical monitoring [53]. (b) 2D mapping of amplitude of reflected lights vs frequency
and Vg at low laser power (300 μW) [53]. (c) Log-scale amplitude vs frequency and Vg, showing the tunable frequency when graphene
is self-oscillating [53]. (d) A false-color SEM image of graphene-based resonator. (e) Schematic diagram of actuation and detection for
graphene resonators. Ultrasonic waves propagate through the substrate to gold contacts and actuate the graphene resonator, thereby
generating an electrical signal [125]. (f ) False-color SEM image of graphene device. Graphene sheet (blue) is suspended from the AuPd
(yellow) heater and supported by surrounding AuPd islands. (g) Themeasured resistances as functions of heating voltages. (h) Frequency
versus quality factor plot at different heating voltages [126].

restoring force, ultrasonic waves could be reflected by the
resonance frequency shift. In this study, graphene res-
onators were found to detect ultrasonic vibrations in a
frequency range from 1 to 100 MHz. Hence, the integra-
tion of graphene resonators onto the backside of AFM
cantilevers would enable ultrasonic detections of arbi-
trary substrates and surfaces with high sensitivity. This
scheme is applicable to drive other 2DMs-based NEMS
resonators and even non-conductive resonators. Davi-
dovikj et al. [126] subsequently proposed a chip-scale
heating device (Figure 7(f)) to modulate the in-plane
tension of suspended graphene. Using the theory of DC
Joule heating, graphene NEMS resonators were electro-
thermally driven and in-plane tension of suspended
graphenewas tuned on demand, leading the increment of
the resonant frequency by 10%. For calibration purposes,

a thermal treatment was conducted and the resistance vs
heating voltage curve was shown in Figure 7(g). In the
presence of corrugations, relaxations, and wrinkles, the
thermal expansion from the heater generated an out-of-
plane force component and excited the motion of the
graphene drum. In contrast to electrostatic force tun-
ing, thermal tuning was able to produce 32% increment
in the quality factor due to the enhanced in-plane ten-
sion (Figure 7(h)). Therefore, the resonant frequencies
and quality factors may be tuned separately in graphene-
based NEMS devices, toward next-generation RF filters,
modulators and oscillators.

3.2.3. Figure ofmerit
Due to the higher effective mass (effective mass MG/
MCNT ≈ 106) and lower spring constant of graphene,
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[53,127] the resonant frequency of graphene-based
NEMS resonatorsmostly lies in theMHz frequency band,
slightly lower than that of CNTs-based resonators. In the
resonator made of bilaterally fixed monolayer graphene
(L×W, 1.1× 1.93 μm2), Bunch et al. first reported the
resonance frequency device to be 70.5 MHz in vac-
uum (< 10−6 torr) and at room temperature [121].
Later, Chen et al. [96] developed a monolayer graphene
(1.1× 3.3 μm2) NEMS resonator and confirmed that
both resonance frequency and quality factor increased
monotonically with decreasing the operating tempera-
ture. In addition, additional mass and grid voltage also
affected the resonant frequency of graphene. Recently,
Jung et al. [128] designed a NEMS resonator with a rect-
angle (3× 1 μm2) graphene p-n junction and reported
the resonance frequency up to 1.17 GHz after cleaning
graphene by current annealing. The remarkable reso-
nance frequency was ascribed to the low mass and high
tension (∼ 4%) of graphene. However, several factors
including pre-stress and additional mass elevate the dif-
ficulty of recording graphene resonance accurately. In
addition, imperfections and contaminations from fabri-
cation and test procedure residue in graphene plane in
a massive and random fashion and severely lowered the
resonance frequency.

Apart from the resonance frequency, another biggest
obstacle in graphene-basedNEMS resonators is the inad-
equate quality factor. The quality factor is concluded
to closely correlate to graphene sizes, working temper-
ature and boundary conditions. Date back to the initial
stage, the highest quality factor observed in monolayer
graphene resonators was only a few hundred at room
temperature [120,199]. Later, Robinson et al. [129] man-
ufactured NEMS resonators from large-area and few-
layer reduced graphene oxide (rGO) films (Figure 8(a))
and achieved a quality factor of 4000. Compared to
intrinsic graphene, additional chemical bonds in rGO
films improved their ability to undergo in-plane tension
(up to 5N/m) and afterward the value of quality fac-
tor. Moreover, Zalalutdinov et al. [130] reconfirmed that
Young’s modulus (up to 800GPa) and strength (sustain-
able stress ≥ 1GPa) of chemically modified graphene
(CMG) films were dramatically improved by introducing
carbon–carbon bonding. Consequently, a RF nanome-
chanical resonator based on CMG films showed a qual-
ity factor of 31,000 at room temperature (Figure 8(b)).
Meanwhile, these attempts overcame the difficulties in
synthesizing and manipulating large-area and ultra-thin
films for massive NEMS productions. In accordance
to their reports, the resonant frequency and quality
factor could be further increased by adjusting inter-
nal stress in graphene films. However, in-depth under-
standing and efficient metrologies to push the quality

factors of graphene resonators to higher-order remain
desirable.

