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Abstract

device platform.

Resonant nanoelectromechanical systems (NEMS) based on two-dimensional (2D) materials exhibit excellent
resonance properties such as a large tuning range, ultralow power, and large dynamic range, leading to broad
potential applications in sensing and signal processing. However, scalable fabrication of high-performance 2D NEMS
arrays, particularly those with individually addressable electronic control, remains challenging and underexplored.
Here, we report a mass transfer printing (MTP) method for the fabrication of large-scale electronically-independent
molybdenum disulfide (MoS,) NEMS resonators with regular isolation spacing. MoS, is precisely torn at the edges of
polymer protrusions by the surface tension of auxiliary liquid, followed by dry-transfer to the pre-patterned substrate
with microtrenches and electrodes. The MTP technique avoids lithographic processes that could lead to collapsing or
failure of suspended 2D materials while obtaining electronically independent devices. Characterization of 84
monolayer MoS, NEMS resonators demonstrates maintained material quality after transfer, structural integrity, highly
tunable resonance frequencies in very-high-frequency (VHF) band, consistent tuning trend of quality (Q) factors, and
significant signal-to-noise ratios (SNRs). Independent AC voltage excitation and DC voltage sweeping on different
resonators confirm individual electronic control without crosstalk even for neighboring resonators. Furthermore, we
design and experimentally demonstrate a functional decimal-to-binary converter building block using adjacent,
electrically isolated resonators on a single chip, using gate voltage as input and amplitude at the specific frequency as
output. The MTP-fabricated array of independently-addressable MoS, resonators advances the large-scale integration
of 2D NEMS devices, offering a straightforward and promising pathway for a plethora of applications built upon such

Introduction

Nanoelectromechanical systems (NEMS) based on two-
dimensional (2D) materials, such as graphene and tran-
sition metal dichalcogenides (TMDCs), exhibit excellent
properties such as the resonance frequency above 1 GHz,
broad electronic frequency tuning range exceeding
1300%, dynamic range up to 110dB, broad tuning of
quality (Q) factor above 400%, rich nonlinear dynamics,
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and coupling in various physical domains, which benefit
from the fantastic mechanical and electronic properties of
2D materials' . These device properties make 2D NEMS
resonators highly promising for numerous potential
applications, including high-precision sensing, radio-
frequency signal processing, ultralow-power mechanical
memory/computing, and compact quantum devices'*™"°.
Towards these applications, a reliable mass fabrication
technique is critical for the scalable integration of 2D
NEMS resonators on chip. Furthermore, by improving the
preparation process and applying further treatments such
as thermal annealing or strain engineering, there is still
significant room for improving the performance of these
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devices, which can further expand the application pro-
spects of 2D NEMS resonators>*~>?,

The fabrication of 2D NEMS resonator arrays based on
various techniques has been reported. The 2D material
and contact electrodes can be lithographically patterned
on the substrate, followed by a wet chemical etching
process of the sacrificial layer underneath, resulting in
suspended 2D structures’®. Yet the atomically-thin
layered structure, ultrasmall mass, and high surface-to-
volume ratio, which provide the desirable properties for
2D NEMS resonators, also pose challenges for the fabri-
cation of these suspended atomic membranes; especially,
the exposure to wet chemicals such as hydrofluoric acid
can affect the material properties and stress uniformity,
and even lead to device failure or collapse. To avoid
contact with wet chemicals, a fully dry transfer technique
has also been developed, which relies on a polymer stamp
to transfer the whole 2D thin film onto the pre-fabricated
surface microtrenches on the substrate, and thus can
reduce the chemical residue on the material and the
chance of device failure’®~*°, For large-scale array fabri-
cation, 2D materials grown by chemical vapor deposition
(CVD) or metal-organic CVD (MOCVD), rather than thin
flakes prepared by mechanical exfoliation from bulk
material, are commonly used, resulting in continuous 2D
material films. Due to the requirement of independent
electronic access and electrostatic tuning of different
devices in potential applications, a continuous 2D con-
ductive film is not suitable and requires further pattern-
ing. However, after suspension of the atomically-thin
membranes, lithographic processes can hardly be
employed for patterning the membranes due to the high
chance of material failure. Therefore, it is necessary to
develop a fabrication process for independently-accessible
2D resonator arrays with high reliability.

