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ABSTRACT: Resonant nanoelectromechanical systems (NEMS)
enabled by two-dimensional (2D) semiconductors have been
actively explored and engineered for making ultrascaled trans-
ducers toward applications in ultralow-power signal processing,
communication, and sensing. Although the transduction of
miniscule resonant motions has been achieved by low-noise
optical or electronic techniques, direct probing of strain in
vibrating 2D semiconductor membranes and the interplay between
the spectroscopic and mechanical properties are still largely
unexplored. Here, we experimentally demonstrate dynamical
phonon softening in atomically thin molybdenum disulfide
(MoS,) NEMS resonators by directly coupling Raman spectros-
copy with optical interferometry resonance motion detection. In single-layer, bilayer, and trilayer (1L to 3L) MoS, circular
membrane NEMS resonators, we show that high-amplitude nonlinear resonances can enhance the Raman signal amplitude, as well
as introduce Raman modes softening up to 0.8 cm™'. These results shall pave the way for engineering the coupling and control
between collective mechanical vibrations and Raman modes of the constituent crystals in 2D transducers.
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Resonant nanoelectromechanical systems (NEMS) based
on two-dimensional (2D) materials have attracted
tremendous interest due to their atomic-scale thicknesses,
high Young’s moduli, and ultrahigh strain limits."* Graphene
NEMS resonators have been explored using detection
techniques such as optical interferometry,” frequency mixing
detection,” and direct radio frequency (RF) electrical
readout.”® Beyond graphene, semiconductor NEMS resonators
in transition metal dichalcogenides (TMDCs) such as
molybdenum disulfide (MoS,) have also been extensively
studied with optical interferometry measurements showing
thermomechanical resonance frequencies up to 60 MHz in the
very high frequency (VHF) band, quality (Q) factor up to
1050 at room temperature and 47 000 at cryogenic temper-
ature, a frequency tuning range of 150% using strain, and a
broad linear dynamic range up to 110 dB.”~"> As a 2D
semiconductor, MoS, also has a higher piezoresistive gauge
factor than graphene,"* thus 2D MoS, NEMS resonators can
exhibit strong electromechanical coupling with the channel
conductance not only modulated by the displacement but also
by the dynamic strain.'”” Using such electromechanical
coupling effects, all-electrical signal transduction of 2D MoS,
NEMS resonators has been achieved.'*™"*

While these demonstrations of resonance detection show the
device vibration amplitude, frequency, Q factor, and so forth,
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they do not provide direct information on the vibration-
induced dynamic strain and other important intrinsic physical
effects, which are also essential for understanding the dynamics
of the crystal lattices in these resonators. Directly probing the
dynamic strain in 2D NEMS resonators could be especially
useful when the motion detection responsivity in optical
interferometry is low under certain conditions of parameters
including the vacuum gap and resonator thickness,'” when the
dynamic strain is coupled to the conductance change in 2D
semiconductors or for studying the strain-mediated coupling
between the collective mechanical vibrations and spins or
quantum dots.”””" Dynamic strain has also been used to
control quantum systems such as negatively charged silicon
vacancy centers, as shown by the optically detected acoustic
resonance (ODAR) measurements.”” Static tensile strain in 2D
MoS, can be probed by photoluminescence or Raman
spectroscopy due to the bandgap narrowing and phonon
softening effects, respectively.B_27 The strain-sensitive E2g1
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Figure 1. Measurement system with resonance and Raman signals measured from MoS, NEMS resonators. (a) Schematic illustration showing the
experimental system for simultaneous interferometric resonance measurement (using the 633 nm laser) and Raman spectroscopy measurement
(using the 532 nm laser). The optical image of a 2L circular drumhead MoS, NEMS resonator with diameter d = 4 ym is shown on the lower left
corner. (b) Measured resonances at Vg = 10 V with different RF driving voltages, showing the transition from linear to nonlinear resonances, for
the 2L MoS, NEMS resonator shown in (a). (c) Resonance signal amplitude shown in color scale, at different Vz5 and with vy fixed at 20 mV. The
fitting of the resonance frequency tuning is shown by the blue dashed line from which the initial strain of &, = 0.095% is extracted. (d) Raman
spectra of the suspended 2L MoS, measured at varying V. (e) Summarized Ezg1 (left axis) and Ay, (right axis) peak positions at different V.

