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Phononic Frequency Combs in Atomically Thin
Nanoelectromechanical Resonators via 1:1
and 2:1 Internal Resonances
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Abstract— We report on the first experimental demonstrations
of phononic frequency comb (PnFC) generation in atomically thin
molybdenum disulfide (MoS;) nanoelectromechanical systems
(NEMS) vibrating near ~20MHz and ~50MHz in the high
frequency (HF) and very high frequency (VHF) bands. Frequency
comb patterns are generated by tuning two resonance modes
with gate voltage (Vg) to satisfy 1:1 and 2:1 internal resonance
conditions. In the 1:1 internal resonance condition, we drive the
two modes of a four-layer (4L) MoS; NEMS resonator at an
anti-crossing in the nonlinear regime, where efficient nonlinear
energy transfer occurs between the two coupled modes. The
frequency comb characteristics are tunable by varying the RF
driving voltage (vqry) and Vg. We find a threshold of PnFC
generation at vgyy = 550mV and Vg = — 6.4V with relatively
wide comb teeth spacing ( f;) around 2.44 to 2.65MHz. In the 2:1
internal resonance condition, pumping a single-layer (1L) MoS;,
NEMS resonator at a frequency twice that of the fundamental
mode (fj) enables mode coupling between f; and the mode
near 2f1, and generates PnFC with tunable fi. At Vg = 10V,
pump voltage vp = 60mV, and pump frequency f, = 48MHz,
we observe PnFC with f; ~45kHz, which can be tuned by
varying vp and fp. We also demonstrate extraordinarily strong
parametric amplification and spectral linewidth narrowing effects
in 1L MoS; NEMS resonator and achieve parametric gain as
high as ~10,000 (80dB) and spectral linewidth narrowing factor
of ~5000 with vy, = 153mV. The PnFCs demonstrated and the
findings herein will be valuable for applications such as improving
the sensitivity of resonant sensors. [2023-0017]

Index Terms—Phononic frequency comb, 1:1 internal
resonance, 2:1 internal resonance, resonators, frequency
tuning, nanoelectromechanical systems (NEMS), parametric
amplification.
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I. INTRODUCTION

HE invention of optical frequency combs (OFCs) has

provided an elegant method for coherently combining
the electromagnetic (EM) spectrum and establishing a bidi-
rectional, coherent link between optics and radio frequency
electronics [1], [2]. The unification of the EM spectrum has
unlocked vast new capabilities and produced unanticipated
breakthroughs. Octave spanning OFCs have enabled novel
applications, including precise measurement of optical atomic
clocks, frequency comb spectroscopy, arbitrary optical wave-
form generation and measurement, low noise microwave gen-
eration, frequency and time transfer, coherent light detection
and ranging (LIDAR), spectrograph calibration and exoplanet
search [3], [4], [5], [6], [7], [8], [9].

Following the success and influence of their pioneering
optical counterparts, phononic frequency combs (PnFCs) are
attractive and intriguing as novel devices for mechanical
frequency conversion, sensing, and precision measurement,
and have recently been demonstrated [10], [11], [12], [13],
(141, [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25], [26], [27], [28], [29], [30], [31]. A study of
two elastically coupled GaAs nanomechanical resonators has
revealed amplitude modulated spontaneous oscillation with
period doubling transition and chaos in resonators with large
vibration amplitude [11]. In piezoelectric microelectrome-
chanical systems (MEMS), PnFCs have been demonstrated
utilizing three-wave mixing [14] and nondegenerate parametric
driving [18]. Recently, a few PnFCs have been demonstrated
by coupling mechanical resonance modes where vibrational
energy is coherently transferred back and forth between the
coupled modes [16], [27], [31]. Mode coupling becomes strong
enough to transfer energy and produces various nonlinear
phenomena if the coupled modes have a commensurate fre-
quency relationship (e.g., 1:1, 2:1, and 3:1), known as internal
resonance. Therefore, devices with highly tunable frequency
and rich nonlinearity are preferred for constructing PnFCs and
obtaining internal resonance conditions.

