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A
ctuating and sensing at the nano-
scale are among the most important
yet challenging functions in realizing

new tools to interact with ultrasmall objects
of interest. Such actuating and sensing func-
tions often require harnessing mechanical
degrees of freedom and exquisitely motion-
coupled properties in nanostructures. Nano-
electromechanical systems (NEMS) based on
atomically thin, two-dimensional (2D) crystals,
such as graphene,1�5 have recently shown
attractive potential for novel actuators and
sensors, owing to the ultralow weight and
ultrahigh mechanical flexibility of these
materials and other 2D attributes that are
inaccessible in bulk.1�7 While graphene,
the early hallmark of 2D crystals, has been
extensively studied for NEMS,1�5 such ex-
plorations in 2D crystals beyond graphene
with distinct electronic and optical proper-
ties are highly desirable.
Ultrathin crystals of transition metal di-

chalcogenides (TMDCs)8,9 have emerged as
a new class of 2D layered materials beyond
graphene. Molybdenum disulfide (MoS2),

a prototype semiconducting TMDC, with a
sizable bandgap and unique valley and
spin properties,10�13 has demonstrated re-
markable promise for new electronic and
optoelectronic applications.8�17 In contrast to
graphene being a semimetal, MoS2 is a semi-
conductorwith its electronic structure depen-
dent on thickness and continuously on strain,
as demonstrated experimentally.10,11,18 2D
MoS2 crystals also offer excellent mechan-
ical properties,18�20 similar to those of
graphene.1�7 In addition to its ultralow
weight (areal density of FA = 3.3fg/μm2 for
monolayer), 2D MoS2 has exceptional strain
limit (εint ∼ 10�20%)18,19 and high elastic
modulus (EY∼ 0.2�0.3TPa).19,20 These prop-
erties suggest intriguing possibilities for
innovating NEMS transducers where the
mechanical properties of 2D MoS2 are
coupled to its band structure and other
electronic and optoelectronic attributes
(unavailable in graphene). However, motion-
coupled MoS2 nanodevices have not
yet been explored, due to the difficulties
not only in nanofabrication of movable
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ABSTRACT Molybdenum disulfide (MoS2), a layered

semiconducting material in transition metal dichalcogenides

(TMDCs), as thin as a monolayer (consisting of a hexagonal

plane of Mo atoms covalently bonded and sandwiched

between two planes of S atoms, in a trigonal prismatic

structure), has demonstrated unique properties and strong

promises for emerging two-dimensional (2D) nanodevices.

Here we report on the demonstration of movable and

vibrating MoS2 nanodevices, where MoS2 diaphragms as thin

as 6 nm (a stack of 9 monolayers) exhibit fundamental-mode nanomechanical resonances up to f0 ∼ 60 MHz in the very high frequency (VHF) band, and

frequency-quality (Q) factor products up to f0� Q∼ 2� 1010Hz, all at room temperature. The experimental results from many devices with a wide range

of thicknesses and lateral sizes, in combination with theoretical analysis, quantitatively elucidate the elastic transition regimes in these ultrathin MoS2
nanomechanical resonators. We further delineate a roadmap for scaling MoS2 2D resonators and transducers toward microwave frequencies. This study also

opens up possibilities for new classes of vibratory devices to exploit strain- and dynamics-engineered ultrathin semiconducting 2D crystals.

KEYWORDS: two-dimensional (2D) crystals . molybdenum disulfide (MoS2) . nanoelectromechanical systems (NEMS) . resonators .
thermomechanical noise . frequency scaling . displacement sensitivity
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devices, but also in detection of their vanishingly
miniscule motions. In this work, we demonstrate
MoS2 NEMS resonators with resonances in the high
and very high frequency (HF and VHF) bands, achieving
displacement sensitivity of 30.2 fm/Hz1/2, and with
fundamental-mode frequency-quality factor product up
to f0 � Q ≈ 2 � 1010Hz, a figure of merit that surpasses
values in graphene NEMS counterparts.1�5 Combining
experiment and analysis, we illustrate the important
elastic regimes with scaling laws, which shed light on
design and engineering of future devices toward
microwave frequencies.