In this work, we demonstrate the fabrication of
independently-accessible monolayer and few-layer MoS,
NEMS resonator arrays, where devices are physically
separated based on a mass transfer printing (MTP)
technology. Instead of a flat polydimethylsiloxane (PDMS)
layer, we use a custom PDMS polymer stamp with
micrometer-scale protrusions as the assist layer for dry
transfer of CVD MoS, film, which allows the liquid-
tension-induced cut of material on the edges, and pick-up
of 2D MoS, only in the areas with the protrusion. Then,
after the dry transfer of the 2D material onto the substrate
with microtrenches with precise alignment, we char-
acterize the suspended 2D flakes, demonstrating their
suspension over the microtrenches with desirable material
properties. We then perform optical interferometry
measurement of nanomechanical resonances using either
electronic or photothermal excitation on 63 monolayer
MoS, NEMS resonators with a diameter of d=2 pum
within a random region in the array, demonstrating the
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measured resonance frequencies, Q factors, signal-to-
noise ratios (SNRs), and the consistency of gate tuning
properties. To demonstrate the adaptability of such MTP
technique, we further fabricate and measure 15 mono-
layer MoS, NEMS resonators with d=3.5pum, and 6
few-layer MoS, NEMS resonators. We demonstrate
independent control of two groups of physically-separated
2D devices by applying different AC voltage signals or DC
voltage sweeps to the electrodes connected to each group,
respectively, and show no crosstalk between the elec-
trically isolated devices. Furthermore, leveraging the
independent electrical accessibility, we design and
demonstrate a functional decimal-to-binary converter
building block based on two adjacent and separated
resonators on a single chip, demonstrating the functional
characteristics of the device array. The results show high
promise for building large-scale functional arrays based
on 2D NEMS resonators, towards sensing, signal pro-
cessing, and analog-based computing.

Results and discussion
MTP technology for 2D NEMS fabrication

The fabrication of the physically-isolated 2D NEMS
MoS, resonator arrays follows an MTP-based process>>>",
Firstly, a substrate with a periodic array of microtrenches
and metal electrodes is fabricated using standard photo-
lithography, microtrench etching via reactive ion etching
(RIE), and 10 nm chromium (Cr) / 40 nm gold (Au) metal
electrodes deposition via electron beam evaporation
(Supplementary Note S1). Additionally, we prepare the
soft PDMS stamp with matched array designs of square
micro-protrusions (20 x 20 x 10 pm in length, width, and
height, respectively) with 20 um spacing, as the transfer-
assist polymer layer, via a SU-8 photoresist based soft
lithography and PDMS replica molding (Fig. 1i and Sup-
plementary Note S2). After the CVD growth of monolayer
and few-layer MoS, on oxidized Si substrate, we bring the
protrusions on the PDMS polymer and the 2D material
flake into close contact and apply appropriate pressure,
leaving the bare MoS, in the non-contact regions (inter-
vals) (Fig. 1a, b).

Then, a 1:1 isopropanol (IPA)/ deionized (DI) water
solution is prepared and dropped along the contact edge
between polymer and 2D material, which facilitates the
wetting (Fig. 1b)*?, and makes the liquid penetrate the
interface between MoS, and SiO,, separating the material
from the substrate via capillary force****. In the contact
regions, MoS, adheres to the PDMS protrusions due to
van der Waals (vdW) forces, while the non-contact
regions will be curled or torn from the edge due to the
relatively strong liquid surface tension (Fig. 1c). Due to
the hydrophobic nature of the dense micro-patterns on
the stamp, the use of an isopropanol aqueous solution,
compared to pure water, results in a lower surface tension



Liu et al. Microsystems & Nanoengineering (2026)12:21

Page 3 of 11

a b
Pressing down ‘

PDMS stamp

CVD monolayer MoS,

Water with isopropanol

d e
4// MoS, \\

Pressing down

Substrate with trenches

PDMS stamp with MoS,

Electrodes
g Lifting off h

Si/Sio,

Thermal release

c i

PDMS with stamp

Lifting off

f j 1L-MoS,on PDMS

Contact

Trenches

MoS, in contact

Fig. 1 Fabrication process of the independent accessible resonators using MTP technology with a PDMS stamp. a The transfer of CVD-grown
MoS, onto the PDMS polymer stamp, starting with the contact between MoS, and protrusions, and the bare PDMS stamp optical image is shown in
(i). Scale bar: 40 um. b A 1:1 IPA / DI water solution is dropped along the contact edge between polymer and growth substrate, which penetrates
rapidly into MoS,-substrate gap via capillary action. c After separation driven by capillary forces, the MoS, attached to the stamp is stripped from the
substrate. d Schematic of the PDMS stamp with the attached MoS,. The corresponding optical image of PDMS with monolayer (1 L) MoS; is shown in
(§). Scale bar: 40 um. e, f Alignment of the MoS, on PDMS protrusions with substrate patterns and smooth contact establishment, with (k) showing an
optical image during MTP process. Scale bar: 50 um. g Lift-off of PDMS stamp after thermal release of the MoS, film, leaving the 2D material on the
substrate to form NEMS resonators over pre-designed microtrenches. h Schematic of the independently-accessible resonator array. Square MoS,
structures (20 um edge length) with 20 um spacing are transferred onto the substrate, with each MoS, square electronically isolated, and controlled
via connected electrodes without mutual interference. i-k Optical images of the PDMS and substrate during MTP