The emergence of two-dimensional (2D) materials such
as graphene and molybdenum disulfide (MoS;) has enabled
the development of atomically thin nanoelectromechanical
systems (NEMS) [32], [33], [34], [35], [36]. 2D NEMS res-
onators are extremely sensitive to external perturbations, such
as mass, force, pressure, etc., and are opening new avenues
for classical and quantum sensing applications. Thanks to
their ultrathin suspended structures, these devices often operate
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in the membrane regime, where their resonance frequencies
are strain-dependent, allowing for extremely broad frequency
tuning ranges, up to Af/f ~430% [35]. Electrostatic forces
induced by a gate voltage V,; have been widely used to achieve
frequency tuning in 2D NEMS, and the resonance frequency
can be adjusted to lower or higher values through capacitive
softening (at low |Vg|) or electrostatic stiffening (at high
|Vgl, stretching dominates) effects [33], [34], [35]. Due to
their extraordinary frequency tunability, 2D NEMS resonators
facilitate internal resonance conditions and mode coupling,
making them an ideal platform for developing new, tunable
PnFCs. However, electrical readout of minuscule resonance
motions of these devices is challenging because the intrinsic
thermomechanical noise floor is often overwhelmed by noise
from the electronics used at the front-end of measurement
system. Quality factors (Qs) of 2D resonators can be limited
because of various extrinsic damping effects. To increase the
signal-to-noise ratio and Qs of 2D resonators, parametric
amplification has been proposed to enhance the vibration
amplitude at resonance frequency f; with pump frequency
of f, ~nfi, where n is an integer (n >2) [37], [38],
[39], [40], [41], [42], [43], [44], [45], [46], [47]. Paramet-
ric oscillation, also sometimes called self-oscillation, occurs
above the threshold pump voltage and does not require any
feedback. Thus, parametric oscillation can offer low noise
compared to conventional simple electrical oscillator circuit.
Recent experiments on photothermal parametric pumping of
undriven thermomechanical noise spectra have demonstrated
giant parametric amplification with gains up to 71dB and
spectral linewidth narrowing factor up to 1.8 x 10 [48].
However, toward on-chip integration of parametric pumping,
electrical parametric pumping is desired.

In this work, we utilize electrostatically tunable four-
layer (device 1) and single-layer (device 2) MoS, NEMS
resonators and demonstrate PnFCs generation by employing
resonance mode coupling via internal resonance (Fig. 1).
By tuning resonance frequencies of two nearby modes at
47.3MHz and 48.1MHz in device 1, the 1:1 mode coupling is
achieved. Introducing a single-frequency driving signal around
the anti-crossing point of the coupled modes engenders PnFC
with comb spacing f; ~2.44MHz to 2.65MHz, which can be
tuned by varying the drive voltage. We demonstrate PnFC in
the single-layer (1L) MoS, NEMS resonator (device 2) by
establishing 2:1 mode coupling via internal resonance and
parametrically pumping the resonator at twice frequency of the
fundamental mode. We explore the full range of parametric
amplification by directly measuring and pumping the intrin-
sic thermomechanical noise. We experimentally demonstrate
parametric gain up to ~10,000 (80dB) before the device
goes into parametric self-oscillation. The exceptional linewidth
narrowing factor of ~5000 reveals the efficient electrical
pumping in the sub-threshold regime (before self-oscillation).
Next, we experimentally demonstrate a PnFC generation near
the fundamental mode (f;) by pumping near the 3" mode
(f3 &2 f1) that satisfies 2:1 mode coupling. The comb spacing
and number of teeth can be tuned by varying the pump voltage
and frequency.

II. DEVICE DESIGN AND FABRICATION PROCESS

To demonstrate PnFCs, we design and fabricate electrostat-
ically tunable circular drumhead MoS, NEMS resonators with
a local gate configuration by using multiple photolithography
and etching steps compatible with standard MEMS fabrication
processes (Fig. 2a-2e). We use a 4-inch insulating sapphire
wafer as the substrate to reduce undesired and unwanted RF
signal crosstalk. To enable the local electrostatic gate control,
we pattern 23nm Pt on 2nm Ti followed by 300nm SiO,
deposition using plasma enhanced chemical vapor deposi-
tion (PECVD) technique. To improve the oxide quality and
minimize the defects in the oxide layer, we deposit 20nm
Al,O3 using atomic layer deposition (ALD). Next, we form
290nm deep circular microcavities using reactive ion etching
(RIE). We use another photolithography step to deposit metals
(200nm Au on 5nm Ti) to form contact pads and elec-
trodes. Finally, we dry-transfer an exfoliated MoS,; flake using
polydimethylsiloxane (PDMS) on the prepatterned electrodes
and cavity to form suspended circular drumhead resonator.
We fabricate device 1 (4L MoS;) with d = 2um and device 2
(1L MoS;) with d = 3um to demonstrate PnFCs using 1:1
and 2:1 internal resonances, respectively.

III. MEASUREMENT TECHNIQUES
A. 2D Material Characterization on NEMS Platform

Following device fabrication, Raman spectroscopy and pho-
toluminescence (PL) measurements are used to extract the
number of layers in the suspended MoS, flakes. We use a
green laser (wavelength A = 532nm) to measure Raman and
PL signals. Figure 2f and 2g show the acquired Raman and
PL spectra for the suspended MoS, flake of the 4L device.
The suspended flake exhibits a prominent in-plane Raman
mode at E;g = 384.75cm™! and out-of-plane Raman active
mode at Ajg = 408.70cm~! with peak separation 23.95cm™!,
confirming the signature of 4L MoS; in the suspended region
over the cavity [49]. The obtained PL spectrum shows a
strong indirect band transition at 900nm, confirming that the
suspended MoS; membrane in device 1 has 4L MoS,. We also
observe a strong sharp peak at ~694nm due to emission from
the sapphire substrate. The single-layer (1L) nature of the
MoS, flake in device 2 is confirmed from prominent Raman
peaks at E%g = 385.44cm~! and A = 403.65cm™! with
peak separation 18.21cm™!. Thanks to direct exfoliation from
the bulk crystal, all the suspended flakes exhibit high-quality
crystallinity as confirmed from Raman and PL spectra.

