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ABSTRACT: Atomic membranes of monolayer 2D materials
represent the ultimate limit in the size of nano-electromechanical
systems. However, new properties and new functionalities emerge by
looking at the interface between layers in heterostructures of 2D
materials. Here, we demonstrate the integration of 2D hetero-
structures as tunable nano-electromechanical systems, exploring the
competition between the mechanics of the ultrathin membrane and
the incommensurate van der Waals interface. We fabricate
electrically contacted 5 or 6 μm circular drumheads of suspended
heterostructure membranes of monolayer graphene on monolayer
molybdenum disulfide (MoS2), which we call a 2D bimorph. We characterize the mechanical resonance through electrostatic
actuation and laser interferometry detection. The 2D bimorphs have resonance frequencies of 5−20 MHz and quality factors of
50−700, comparable to resonators from monolayer or few-layer 2D materials. The frequencies and eigenmode shapes of the
higher harmonics display split degenerate modes, showing that the 2D bimorphs behave as membranes with asymmetric
tension. The devices display dynamic ranges of 44 dB, with an additional nonlinearity in the dissipation at small drive. Under
electrostatic frequency tuning, devices display a small tuning of ∼20% compared with graphene resonators, which have >100%.
In addition, the tuning shows a kink that deviates from the tensioned membrane model for atomic membranes and corresponds
with a changing in stress of 14 mN/m. A model that accounts for this tuning behavior is the onset of interlayer slip in the
heterostructure, allowing the tension in the membrane to relax. Using density functional theory simulations, we find that the
change in stress at the kink is much larger than the predicted energy barrier for interlayer slip of 0.102 mN/m in an
incommensurate 2D heterostructure but smaller than the energy barrier for an aligned graphene bilayer of 35 mN/m, suggesting
a local pinning effect at ripples or folds in the heterostructure. Finally, we observe an asymmetry in tuning of the full width at
half-maximum that does not exist in monolayer resonators. These findings demonstrate a new class of nano-electromechanical
systems from 2D heterostructures and unravel the complex interaction of membrane morphology versus interlayer adhesion and
slip on the mechanics of incommensurate van der Waals interfaces.
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Due to their unparalleled mechanical strength1,2 and
stability down to a monolayer, atomically thin membranes

made from two-dimensional (2D) materials such as graphene
and MoS2 represent the ultimate limit in size of nano-
electromechanical systems (NEMS).3−7 However, many of the
most interesting properties of 2D materials and new
functionality arise from the interfaces between layers and in
engineering multilayer heterostructures. The past few years have
led to a revolution in nano-electronics from 2D heterostructures,
in which layer-by-layer stacking of monolayer 2D materials with
disparate electronic properties leads to functional nanometer
scale electronic devices.8−10 An open question is how to
integrate the outstanding mechanical properties of 2D materials
with the enhanced functionality of heterostructures to enable
new technologies such as 3D foldable circuitry, nanoscale
origami, or resonant NEMS utilizing 2D heterostructures as
active electronic and mechanical components.

As mechanically robust and electrically active monolayers,
suspended membranes from 2D materials are highly responsive
and tunable resonators, making them excellent candidates for
next generation NEMS, such as tunable filters,4,7 oscillators,11

switches,12 piezotronics,13 and mass and force sensors.7,14 In
addition, the atomic thickness in NEMS made from 2D
materials leads to emergent mechanics such as high-size-
dependent dissipation,6 strong nonlinearity,15 stochastic
frequency broadening,16 ultrahigh Q at low temperatures,4,7,17

and optomechanical heating and cooling.18 However, many
technologies in nano- and micro-electromechanical systems
need more than one layer to enable operation. For example, a
bimorph is a ubiquitous element inMEMS sensors and actuators
that relies on the differential stress between two layers with
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different properties. As a recent demonstration, origami
bimorphs from nanometer-thick graphene and ALD silicon
dioxide were made to actuate and fold due to electrochemical
signals.19 In addition, heterostructures enable new methods of
transduction and new physics. For example, there was a recent
demonstration of a resonator composed of a 2D heterostructure
of NbSe2 encapsulated by graphene layers, which showed high
quality factors of 245 000 and enhanced transduction from
reduced resistivity at low temperatures.20 Critical questions for
the realization of many of the potential applications are what the
impact of the van derWaals interface will be on the mechanics of
heterostructures and how those mechanics will affect the
functionality of NEMS based entirely on 2D heterostructures.
While engineering NEMS from 2D heterostructures is a

recent area of study, in the field of nanotribology, the mechanics
of van der Waals interfaces has been studied for decades. When
2D layers are incommensurate through twist, strain, or different
lattice constant, friction from van derWaals interactions become
negligible, leading to interlayer superlubricity and slip.21−24