Raman mode is insensitive to gate-voltage-induced changes in
electron concentration, while the strain-insensitive A;, mode is
more sensitive to electron concentration change.zg’é Raman
spectroscopy has been used to measure the dynamic strain in
graphene resonators.’””" The exciton-optomechanical cou-
pling has also been observed in suspended 1L MoSe,.*”
However, crystal lattice phonon signatures in vibrating 2D
semiconductor NEMS resonators have not been directly
measured.

In this work, we experimentally probe the coupling between
the collective nanomechanical vibrations at the device level and
the phonon modes at the crystal lattice level by performing
simultaneous optical interferometry resonance detection and
Raman spectroscopy measurements in single-layer (1L),
bilayer (2L), and trilayer (3L) MoS, circular membrane
NEMS resonators. These 2D MoS, NEMS resonators exhibit
Duffing nonlinear resonances with high vibration amplitude,
and their Raman modes shift toward smaller wavenumbers
when driven on resonances, showing a phonon softening effect.
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We demonstrate a Raman peak shift up to 0.8 cm™, and a

dynamic strain up to 0.51% in these 2D MoS, resonators. The
devices also show an increase of the Raman peak amplitude
when driven at a large vibration amplitude, which is attributed
to changes in the membrane equilibrium position. These
results open new possibilities for engineering the mesoscopic
dynamics of 2D semiconductor NEMS.

We develop a custom-built measurement system with
coupled optical interferometry and Raman spectroscopy, by
using a 633 nm He—Ne laser with a spot size of about 1 ym for
resonance measurements,'’ and a 532 nm semiconductor laser
with a spot size of about 680 nm for Raman scattering and
phonon mode measurements (Figure 1a). The lasers are
focused close to the middle of the suspended membranes
during the measurements. Note that the resonance measure-
ment can also be performed using the 532 nm laser, albeit with
a more noticeable parasitic heating effect. The 2D MoS,
resonators are circular membranes fully covering micro-
trenches on the 290 nm SiO,-on-Si substrate. Fabrication of
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Figure 2. Resonances and Raman spectra measured from the same 2L circular drumhead MoS, NEMS resonator as shown in Figure 1. (a)
Resonance spectra measured with DC gate voltage Vg = 10 V, RF voltage vpp = 1.2 V (blue curve), showing strongly nonlinear resonances, and
with Vg = 0.1 V, vpp = 1 V (magenta curve), showing linear resonances. (b) Raman spectra with the device driven at Vg = 10 V, vpp = 1.2V,
showing Ezg1 and A;, modes, when the driving frequencies are off resonance (blue symbols) and on resonance (red symbols). (c) Raman spectra
with the device driven at the resonance frequency, when the driving amplitudes are Vg = 0.1 V, v = 1 V (blue symbols), and Vg = 10 V, vgg =
1.2 V (red symbols). The red and blue lines in (b,c) show the fitting curves for the red and blue data points, respectively.
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Figure 3. Resonance and Raman mode characteristics measured from the same 2L MoS, resonator as shown in Figure 1. (a) Measured nonlinear
resonance spectrum of the 2L MoS, resonator with d = 4 ym. (b) Measured Raman peak amplitudes at different driving frequencies for Ezg1 mode
(blue symbols, left axis), and Aj; mode (green symbols, right axis) with the dashed magenta line showing the transition point of the Duffing
nonlinear resonance. (c) Measured Raman peak positions at different driving frequencies for Ezgl mode wy (blue symbols, left axis), and A, mode
@, (green symbols, right axis). (d) The extracted relationship between the relative change of Ezg] peak and A, peak amplitude with the insets
showing the illustrations of the atomic displacements for the phonon modes. (e) The extracted relationship between Ezg1 peak shift (Awg) and Ay,
peak shift (Aw,) with the effect from different mechanisms shown by the dashed lines. (f) Extracted RF dynamic strain at the largest vibration
amplitude of different driving frequencies.