B. Optical Interferometry Measurement System

We utilize a custom-built laser interferometry system
(Fig. 3) to measure and characterize the performance of
the NEMS resonators. A A = 632.8nm He-Ne red laser is
focused onto the suspended MoS; circular drumhead using
a 50x microscope objective. The red laser power on the
suspended flake is limited below 300uW to avoid excess
laser heating. The estimated spot size of the red laser is
~1um. The reflected red laser is modulated by the vibrational
motion of the suspended membrane and is collected by a
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Fig. 1. Conceptual illustration of phononic frequency comb (PnFC) generation in atomically thin 2D NEMS resonators. (a) Optical frequency comb (OFC)

and phononic frequency comb (PnFC) generation in the THz and MHz regimes, respectively, by employing different techniques. m: integer mode number.
(b) Energy cycling in two different modes with commensurate frequency relationship enables coherent phonon transfer and establishes internal resonances.
(c) 1:1 and (d) 2:1 mode coupling and internal resonance with f>/f] ~1 and f>/f] ~2, respectively. (e) Illustration of phononic frequency comb generation
by tuning the resonance modes via tension to satisfy mode coupling and internal resonance condition. Pumping one mode enables coherent energy transfer
and generates quasi-periodic oscillation in time domain which corresponds to a phononic frequency comb in the frequency domain.
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Fig. 2.  Fabrication process of the MoS, drumhead resonators. (a) Local

gate patterning on the bare sapphire substrate. (b) 300nm SiO, and 20nm
Al O3 deposition. (c) Reactive ion etching (RIE) to form 290nm-deep trench.
(d) Metal deposition to form top electrodes. (e) All-dry transfer of the selected
MoS, flake to make suspended resonator. (f) Raman signal showing E; o and

Ajg modes at 384.75cm™! and 408.70cm™!, respectively for the 4L device.
(g) Photoluminescence spectra from the suspended region of the device. Inset:
Optical image of the 4L device with diameter d ~2um.

photodetector, which converts the optical signal to electrical
signal. A spectrum analyzer is used to monitor and record
the undriven thermomechanical noise spectrum. To measure
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Fig. 3. Illustration of the measurement scheme showing the techniques for

detecting undriven thermomechanical noise (connect nodes 4,5) and driven
resonances (connect nodes 1,2 and 4,6). A function generator is used for
parametrically pumping the devices (connect nodes 1,3) and the corresponding
spectrum is observed using a spectrum analyzer (connect nodes 4,5). Red laser
(wavelength A = 632.8nm) is used to probe the displacement of the vibrating
membrane. BS: beam splitter, PD: photodetector.

the driven resonance, RF signal from a network analyzer is
combined with DC gate voltage using a bias tee and applied
to the local gate. In the driven resonance case, the electrical
signal from the photodetector is recorded using the same
network analyzer. For parametric resonance characterization,
electrical pump signal (2f7) is introduced at the local gate
from a function generator and the corresponding spectra is
recorded using the spectrum analyzer. PnFCs are generated in
the RF regime by introducing a single drive frequency at the
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Fig. 4. Resonance characterization of the 4L device at Vg = — 3V.

(a) Driven resonance at varying vqe, from 10mV to 300mV with 10mV
step. (b) Measured thermomechanical noise showing two modes. (blue curve:
experimental data, red curves: fitting). (c) Log plot of the measured undriven
thermomechanical noise and driven resonance shows DR ~83dB for mode 1.

local gate from a function generator and the signal is recorded
by using the spectrum analyzer. All measurements are carried
out at room temperature (7 ~300K) and in moderate vacuum
(p ~20mTorr).

IV. DYNAMIC RANGE AND FREQUENCY TUNING OF
DEVICE 1

We achieve 1:1 mode coupling and internal resonance
condition between two nearby modes in device 1 with 4L
suspended MoS,; membrane (Fig. 4). We study the undriven
and driven resonance, Duffing nonlinearity, and dynamic range
(DR) of the 2D NEMS resonator to characterize and calibrate
the two modes and determine the necessary conditions to
achieve internal resonance. Without applying any RF drive
(vgrv), we measure undriven thermomechanical noise with
fixed Vg = — 3V. The resonance frequency f, and quality
factor Q,, of n™ mode can be extracted by fitting to a simple
harmonic resonator model to describe the thermomechanical
motion of a resonator expressed as [32]

12 4sTw, 1 ’ 1
x,thn = T 2)2 2] M
Meff,n Qn (a) — wn) + (wa)n/Qn)

Here, kp, T, w,, and mefr,, represent Boltzmann’s constant,
temperature, angular resonance frequency, and effective mass