3.2.4. Devices physics
With high resonant frequency and excellent electri-
cal sustainability, graphene-based NEMS resonators are
widely adopted in cavity opto-mechanics and nonlinear
physics, especially Duffing nonlinearity and nonlinear
damping. In these devices, energy from an external pump
is essential for parametric amplification to enhance the
transmitted mechanical signal. Su et al. [131] demon-
strated parametric amplification of a double-clamped
graphene resonator by external microwave pumping at
doubling the resonant frequency. The extracted non-
linear Duffing force coefficient α and nonlinear damp-
ing coefficient η varied with the external pump power,
suggesting the influence of higher-order nonlinearity
beyond van der Pol

(
∼ x2 dxdt

)
and Duffing (∼ x3) in

the device. With the increase of pump power, the para-
metric gain increased and gradually became saturated.
In addition, gate voltages were also found to tune the
parametric gain (with a maximum gain of 10). In the
aspect of nonlinear damping, the microscopic theory
of mechanical dissipation shows that nonlinear damp-
ings of resonant modes become greatly enhanced when
the resonant mode is connected to a vibration mode
close to its twofold resonant frequency. Keskekler et al.
[123] investigated the tunability of nonlinear damping in
graphene resonators, in which fundamental modes inter-
act with higher modes by parametric drive. By tuning the
excitation power, the parametric resonance of graphene
drum was tuned in the range of 40–70MHz to achieve
a continuous two-to-one internal resonance and a nearly
twofold increment in nonlinear damping. The engineer-
ing of nonlinear dissipation in terms of modal interac-
tions and parametric resonances over a wide frequency
range contributes to the nonlinear dynamic studies of
NEMS resonators.

The integration of various NEMS resonators pro-
vides fruitful and tunable oscillatory dynamics and there-
fore has great potential in both fundamental research
and practical devices. For instance, Singh et al. [132]
demonstrated an integrated NEMS resonator, consisting
ofmonolayer graphene deposited on the circular hole of a
large-area SiNx resonator (Figure 8(c)). The mechanical
mode of graphene resonator was electrostatically tuned
to resonate with the SiNx mechanical mode. The result-
ing mode mixture under the external force produced a
prominent nonlinear response (Figure 8(d)) and deliv-
ered a Duffing constant 8 orders of magnitude higher
than that of bare graphene resonators. Furthermore, by
parametrically driving the coupledmodes, a new phonon
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Figure 8. Modifications and integrations of graphene-based NEMS resonators. (a) rGO films on pre-patterned substrates. SEM images
show (i) 20 nm and (ii) 4 nm thick rGO films suspended on Si pillars beds. (iii) Optical image of 3 × 3 rGO drum arrays. (iv) AFM height
image of an intact drum resonator. The suspended film is approximately 10 nm below the top SiO2 surface. (v) SEM image of a drum
resonator milled with a micro-hole [129]. (b) Mechanical engineering of ultrathin CMG films through chemical modifications (stiffness,
strength, density, and built-in stress) [130]. (c) Schematic of a graphene-SiNx hybrid resonator [132]. (d) Giant nonlinear response of
graphene-SiNx modes after coupling graphene and SiNx resonators. (e) Coherent frequency combs of new frequency components arisen
from both graphene and SiNx hybrid modes above the threshold of pump voltage. (f ) Illustration of the photo-tuning effect in 2D NEMS
resonators [134]. (g) Resonance spectra after partial light doping at different Veff. The amplitude changes due to different conduction
and driving efficiencies.

frequency comb was observed as shown in Figure 8(e).
Afterwards, Verbiest et al. [133] integrated a suspended
graphene with a physically- separated comb driver. By
attracting graphene electrostatically by a voltage, the cou-
pling strength of graphene resonators could be tuned
from 20 kHz to 100 kHz, nearly 1000 times larger than
that of bare graphene-based NEMS resonators. These
hybrid devices provide powerful platforms for precisely
measuring and controlling mechanical mode interac-
tions of LDMs-based NEMS resonators in both the clas-
sical and quantum domains even at room temperature.

With the continuous development of manufacturing
processes, large-scale resonator arrays stand out in infor-
mation processing technology and mass spectrometry as

the ultralow-loss alternatives to traditional analog elec-
tronics. However, an obstacle limiting the widespread
adoption ofNEMSarrays is the lack of feasible frequency-
tuningmethods for persistent operation and reversibility.
In response to this difficulty, Miller et al. [134] proposed
an electro-optical tuning method in graphene-based res-
onators by the traditional electrostatic gating and optical
doping, as shown in Figure 8(f). The suspended graphene
became tightened after gating and the corresponding res-
onance frequency was manifested through local photo-
ionization charges. More importantly, the tuned fre-
quency state remained unchanged for several days in
the absence of any external power supply (Figure 8(g)).
Moreover, high-precision repetitive writing and erasing
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at different resonant frequencies become accessible and
in turn enables programming in 2D NEMS resonator
arrays. The simulation of complex networks exhibits
promising implications for re-programmable phononic
crystals and waveguides, as well as nano-mechanical log-
ics and neuromorphic computing.

3.3. TMDCs-based NEMS

With the expanding family of 2D materials, TMDCs
(MoS2, WSe2 and etc) have gradually come to the fore
and be regarded as active materials for NEMS devices.
Different from graphene, TMDCs have distinct semi-
conducting properties (bandgap ranging from 1.5 to
3.0 eV), rapid response and high sensitivity to external
stimulations including light irradiation, magnetic and

mechanical forces, thereby becoming the rising hotspot
in NEMS resonators in recent years.