There have been direct observations of slip at van der Waals
interfaces misaligned graphene nanoflakes as well as other 2D
materials or mesas over a graphite substrate.25−28 These studies
predict that 2D heterostructures will also exhibit interlayer
slip,29,30 but the impact of this slip on the mechanics of a
heterostructure membrane is not well-understood, which should
lead to a dramatic impact on the mechanics of a heterostructure
membrane. Slip events have been observed through nano-
indentation on membranes of an aligned, commensurate bilayer
or few-layer graphene.31,32 Similar nanoindentation of 2D
heterostructures reveal that the elastic moduli of the
heterostructures are less than the sum of their components,33

while mechanical resonance of few layer 2D heterostructures
show that resonance frequencies lie between the values of pure
graphene or pure MoS2 resonators.

34 However, these studies do
not reveal the origin of this softening, nor do they observe any
indication of interface interaction such as interlayer slip. The

goal of this study is to determine when conventional membrane
mechanics or interlayer interactions at the incommensurate van
der Waals interface will dominate the resonance properties of
atomic membranes made from 2D heterostructures.
In this study, we demonstrate electrically integrated nano-

electromechanical resonators from heterostructures of 2D
materials by fabricating a suspended drumhead membrane
from a heterostructure of monolayer graphene on monolayer
molybdenum disulfide (MoS2). This structure is the simplest
electromechanical device from a 2D heterostructure: a two-
molecule-thick bimorph that will hereafter be referred to as a 2D
bimorph. Unlike conventional bimorphs, the 2D materials are
only held together through weak van der Waals interactions,
enabling us to probe the mechanics of this interface. We use
mechanical resonance to compare the behavior of the 2D
bimorphs to resonators from monolayer 2D materials. We
measure the resonance frequencies, eigenmodes, and tuning
behavior of the resonators. From the resonance frequencies and
eigenmodes measurements, we find that the 2D bimorphs show
similar properties to monolayer or few-layer materials, behaving
as membranes with asymmetric in-plane tension. This
asymmetric tension could easily come from strain induced in
the transfer process. However, when measuring the electrostatic
tuning of the resonators, we observe distinct kinks in the tuning
curve that lead to a strong softening of the frequency as well as an
asymmetric tuning of the quality factor, characteristics that are
not observed in monolayer or few-layer materials.
The structure of the 2D bimorph is shown in Figure 1. Figure

1a shows a schematic of the device geometry as well as the
electrical circuit used for actuation and tuning, while Figure 1b
shows an optical image of an array of fabricated bimorph devices.
The 2D bimorphs are suspended as circular drumhead
membranes over prefabricated 5 or 6 μm diameter holes etched
to 230 nm deep in a 285 nm thick silicon oxide epilayer on a
degenerately doped silicon substrate. In all membranes, the
graphene is on top, while the MoS2 is on the bottom. The

Figure 1. (a) Schematic drawing of a 2D bimorph device and measurement setup. Electrically contacted graphene−MoS2 heterostructures are
suspended as a circular drumhead resonator, actuated electrostatically and measured optically. (b) Optical image of a 2D bimorph membranes
suspended over 6 μm pits in a silicon oxide surface. The dotted circle highlights a collapsed membrane, while the solid circle highlights a suspended
membrane. Scale bar: 6 μm. (c) Photoluminescence and Raman spectrum of the circled bimorph membrane, showing the characteristic spectrum for
both graphene and MoS2. The inset is the measured MoS2 Raman spectrum. (d) Atomic-force micrograph showing the topography of the circled
membrane. The suspended membrane has small ripples and there are bubbles at the interface between the graphene and MoS2 layers with heights
ranging from 1 to 15 nm. The AFM was captured after all resonance measurements were completed. Scale bar: 3 μm.
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bimorphs were fabricated by first growing large-area monolayer
graphene on copper foil and MoS2 on silicon oxide using
established chemical vapor deposition recipes.35−37 The
graphene was then transferred off the growth substrate and
onto the MoS2 using a sacrificial poly(methyl methacrylate)
(PMMA) film with polydimethylsiloxane backing. Note that
PMMA is only applied to the top side of graphene, leaving
graphene-MoS2 interface free of any polymer. The entire
heterostructure was delaminated from the MoS2 growth
substrate using KOH, rinsed in DI water and then dry-
transferred in the air onto the prefabricated holes. The sacrificial
polymers were then annealed away in a forming gas at 350 °C for
4 h to leave suspended membranes in a solvent-free process.
Finally, electrodes were patterned by metal deposition (2 nm
Cr/80 nm Au) through a shadow mask to locally contact the
membrane. Additional material growth, transfer, and device-
fabrication details are in section 1 of the Supporting
Information. As seen in Figure 1b, changes in color due to
changes in thin-film optical interference make the suspended
membranes (yellow) easily visible compared with empty holes
(dark). The gold color on the left is the local metal electrode. As
a result, it is easy to identify potential devices for study. There are
isolated contaminants on the surface (blue lines in Figure 1b),
which are residues that does not get annealed away during the
transfer. We only choose devices to study that are visibly free of
contaminants.
We used optical spectroscopy (Figure 1c) and atomic force