RESULTS AND DISCUSSION

Device Processing, Characterization, and Thermomechanical
Resonance Measurement. We employ photolithography,
wet etching, and micromechanical exfoliation to fabri-
cate our prototype MoS2 NEMS, which consist of ex-
foliated MoS2 nanosheets covering predefined micro-
trenches on a SiO2-on-Si substrate (see Methods). The
thickness of each suspended MoS2 diaphragm is initi-
ally estimated by examining its color and contrast in
optical microscope. After all the resonance measure-
ments that we describe below, the thickness and sur-
face of each device is carefully examined using atomic
force microscopy (AFM) and scanning electron micro-
scopy (SEM).

Without external excitations, thermal fluctuation
and dissipation processes dictate the devices to be in
Brownian motions, manifested as thermomechanical
modes of damped harmonic resonators, each with a
frequency-domain displacement spectral density (see
Supporting Information, S1)
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Here kB is the Boltzmann constant, Meff, ω0, and Q are
the effective mass, angular resonance frequency, and
quality factor of the mode, respectively. Given the
structure and shape of our devices, the fundamental
mode of the out-of-plane thermomechanical motions
is themost salient. Thermomechanical motions are the
minimal levels of motions that can be possibly mea-
sured from the devices, and set a fundamental limit for
detection. We employ a specially engineered optical
interferometry scheme that efficiently transduces mo-
tion into a voltage signal, Sv,th

1/2 (ω) = R (ω)Sx,th
1/2 (ω) with

R (ω) being the transduction responsivity and with
best motion sensitivities at the level of ∼30 fm/Hz1/2

(see Methods and Supporting Information, S1 and S6).
This enables us to directly observe the intrinsic thermo-
mechanical modes of the devices at room temperature,
and for some devices, in both vacuum and ambient air.

High Frequency and Very High Frequency MoS2 Nanomechan-
ical Resonators. We first demonstrate high frequency
nanomechanical resonators based on MoS2 diaphragms
of d∼ 6 μm in diameter, with thickness in the range of
t≈ 13�68 nm (∼20�97 layers). The left panel in Figure 1
shows the characteristics measured from a diaphragm
with d≈ 5.7 μm and t≈ 68.1 nm. This device exhibits a
fundamental mode resonance at f0 � ω0/2π ≈ 19.68
MHz, with Q ≈ 710 (Figure 1c) in moderate vacuum of
pressure (p)≈ 6 mTorr. This device makes an exquisite
interferometricmotion transducerwith a displacement
sensitivity (noise floor) of 49.5 fm/Hz1/2 (see Supporting
Information, S1). AFM measurements (Figure 1d,e)

Figure 1. High frequency (HF) MoS2 nanomechanical resonators and device characteristics. The left and right panels showdata
from two representative devices with different thicknesses. Shown in the same order within both panels: (a) Optical image; (b)
SEM image; (c) Measured thermomechanical resonance (solid curve) and fit to a finite-Q harmonic resonator model (dashed
curve); (d) AFM image (dashed lines indicate the approximate positions of height measurement traces); (e) Representative
height measurement traces (offset for clarity), with colors corresponding to the dashed lines in (d). All scale bars are 5 μm.
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show thickness and surface morphological features.
Right panel of Figure 1 shows data from a thinner
device of similar size (d ≈ 5.5 μm, t ≈ 38.0 nm, ∼54
layers) with f0 ≈ 14.13 MHz and Q ≈ 550, and a
remarkable displacement sensitivity of 33.5 fm/Hz1/2.

We further explore smaller, thinner devices and
demonstrate MoS2 resonators in the VHF (30�300 MHz)
band (Figure 2). The thinnest device (Figure 2b), only
9-layer-thick (see Supporting Information, S2 for details),
makes aVHF resonatorwith f0≈49.7MHzandQ≈80.We
further note that these MoS2 resonators are very robust;
even incompletely covered devices (Figure 2a,c) operate
at VHF with considerably high quality factors (Qs). These
smaller circular diaphragms all make excellent interfero-
metric motion transducers with displacement resolutions
down to ∼40�250 fm/Hz1/2 in the 30�60 MHz band.