Figure 9(a) illustrates one TMDCs-based NEMS res-
onator driven by a DC and AC capacitor and mea-
sured by optical interferometry [62]. It was found that
the quality factor of monolayer WSe2 resonator reached
47,000 at liquid helium temperature, better than mono-
layer graphene-based resonator with the same surface
area and measurement environments. The outstanding
Q factor was highly attributed to the low-temperature
surroundings that significantly suppressed the thermal
contraction of WSe2 lattice. Similarly, a NEMS resonator
was fabricated by mechanically peeling MoS2 onto a pre-
set circular hole (diameter of 5.6 μm) and Figure 9(b)
shows the thermo-mechanical resonance spectrum and
a sharp resonance peak appeared at 19.68MHz with a

Figure 9. RepresentativeNEMS resonators basedondistinct TMDCs. (a) Experimental setupofmonolayerWSe2 NEMS resonators [62]. (b)
Thermo-mechanical resonance of a MoS2 mechanical resonator (solid curve) and the fit via a finite-Q harmonic resonator model (dashed
curve) [77]. (c) The relationship between resonance frequency, thickness and layer number of a circular resonator [77]. (d) Mechanical
resonance spectra of single-layer (upper panel) and nine layers (bottom panel) MoS2 resonators. For single-layer devices, higher modes
appear at frequencies corresponding to circular membranes; while for the thicker resonator, the resonance spectra agree well with the
mode of circular plates [57]. (e, f ) Comparisons of fundamental-mode resonance frequency (f 0) and Q factor dispersions [200]. (g, h)
Gate tuning of optically- and electrically-driven resonance in a bilayer MoS2 resonator. Colored dots represent peak amplitudes (their
projections onto different planes) under different Vg values [70]. (i) Nonlinear resonance of a single-layer MoS2 resonator [57].
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quality factor up to 710 [77]. Furthermore, the resonance
mechanisms were further investigated by varying thick-
nesses and lateral dimensions ofMoS2 film. According to
their study, these devices were divided into three working
areas (Figure 9(c)), namely, plate limit, transition regime
and film limit. A thicker device (10–12 layers) worked in
the plate limit and resonant frequency was determined
by the geometric size of active flake. While for a thinner
device (3–4 layers), the resonatorworked in the transition
regime and the resonant frequency was highly corre-
lated with the film tension. Castellanos-Gomez et al. [58]
further confirmed this film-to-plate transition mecha-
nism by analyzing higher eigenmodes of mono-layer and
nine-layer MoS2 resonators. According to the observed
resonance spectrum, the eigenmodes of monolayer and
multilayer devices were well matched with the theoretical
eigenmodes of films and plates, respectively. The elabo-
ration of film-to-plate transition mechanism provided a
quantitative guidance and scaling law for next-generation
NEMS resonators. Toward massive productions, Jia et al.
[185] developed water-assisted lift-off and dry transfer
technology and realized the fabrications of suspended
CVD MoS2 resonators in large-scale arrays. This simple
and convenientmethod not only avoided chemical pollu-
tion but also showed high applicability to all 2D crystals,
especially those that are chemically inert to deionized
water. To probe the dispersions of fundamental modes,
themeasured values of f 0 andQwere compared with that
ofmechanically exfoliatedMoS2 resonators [57] and even
suspended CVD graphene resonator arrays [170]. After
normalization, the devices with monolayer CVD MoS2
film (Figure 9(e,f)) showed the lowest dispersion (44.3%),
revealing high uniformity of frequency and quality factor.

To explore the dissipation origin of MoS2 resonators,
Lee et al. [135] experimentally developed a batch of
devices with different sizes and geometries. Experimen-
tally, it was verified that the dissipation heavily came
from the existence of air damping. Moreover, distin-
guishing from bulk materials, ultra-small effective mass,
high surface-to-volume ratio and strain tenability helped
2DMs-based NEMS breaking the power-law dependence
with pressure (Q ∝ p−1, Q ∝ p−1/2) [95]. From the res-
onance data, the accumulated tension from the bulging
process of MoS2 resonators and the compression cavity
enhancements could be clearly identified. Furthermore,
the air damping performance was demonstrated to be
tunable by changing the film thickness in a precise way.
More importantly, this research revealed the possibility
of developing different pressure dependencies in 2DMs-
based NEMS for tunable resonators, pressure sensing,
acoustic wave detecting, and ultrasound imaging. In a
parallel study, Lee et al. [70] studied the dynamic range
of gridded MoS2 resonators under optical and electrical

excitations. The peak amplitude of resonance was found
to evolve linearly with Vg (Figure 9(h)) under electrical
excitation, while became related to (Vg)2 (Figure 9(g))
under optical excitation. These MoS2-based devices fur-
ther showed a wider dynamic range (up to 70 ∼ 110 dB),
surpassing CNTs-based ones for sensing technologies.
In a monolayer MoS2 resonator (Figure 9(i)), a nonlin-
ear behavior with a robust signature was also reported
excited by optical power [99]. At low-power irradiation
regime, the harmonic oscillation was excited and a clear
deviation of harmonic response elevated as a function
of increased power. At the critical point (driving power
> −9 dBm), the alternation of the stretching tension
induced a restoring force and consequently strengthened
the frequency response. This observation of nonlinear-
ity offered researchers a starting point for probing the
nonlinear dynamics of LDMs-based NEMS resonators,
especially those that couple mechanical vibrations with
2D excitons, valley pseudo-spins and single quantum
optomechanics [136].