microscopy (AFM) (Figure 1d) to confirm the bimorph

structure and to establish the topography and interface quality
of the suspended membrane. Figure 1c shows the Raman and
photoluminescence (PL) spectrum acquired from the device
circled in Figure 1b using a 2.33 eV (532 nm) laser excitation.
The two signals are superimposed, so both are plotted together
versus energy. The Raman G peak from the graphene is visible at
2.13 eV, while the 2D peak is visible at 2.0 eV. There is no visible
D peak, indicating that the graphene membrane has a low defect
density. The optical band transition of semiconducting MoS2 is
visible as a photoluminescence peak at 1.86 eV. Figure 1c inset
shows the MoS2 Raman peaks of the E2g

1 and A1g. All of the peak
intensities are normalized to the E2g

1 peak. The intensity of the
photoluminescence peak is weak, <20% of the as-grown MoS2,
which is likely a result of the established quenching effect due to
energy transfer from theMoS2 into the graphene that indicates a
clean interface between the two materials.38,39

Figure 1d shows an AFM topography image of the same
membrane. The membrane is suspended and clamped over the
entire etched hole. There are bubbles with 1 to 15 nm heights
formed at the junction of the graphene−MoS2 membranes.
These bubbles are common in 2D heterostructure devices40−43

and are likely due to small amounts of residue trapped within the
van der Waals interface during transfer. These bubbles emerge
when there are either differences in the initial stress of each layer
or when small amounts of gas or residue are trapped at the
interface and are squeezed out by the van der Waals force into
isolated regions.44−46 The presence of the bubbles is evidence of
good adhesion and a clean interface in the regions between the

Figure 2. (a) Fundamental resonance of a 5 μmdiameter 2D bimorphmeasured atVDC = 15 V, VRF = 4mV, and a laser power of 50 μW. The red line is
the Lorentzian fit to the data, giving a resonance frequency of 15.6MHz and a quality factor of 690. (b)Measured fundamental and higher harmonics of
the same 2D bimorph measured at VDC = 15 V and VRF = 0.1 V (black) and 0.3 V (blue). The arrows indicate the individual resonances, while the red
dotted lines represent the theoretical predictions for higher harmonics based on the first resonance. (c) The predicted and measured eigenmodes for
the (0,1), (1,1), (2,1), and (0,2) mechanical resonances. Scale bars: 2 μm.
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bubbles.44,45 Additionally, Figure S1 shows images of the
materials through the fabrication steps and an AFM at the edge
of the heterostructure showing a step height of 0.77 nm between
the graphene and graphene−MoS2, indicating that the interface
is clean between bubbles. There are long-range ripples
emanating from the bubbles and anisotropies in the clamping,
which will affect the uniformity of tension within the membrane.
As shown in Figure S2, other membranes measured show the
same bubbles, although the size and density vary between
membranes.
Figure 1a also outlines the setup used for electromechanical

measurements. Applying a static voltage to the silicon back gate
leads to electrostatic attraction, tensioning the membrane, while
applying a MHz frequency oscillating voltage with a spectrum
analyzer will actuate the membrane to resonate. The mechanical
motion is then detected by measuring the dynamic optical
reflectance of a 520 nm diode laser focused on the membrane
(full measurement setup shown in Figure S3). Due to Fabry−
Peŕot interferometry, the reflected light is modulated by the
change in position of the membrane with respect to the
reflecting silicon back gate. The laser is controlled with a
confocal scan-mirror system, which allows the laser spot to
either be fixed at the center of the membrane while the drive
frequency is swept with a spectrum analyzer to measure the
resonance mode or the laser spot is rastered over the membrane
at a fixed modulation frequency to measure the position-
dependent eigenmodes. All measurements were performed in an
optical cryostat at room temperature in a vacuumwith a pressure
of <5 × 10−6 Torr.
Figure 2 shows themechanical resonance and eigenmodes of a

