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Three-Axis Mechanical Characterization of Suspended Double-layer Graphene with an Attached Proof
Mass
Chang He' Jie Ding',Wendong Zhang? Xuge Fan**
1. Beijing Institute of Technology
2. North University of China

AN

Graphene-based nanoelectromechanical accelerometers have the potential to be utilized in consumer
electronics, wearable devices, biomedical implantable systems and Internet of Things due to their ultra-small size
and high sensitivity. Here, an acceleration transducer has been modelled and simulated in three-axis directions,
which consists of suspended double-layer graphene and an attached SiO2/Si proof mass. Using finite element
analysis method, the impacts of geometrical sizes and built-in stresses of suspended graphene as well as applied
forces on the deflections, strains and first- to sixth-order resonance frequencies of acceleration transducers were
studied. The simulation results indicate distinct variations in deflections, strains and resonance frequencies under
forces applied along each axis. Notably, out-of-plane forces induce the most pronounced changes. These findings
reveal that suspended graphene-based acceleration transducers exhibit directionally dependent responses to
three-axis acceleration. This work suggests that graphene could be a promising material to develop next
generation three-axis nanoelectromechanical accelerometer.
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Tunable Stochastic State Switching in 2D MoS: Nanomechanical Resonators with Nonlinear Mode
Coupling and Internal Resonance
Pengcheng Zhang, Shuai Yuan, Rui Yang*
Shanghai Jiao Tong University

ENE:

We report the observation of stochastic switching between two resonance states in two-dimensional (2D)
molybdenum disulfide (MoS2) nanoelectromechanical systems (NEMS) exhibiting 1:1 internal resonance (IR)
induced by nonlinear mode coupling. These resonators are directly driven into the critical coupling regime without
the need for parametric pumping. The probability of switching between the low- and high-energy IR states can be
continuously tuned from nearly 0% to 100% by adjusting the radio-frequency (RF) driving voltage. Moreover, we
investigate the effect of external white noise, showing that increasing noise amplitude leads to a reduced
probability of occupying the high-energy state, eventually suppressing the switching behavior altogether. These
findings are consistently observed across multiple devices with varying MoS: thicknesses, demonstrating the
repeatability of the phenomenon. Our results highlight a robust and tunable mechanism for state switching in
coupled NEMS resonators and offer promising avenues for applications in sensing, memory, and stochastic
computing.

Polymethyl Methacrylate (PMMA) Pyrolysis Assisted Transfer of 2D Materials for Large-Scale NEMS
Resonator Arrays
Zuheng Liu, Jianyong Wei, Pengcheng Zhang, Yueyang Jia, Rui Yang*
Shanghai Jiao Tong University

N

We develop a novel transfer technique based on polymethyl methacrylate (PMMA) pyrolysis process for the
fabrication of large-scale two-dimensional (2D) molybdenum disulfide (MoS;) nanoelectromechanical resonator
arrays. We experimentally demonstrate a consistent upward frequency tuning up to 160% and downward quality
(Q) factor shift as DC gate voltage (Vgs) increases, and the measured resonance frequencies and Q among
different devices show smaller variation compared with previous reports. The innovative transfer technique
enables consistent and high-quality 2D resonator arrays, and paves the way towards scalable production of 2D
NEMS resonators.
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Suspended trilayer graphene-based pressure sensors
Zhe Zhang',Quan Liu®,Fangcheng Si*,Huiliang Cao' Jie Ding",Wendong Zhang? Xuge Fan**
1. Beijing institute of technology
2. North University of China

AN

Pressure sensors are widely used in consumer electronics, aerospace, medical and health monitoring, and
other fields. In recent years, graphene has become one of the promising materials in the field of
nanoelectromechanical pressure sensors due to its atomically thin thickness, excellent electrical and mechanical
properties. However, previous studies on suspended graphene-based pressure sensors are commonly limited to
monolayer and bilayer graphene. Suspended multilayer graphene such as trilayer graphene membranes have the
great potential to improve the fabrication yields, stability and durability of graphene-based pressure sensors. Here,
a piezoresistive self-suspended trilayer graphene membranes based NEMS pressure sensor is proposed and
fabricated. The experimental results show trilayer graphene-based pressure sensors had a sensitivity of 1.98 <107
kPa™ in the pressure range of 20 kPa ~ 100 kPa. In addition, the trilayer graphene-based pressure sensor showed
good stability (resistance drift of 0.02%) in long-term pressure maintenance measurements. These experimental
results will provide the guidance for the comparative study of graphene-based NEMS pressure sensors with
different number of atomic layers and contribute to the practical application of graphene-based sensors.
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Hole Doping Mechanisms of O, and Water Molecules in Different Graphene Substrates and Thicknesses
Hongliang Ma’,Qiang Gao® Jie Ding®,Wendong Zhang? Xuge Fan*!
1. Beijing Institute of Technology
2. North University of China