1

of the n'™ mode, respectively. By fitting the experimental data
to Eq. (1), we obtain two resonance modes at f; = 46.7MHz
with Q1 ~60, and f, = 48.9MHz with O, ~50 (Fig. 4b).
To measure the driven resonance, we combine vgyy from the
network analyzer with DC gate voltage Vy = — 3V using a
bias tee and apply to the local gate. We gradually increase
Vdgry to investigate the nonlinearity and DR of the resonance
modes. Clear bifurcation is detected for the first mode under
high RF drive, demonstrating stiffening Duffing nonlinearity.
DR is defined by the ratio of the signal amplitude at the onset
of nonlinearity, also known as 1dB compression point, to the
thermomechanical noise floor and expressed as (in dB) [50]

0.745
DR =20log| ——2%_ ), )
vV ZSx,thAf
where a. is the critical amplitude and Af = 1Hz is the

measurement bandwidth. For the 1st mode, we observe a
dynamic range DR ~83.5dB. However, the signal amplitude
of the 2nd mode keeps increasing without displaying any
clear Duffing nonlinearity even at vy, = 300mV, indicating
DR, >85dB (Fig. 4c).

The resonance frequencies of the 2D NEMS resonators are
highly tunable and can be leveraged to achieve internal reso-
nances with commensurate frequency relationship. To achieve
a 1:1 internal resonance condition, we study the resonance
frequency tuning of the drumhead via the local electrostatic
gate. We fix the RF drive vg,y = 10mV to operate the resonator
in linear regime and sweep V, from —20 to 20V with 0.5V
step. With the application of Vj at the local gate, the membrane
is stretched towards the gate due to electrostatic force and
thus the tension in the membrane increases with increased
Vq. However, increased Vg also introduces capacitive softening
which reduces the resonance frequency. Thus, the frequency
tuning of the drumhead resonator depends on the interplay
between the V,-induced elastic stiffening and capacitive soft-
ening effect. This can be expressed by [33], [34], Eq. (3),
as shown at the bottom of this page, where Ey, &, p, 7,
h, zo, and €p represent Young’s modulus of the material of
the membrane, total radial strain due to stretching of the
membrane, 3D mass density, radius of the drumhead, thickness
of the membrane, depth of the air gap (trench depth), and
permittivity of free space. Depending on the initial device
parameters, such as built-in tension and vacuum (or air) gap
between the suspended membrane and the local gate of the
resonator, the combined effect can lead to “W’ or ‘U’ shaped
frequency tuning curves [33], [34], [35].

As we vary Vy, the 4L MoS; device exhibits both frequency
tuning characteristics (Fig. 5). As we vary V, from —20V
to 20V, the resonance frequency f] increases from ~47MHz
to ~64MHz, providing a frequency tunability Afi/f1 ~36%
and displays a ‘U’ shaped resonance frequency tuning curve.
On the other hand, f; stays close to 5S0MHz for V; close to OV

1 Ve

2.42F
YEér EO V2 (3)

fi=

27 | 2.156 (1 —v2) Eyh2e2pz}

pr2  0.813phz ¢
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Fig. 5. Resonance frequency tuning of multimode MoS; resonator (device

1). (a) 2D color plot of the frequency tuning by varying the gate voltage
from —20V to 20V with 0.5V step. Mode 1 (f1) and mode 2 (f) show
“U” and “W” shaped frequency tuning curves, respectively. (b) A zoomed-in
view of the frequency tuning curves highlighted in red box in (a) with finer
gate voltage step (0.2V). (c) Zoomed-in view of the frequency tuning curves
highlighted in red box in (b). (d) The signal amplitude in (c) is converted to
log scale, showing an anti-crossing point between the frequency tuning curves
of fi and f>. (e) Evolution of mode 1 and mode 2 by varying Vg = — 8V
to —1.6V, clearly showing the mode anti-crossing point near Vg = — 6V.

and reduces to ~48MHz at Vy; = £10V. However, f; increases
again and shifts to ~50MHz at V, = £20V, exhibiting a “W’-
shaped frequency tuning curve. The different responses of the
resonance frequencies with varying V, lead to anti-crossing
between 1 and 2" modes near Vg & —6V to —7V. Near the
anti-crossing point, the lower energy branch switches from f}
to f> as we increase |Vg|. The upper energy branch, on the

other hand, changes from f> to fj as the resonator response
goes through the anti-crossing point. Figure Se shows a set of
resonance response curves by varying Vy; = — 8V to —1.6V
with 0.8V step. At lower |V, two distinct modes are clearly
visible. As we increase |Vg|, the modes get closer to each
other and at the anti-crossing point, they exchange energy.
Response curves clearly shows the transition between f; and
f2 near Vy = — 6.4V.