suspended 2D bimorph. Figure 2a shows the measured dynamic
optical reflection, proportional to the amplitude of motion,
versus frequency for the fundamental mode of a resonator at a
fixed gate voltage of 15 V and a drive voltage of 4 mV. The

resonance frequency and the quality factor of the fundamental
mode are 15.58 MHz and 690, respectively. Other devices with
the same diameter display variations in frequency and quality
factor that range from 5 to 20 MHz and from 50 to ∼700,
respectively. These variations in frequency and quality factor are
similar to those reported in the literature for monolayer
materials3,4 and can be attributed to variations in the built-in
tension and density due to variations in membrane mass
resulting from fabrication.
Figure 2b shows the higher harmonics of the same device. The

device displays six resonances from 15 to 36 MHz. Assuming
that the bimorph behaves as a tensioned drumhead membrane,
these higher-order modes should occur at well-defined
frequencies with respect to the fundamental mode. Figure 2c
shows a comparison of the predicted and measured frequencies
and eigenmodes of the higher order modes, and the predicted
resonances are shown as red dotted lines in Figure 2b. A pair of
indices, (n, m), describe the eigenmodes in a circular 2D
membrane. The first index (n) represents the azimuthal node
number, and the second index (m) represents the radial node
number. Rather than resonances appearing at exactly the
predicted value, two resonances are consistently observed just
above and below. For example, the (1,1) degenerate eigenmode,
is predicted to be at 24.82 MHz, between the measured
resonances at 22.5 and 26.3 MHz. This behavior can be
explained by a splitting of degenerate modes within the
resonator and is also seen in monolayer and few-layer 2D
resonators.6,47,48 To confirm that the splitting is due to a
breaking of symmetry, we measured the eigenmodes of each
resonance. As seen in Figure 2c, the eigenmode shapes of the
two measured resonances are the same as the predicted (1,1)
eigenmode but vibrate along different directions. This indicates
that there is anisotropic tension within the membrane, with
higher tension along the x direction than the y direction. Given

Figure 3. (a) Thermal amplitude noise power density vs frequency obtained with BW= 1 kHz. Black curve is the fit to SZZ( f). (b) Calibrated amplitude
response of the mechanical resonance of a 2D bimorph with respect to increased drive (laser power: 50 μW; VDC = 15 V). (c) Extracted resonance
amplitude vs drive. Inset shows the amplitude at low drive. The blue dashed line is the linear fit. (d) Full width at half-maximum (fwhm) from the
Lorentzian fit vs drive signal. The red circle represents fwhm from the Brownian motion.
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the anisotropic clamping, ripples, and bubbles observed in the
AFM images, it is not surprising to see an impact on the
eigenmode shape.49 Similar splitting and distortion are visible in
the predicted versus measured (2,1) and (0,2) eigenmodes;
however, for higher modes, it becomes more difficult to quantify
the impact of anisotropic strain on mode shape and frequency.
These results show that 2D bimorphs still behave as anisotropi-
cally tensioned membranes, similar to monolayer and few-layer
resonators despite the breaking of the out-of-plane symmetry
within the heterostructure.
Figure 3 focuses on the noise floor, dynamic range, and

nonlinear response of the 2D bimorph to drive. The spectrum
analyzer was utilized for measuring the driven and thermal
vibrations. When measuring thermal vibrations, the output
signal from the spectrum analyzer was turned off. The
bandwidth and step size of the two measurements were kept
the same (1 kHz). Figure 3a is the noise power density measured
at a bandwidth of 1 kHz in units of square picometers per hertz.
The black line is a fit to the noise power density function SZZ( f)
described below. Figure 3b shows the resonator response versus
RF drive at fixed laser power of 50 μWand a fixed gate voltage of
VDC = 15 V. Figure 3c shows the amplitude of motion at
resonance versus drive, while the inset shows the small drive
response. In Figure 3c, the resonator amplitude displays a linear
dependence for drive less than 100 mV before an onset of
hardening and Duffing nonlinear dependence at a large drive. As
shown in Figure S4, all measured devices show similar behavior.
The minimum drive is limited by the Brownian motion of the

resonator at f 0 and the measurement bandwidth (Figure 3a),
which is fully determined by statistical mechanics.50 The thermal
noise power density of a mechanical resonator is:

π
=

[ − + ]
S f

k Tf

m Q f f ff Q
( )

2 ( ) ( / )ZZ
B 0

3
eff

2
0
2 2

0
2

(1)

where kB is the Boltzmann constant, T is the ambient
temperature, Q is the quality factor, and f 0 is the resonance
frequency. The effective mass, meff = 0.2695πr2ρ is determined
from the electrostatic tuning discussed later in Figure 4. By
comparing the signal level of the Brownian motion to the driven
motion at the same bandwidth, we calibrate the measured laser
response to picometers (see section 2 of the Supporting
Information).3,50

The onset of nonlinearity at large drive is determined by the
critical amplitude aC, defined as the onset of bistability.51,52

Using the calibrated response, we directly extract the critical
amplitude from Figure 3b, ac = 780 pm. The amplitude response
determines the dynamic range of the resonator, which is defined
as the number of decades between the minimum measurable
signal and onset of nonlinearity:51,52

≡ a

S f
DR 20 log

0.745

2 ( )BWx

c

,th 0 (2)

eq 2 yields a dynamic range of 44 dB at a bandwidth of 1 kHz.
The obtained dynamic range for the 2D bimorph is comparable
to 2D resonators from monolayer or multilayer graphene or
MoS2 in literature, which range from ∼40 to 110 dB.6,52,53

Figure 3d shows the extracted resonance full width at half-
maximum (fwhm) versus drive, which is a measure of dissipation
in the resonator. While the fwhm remains constant for large
drive, it decreases by nearly a factor of 2 with a linear amplitude
dependence at smaller drives (<20 mV), indicating that

additional nonlinear processes contribute to the membrane
mechanics beyond Duffing mechanics. The laser-power-

Figure 4. Electrostatic frequency tuning of the fundamental mode in a
graphene resonator vs a 2D bimorph resonator. (a, b) Measured
amplitude of motion vs frequency and electrostatic gate voltage for a
graphene resonator and 2D bimorph, respectively. The electrostatic
gate tensions the membranes, giving the frequency tuning of the
resonators. The data was measured by sweeping the frequency in a
spectrum analyzer to get a resonance mode like the ones in Figures 2
and 3 and then stepping the gate voltage. Color scale is the measured
dynamic optical reflectance, which is a convolution of amplitude of
motion and changes in the optical interferometric path.18 (c, d)
Resonance frequency vs gate voltage from the tuning data of graphene
and 2D bimorph, respectively (blue). The resonance was fit with a
Lorentzian at each gate value to extract the frequency and peak width.
The tensioned membrane model was applied to fit the tuning curve
(orange). The tensioned membrane model is only valid in the low-
voltage region. At higher gate voltages, the data starts to deviate from
the model. The graphene resonator shows strong hardening behavior,
whereas the 2D bimorph shows strong softening behavior with a kink.
(e, f) Extracted resonance frequency while sweeping gate voltage up
(red curve) vs down (black curve) for graphene and the 2D bimorph. A
shift in frequency between the up- and down-sweeps indicates
hysteresis in the measured mechanical resonance, indicating that the
membrane tensioning is inelastic. (g, h) Extracted fwhm, which is a
measure of dissipation within the resonator, vs electrostatic gateVDC for
the graphene and 2D bimorph, respectively. In the graphene resonator,
the fwhm is symmetric around the neutral point (NP), while in the 2D
bimorph, there is an asymmetry in tuning between the negative and
positive gate voltages.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.8b01926
Nano Lett. XXXX, XXX, XXX−XXX

E



dependent fwhm of the 2D bimorph shows the same trend (see
Figure S5). The origin of these nonlinearities is under intense
study in monolayer and few-layer membranes and is still poorly
understood.17