N

Graphene's high mechanical strength and excellent electrochemical properties prove its great potential for
sensor applications. However, the selection and layout of electrode materials, as well as the presence of O2 and
moisture in the environment significantly influence the electrical properties of graphene. In this work, monolayer
graphene (MLG), bilayer graphene (BLG), and few-layer graphene (FLG) were prepared using wet transfer and
mechanical exfoliation techniques, respectively. By discussing the binding mechanisms of O2, water molecules
and inert gases (N2, Ar) on graphene, we elucidated the reversible hole doping rules and thickness-dependent
doping behaviors of graphene with different number of layers and preparation methods on SiO2/Si substrate,
hBN/SiO2/Si substrate, and suspended structure. The results indicate that O2 and water molecules can penetrate
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the SiO2 interface through graphene defects or gaps (edge doping), forming high density charge fluctuation region
in graphene/SiO2. Moreover, transfer characteristic curves and DFT simulations demonstrate that water molecules
can significantly promote the hole doping induced by O2; In graphene/hBN/SiO2/Si substrate, hBN works as a
wide bandgap (~6 eV) insulator, blocking the direct charge transfer between the SiO2 substrate and graphene,
weakening the effect of substrate doping on the electrical properties of graphene (4-fold decrease in the
responsivity); Whereas, in suspended graphene substrate, the suspended structure isolated the substrate doping by
O2and water molecules, which enhanced the graphene carrier mobility but weakened the
responsivity. Furthermore, we also proved O2 and water molecule doping was enhanced by grain boundaries and
defects in CVD graphene, further indicating that the moisture-sensitive properties of graphene depend on the
doping of O2 and water molecules in the environment.
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Nonlinear Dynamic Characterizations of Few-Layer MoSe,
Shuang Cai, Yalan Wang, Jiankai Zhu, Bo Xu, Juan Xia, Zenghui Wang*
University of Electronic Science and Technology of China

AN

Nanoelectromechanical systems (NEMS) devices, owing to their linear and nonlinear dynamical behaviors,
serve as an excellent platform for fundamental research and applications, such as dynamical phonon softening
mode coupling, and exciton-optomechanical coupling tuning. Notably, the nonlinear response is closely related to
the physical properties of materials, especially their mechanical propertiesation of ultrathin materials. We fabricate
resonators using a novel transition metal dichalcogenides, MoSe2, and further characterize their linear and
nonlinear behaviors in the frequency domain. We extract the Young’s modulus of a 7-layer MoSe2 device (E =
200 GPa) and its pretension (n0= 48.44 mN/m). These findings provide critical insights into the mechanical
behaviors of few-layer MoSe2, enabling its further fundamental study and applications.

Laser-Tunable Gold Nanomechanical Resonators
Jiagi Wu, Jiankai Zhu, Luming Wang, Zenghui Wang*
University of Electronic Science and Technology of China

AN

Ultrathin gold materials exhibit unique optical, thermal, and electrical properties, making them well-suited
for biological imaging, hydrogen sensing, and photovoltaic applications. However, their mechanical properties

10
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and potential in NEMS-based sensing remain underexplored.

In this study, we synthesize single-crystal gold nanoflakes and further demonstrate that gold nanomechanical
resonators can function effectively as laser sensors. Specifically, we employ a custom-built interferometry system
to detect ultrathin gold circular drumhead resonators at room temperature and vacuum conditions. By varying the
laser power from 2.31 pW to 478 uW over 18 cycles, we observe a periodic frequency shift (Af = 55.4 kHz),
corresponding to a relative responsivity of 11.9 ppm/uW. Furthermore, our analysis reveals an excellent linear
correlation between the resonance frequency and the laser power, with R2values exceeding 0.98. To broaden the
operational frequency range of the gold resonators, we fabricate 35 gold nanomechanical resonators of varying
sizes and derive the frequency scaling law for such devices. Through this analysis, we successfully extract the
Young's modulus of gold Ey= 60 - 80 GPa with the surface tension y = 0.05 - 0.5 N/m. These findings highlight
the unique advantages of 2D gold resonators and their exceptional potential for high-performance integrated
sensing applications.