the resonators starts from lithographic patterning and etching
of the circular microtrenches on the SiO,-on-Si wafer. 2D
MoS, flakes are mechanically exfoliated onto polydimethylsi-
loxane (PDMS), and then the MoS, thickness is identified
using an optical microscope and confirmed by peak separation
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in Raman spectra. 2D MoS, layers are then transferred onto
selected microtrenches with precise alignment using all-dry
transfer techniques that we have developed and optimized,*
forming circular drumhead 2D MoS, NEMS resonators.
Finally, by directly evaporating metal through a stencil mask
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with high-precision alignment, metal contact electrodes to the
already suspended MoS, membranes are made. As such, the
process is completely dry without any wet chemical processes
that could lead to failure of fabricating suspended membranes.
Vibrations of the MoS, resonators are excited capacitively by
using a DC gate voltage Vs from a power supply and a radio
frequency (RF) driving voltage vpp provided by a network
analyzer, which are connected to the gate (G) of the device
through a bias-tee, with the metal contact (S) to MoS,
grounded (see Figure la). In this measurement system, as
we drive the device into motion, not only the mechanical
resonance, but also the Raman signal, can be measured,
allowing us to probe the dynamical phonon modes. Beside
facilitating the driving of device vibrations (linearizing the
driving force), the DC gate voltage can also induce strain and
control the deflection of MoS,, as well as change the electron
concentration in the suspended MoS, through gating and
electric field effect.

For a bilayer (2L) MoS, NEMS resonator (Figure la), we
measure linear to nonlinear resonances when gradually
increasing vgp from the network analyzer (Figure 1b). We
also measure the gate tuning of resonance frequency (Figure
1c), from which the initial strain and gate-induced strain are
extracted (see Supporting Information Sections 1-2 for
details). With the resonators in Duffing nonlinear resonance
regime, the vibration amplitude is much larger than that in the
linear regime, as shown by the measured signal amplitude from
the photodetector (PD) connected to the network analyzer. As
we drive the device into resonance, the Raman spectra are
recorded simultaneously with the light first passing through the
bandpass filter (BPF) to filter out the resonance signal from
the 633 nm laser, and then through the long-pass filter (LPF)
to filter out the main 532 nm laser signal. The Raman signal is
then collected with the spectrometer (HORIBA Scientific,
iHRSS0), and a liquid-nitrogen-cooled charge-coupled device
(CCD). When recording the Raman spectra, we fix the DC
and RF driving voltages to ensure enough integration time.

We characterize the dependence of Raman characteristics on
varying Vg for the same 2L MoS, resonator. With an
increasing Vs, we observe decreasing Raman signal
amplitudes, and hardening of both Ezg1 and A;, phonon
modes (Figure 1d,e). This is in contrast to the effect of gate-
induced strain, where a larger gate voltage will lead to softening
of phonon modes due to a larger tensile strain. Instead, such
decreasing Raman signal amplitude and hardening of the
phonon modes can be related to the optical interference effect.
Vgs-induced deflection changes the interferometry conditions
and the optical absorption, leading to a temperature change
and thus a Raman peak shift (see Figure S3 for details).