In light of thermal hysteresis, programmable MoS2-
based NEMS resonators [137] were successfully devel-
oped by employing heating and cooling pulses to con-
figure different resonant bands. The spacings between
frequency bands were also adjustable by controlling the
intensity of thermal pulse. We wish to highlight that
this reconfigurable MoS2 resonator provides a path to
small tunable and low consumption nano-devices for
multi-band RF circuits. Last but not the least, exciton
photo-mechanical coupling may also be adopted into
LDMs-based NEMS resonators. The strong exciton effect
was reported in monolayer TMDCs that conversely cre-
ate effective ways to control mechanical motion. For
instance, in a suspendedmonolayerMoSe2 resonator, Xie
et al. [138] observed optical damping, anti-damping, and
optical spring effects of mechanical vibrations by opti-
cal pumping near the MoSe2 exciton resonance. Mean-
while, the strength of exciton photo-mechanical cou-
pling in the resonator was confirmed to be gate-tunable
and further optimization may expand their applica-
tions toward opto-mechanical cooling and mechanical
lasers.

3.4. BP-based NEMS

Black phosphorus (BP), a layered semiconductor with a
unique corrugated crystal structure and variable bandgap
ranging from ∼0.3 eV (in bulk) to 1.5-2.0 eV (in mono-
layer), [139] possesses high carrier mobility (up to 104

cm2/(V·s)), strong in-plane anisotropy (elastic modu-
lus ∼ 116.1 and 46.5 GPa along with zigzag and arm-
chair directions) [58] and superior mechanical flexibility
(strain up to 30-32% for BP) [39,140]. Therefore, the
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incorporations of BP into NEMS devices (like strained-
channel FETs [141] and frequency-shift-based resonance
infrared sensors [43]) show great potential. Figure 10(a)
shows a BP drumhead resonator (thickness of 22 nm)
using an efficient all-dry transfer technique [142]. In
this procedure, the pristine crystalline structure of BP
flake was maintained without any chemical contamina-
tions and oxidizations. The BP-based NEMS resonator
(Figure 10(b)) were excited and tuned through a DC
polarization component Vg (from a DC power sup-
ply) and an AC component (from a network analyzer,
with amplitude δVg and frequency ω/2π). From the
thermo-mechanical resonance shown in Figure 10(c),
the extract f 0 and Q were well fitted by the damped
harmonic resonator model. To be specified, for 22 nm
BP (circular) film, elastic properties and built-in tension

of BP dominated the resonant frequency and its range
with considering anisotropic Young’s modulus and dif-
ferences between soft and hard shafts of BP. Further-
more, geometries, lateral dimensions, and thicknesses
(from ∼20 nm to 200 nm) of BP modulated the reso-
nances in both electrical and optical vibration schemes,
enabling BP an ideal and reliable NEMS component
for actuators, sensors, and even dynamically-tuned elec-
tronic and optoelectronic transducers. On this basis, spa-
tial visualization of multimode resonance was reported
to determine the crystal orientation and anisotropy
(thermal conductivity) of BP straightforwardly [58].
However, the reactive chemical nature and degrada-
tion in air remain an obstacle for BP-based NEMS
resonators, especially single-crystalline BP resonators
[39].

Figure 10. Recent progress of BP, h-BN and heterostructure-based NEMS resonators. (a) False-color SEM image of a BP (∼ 22 nm) res-
onator [142]. (b, c) Measurement setup and corresponding thermo-mechanical resonance of a BPNEMS resonator under electrical tuning
and driving. Inserted (c) is an optical image of the device [142]. (d) Calculated f res range as functions of tensions. The horizontal line indi-
cates themeasured frequency [142]. (e) Thermomechanicalmotion spectrumof h-BNNEMS resonators. Inset: Static reflectancemapping
of the working area [145]. (f ) Mechanical resonance frequency (fundamental mode) vs temperature plots of h-BN drums before cleaning,
after oven annealing and UV ozone cleaning [63]. (g) Energy decays at various Vg. The resonator drivingwas stopped at t = 0 s, followed
by a subsequent decay of the mechanical amplitude. The plotted traces were the averaged results of 10,000 energy decay data. Inset: a
schematic of devicegeometry [150]. (h) Fundamental andhigher harmonics of aMoS2/GNEMS resonator under electrical excitation [157].
(i) The predicted and measured eigenmodes for the (0,1), (1,1), (2,1), and (0,2) mechanical resonances of a 2D bimorph resonator [157].
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3.5. h-BN-based NEMS