V. PHONONIC FREQUENCY COMB VIA 1:1 INTERNAL
RESONANCE AND MODE COUPLING

The essential governing equations of motion for the 1:1
internal resonance, including Duffing nonlinearity and mode
coupling coefficient between two modes can be written as

Mefr,1X1 + Megr,101%1/ Q1

+ ky1x + k3,1xf + nx1x3 = Fj cos (1), 4
Mefr,2X2 + Mgt 202%2/ 02
+ ki1,2x2 + k3,2x; + nxle2 = F)cos (wt) , 5

where the subscripts 1 and 2 denote mode 1 and mode 2,
respectively, and n is the nonlinear coupling coefficient
between two modes. Since energy transfer between coupled
modes takes place in the nonlinear regime, we characterize
the nonlinear dynamics of the MoS; resonators focusing on
the 1:1 internal resonance condition. Based on the frequency
tuning maps shown in Fig. 5¢ and 5d, V; is set to be —6.4V,
and resonance characteristics are measured with varying vgry.
At this 1:1 internal resonance setting, we find f; ~47.3MHz
with Q1 ~100 and f, ~48.1MHz with Q> ~50 from the
thermomechanical noise measurement, showing a frequency
splitting of 0.8MHz. Next, we introduce vgy = 5SmV to
800mV to the gate with a 15mV step to excite the resonance
motion. Figure 6a shows evolution of the resonance with
varying vqgry. As vgpy increases, the peak point shifts upward
in frequency, showing an asymmetric resonance shape (i.e.,
stiffening Duffing nonlinearity). Even at very high vgpy, the
resonance appears only weakly nonlinear, and the onset of
the nonlinearity could be much higher than the measured
amplitude. By comparing the measured amplitude at vg,, =
800mV with the noise floor, we estimate a measured dynamic
range DR; > 102dB. The surprisingly broad DR may be
attributed to partial cancellation of opposite Duffing nonlin-
earity induced by stiffening and capacitive softening, which
delays the onset of nonlinearity (Fig. 6¢). Moreover, the results
indicate the MoS, device possesses excellent DR tuning, over
19dB, by controlling V. The extracted Duffing coefficient k3
of mode 1 is 5.69236 x 10'> N-m™.

We now turn our focus to PnFC generation in the MoS;
NEMS resonator by employing the 1:1 internal resonance
mode coupling (Fig. 7a). A single frequency driving signal
farv = 48.06MHz near the anti-crossing is applied to the gate
with V; = — 6.4V and PnFC spectrum is monitored by using
the spectrum analyzer. No clear PnFC pattern is generated
when vgry <550mV (Fig. 7a). Upon vgry >550mV, equally
spaced comb teeth appear near fyy, showing PnFC. As the
coupled modes start to be weakly nonlinear at vgry = 550mV
(Fig. 6a), the PnFC appears to be related to nonlinearity of
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Fig. 6. Measured nonlinearity and dynamic range of the 4L MoS; NEMS
resonator at Vg = — 6.4V. (a) Progression of driven resonance with varying
Vgry from SmV to 800mV with 15mV step showing the Duffing nonlinearity of
mode 1. (b) Undriven thermomechanical noise measurement from the device
showing two resonance modes. The fitted curves (cyan and red dashed lines)
show two distinct modes(c) Dynamic range measurement by combining the
data from (a) and (b) in log scale.

the coupled modes. Initially, the measured comb spacing is
fr = 2.53MHz at vgy = 550mV (Fig. 7b); it increases to
Jfr = 2.65MHz at vgry = 570mV (Fig. 7c) and then decreases
to fy = 2.44MHz at vgy = 650mV (Fig. 7d). The ratio
between PnFC spacing and driving frequency f/ fgrv = 0.055,
is much higher than those in PnFCs with much larger MEMS
resonators ( fi/ fary 21076 ~1073) [14], [16]. In the range of
vary >700mV, the PnFC pattern gradually disappears as the
amplitudes of the comb teeth becomes smaller.

We also investigate the characteristics of the PnFC at
different Vy. At Vg = — 7V with fyy = 48.62MHz and vgry =
190mV, a PnFC pattern emerges with f; = 0.63MHz (Fig. 7e).
Compared with the PnFC patterns demonstrated at Vy, = —
6.4V, this has narrower frequency spacing. This further shows
the strong tunability of the PnFC with varying V,, and thus the
resonance mode coupling between two modes of the resonator.