For the same 2L MoS, NEMS resonator, we observe Raman
amplitude increase and Raman mode softening when driving
the device on resonance (Figure 2). The driving force is
proportional to Vigg-vgg, and we observe that when we increase
Vs vrp, although the resonance signal amplitude does not
increase linearly due to the nonlinear resonance, the resonance
signal amplitude for nonlinear resonance at Vigg = 10 V, vgg =
1.2 V is still much larger than that for the linear resonance at
Vs = 0.1 V, vpp = 1 V (Figure 2a). This results in a shift of the
Raman peak position to a smaller wavenumber and an increase
of the Raman peak intensity when driving on the nonlinear
resonance, compared with those when driving on the linear
resonance (Figure 2c). Further, when driving at large
amplitude but off resonance, the Raman peak position remains
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similar to those with a small driving voltage or with no driving,
which shows that when the vibration amplitude is not large
enough, there will be no measurable Raman shift. When
driving the device on resonance, the Raman mode also softens
compared with that when driving off resonance (Figure 2b).
By sweeping the frequency around the device resonance
frequency while recording the Raman spectra at different
driving frequencies, we find that the Raman peak character-
istics very well follow the nonlinear resonance amplitude
(Figure 3). The nonlinear resonance response can be described
using the Duffing equation (by including a cubic term az® in
the nonlinear restoring force term):' %
Z+ vz + wgz + az’ = F(t)/m (1)
where z is the displacement in the out-of-plane direction, @, is
the angular resonance frequency, F(t) is the external RF
driving force, m is the effective modal mass, y = w,/Q is the
energy dissipation rate with Q being the quality factor, a is the
nonlinear stiffness for the cubic term of displacement. For a
resonator with a large vibration amplitude, because the
electrostatic force from the gate breaks the symmetry of
potential due to deflection, the equilibrium position is
dependent on the vibration amplitude.”> Such change in
equilibrium position will change the average vacuum gap, thus
changing the optical interferometry condition between the 2D
membrane and the substrate, and leading to a change in the
Raman signal amplitude. As shown in Figure 3a,b,d, the Raman
peak amplitude increases with a larger resonance signal
amplitude. During the upward frequency sweep, Duffing
nonlinearity with hardening is observed, and the Raman
peaks” amplitudes for both E,,' mode and A,, mode increase
with larger resonance signal amplitude, which indicates an
increase in the transduction responsivity of interferometry.
When the resonance amplitude drops at the transition point,
the Raman peak amplitudes drop as well, showing a strong
correlation. The relationship between the relative intensity
increase of Ezgl mode and A;; mode at different driving
frequencies in Figure 3d shows that the relative amounts of
increase in peak amplitudes are similar as shown by the y = x
fitting, which indicates that the change of interferometry
condition has similar effects upon these two Raman modes.
In addition, the vibration induces dynamic tensile strain in
2D MoS,. The tensile strain will result in softening of the
phonon mode, and thus a Raman peak position shift to smaller
wavenumbers, as shown in previous quasi-static tensile strain
measurements.”*>® This provides us a powerful method for
probing the vibration-induced dynamic strain in 2D NEMS
resonators. For the 2L MoS, NEMS resonator shown in Figure
1, when the frequency approaches the resonance frequency, the
vibration amplitude increases, and the Raman modes shift to
smaller wavenumbers (Figure 3c). After the transition point for
the Duffing nonlinear resonance, the Raman mode shifts to
larger wavenumbers, and the largest Raman peak softening is
about 0.7 cm™ for E,,' mode, and about 0.8 cm™' for Ay
mode. Compared with graphene whose Raman peak position
has a strain responsivity of —21 cm™'/% strain to —61 cm™'/%
strain,”®*’ MoS, has a smaller responsivity to strain, making
the detection of MoS, Raman shift under strain more
challenging. Nevertheless, by driving the MoS, resonators
into strongly nonlinear regime, and detecting the Raman peaks
using the 2400 gr/mm blazed holographic grating, we increase
the dynamic strain as well as the detection resolution, which
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allows the detection of the Raman peak shift during
nanomechanical resonance.