Figure 4 focuses on the electrostatic tunability of both a
monolayer graphene and 2D bimorph drumhead resonators.
The graphene resonator is used as a reference to establish the
new behavior observed in the bimorph. Figure 4a,b show the
dynamic reflected laser response, proportional to the amplitude
of motion of the resonators versus DC electrostatic gate voltage
and drive frequency. The electrostatic voltage pulls down on the
graphene and 2D bimorph membranes, causing it to stretch and
tense. A key feature of 2Dmaterial resonators is their exceptional
tunability due to their unbeatable thickness. For example, the
graphene resonator in Figure 4a shows a room temperature
tunability of >100% over a gate range of ±8 V and a symmetric
measured signal amplitude. Similar tunability is found for other
graphene resonators in the literature, although the exact values
change dramatically with geometry, capacitance, and temper-
ature.4,5,7,16 In contrast, we observe four surprising features in
the frequency tunability of the 2D bimorph. First, there are
distinct kinks in the tuning occurring at gate voltagesVDC =−7.4
V and +2.8 V. Second, the tunability of the bimorph is only
∼20% over a gate range of ±15 V. Third, there is strong
hysteresis in the tuning depending on the direction of sweep of
the gate voltage. Fourth, there is an asymmetry in the measured
signal amplitude for negative versus positive gate voltages. A
total of three other 2D bimorph devices show similar kinks and
tunability (see Figure S6). Because frequency tuning is
inherently a nonlinear process, there are many nonlinear
features that emerge in monolayer and few layer 2D resonators,
like tensioning, capacitive softening and mode coupling like
avoided crossings.4,7,54,55 As discussed further below, the kinks
observed here are distinct from any of these previously observed
nonlinearities and represent new features in the 2D bimorph not
seen in monolayer and few-layer resonators.
Figure 4c,d compares the extracted resonance frequencies

versus gate voltage to the value predicted by a tensioned
membrane model with a capacitive softening correction. This
model is commonly used to describe the tuning behavior of
monolayer and few-layer 2D atomic membranes.18 Graphene
and MoS2 have, respectively, a 2D Young’s modulus and density
of 340 N/m and 7.4 × 10−7 kg/m2 versus 180 N/m and 3.3 ×
10−6 kg/m2.1,2 For the purposes of comparison, we apply the
simplest assumption that the membrane is under equal biaxial
strain, and then the Young’s modulus and density will add
linearly to give Ebimorph = 520N/m and 4.04× 10−6 kg/m2Under
this model, the tuning of a circular atomic membrane should
follow the relation in eq 3:18

ε
π ρ

ε
π ρ ν

− − Δ⌀ − − − Δ⌀

=
−

− Δ⌀

f A V
E
r

f A V

E
r d

V

( )
2.404
4

( ( ) )

2.404
6144 1

( )

2
3 g

2
2

0
2 2

2
3 g

2 2

6
0
2

6 4 4 3 g
4

(3)

where E is elastic modulus of the membrane, ε0 is initial strain, r
is the radius of the hole, ρ is the density of the membrane (α ×
ρgraphene+MoS2), Δ⌀ is the work function difference between 2D
bimorph and silicon gate,Vg is DC gate voltage, ν is the Poisson’s
ratio, f is the resonance frequency, and A3 is the correction term
for capacitive softening. Fitting eq 3 to the tuning data yields the
initial strain in the membrane ε0 and the additional absorbed

mass factor α, due to fabrication residue or gas trapped at the
interface. This model predicts that the behavior of the resonator
is symmetric around the minimum work function Δ⌀, elastic,
and continuously varying. There have been reports in the
literature that ripples and wrinkles significantly lower the
effective elastic modulus in suspended atomic membranes.56

Accounting for this softening will affect the numerical values but
not the shape of the curve. There is no complete model that
unravels the contributions from this softening versus the new
mechanisms arising in a heterostructure, so, for the purposes of
this study, we applied the simplest assumption of a uniform
tension.
To get the curve in Figure 4c,d, the tensioned membrane

model is fit to the frequency tuning at low gate voltage of <±5 V.
For the graphene resonator (Figure 4c), the model generates the
obtained density factor of α = 17.6 and initial 2D strain of ε0 =
6.0 × 10−5. For 2D bimorphs (Figure 4d), the model gives a
density factor of α = 6.35 and an initial 2D strain of ε0= 2.9 ×
10−4. These values are similar to what is measured in monolayer
membranes.16,18 In Figure 4d, this model fits well for small gate
voltages, but there are sharp kinks at VDC = −7.4 V and +2.8 V,
where the measured frequency tuning drops off dramatically
compared with the model. While small deviations from the
tensioned membrane model are seen in graphene resonators,
these typically lead to increased, rather than decreased,
frequency tuning, in contrast to what is observed here.18 Also,
these deviations are continuous, without distinct kinks. The
graphene resonance data also supports this trend as shown in
Figure 4c. Via relation of the kink frequency to the tensioned
membrane model, the onset of the deviation at the kinks occurs
when the tension in the membrane increased by Δσ = 0.014 N/
m, corresponding with a strain ofΔε = 2.7 × 10−5, a factor of 10
lower than the initial stress and strain of themembrane. Table S1
summarizes the fit parameters for all 2D bimorphsmeasured and
show that all the kinks observed occur at relative stresses Δσ
between 10 and 30 mN/m.
Clearly, the tensioned membrane model fails in the large gate