Hexagonal boron nitride (h-BN), with B and N atoms
hybridized in sp2 bonds, [47] has a similar crystal struc-
ture to graphene. Moreover, h-BN is an insulator with a
bandgap of 5.9 eV and widely adopted as tunnel barri-
ers or ultraviolet light sources [143]. For resonators, h-BN
and other wide-bandgap 2DMs are theoretically compe-
tent for high-performance NEMS devices. For instance,
h-BN-based NEMS resonators could minimize parasitic
thermal stress from photo-thermal heating and con-
tribute to the observation of high-order Brownian reso-
nance and hidden structural features [144]. Figure 10(e)
shows the thermo-mechanical resonance spectra with
four resonance modes in a h-BN-based NEMS resonator
[145]. In this experiment, the author employed a scan-
ning optical interference microscope to probe the elastic
properties and complex structure by capturing themulti-
mode Brownian motions. The reflectivity over the sus-
pended area (inserted image in Figure 10(e)) shows a
fluctuant pattern probably originating from themanufac-
turing process. After model analysis of these data, h-BN
was found to undergo an elastic transformation from
thin film to disk state. In another report, Cartamil-Bueno
et al. [63] manufactured a CVD monolayer h-BN res-
onator and the figure of merit product (f 0 × Q) reached
20 GHz at room temperature. For this resonator, clean-
ing in harsh environments (annealing at 450°C in air or
ozone exposure) were of great importance for improving
the temperature dependence of resonators (Figure 10(f)).
Recently, by patterning individual circular cells into a
1D array, Wang et al. [146] demonstrated the capabili-
ties of h-BN phononic crystals in supporting 15–24MHz
waves on 1.2mm chips.With further efforts, it is believed
that h-BNmight become an alternative to SiN for photo-
mechanical studies.

3.6. Heterostructure-based NEMS

In recent years, 2D heterostructures that vertically stack
2DMs with different properties in a layer-by-layer man-
ner, have been retaining brand-new properties and
triggering much innovative nano-electronics [147–149].
In 2D heterostructures, the ineluctable interlayer cou-
pling and shear strain are considered new doorknobs
to pursue tunable resonance frequencies and outstand-
ing quality factors in NEMS resonators. Figure 10(g)
shows a G/NbSe2/G heterostructure with a quality fac-
tor of 245,000 at 50mK [150], comparable to an opti-
mal graphene-based NEMS resonator [151]. The out-
standing performance was attributed to the encapsu-
lation of graphene layers that reduced resistive losses
and heating. In the aspect of mechanical behaviors,

each 2D heterostructure varies and the lattice mismatch
between specified 2D components unavoidably leads to
strain, distortion, and even interlayer slip [152–154]. For
instance, nano-indentations proved the slip phenomenon
in MoS2/G heterostructure [155] As a result, the reso-
nance frequency of MoS2/G resonators was verified to
lie between these values of bare graphene and MoS2 res-
onators [156]. Furthermore, the interlayer interaction
at the incommensurate vdW interface was proposed to
affect the resonance characteristics ofMoS2/G resonators
[157]. Figure 10(i) shows the concurrence of two res-
onances and the eigenmodes of two resonances were
well consistent with the predicted (1, 1) eigenmodes. In
addition, the authors further demonstrated that the 2D
bimorph device behaved as an anisotropic stretched film
by introducing vibrations in different directions.

The strength of heterostructure also resides in the
on-demand alignment of 2DMs with specific proper-
ties to achieve desired functions. The encapsulation of
air-sensitive 2DMs by h-BN flake or film may reduce
pollutions and even improve the mechanical quality of
functional 2DMs [148]. In parallel, many new 2DMs
(e.g, MXenes) successively emerged with exotic prop-
erties and may become a fruitful platform for incor-
porating the benefits of multiple 2DMs into single
NEMS device. Limited by fabrication technology, how-
ever, the experimental attempt of 2D heterostructures
into NEMS resonators is still in its infancy. In the
future, theoretical screening and high throughput calcu-
lations associated with experimental verifications would
be beneficial to seek ideal 2DMs and related vdW het-
erostructures to achieve high-performance in NEMS
resonators.

4. Applications

The NEMS resonators give LDMs (CNTs, graphene,
TMDCs) the scope to play their remarkable mechani-
cal and electrical properties including high stiffness, low
weight, high conductivity of heat and electricity, and abil-
ity to function at extreme temperature conditions [4].
Conversely, these attributes enable LDMs-based NEMS
resonators to reach extremely high resonance frequen-
cies (up to the magnitude of GHz), diminished active
masses, and ultrahigh mechanical responsivity while
simultaneously preserving satisfying quality factors of
resonance (in the Q range ∼ 103–105) [158]. Here, we
briefed the multi-discipline applications of LDMs-based
NEMS in sensing, nano-electronics and quantum detec-
tions (Figure 11). For fundamental condensed matter
physics, the readers are recommended to refer to thework
[52] for Rabi splitting, frequency comb formations and
nonlinearity phenomena.
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Figure 11. Application gallery of LDMs-based NEMS resonators.

4.1. Nano-sensors

By employing LDMs-based NEMS resonators, nano-
sensors achieved unprecedented sensitivities to mass,
electrical charge and force. Moreover, intrinsic high elas-
ticmodulus (Table 2) of LDMs enables the corresponding
nano-sensors ultra-high resonant frequencies and sensi-
tivities in assorted fields covering from physical (such as
mass sensors, [63,158–164] ultrasound detection, [125]
gyroscopes, optical sensors, magnetic sensors, and ther-
mal sensors [120,124,165]), mechanical (force sensors,
[166] pressure sensors, [167,168] and accelerometers),
chemical (gas sensors [63,169,170]), and biological (early
disease detection, [171–173] DNA sequencing, [160]
detections of gene mutations) were reported.

4.1.1. Mass sensing
Mass sensors monitor the variations of resonance fre-
quency when an additional mass (atomic/molecular
species) is adsorbed onto the working membrane. Fol-
lowing equation (6), for any changes in resonance mass,
the relative frequency shifts can be approximated as

[4,89,127,172]

	f0
f0

= −1
2

	m
meff

(10)

where 	f 0 is the resonance frequency (f 0) shift and 	m
is the adsorbed mass. And thus

	m = −2meff

f0
	f0 (11)

where (2meff /f 0)−1 is defined as mass responsivity. In
general, the lower themass, themore sensitive the NEMS
resonator reaches.