We estimate the dynamic strain induced at different driving
frequencies (Figure 3f). We first estimate the critical amplitude
using the extracted DC tensile strain from the frequency tuning
characteristics. The critical amplitude corresponds to the
largest amplitude in the measured resonance spectrum (as
shown in Figure 1b) when the nonlinearity just occurs. We
then determine the conversion factor or the transduction
responsivity of the measured resonance signal amplitude (in
millivolts) to the device vibration amplitude (in nanometers)
(see Supporting Information Section 3 for details). With the
vibration amplitudes at different driving frequencies, we then
estimate the corresponding dynamic strain and obtain the
largest dynamic strain of 0.51% (Figure 3f), which is detailed in
Supporting Information Section .

For Ezg1 Raman mode which has been reported to be
sensitive to tensile strain, the average dynamic strain can lead
to phonon softening, with a strain responsivity of —2.1 cm™/%
strain for 1L MoS,, and —1.7 cm~'/% strain for tew-layer
MoS,.*® However, A;; mode has been previously reported to
be much less sensitive to DC tensile strain with a strain
responsivity of only —0.4 cm™'/% strain. Because the measured
softening for A;, mode is quite similar to Ezgl mode (Figure
3c—f), the softening may not be explained by the strain effect
alone. Indeed, when the mechanical vibration of such resonant
2D NEMS is coupled with the phonon modes, multiple
physical effects are occurring, and we can model the total
Raman shift on resonance based on three effects: dynamic
strain effect, thermal effect, and doping effect. We can describe
this relationship using

Aw =R + Riperma AT + mDoping~An

Strain €dynamic (2)
where Aw is the total Raman peak position shift for certain
mode during vibration, Ry, is the responsivity of Raman
shift under dynamic strain, €amic is the dynamic strain, R
Thermal 1S the responsivity of Raman shift under temperature
change, AT is the temperature change, Rp,y,, is the
responsivity of Raman shift under change in carrier
concentration, and An is the change in electron concentration.

When the vibration amplitude is large, there will be shift in
equilibrium position, which will not only lead to change in
interferometry condition and Raman signal intensity, but also
result in change in optical absorption and thus the temperature
of the membrane. Because of thermal expansion, when the
temperature increases, the phonon modes show softening.
Because thermal expansion affects both in-plane and out-of-
plane modes, R rpma values for Ezg1 and A;, phonon modes
are similar, with 2L, MoS, showing R 1ema of —0.7 cm™ /100
°C for E2g1 mode, and —1.1 ecm™!/100 °C for Ay, mode.*”
Further, during vibration, the vacuum gap periodically changes,
leading to change in electron concentration. The charge
concentration changes due to the capacitance change, which is
a nonlinear function of the vacuum gap change, leading to an
averaged doping effect when the MoS, periodically vibrates up
and down. An increase in n doping will result in softening of
Ay, phonon mode.”®* For the Raman modes EZg1 and Ay, in
MoS,, while they both show softening during resonant motion,
the dominant mechanisms for these two modes are different.
For Ezg1 mode, the dynamic strain effect and thermal effect are
dominant, whereas for Ay mode, the doping effect and thermal
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effect are dominant, as shown in Figure S5 in the Supporting
Information.

For a 3L MoS, resonator, the correlation between the
Raman characteristics and the resonance signal is also observed
(Figure 4). With a larger resonance signal amplitude, the
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Figure 4. Resonance and Raman peak characteristics measured from
the 3L MoS, resonator with d = 3 um, using Vs = 40 V, and vgg = 0.2
V. (a) Measured nonlinear resonance spectrum (magenta line, left
axis), and Raman peak amplitudes at different driving frequencies for
Ezgl and A;; modes (blue and green symbols, right axis). (b)
Measured Raman peak positions at different driving frequencies for
E,,' mode (blue symbols, left axis) and A, mode (green symbols,
right axis) with the dashed magenta line showing the transition point
of the Duffing nonlinear resonance. (c) Extracted RF dynamic strain
at different driving frequencies.