regime, and there appears to be a transition to a new regime. As
additional evidence of the failure of the tensioned membrane
model, Figure 4e,f shows the frequency tuning in both the
graphene and 2D bimorph resonators for both the up-and the
down-sweep of gate voltage VDC. In both devices, the frequency
tuning displays hysteresis in which the down-sweep from
positive to negative gate voltage is different from the up-sweep
from negative gate voltage to positive gate voltage. This
hysteresis is repeatable, such that repeating the sweep conditions
gives the same results. While it is not unusual for electronic
devices from nanomaterials to display hysteresis due to a
changing electrostatic potential, usually, the electronic hysteresis
moves the charge neutrality point in the direction of sweep.57

This is the behavior seen in the graphene resonator. However, in
the 2D bimorph (Figure 4f), exactly the opposite behavior is
observed, leading us to conclude that the hysteresis has a
different origin. All other measured 2D bimorph devices
consistently show the same hysteresis behavior (Figure S7).
Finally, Figure 4g,h shows the resonance fwhm as a function of

gate voltage for both the graphene and the 2D bimorph,
respectively. The graphene resonator (Figure 4g) shows a
symmetric fwhm around the neutrality point, as has been
observed previously.5,58 In contrast, for the 2D bimorph (Figure
4h), there is a broken symmetry with the fwhm a constant for
positive gate voltage and decreasing with negative gate voltage.
This asymmetry is also reflected in the measured signal
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amplitude in Figure 4b. However, we note that there is variation
in both the asymmetry in amplitude and fwhm from device to
device, as shown in Figures S6 and S8. Devices may display
higher amplitude at either positive or negative gate voltages.
However, the fwhm is consistently broader for larger measured
amplitudes.
The exact origin of dissipation in NEMS is notoriously

difficult to nail down. We are able to rule out pure
optomechanical coupling and piezoelectric dissipation as the
origin of the observed asymmetry. First, the graphene resonator
shows symmetric behavior, so changes in light intensity due to
interferometry from a change in position of the membrane
should not be the dominant mechanism in the broken symmetry
of amplitude and fwhm. Second, as shown in Figure S8, while
there is a shift of both the frequency tuning and fwhm with
increasing laser power, and both the kinks and the asymmetry
are preserved. As we calculate in Supporting Discussion 4, a
simple estimate of joule heating dissipation shows that the
piezoelectrically induced currents from MoS2 will not play a
significant role in the dissipation. Instead, we hypothesize that
the asymmetry originates from a gate tunable nonlinearity rising
from the electronic properties of the MoS2. MoS2 is an excitonic
n-type semiconductor whose light absorption and conductivity
are tuned by varying the electrostatic potential. The gate tunes
the conductivity and optical absorption in theMoS2, leading to a
change in the up−down asymmetry and nonlinearity of the
bimorph resonator. Under this hypothesis, device to device
variations can be explained as variations in the Fermi level of the
MoS2.
There are several mechanisms not included in the tensioned

membrane model that could impact the frequency tuning
measurements. These contributions are classified by mecha-
nisms that would also impact the tuning of monolayer and few-
layer resonators, nonlinear phenomena, or mechanisms unique
to heterostructures. In the first class, many phenomena affect the
resonance frequency of monolayer atomic membranes, such as
gas trapped inside the chamber,59 ripples and morphology
changes,49,60 and edge adhesion.61 However, the kinks and
hysteresis have not been observed in monolayer and few layer
samples, such as the comparison graphene sample shown in
Figure 4, suggesting that these conventional mechanisms do not
contribute to the new phenomena observed here.
In the second class, frequency tuning is a nonlinear process,