Due to the nature of low mass, small size and
high stiffness, LDMs-based NEMS resonators pro-
vide sufficient mass sensitivity, for detecting individ-
ual atomic/molecular species in real time [160,161,171].
In 2008, Jensen et al. [174] achieved an atomic mass
resolution and mass sensitivity of 1.3× 10−25 kg/

√
Hz

of CNTs-based resonators at room temperature. Subse-
quently, Lassagne et al. [89] realized the mass respon-
sivity and resolution up to be 11Hz·yg−1 and 25 zg at
room temperature (1 yg = 10−24 g and 1 zg = 10−21 g,
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while 1.4 zg at 5 K) in a 1-nm diameter CNTs NEMS
resonator. Soon afterward, Chiu et al. [114] developed
an Ar atomic-scale (mAr ∼ 0.066 zg) mass sensor on
the basis of the doubly-clamped CNTs resonators. In
another literature, Chaste et al. [127] reported a mass
resolution of 1.7 yg using 150 nm-long CNTs-based
resonators with the frequency close to 2 GHz, allow-
ing detecting of the adsorption of C10H8 molecules and
even the binding energy of single Xe atom adsorbed on
CNTs. Moreover, the mass detecting was further real-
ized in both the lowest-order and higher-order vibra-
tional modes (the maximum displacement occurs at two
or more positions) in single-clamped [174] and doubly-
clamped [89,162]. CNTs-based NEMS resonators. For
the higher-order resonant frequency, the frequency vari-
ations depended on the motion of CNTs (especially at
the adsorption point) and potentially determined both
the attached mass and precise position [175]. Under
continuum elasticity theory, Natsuki et al. [164] inves-
tigated the influence of layer number of graphene and
adsorbed nanoparticles on the mass nano-sensings. The
results indicated that bilayer graphene show higher
mass sensitivity than monolayer graphene did. For the
bilayer graphene device, the frequency shift increased
with decreasing the aspect ratio and a logarithmi-
cally linear relationship between vibrational frequency
and attached mass was observed for a total mass less
than 10 zg.

4.1.2. Bio-sensing
Single-clamped resonators with cantilever architecture
are themainstreambio-sensors. As described by equation
(11), the changes in mass or stiffness from surface bio-
chemical effects leads to the variations in resonance fre-
quency to complete the detection process. Following this
principle, rapid and quantitative identifications of pro-
tein specieswere demonstratedwith relatively low sample
consumption. For instance, Ilic et al. [160] developed
SiNx-based NEMS resonator arrays and the detection of
individual DNA molecule (mDNA ∼ 1.66, 1 ag = 10−18

g) was reflected by the resonant frequency shifts induced
from the bound analyte. In accordance to these reports,
the best mass responsivity was up to 194 Hz/ag in CNTs-
based resonators. Moving forward, Naik et al. [144] first
developed single-biomolecule mass spectrometry based
onCNTs-based resonator and achieved outstandingmass
responsivity (12Hz/zg) and sensitivity (1.66× 10−2 ag)
for protein molecule species in real time. For certain
bio- or clinical molecules in serum, urine, or saliva,
the difficulties of capture or absorption process require
further surface functionalization for sensing. By func-
tionalizing trampoline surfaces toward immune-specific
capture, the detection of prostate specific antigen (a

protein biomarker associated with prostate cancer) was
reported with clinical concentrations ranging from 50 to
50 ng/mL [172].

4.1.3. Gas sensing
With the increasing attention upon human health, air-
quality and its detection have been a significant and
eternal topic in petroleum, food, textile and other indus-
trial applications [64,176,177]. According to consistent
reports from several authorized institutions, environ-
mental hazardous gases such as ammonia (NH3), nitric
oxide (NO), and nitrogen dioxide (NO2) are confirmed
to bring severe diseases in the respiratory tract. There-
fore, it is urgent to develop reliable gas sensors to detect
hazardous gases at the ppb (parts per billion) level or
even lower. Gas sensors dominated by CNTs resonators
operate stably at room temperature, but long recovery
time and device complexity extremely limit their appli-
cations [178].

Alternatively, atomic 2DMs are deemed to be ideal
host materials of gas-sensors in the sub-ppb detec-
tion limit, profiting from high surface-to-volume ratio,
low electronic noise, and sensitively tunable Fermi level
[141]. Among the 2DMs community, graphene and its
derivatives are the most prevalent 2DMs for gas sensors.
Based on epitaxial graphene on SiC substrate, Yu et al.
[170] first introduced defects into graphene and reported
a NO2 sensor with a sensitivity of 105.1% for 4 ppm
(part per million) with a 1 ppb detection limit. In theory,
Andelic et al. [169] predicted the feasibility of graphene-
based NEMS resonators to detect an attached chemical
warfare agent molecule. Note that the simulated results
via the absolute/relative frequency-shifting method offer
valuable guidance for practical graphene-based gas sen-
sors. Stimulated by the afore-mentioned examples, Late
et al. [179] developed a few-layered MoS2 resonator in
FET geometry and claimed that the MoS2-based gas sen-
sor showed high responsivity to NH3, NO2, and water
vapor than monolayer MoS2 counterpart at room tem-
perature and atmospheric pressure. Later, Donarelli et
al. [180] investigated the gas-sensing ability of BP-based
resonators at room temperature. In their experiments,
BP flakes were found to be highly sensitive to NO2 and
NH3 at the concentrations of 20 ppb and 10 ppm, respec-
tively. Shi et al. [141] improved the FET gas sensor by
adopting few-layered BP, h-BN andMoS2 as the top-gate,
dielectric layer and conducting channel, respectively. The
adsorption of gas analyte by the BP gate led to the
charge transfer from the gas analyte to BP. Consequently,
the Fermi level and the resistance of the MoS2 channel
were modulated to approach a detection limit of 3.3 ppb
for NO2.
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4.2. Nano-electronics