High-Precision Determination of Complex Refractive Indices in Ultrathin ReSe: Towards Enhanced
Optomechanical Transduction Efficiency
Ziluo Su,Luming Wang,Jiankai Zhu,Zenghui Wang*
University of Electronic Science and Technology of China

THE NI

Rhenium diselenide (ReSe:) stands out due to its distorted 1T' phase, which leads to anisotropic optical and
electrical properties. Studying its light-matter interaction is essential for advancing nanoelectromechanical
systems (NEMS) by optimizing light absorption or transmission efficiencies. However, due to the miniscule
sample size, accurately determining the complex refractive index (n — ji) of ultrathin ReSez remains challenging.

In this work, we propose a spectroscopic approach for quantitatively determining the complex refractive
indices of two-dimensional (2D) materials using a three-interface interferometric model. Specifically, we build a
fine-engineered spectroscopy setup to measure spatially-resolved reflectance spectra of nanoflakes under
white-light illumination. A total of 17 ReSe: nanostructure samples with varying thicknesses are prepared,
introducing thickness as an essential variable for analysis. By fitting the measured data, we extract the complex
refractive indices spectra of ReSe. over the 450 — 750 nm wavelength range. Furthermore, leveraging these
experimentally determined optical constants, we establish effective guidelines for optimizing efficiency of
light-induced operations in nanodevices, not only enhancing the performance of optomechanical systems for
device design but also facilitating nanoflake identification for sample preparation. Our approach provides solid
insights for advancing the development of ultrathin-material-based NEMS devices, and details will be presented at
the conference.

Few-layer MoSe, nanomechanical resonator with a high laser power-to-frequency responsivity at room
temperature
Yalan Wang, Shuang Cai, Bo Xu, Jiankai Zhu, Juan Xia, Zenghui Wang*
University of Electronic Science and Technology of China

MEAN:
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We experimentally study a tunable tri-layer (3L) MoSe2 drumhead nanomechanical system (NEMS)
resonator and its laser power-dependent resonance behavior. Using the mechanical exfoliation and dry transfer
techniques, we fabricate a 3L MoSe2 NEMS device that exhibit robust vibrations in the very high frequency
(VHF) range, with up to 191% frequency tunability. By varying the detection laser power, we further tune the
device’s resonance frequency and quality factor, achieving a high power-to-frequency responsivity of —284
ppm/pW. Our work demonstrates the great potential of MoSe2 resonators in laser power sensing, and lays the
groundwork for device design, thermal stability, and novel applications in nanoelectronics, optical sensing, and
optomechanical systems.

Modulating Resonance Mode Sequencing in Nanomechanical Resonators
Luming Wang, Jiagi Wu, Jiankai Zhu, Zenghui Wang*
University of Electronic Science and Technology of China

THENIE:

Nanomechanical resonators that utilize suspended two-dimensional (2D) materials as moving components
offer remarkable advantages for advanced sensing, actuation and signal processing applications. These delicate
devices also exhibit exceptional performance at the device-level, including ultra-high sensitivity and broad
tunability. Even more intriguing is that resonators based on mechanically anisotropic 2D materials exhibit
enhanced multimodal behaviors with more distinct resonance modes, thus providing extra degrees of freedom for
advanced nanoelectromechanical systems (NEMS). However, the controllable modulation of higher-order
resonance modes remains largely underexplored, hindering the full exploitation of the extensive multimodal
capabilities of NEMS resonators.

In this work, we present the first demonstration of on-site modulation of resonance mode sequencing, in
NEMS resonators based on calcium niobate (CaNb,Og). By leveraging the material’s intrinsic anisotropic
mechanical and thermal elastic properties, we employ anisotropic strain engineering to achieve a swapping among
higher-order resonance modes. This swapping is further experimentally validated by directly visualizing the
corresponding resonance mode shapes. We also explore the role of thermal elastic anisotropy and propose a
potential mechanism for frequency-based data encoding.