We summarize in Figure 3a,b the characteristics,
including both the resonance frequencies (f0 values)
and the Qs of all the devices investigated, with
various dimensions. It is clear (Figure 3a) that smaller
diameters lead to higher frequencies. In both groups,
thicker devices tend to attain higher Qs (Figure 3b),
suggesting surface-related dissipations (Q�1 � 1/t,
or the surface-to-volume ratio, S/V∼ 1/t) in these devices.
This is in excellent agreement with the well-known
thickness-dependent Qs in conventional MEMS/NEMS
resonators that have high surface-to-volume ratios.21,22

We note that, in an earlier study on resonators made of
graphene and very thin graphite,1 no clear Q dependence
on thickness was observed, which is in contrast with
observations in this work and previous studies.21,22 It could
be that the surface-related dissipation in those graphene/
graphite resonators might have been overshadowed by
other stronger damping effects. While there are consider-
able varieties of device sizes and thicknesses, we can use a
widely adopted figure of merit (FOM), f0 � Q product, to
evaluate device performance and compare the MoS2 re-
sonators in this work with recent graphene resonators.1�5

The best FOM value achieved in our MoS2 resonators is
f0 � Q ≈ 2 � 1010Hz, which surpasses the highest f0 � Q

value in graphene devices reported to date, at room
temperature and under similar experimental conditions.

We repeatedly observe that most of the thermo-
mechanical resonances sustain even in ambient air.
As shown in Figure 3d, Qs of∼500�100 in vacuum drop
to∼10�1 in air, following a power law ofQ� p�1/2 in the
range of p∼ 1�100 Torr, and then Q � p�1 in the range
of p ∼ 100�1000 Torr. These measured air damping
(Q dependence on pressure) characteristics of MoS2 reso-
nators are similar to theQ-pressuredependencemeasured
in other membrane-structured MEMS/NEMS resonators.23

Data in all other plots are measured at p ≈ 6 mTorr and
therefore are not compromised by air damping. In Q data
from vacuum in all devices, besides the visible correlation

Figure 2. Very high frequency (VHF) thermomechanical resonances measured from smaller and thinner MoS2 resonators.
For each of the four devices, optical image, SEM image (corresponding to the dashed box in the optical image), and
thermomechanical resonance are shown. The left axis denotes measured noise voltage spectral density, with the same scale
in all four plots. The right axis is thermomechanical displacement spectral density, with individual scale depending on the
characteristics of each device (thus, the interferometric transduction). Right inset in (d) is a zoom-in view of the same curve
(rescaled the vertical axis). Device dimensions: (a) d≈ 2.7 μm, t≈ 62.2 nm (89 layers); (b) 1.9 μm, 6.1 nm (9 layers); (c) 2.5 μm,
43.0 nm (61 layers); (d) 1.5 μm, 27.2 nm (39 layers). All scale bars are 2 μm.
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to thickness (or S/V ∼ 1/t), we observe no noticeable evi-
dence suggesting dominant clamping losses (dependent
on aspect ratio, i.e., length-to-thickness or diameter-to-
thickness ratio)24,25 or other mechanisms.

Theoretical Analysis of Elastic Transition Regime and Fre-
quency Scaling. To gain insight and quantitative under-
standings of the device frequency scaling, we perform
analytical modeling. For vibrations of clamped MoS2
diaphragmswithboth flexural rigidityD= EYt

3/[12(1� ν2)]
(v being the Poisson ratio) and tension γ (N/m, as in
surface tension), we determine the fundamental-mode
resonance frequency to be26,27

f0 ¼ kd

4π

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16D
Fd4

kd

2

� �2

þ γd2

4D

" #vuut (2)

where F is the areal mass density and k is a modal
parameter that is determined numerically (see Sup-
porting Information, S3). In the tension-dominant limit
(γd2/Df¥), eq 2 converges into the membrane model,
while in the modulus-dominant limit (γd2/D f 0) it
approaches the plate model. These asymptotic char-
acteristics are clearly demonstrated in Figure 4, with
scaling of f0 upon varying device thickness. This leads
to the quantitative determination of a “crossover” tran-
sition regime at intermediate thicknesses for any given
diameter and tension level. Experimental data from