Nano-scale geometries andultra-large surface-to-volume
ratios not only offer LDMs-based NEMS resonators
potential benefits in the scaling-down device and low-
power consumption but also preserve efficiencies for
further integration with more functional entities into
one micro or nano on-chip devices [4,158,181]. For
instance, a graphene-based NEMS resonator was first
implemented as the bolometer for detecting light via
resonant sensing at room temperature. The principle
is as follows: The absorbed light generates heat and
induces thermal tensions in suspended graphene res-
onators, thereby shifting the corresponding resonance
frequency. Employing a resonance frequency readout for
photo-detection, Blaikie et al. [182] achieved a room-
temperature noise-equivalent power of 2 pW/

√
Hz and

bandwidth from 10 kHz up to 1.3 MHz. Following this
trend, Verbiest et al. [125] further demonstrated that
graphene-based NEMS resonator could respond to the
ultrasound vibration from electrical contacts up to at
least 100 MHz (with a resolution of 7 pm/

√
Hz). As a

complementary, Lee et al. [98] experimentally investi-
gated γ -ray radiation effects inMoS2 resonators vibrating
at megahertz (MHz) frequencies. They found that MoS2-
based NEMS resonator exhibited excellent γ -ray radia-
tion sensitivity (∼ 0.02–0.05 photon) and small device
footprints guaranteed the integration of MoS2-based res-
onator on-chip, promising for compact and portable
radiation detectors.

Inspirited by the biological system, the stochastic
switching between two NEMS attractors facilitates the
detection of weak signals of probability distributions.
Intrinsic low mass and stiffness enable LDMs to get rid
of large fluctuating powers to ignite stochastic switching
rates of several Hz, different from conventional silicon
resonators. Dolleman et al. [183] demonstrated mono-
layer graphene resonators (drum) with stochastic switch-
ing rates up to 4.1 kHz at room temperature using opti-
cal actuation and readout. The switching rate ratio was
improved by two orders of magnitude, while the effec-
tive temperature of fluctuations was reduced by three
orders of magnitude in comparison with SiNx-based
NEMS devices. The high-frequency stochastic switching
has great advantages in transmitting weak signals in the
audible frequency domain, providing opportunities for
a new field for audio applications such as ultra-sensitive
microphones.

Furthermore, several 2DMs exhibit piezoelectric
behavior and were implemented into integral sensors,
actuators and other nano-electronic applications. For
instance, a piezoelectric coefficient of e11 =2.9× 10−10

C/m was experimentally determined for a suspended

MoS2 monolayer, [184] favorable for future energy har-
vesting circuits and nano-sensors. In addition, themajor-
ity of LDMs withstands larger strain than Si-based ones
and could be rationally patterned into curved geome-
tries and irregular shapes. Therefore, the applications of
LDMs-based NEMS sensors in low power logic circuits
piezo/flexo energy generation [185] and self-powered
devices become feasible.

4.3. Quantum detections

In quantum physics, the quantum Hall effect, single-
electron tunneling, quantum electron transport and
other exotic quantum mechanical effects were reported
in NEMS resonators. To bring these resonators into the
quantum limit, researchers have conducted extensive
research in cavity quantum photo-mechanics and cav-
ity electro-mechanics. Passive cooling of GHz mechan-
ical resonators through dilution refrigeration and active
cooling of MHzmechanical resonators via sideband cou-
pling to an optical or microwave cavity have success-
fully brought NEMS devices to the quantum mechanical
ground state. In addition, due to the high-quality fac-
tors and miniscule masses, many LDMs-based NEMS
resonators exhibited abnormal quantum behaviors and
further advanced the understanding of quantum infor-
mation processing techniques.

The couplings of excitons, spins, phonons [186] and
photons [187] in LDMs-based NEMS resonators offer
many promising avenues for condensed matter physics
investigations (especially in strongly correlated electron
systems), [119,188] sensing of force, motion and grav-
ity beyond the standard quantum limit [189] Ferromag-
netism existing in many LDMs [190–194] allows detect-
ing nuclear spin with larger relaxation times, which is
hopeful to be implemented into quantum memories and
sensors [195]. Moser et al. [166] built a CNTs-based
NEMS resonator and reported an unprecedented force
sensitivity at the level of 12 zN/

√
Hz at 1.2 K. In addi-

tion, resonant magnetic imaging with single nuclear spin
resolution and magnetometry measurements of individ-
ual magnetic nanoparticle/magnet became feasible. At
the monolayer limit, reduced dielectric screening and
increased Coulomb interactions and may raise new exci-
ton dynamic coupling in certain LDMs-based NEMS
resonators. Besides, exciton effects and vibrations could
potentially be utilized for probing charge dynamics of
NEMS devices and then provide new insights into quan-
tum states and entanglement. In this regard, Li et al. [196]
realized the valley-mechanical coupling in a monolayer
MoS2-based NEMS resonator by exploiting the mag-
netic moment of valley-polarized carriers with a strong
local magnetic field gradient, and demonstrated the
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direct transduction of valley excitation into mechanical
states.