leading to nonlinear contributions such as tensioning, capacitive
softening, avoided crossings, and thermal stresses from laser
heating. Both tensioning and capacitive softening lead to
sublinear or even negative tuning of the resonance,4,18,54,62 but
both of these processes are included in the tensioned membrane
model and are continuous; they do not explain the sharp kink.
Because of the large tunability of 2D resonators, it is common to
see nonlinear avoided crossings due to coupling between
resonance modes or with external modes from gold clamps or
other suspended sections.4,7,54,55 Avoided crossings occur when
two modes cross one another. One of these modes might be
invisible due to the position of the laser compared with the
eigenmode. However, avoided crossings have a distinctive shape
with enhancement of motion and a gap in tuning at the crossover
in the resonance frequencies. While the observed kink does bear
a resemblance to the kinks observed in avoided crossings, there
is no gap and no enhancement, so an avoided crossing is
unlikely. Moreover, because of the small tunability of the
bimorph compared with monolayer resonators, there is no
crossover with other modes. As seen in Figure 2, the higher

harmonics are all far outside the tuning range of the first mode,
and because of the circular clamping, there should be no external
clamping resonances to couple to. Finally, the detection laser
may lead to optomechanical back-action and thermal stresses
from laser heating. However, as discussed earlier, Figure S8
shows that the kink features are preserved under increasing laser
power, suggesting that neither of these mechanisms dominates
the tuning behavior.
Finally, the additional mechanisms that will be unique to

heterostructures include the following: First, interlayer shear,
when combined with the lack of bonds at a van der Waals
interface, could result in interlayer slip. Second, the bubbles and
folds like those observed in the AFM in Figure 1d may unzip to
generate extra length when the membrane is tensioned. Both
cases will lead to a softening of the membrane tension, and both
adhesion61 and slip31 are inelastic phenomena that could lead to
hysteresis. However, separating the relative contribution from
these two cases is challenging. Incorporating a contribution from
slip into the tensioned membrane model is nontrivial. We
attempted several adaptations, allowing for free or partial
slipping between the layers, but found that none of these models
fit the data adequately. We also note that the change in strain of a
6 μmmembrane at the onset of slip only corresponds with a 0.2
nm change in the in-plane length. Thus, changes in strain
through electrostatic tuning and actuation should not
significantly alter the bubble and fold morphology.
We turn to computational simulations to gain insight into the

measured strains. As shown in Figure 5, we apply density
functional theory to calculate the energy barriers for the onset of
slip under interlayer shear of an aligned AB stacked bilayer
graphene and a misaligned graphene−MoS2 heterostructure.
These structures represent the extreme cases bounding the slip
energy in a 2D heterostructure. The simulations predict that the
barrier to slip of an incommensurate heterostructure to be 0.102
mN/m and for a commensurate bilayer to be 35 mN/m. Indeed,
the measured tension at the onset of the kink ofΔσ = 14 mN/m
lies between these two extremes but closer to the energy barrier
for an aligned structure. This suggests that either dirt at the
interface between the layers or the interlayer folds act to pin or
localize slipping, concentrating the forces.
In conclusion, the above devices represent a new class of

NEMS from van der Waals heterostructures and represent the
ultimate limit of a 2D bimorph. Because the mechanical
resonance is highly sensitive to the membrane properties, these
devices provide a sensitive probe of the mechanics of a 2D
heterostructure and van derWaals interfaces. Due to the atomic-
scale thickness, the bending modulus of the 2D bimorph does
not dominate the behavior, so in many respects (e.g., well-
defined eigenmodes harmonics and large dynamic range), these
structures behave as tensioned atomic membranes with no
regard to the bimorph structure. However, this simple model
breaks down in the frequency tuning of the heterostructure,
which deviates strongly from the tensioned membrane model.
The exact origin of this deviation is difficult to establish but is
likely due to either interlayer slippage or the unzipping of folds
between the layers. Further work will need to separate out the
relative contributions of membrane morphology, thermal effects
on membrane stress and interlayer friction, interface cleanliness,
and interlayer bubbles and ripples on the mechanics of these
structures. In particular, we need to build a more-complete
model, which incorporates these extra interactions to predict
membrane behavior.
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If interlayer slip is occurring, it has major implications on
electromechanical devices from 2D heterostructures. If 2D
heterostructures can relieve stress through interlayer slip, then
2D heterostructures will behave as ultrapliable films with
bending modulus orders of magnitude smaller than in 3D films
and devices. Meanwhile, because nearly any electronic device
can be made by careful layering of different 2D materials with
selected electronic properties, it should be possible to engineer
heterostructure devices such as crumpled, strain-resilient
electronics63 or atomic membranes, which couple the electronic
or optical properties of 2D heterostructures to the mechanical
properties for NEMS with new functionality.
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