Figure 3. Performance of MoS2 nanomechanical resonators. (a) Measured fundamental-mode resonance frequency, and (b)
measured Q factor as functions of device dimensions. (c) Resonance frequency vs thickness over square of diameter (t/d2).
The blue and red symbols in a�c represent bigger and smaller devices, respectively. The divided-color symbols indicate
devices based on incompletely covered microtrenches. (d) Measured Q dependence on pressure for different resonances.
We have investigated >20 devices, see Supporting Information, S6, for a complete list of devices and their measured
parameters.

Figure 4. Elucidating elastic transition from the “plate” limit
to the “membrane” limit in very thinMoS2 resonators: (solid
curves) calculated resonance frequency vs device thickness
for three different device diameters, each with 0.1 and
0.5 N/m tension (except in the top curve family where we
show an additional tension of 4.2 N/m, corresponding to 3%
strain in monolayer); (black dashed lines) 6 μm ideal mem-
branes (eq S12) under 0.1 and 0.5 N/m tension; (blue dashed
line) 6 μm ideal plate (eq S13); (blue hexagons) measured
devices with large diameter (∼6 μm); (red circles) small
diameter (∼2 μm) devices. Circles with divided colors
denote slightly larger (∼2.5 μm) devices with less than
complete coverage (as shown in Figure 2). Vertical dotted
lines mark the thicknesses of 2�5 layers of MoS2.
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larger-diameter (d∼ 6 μm) devices agree well with the
6 μm curves, and data from smaller-diameter (d∼ 2 μm)
devices match the 2 μm curves. Data from slightly larger
(d ∼ 2.5 μm) and incomplete diaphragms (see SEM
images in Figure 2 for examples) fall in between the data
from the above two groups.

Comparing our experimental and analytical results,
we find that thicker devices essentially operate in the
plate limit, where f0 is determined by the device
dimensions and shows little dependence on tension.
This is also evident in Figure 3c where data from larger
devices (d∼6 μm) appear to follow the trend of f0� t/d2

for ideal plates. In contrast, our thinnest devices oper-
ate in the transition regime and approach the mem-
brane limit. From these results we estimate a tension
level of γ ≈ 0.3�0.5 N/m in these devices, consistent
with values obtained in static nanoindentation tests of
mechanically exfoliated MoS2.

19,20 This value is also
comparable with that found in exfoliated graphene,6

suggesting similarity in the exfoliation processes of
both materials. We note that these tension values
correspond to strains of only ε ≈ 0.01�0.04%, which
are ∼250�2000 times lower than the intrinsic strain
limit (∼10�20%).18,19

Our analysis indicates that ultrathin devices (e.g.,
below five monolayers, vertical dashed lines in Figure 4)
will operate in the membrane limit and attain great
tunability via tension. Importantly, herewe clearly demon-
strate that for d∼ 2�6 μm or larger, devices thinner than
10�20 layers are already well in the membrane regime.
For d < 1 μm, only few-layer devices behave as mem-
branes. Figure 4 also provides the design guidelines and
scaling laws: reducing the lateral dimension and engineer-
ing high tension are both effective toward scaling up the
resonance frequency. For instance, for d = 0.5 μm (the
greencurves in Figure 4), resonatorswith f0 =1GHzcanbe
achieved in both asymptotic regimes, by trading thickness
versus tension. In particular, even a moderate tension of
γ ≈ 4.2 N/m (strain ε ≈ 1.5% for bilayer and ε ≈ 3% for

monolayer) leads to f0 > 1 GHz for d= 0.5 μmdevices with
less than three layers (Figure 4).