VI. RESONANCE CHARACTERIZATION OF DEVICE 2

To study parametric amplification, we design and fabricate
a single-layer (1L) MoS, NEMS resonator with diameter
d = 3um. To characterize the resonator, we first excite the
device by applying a V; = 10V gate voltage and vgry = 3mV
RF drive to the local gate and measure 4 driven resonance
modes at 24.4MHz, 37.9MHz, 50.4MHz, and 90.7MHz, with
Qs of 170, 138, 107, and 73, respectively (Fig. 8). The signal
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Fig. 7. Phononic frequency comb generation via 1:1 internal resonance.
(a) Evolution of phononic frequency comb structure by varying vgn, with
fixed Vg = — 6.4V and f4ry = 48.06MHz. Frequency-domain response of
the resonator at (b) vgry = 550mV, (¢) v4ry = 570mV, and (d) vgry = 650mV
showing clear comb structure with comb spacing f; = 2.53MHz, 2.65MHz,
and 2.44MHz, respectively. (e) Phononic frequency comb with Vg = — 7V,
vgry = 190mV, and fy, = 48.6MHz with comb spacing f; = 0.63MHz.

amplitude of the driven modes gets smaller as we move to
the higher modes. To measure the frequency tunability, we fix
Vdrv at 3mV and increase Vg from OV to 18.5V with 0.1V
step, and mode 1 shows clear frequency tuning with varying
V.. Capacitive softening dominates up to Vy ~13V showing a
resonance frequency downshift to 23.58MHz; tension-induced
stiffening dominates when V; >13V, exhibiting frequency
upshift to 25.69MHz at V; = 18.5V. Thus, the device shows a
‘W’ shaped frequency tuning curve for mode 1 with frequency
tunability Af1/f1 ~9% and provides a tuning knob to sat-
isfy internal resonance condition for efficient energy transfer
between coupled modes.
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Fig. 8. Resonance characterization of a single-layer (1L) MoS, NEMS
resonator. (a) Optical image of the fabricated 1. MoS, drumhead resonator.
Scale bar: 20um. (b) Conﬁrmin% the single-layer thickness of the 2D
membrane using two prominent E2g and Ajg Raman peaks at 385.44cm™!
and 403.65cm™ !, respectively. (c) Measured multimode resonances of the
device. Measured driven resonances of the (d) 1%, (e) 2", (f) 39, and
(2) 4t mode using optical interferometry with Qs of 170, 138, 107, and 73,
respectively. Blue curves represent experimental data and red dashed curves
are obtained from fitting to the damped harmonic resonator model. (h) Tuning
of resonance frequency of the first mode by varying Vg from 0 to 18V with
fixed vgry = 3mV. The resonator shows a frequency tenability of 9%.

Next, we investigate the device response under high vgry.
As we increase vqry, the peak frequency increases, and the
device goes into the nonlinear regime. The data in Fig. 9
clearly demonstrates Duffing nonlinearity with frequency stift-
ening effect caused by the membrane tensioning. Therefore,
stiffening nonlinearity due to membrane tensioning dominates
any possible softening effects present in the device [51].
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Fig. 9. Duffing nonlinearity measurement. (a) Duffing response measured

by varying vgry with fixed Vg = 10V. Each curve was recorded by sweeping
the RF drive frequency of the network analyzer from 20MHz to 55MHz (up
sweep). (b) Nonlinearity measurement by sweeping the drive frequency of the
network analyzer from SSMHz to 20MHz (down sweep) with same condition
as in (a). (c) Nonlinear responses at vq, = 100mV shows hysteresis during
up (red arrow) and down (blue arrow) sweeps. (d) Clear hysteresis behavior
at vgry = 800mV during up and down sweeps. The hysteresis increases from
1.4MHz at vg, = 100mV to 13.9MHz at vg, = 800mV.

We also observe hysteresis when we sweep the drive frequency
from the network analyzer in opposite directions (up and
down sweeps). Frequency hysteresis increases from 1.4MHz
at vgry = 100mV to 13.9MHz at vgy = 800mV.
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Fig. 10. Degenerate parametric amplification of the undriven thermomechanical noise of the resonator. (a) Measured thermomechanical noise of the single-layer
MoS,; device at varying parametric pump voltage. (b) Measured thermomechanical noise without pumping the device. Thermomechanical noise spectral density

with (¢)100mV, (d) 120mV, (e) 140mV, (f) 145mV, and (g) 150mV electrical

parametric pump voltage introduced at the local gate of the NEMS resonator.

Red dashed curves are acquired by fitting the experimentally measured data depicted in blue curves. (h) Extracted parametric gain and (i) spectral linewidth
narrowing factor at varying pump voltages. (j) Color plot showing thermomechanical noise measured with varying fp with fixed pump voltage at 145mV.

VII. INVESTIGATION OF PARAMETRIC AMPLIFICATION

Resonance motion of the 2D NEMS resonator under
local-gate electrical parametric pumping can be described by

Meff, 1 W1X1

01

Metf, 1 X1 + + [k1,1 + kp cos Qw1 1)] x)

+k3 1x; = F (1), (6)

where x1, t, mefr,1, w1, k1.1, k3,1, and F(¢) are displacement,
time, effective mass, angular frequency at resonance (wg
2m f1), linear spring constant, third order spring constant, and
driving force, respectively. F'(#) can be either a harmonic
drive with amplitude proportional to RF drive voltage vy, at
frequency fyrv or thermal noise. The periodic modulation of
linear stiffness at 2 f is described by kpcos(2wit), where kp

indicates the electrical pump strength. In the ideal membrane
limit, the resonance frequency of a drumhead depends on the
built-in tension y [N/m], thickness &, and diameter d, and is
expressed by

_wd) [7
fo= 1

ph’
Here, xd/2 is a modal parameter and for the fundamen-
tal mode of a circular drumhead, «d/2= 2.404. The reso-
nance frequency can be tuned by varying V. as described
in Eq. (3). We electrically pump the 1L MoS; resonator
at twice the fundamental mode frequency using a function
generator and record the corresponding spectrum. To date,
most of the reported parametric MEMS/NEMS resonators
have utilized the tension modulation to achieve parametric

N

Authorized licensed use limited to: University of Florida. Downloaded on August 02,2023 at 12:34:14 UTC from IEEE Xplore. Restrictions apply.