Raman peak intensity increases (Figure 4a), and the peak
position shows a consistent shift toward smaller wavenumbers
with the largest peak shift of —0.39 cm™ (Figure 4b), which is
consistent with the 2L device, further confirming the observed
correlation between the Raman and resonance signal. We
estimate the largest dynamic strain to be 0.25% (see
Supporting Information Section S for details).

The Raman characteristics on mechanical resonance is
further characterized for a single-layer (1L) MoS, resonator
with a local gate electrode (Figure Sa). Linear to Duffing
nonlinear resonances (Figure Sb), frequency tuning character-
istics (Figure Sc), as well as thermomechanical motion (Figure
5d), are observed. Then the doping effect on Raman
characteristics is measured by focusing the laser on the
substrate-supported region of the MoS, while varying the local
gate DC voltage Vs (Figure Se—h). The Ezgl mode is
relatively insensitive to doping, while A;; peak shifts toward
lower wavenumbers with increasing n doping at larger Vi
(Figure Se,f), which is consistent with previous reports.”*”
For the suspended region (Figure Sgh), the Raman peaks
show similar trends as in Figure 1d,e, with a larger V5 leading
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Figure S. Resonances and Raman spectra measured from a 1L circular drumhead MoS, NEMS resonator with d = 3 ym. (a) Optical image of the
MoS, NEMS resonator with a local gate electrode and contact electrodes. (b) Resonance spectra measured with Vg = 10 V and increasing vy
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vgg fixed at 2 mV. (d) Undriven thermomechanical noise spectrum with the left axis denoting the measured noise voltage spectral density, and the
right axis showing the thermomechanical displacement spectral density. (e—h) Raman characteristics at different Vg, while maintaining vz =0V,
showmg E,. ! and Ay, Raman peak amplitudes for (e) the MoS, supported on substrate, (f) the suspended MoS, membrane, as well as showing (g)
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to a lower Raman signal amplitude and a shift of Raman modes measure the Raman signal during both upward and downward
toward larger wavenumbers. When driven into vibration, we frequency sweeps, for vgp = 15 mV (Figure Sil—iS), vgp = 150
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mV (Figure 5j1—jS), and vgg = 600 mV (Figure Sk1—kS). We
demonstrate that for small driving at vgz = 15 mV, only the
Raman amplitude shows increase at resonance (Figure Sil—
i3), while the Raman peak positions do not show observable
changes (Figure 5i4—iS). At increasing driving of vgp = 150
mV, phonon mode softening for upward sweep is clearly
observed due to larger vibration amplitude (Figure 5j1—jS).
When the driving reaches vz = 600 mV, both upward and
downward frequency sweeps show phonon softening effects,
with a maximum peak shift of about —0.8 cm™ (Figure Sk1—
kS). The full width at half maximum (FWHM) of Raman
peaks during vibration are also characterized, showing
widening of the FWHM during resonance for both Ezgl and
Ay, modes due to the averaging of high-frequency mechanical
vibrations (Figure S,m). We also summarize the relationship
between Ezgl and A;, mode shift (Figure Sn,0) and show that
when vgg = 600 mV with relatively large vibration amplitude,
the dynamic strain effect on Raman peak shift is the dominant
effect (Figure So). This is intriguing because it indicates
different physical mechanisms for Raman peak shift could be
dominant at different vibration amplitude.

In summary, we have demonstrated coupled measurements
of nanomechanical resonances and Raman modes for 1L, 2L,
and 3L MoS, NEMS resonators. The devices are driven into
strongly nonlinear resonance regime so that large enough
vibration amplitude can be achieved for reliable measurements
of changes in Raman characteristics. We show Raman peak
intensity increase and Raman peak softening with larger
vibration amplitude. Such a platform with coupled radio
frequency collective nanomechanical vibrational modes and
terahertz phonon modes provides new possibilities for studying
tunable spin qubits, strain rate, electromechanical coupling,
lattice temperature, and energy dissipation.
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