CONCLUSIONS

In conclusion, we have demonstrated a new type of
nanomechanical resonators vibrating in the HF and
VHF bands based on suspended 2D MoS2 crystals.
These MoS2 devices demonstrate robust resonances
with high Qs and naturally make motion transducers
exhibiting exceptional displacement sensitivities ap-
proaching 30 fm/Hz1/2 at room temperature. A figure of
merit f0 � Q ≈ 2 � 1010 Hz is achieved at room
temperature, among the highest in known nano-
mechanical resonators based on 2D materials includ-
ing graphene. Our study unambiguously identifies
the transition between the “plate” and “membrane”
regimes and establishes quantitative design guidelines
and scaling laws for engineering future generations of
MoS2 NEMS and ultrasensitive 2D resonant transdu-
cers. As thermomechanical fluctuations represent a
fundamental noise floor, the thermomechanical reso-
nant characteristics measured from the MoS2 devices
may provide important information for future engineer-
ing of MoS2 resonant NEMS, where achieving large
dynamic range28 and matching to intrinsic noise floor
are important. Examples include low-noise feedback
oscillators,29 noise thermometry,30 and signal transduc-
tion near the quantum limit.31 Furthermore, the demon-
stration of very high frequency MoS2 nanomechanical
resonators with frequency scaling capability enables
a 2D semiconducting NEMS platform for a number of
exciting future experiments and device technologies,
such as coupling dynamical strains and resonant mo-
tions into MoS2 field effect transistors15�17 and optoe-
lectronic devices,9,32 exploring spin interactions with
MoS2 NEMS resonators for quantum information
processing,33 and engineering vibratory and flexible
devices toward fully exploiting the very high intrinsic
strain limits18,19 promised by ultrathin MoS2 structures.

METHODS
Device Fabrication. MoS2 nanomechanical resonators are fab-

ricated by exfoliating MoS2 nanosheets onto prefabricated
device structures. First, circular microtrenches of different sizes
are patterned onto a silicon (Si) wafer covered with 290 nm of
thermal oxide (SiO2) using photolithography followed by buf-
fered oxide etch (BOE). The etch time is chosen such that the flat
Si surface is exposed. ThenMoS2 nanosheets are exfoliated onto
this structured substrate. We note that the yield for making
suspended MoS2 devices with fully covered microtrenches is
much lower than for making graphene devices with similar
geometries, especially for thinner (mono- and few-layer) de-
vices. Suspended MoS2 sheets covering microtrenches are then
identified under an optical microscope (Olympus MX50) with a
50� objective, where all the optical images are taken.

Thermomechanical Resonance Measurement. Undriven Brownian
motions of MoS2 nanomechanical resonators are measured
with a custom-built laser interferometry system (see Supporting
Information, S1, for details). A He�Ne laser (632.8 nm) is focused

onto the suspended MoS2 diaphragms using a 50�microscope
objective, with a spot size of ∼1 μm. We apply a laser power of
∼100 μW�700 μW onto the device which assures good optical
signal and does not exhibitmeasurable heating (see Supporting
Information, S4). Optical interferometric readout of the MoS2
device motion is accomplished by detecting the motion-
modulated interference between the reflections from the
MoS2 diaphragm�vacuum interfaces and the underneath va-
cuum�Si interface. We have specially engineered our system to
achieve pm/Hz1/2 to fm/Hz1/2 displacement sensitivities for
various devices by exploiting latest advances and techniques in
such schemes.34�36 The optical detection scheme and settings
are carefully tuned to remain identical during the experiments.
The vacuum chamber is maintained under moderate vacuum
(∼6 mTorr), except during characterization of air damping,
when the pressure is regulated and varied between vacuum
and atmospheric pressure (760 Torr). Throughout the pressure
dependence measurements we observe no evidence of bulg-
ing effect due to trapped air underneath MoS2 diaphragms
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(see Supporting Information, S5). Thermomechanical noise spec-
tral density is recordedwith a spectrum analyzer (Agilent E4440A).

Scanning Electron Microscopy (SEM). SEM images are taken inside
an FEI Nova NanoLab 200 field-emission SEM, using an Everhart-
Thornley detector (ETD) for detecting secondary electrons at an
acceleration voltage of 10 kV.

Atomic Force Microscopy (AFM). AFM images are taken with an
Agilent N9610A AFM using tapping mode. To measure the
thickness of each device, multiple traces are extracted from
each scan, from which the thickness value and uncertainty are
determined (see Supporting Information, S2).
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