In the meantime, electron spin and the qubits (super-
conducting qubits, quantum dots and defect color cen-
ters) couplings were realized in mechanical NEMS res-
onators with high quality factors [72,187]. Furthermore,
Kolkowitz et al. [197] demonstrated that the coherent
evolution of single spin with a nitrogen vacancy (NV)
center in diamond could be also coupled to the mechan-
ical vibrations of magnetized NEMS resonators consti-
tuted by an AFM tip. The coherent manipulation of the
NV center spin improved the sensitivity of mechanical
vibrations below 6 picometers at ambient.

5. Challenges and perspectives

With the joint efforts from materials science, chemistry,
physics, nanofabrication and engineering, the adventure
in LDMs-based NEMS resonators reached an unprece-
dented height of prosperity in the last decade, cov-
ering from fundamental mechanisms to downstream
applications. Compared with current commercial res-
onators (KHz-MHz), the fundamental frequency of
LDMs-based NEMS resonators has reached the GHz
level and is expected to achieve THz level by virtue
of their extremely small effective mass [18]. In addi-
tion, LDMs-based NEMS devices can achieve Q values
up to 10,000, surpassing the Q values (few hundred) of
conventional electromechanical resonators [198]. How-
ever, the NEMS appliances are heavily reliant on myriads
of factors including the geometry of the working area,
service environment, device configurations, fabrication
procedures, and technological standards. Consequently,
the vital performances fluctuate from device to device,
adding immense difficulties to their commercialization.
In this concern, the recognition of confronting challenges
and innovative solutions to settle these issues are of par-
ticular importance to propel this revolutionary field for-
ward. After mature evaluations, we believe that further
efforts and advancements may reside in the following
aspects:

(1) Developing rational fabrication technologies and
manufacturing receipts that are customized for con-
structing LDMs-based NEMS resonators in batch
production. For each LDMs with specified struc-
tures and properties, wet-etching and drying trans-
fer protocols are the two eternal methods to arm
diverse LDMs into NEMS resonators routinely. Dur-
ing the transfer and following machining processes,
imperfections including initial curvature, pinholes,
residual strains and clusters exist in an uncontrol-
lable and unavoidable manner, extremely limiting

the device yield and repeatability. Further advances
might rely on all-around developments of nanofab-
rication techniques and resonators architectures that
congenially produce massive NEMS resonators for
various LDMs with satisfying performances.

(2) Developing simple and efficientmethods for increas-
ing Q factors. This figure of merit influences sen-
sitivity, SNR and other design considerations but
there still exists room to maximize the quality fac-
tor for LDMs-basedNEMS devices. First, theoretical
predictions and high-throughput screening are con-
ducted to design or identify proper LDMs with high
Q factors. Alternatively, for given LDMs, the anni-
hilation of structural and crystal defects and opti-
mization of architectures might be feasible to deliver
elegant Q factor and even sensitivity for practical
apparatus.

(3) Prolongating the working scenes of NEMS res-
onators to ambient conditions. As can be seen in
Table 1, the majority of LDMs-based NEMS res-
onators exhibited Q factor up to 104, force sen-
sitivity (0.05 fN/

√
Hz) and resonance frequency

(1 GHz). But low temperature and vacuum con-
ditions were indispensable, beyond the framework
of modern civil devices. Therefore, encapsula-
tions, surface/interface functionalization and other
approaches that enable the steady operation of res-
onators under ambient conditions require more
effort, no matter in a single entity or basis compo-
nent for multifunctional devices.

(4) Device integrations. The maneuverable utilizations
of LDMs would help the down-scaling process with
satisfying performances, have been recognized to
alleviate the impact of traditional materials and out-
of-date configurations. Nevertheless, further experi-
mental and theoretical studies are advocated in this
multidiscipline field and overcome the barrier to the
integration of LDMs-based NEMS resonators into
the Internet of Things or other electronic, photonic,
and optoelectronic devices (Figure 11) with better
reliability and scalability at low cost.

To conclude, the aforementioned examples show
the family of LDMs as one ideal material database
for catering to high-performance NEMS resonators to
the demands of next-generation technology. Attractive
LDMs, including CNTs, graphene, h-BN, TMDCs, BP
and vdW heterostructure, have been tailored to qualify
NEMS resonators as ultrasensitive and cost-effectiveness
sensing devices. In this review, we summarized the fab-
rications and critical aspects of LDMs-based NEMS res-
onators followed by their present and future applications.
In the meantime, recent milestone works of LDMs-based
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NEMS resonators are also provided to keep the pace
of all field-allied scientists with the latest progress in
penetrating properties, actuation and detection, mech-
anisms and sustainably-increased quality factors toward
potential device applications and integrations. We antic-
ipated this timely and comprehensive review may offer
useful insights and guidance for LDMs-based NEMS res-
onators, boosting intensive theoretical and experimental
advances in this exciting field.
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