YOUSUEF et al.: PnFCs IN ATOMICALLY THIN NANOELECTROMECHANICAL RESONATORS 343

TABLE I
BENCHMARKING OF PHONONIC FREQUENCY COMBS IN MEMS/NEMS
Refs | Material | Thickness Operating Teth No of Comb
Frequency Spacing Teeth
This
Work MoS, 2.8nm 48.060MHz | 2.44MHz 5
This
MoS, 0.65nm | 24.00MHz | 26-45kHz 15
Work
[20] | Graphene | 0.34nm 2.87MHz 28.7kHz 16
[27] | Graphene 14nm 22.73MHz 680kHz 9
[24] MoS, 1nm 12.20MHz - -
220kHz-
[54] MoS, 4.55nm 7.7MHz 640kHz 7
[12] GaAs 1.35um 280kHz 0.01-10Hz 48
[28] SiN 0.1pm 6.528MHz 1.1kHz 12
[14] AIN/Si 11um 3.86MHz 2.6kHz 9
[18] AIN/Si - 8.91MHz | 70-90kHz 11
[16] Si 25um 62.97kHz - 21
[17] Si 20um 26kHz 0.8-2.6kHz 25
[23] Si 11um 3.83MHz 9.33kHz 13
[31] Si 10um 417kHz 0.103kHz 27

amplification [37], [39], [40], [42], [43], [44]. Atomically thin
MoS, 2D drumheads with low linear stiffness (ki) [51], [52]
operating in the tension-dominated regime provide an ideal
testbed for parametric amplification and can be efficiently
pumped with electrical pump signal via the local gate.

We measure the thermomechanical noise of the undriven
resonator to study the parametric amplification. The measured
thermomechanical noise for mode 1 shows a resonance fre-
quency f; = 24.14MHz with Q; ~274. The responsivity
of the system, defined as the ratio of the voltage domain

. . . 1/2 .
thermomechanical noise spectral density S,’” to displace-
ment domain thermomechanical noise spectral density Sth/ 2,
is 0.371uV/pm at room temperature. We calculate the dis-
placement of the undriven thermomechanical mode to be
0.15pm without parametric amplification. We also convert
the voltage domain measurement to displacement domain by
utilizing the responsivity of the system. After characterizing
the undriven resonance of the drumhead, the modulation
depth of the electrical pumping to the local gate is gradually
increased by introducing a pump voltage (vp) from a function
generator. We pump the device at 2 f; using RF pump voltage,
starting from 10mV to 170mV, and record the corresponding
noise spectral density near the resonance. Figure 10a-10g show
a series of thermomechanical noise spectra measured at various
pump voltages. The voltage domain noise spectral density is
converted to the displacement domain using the responsivity
of the system and the measurement bandwidth. At low v,

the thermomechanical noise spectrum slowly starts to increase
with increasing pump strength. When v, approaches the
threshold pump voltage (v;), the thermomechanical resonance
shows giant amplification with exceptional spectral linewidth
narrowing. Parametric pumping below v; can be described by
the equation

_ S)% gump (wl) U% _ [2)
= 1/2 1 + ") 1 ) ®)
(@1) Ut Ut

where G is the parametric gain [48] and Sx pump(a)l) and

;/ (w1) are the spectral peak with and without parametric
pumping. Fitting the data to Eq. (8), we obtain a parametric
threshold voltage v; ~#157mV. From the data, we also estimate
the critical gain G 210,000 (80dB).

The spectral linewidth narrowing is another appealing fea-
ture of parametric amplification since smaller linewidth of
the resonance peak results in higher effective Q. Without
parametric drive, the Q of the 1%t mode is 274. The linewidth
of noise spectral density drops sharply near v; due to spec-
tral narrowing. With v, = 153mV, the linewidth narrowing
factor (Ao/Ap) reaches ~5000, corresponding to effective or
enhanced quality factor Qefr ~1.4 X 10°. Here, Ag and Ap
are linewidth without and with pumping. We cannot reliably
capture the linewidth narrowing beyond v, = 153mV due to
the 1Hz resolution bandwidth limit imposed by the instrument.
When v, >157mV, the captured response of the resonator
using the spectrum analyzer deviates from the simple harmonic
resonator model and only shows a sharp single peak. We also
sweep fp with v, < v, to observe the effect of f, on parametric
amplification. Sweeping f,, with fixed v, = 145mV reveals a
range for f, that can parametrically pump the resonator [53],
as shown in Fig. 10j with spectrum analyzer measurements.
The response clearly shows the parametric amplification is
higher when the f, is near twice the fundamental resonance
mode of the drumhead.