An Ultra-High Sensitivity Magnetic Sensing Mechanism with A Sliding Nanoelectromechanical Resonator
Cao Xia*, Zhujie Zhao, Lijia Zhang, Yuanlin Xia, Zhuging Wang
Sichuan University

TEACES

Magnetometers play an important role in many fields, such as navigation, geographical exploration, and
aerospace. To break the sensitivity limit, this work proposed an ultra-high-sensitivity sensing mechanism with
an innovative sliding nanoelectromechanical resonator for the first time. A Hard magnetic block is employed to
replace soft magnetic film for sensing magnetic fields more sensitively, while a coupled resonant nanodrum is
adapted for converting magnetic field into resonant frequency shifts for measurement. Through sliding coupling
principle, "separation of magnetic sensing and resonant detection" can be accomplished to overcome the
significant negative effect of the magnetic block on the nanodrum's resonant frequency. Theoretical and finite
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element simulation results indicate that the sensitivity of our proposed mechanism is up to 3310.384MHZz/T in the
magnetic field intensity range of 0~1.1T, which is three orders of magnitude enhancement compared with
presently the highest sensitivity(1.91MHz/T). A macro prototype was further developed to verify the feasibility of
our proposed mechanism, as well as the impact of key structural parameters on the sensitivity were studied, such
as geometric dimensions, built-in tensions and two-dimensional membrane atomic layers. This work opens a new
avenue for the development of ultra-high sensitivity nanoelectromechanical magnetometers.

In this work, we present the first demonstration of on-site modulation of resonance mode sequencing, in
NEMS resonators based on calcium niobate (CaNb,Og). By leveraging the material’s intrinsic anisotropic
mechanical and thermal elastic properties, we employ anisotropic strain engineering to achieve a swapping among
higher-order resonance modes. This swapping is further experimentally validated by directly visualizing the
corresponding resonance mode shapes. We also explore the role of thermal elastic anisotropy and propose a
potential mechanism for frequency-based data encoding.

FALB RN RIS IRAS I B 5 R SME B RERT T
XE. I, s
P 5 IS FL K 2

THENTE:

HHE SRAME (SBUV) FRINE Tolky IR ARG IS5 AU AT 25 T2 (R« D B AR AL 8K (B-Gax05)
A (4.5-4.9 eV) ek, HUAEUIEE K 5ELILE SBUV Bl (<280 nm), HHEA & 7 %58,
RUFAFRETESEILSS, RAFN SBUV fREES AR L. AT B-Ga:0:90 KHLHL RS (NEMS) i
A%, TR T —RiETERE SBUV fRI&as . (8IS EEB IR T, 4i G Eg 2 #r Al COMSOL £ %)
B3R, fR7x T SBUV AR GBI G N 51 KB IR a% AR 55 A BRI /224K, 2 1M eSO IR AR (1 1%
ML D7 AR, IEIRAR A2 B 5 NI DR LR PRI N, P E R IA-175.5 Hz/InW; 20
PACTENR AR 5 5 (=100nm ) Sz B2 ik HpL BH AT S 25 S TH i 2 2R o ASHIE FE N B-GazOs L LIS IR & (1) SBUV
PRI U IR AL 7 BB AR 255, HE) AR I8 5 AN P15 00 25 50 1 58 P L

An Ultra-high-Sensitivity Acceleration Sensing Mechanism with A Sliding Nanomechanical Resonator
Lijia Zhang, Zhujie Zhao, Cao Xia*, Yuanlin Xia, Zhuging Wang
Sichuan University

AN

This study proposes an ultra-high-sensitivity sensing mechanism with an innovative sliding
nanoelectromechanical resonator for the first time. The accelerator integrates a suspended graphene ribbon with
an attached proof mass for acceleration sensing and another graphene ribbon for resonant frequency based
readout, interconnected through a van der Waals-mediated sliding interface that enables mechanical
decoupling. The applied acceleration will cause a vertical displacement of the proof mass accompanied by the
deformation of the graphene ribbon. It can be further transformed into an in-plane tensile strain of the another
graphene ribbon via the sliding boundary's strain transfer mechanism. The acceleration can thus be converted into
quantifiable modal frequency shifts via stress-dependent resonance modulation. Through sliding coupling
principle, “separation of acceleration sensing and resonant detection” can be accomplished to overcome the
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significant negative effect of the proof mass on the graphene ribbon's resonant frequency, both theoretical and
FEM results indicate that the a 1-2 order sensitivity enhancement can be realized, addressing critical barriers in

high-precision navigation for aerospace and defense applications.
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