VIII. PHONONIC FREQUENCY COMB VIA 2:1 INTERNAL
RESONANCE AND MODE COUPLING

The multimodal MoS, drumhead resonator exhibits a 3rd
mode (Fig. 8e) that lies within the parametric pump range
near 2f]. As we vary the pump frequency, the 2:1 internal
resonance condition is satisfied between the 1% mode and
the 3™ mode, leading to generation of PnFC. The essential
governing equations describing the nonlinear mode coupling
between mode 1 and mode 3 can be written as

Megr, 151 + Megr, 1151/ Q1 + [k1,1 + kp cos Qawi1)] x1

+k3,1xf +2¢x1x3 =0, )]
Meff, 353 + Mefr 30353/ Q3 + ki 3x3 + k3 3%3 + ¢xf = F (1),
(10)

where ¢ is the nonlinear mode coupling between mode 1 and
mode 3. The subscript 3 in Eq. (10) indicates the mode depen-
dent parameters for mode 3. Figure 11a-11d show a series of
measurements delineating the evolution of PnFC due to 2:1
internal resonance. As captured in careful spectrum analyzer
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Phononic frequency comb generation from 2:1 internal resonance and mode coupling. (a) Driving the device at fp = 47.72MHz with vp = 60mV

generates a single tone frequency. (b) Increasing the drive frequency fp to 47.78MHz breaks the single tone into multiple peaks and engenders phononic
frequency comb structure with comb spacing fr ~41kHz. (c) Increasing the pump frequency fp to 48.0MHz increases the comb spacing fr ~45kHz. (d) The
comb spacing fr reduces to 26kHz with f, = 48.2MHz. (e) Evolution of phononic frequency comb structure with varying pump frequency with fixed vp =
60mV with calibrated vy = 45mV. (f) Characterization of phononic frequency comb with varying pump voltage with fixed pump frequency fp = 48.5MHz.
The threshold pump voltage goes up due to multiple measurement of the device with electrical parametric pumping.

measurements, pumping the device at f, = 47.72MHz with
vp = 60mV only generates a single tone frequency. As we
increase f, to 47.78MHz, the single tone frequency breaks
into multiple distinct peaks and form phononic frequency
comb with comb spacing f; = 41kHz. As we increase f}, to
48.0MHz, comb spacing increases to f; = 45kHz, however,
the number of comb teeth n; decreases. As we further increase
fp to 48.2MHz, comb spacing decreases to f; = 26kHz with
increasing number of teeth. The PnFC disappears beyond f, =
48.22MHz.

Figure 1le depicts the evolution of the comb spacing and
number of teeth with varying pump frequency in the single-
layer MoS; NEMS resonator. Generated PnFC spacing can
be tuned by controlling the pump strength vp. Figure 11f
shows the evolution of the PnFC with varying v, with fixed
fp = 48.5MHz. The pump voltage for this measurement is
significantly higher than Fig. 1le, possibly due to multiple
measurements using electrical parametric amplification at dif-
ferent times and requires additional future study. Detailed
comparison of our experimental results with existing liter-
ature is summarized in Table I. Our PnFC with 1:1 inter-
nal resonance exhibits comb spacing in the MHz regime,

which are much larger than those in previously reported
literature. The comb with 2:1 internal resonance displays
comb spacing in the kHz regime with tunability. There-
fore, utilizing the MoS; NEMS resonators, a wide range
of comb spacing can be accessed via 1:1 and 2:1 internal
resonances.

IX. CONCLUSION

In conclusion, we have experimentally demonstrated PnFC
generation in atomically thin MoS, NEMS resonators by uti-
lizing 1:1 and 2:1 mode coupling, achieved by the wide tunable
range of the resonance frequency and exotic nonlinear dynam-
ics in 2D MoS; membrane NEMS. PnFC responses are studied
with various excitation and tuning parameters, including Vg,
farv, and vgry. The PnFC with 1:1 mode coupling demonstrates
comb spacing f; ~2.44MHz to 2.65MHz, whereas PnFC
with 2:1 mode coupling exhibits comb structure with comb
spacing f; ~26kHz to 45kHz. Comparison between the PnFC
responses and resonance behaviors, including frequency tuning
and DR, suggests that the PnFC generation is related to 1:1
and 2:1 mode coupling and nonlinearity induced by the input
driving signal. We have also demonstrated efficient electrical
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parametric amplification by directly pumping the undriven
thermomechanical noise response achieving giant parametric
amplification up to ~80dB and exceptional linewidth narrow-
ing factor ~5000. The findings here can contribute towards
building high-performance and robust NEMS for sensing in
classical and quantum applications.
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