of the liquid, thereby facilitating a smooth wetting pro-
cess. Meanwhile, the capillary effect enables the auxiliary
liquid to be rapidly drawn into the gap between the liquid
and the substrate, thereby accelerating the infiltration
process. In contrast, if only pure isopropanol is used, its
surface tension is too low to tear and cut the MoS, at the
edges of the PDMS stamp protrusions. After complete
liquid infiltration and material separation, the growth
substrate is gently separated from the assist layer, yielding
a transfer stamp with an intact, almost crack-free mono-
layer MoS, after drying in ambient environment (Fig. 1d,
j, with detailed optical images in Fig. S4).

Next, we print the monolayer MoS, onto the target sub-
strate using a custom-built transfer stage consisting of four
movable axes (X,Y,Z, and a rotation R axis in the XY plane),
following steps similar to a dry transfer process®. Because
PDMS volume is highly temperature-dependent, the initial

transfer temperature before contact should be maintained at
room temperature to improve efficiency and minimize
misalignment®. With the PDMS stamp close to the target
substrate, we carefully adjust the relative angle between the
stamp and the target substrate by rotating the R-axis, so that
the protrusions of the stamp are parallel to the edges of the
electrode. Then, we move the substrate in the XY axes to
ensure that the MoS, patterns on the PDMS protrusions
precisely cover the microtrenches and contact the electro-
des, and finally adjust the Z axis to bring the MoS, into
contact with the substrate. Before contact, we maintain a
constant temperature to prevent 2D material from breaking
(Fig. 1e, £, k). By comparison with PDMS with higher pro-
trusions (20 pm), we further observe that PDMS protrusions
with lower height (10 pm) deform and twist less under the
contact pressure, aiding in maintaining flatness and integrity
of the MoS, (Supplementary Note S4). Next, we slowly and
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Fig. 2 Characterization of the suspended monolayer MoS, NEMS resonator array fabricated by the MTP process. Optical images at
magnifications of (@) 20x, (b) 50x, and (c) 100x, with scale bars of 100 um, 40 um, and 20 um, respectively. d Representative Raman spectra from
suspended regions over microtrenches (red) and substrate-supported regions (blue) of the transferred monolayer MoS,. Statistics of the (e) Raman peak
positions, and (f) FWHM values for the A4 (blue) and Ezg‘ (orange) modes for 63 devices, with the long bar and red hexagon representing the average
and median, respectively. g Representative photoluminescence (PL) spectrum from suspended regions over trenches (red) and substrate-supported
regions (blue) of MoS,. h Summary of FWHM values for the dominant PL peak across the 63 devices. i AFM topology measurement of a suspended MoS,
membrane over the microtrench, with the substrate, material edge, device edge, and membrane dip in the suspended region labeled. Scale bar: 2 um

gently heat the substrate in contact with 2D material and
PDMS to ~70°C, thermally releasing the MoS, from the
PDMS and adhering it to the target substrate via vdW
forces. The polymer layer is then gently lifted, leaving the
MoS,; on the substrate, and forming suspended MoS, over
the microtrenches (Fig. 1g). Such a process naturally divides
the MoS, into arrays of isolated 20-micron squares, which
avoids electronic interference and enables independent
control of each device in the array (Fig. 1h).

Characterization of material properties
Optical images at varying magnifications show the intact
transfer of 2D MoS, NEMS resonator arrays with

20 x 20 um lateral dimensions and 20 pum pitch, which
confirms that the MTP process is an efficient technology
for the scalable fabrication of 2D NEMS resonator arrays
(Fig. 2a—c). Uniquely designed interdigitated electrodes are
patterned and connected to the square MoS, arrays to
enhance device density while ensuring the mechanical
integrity of the MoS,. We then employ Raman spectro-
scopy to assess the quality of the transferred MoS, array.
Raman spectra show monolayer MoS, material from the
peak separation (Fig. 2d)*>*, with a red shift in the sus-
pended region over the trench indicating strain®®. Statis-
tical analysis of the E,,' and A;, Raman modes across 63
devices with the same diameters validates the high
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Fig. 3 Measured resonant properties of monolayer MoS, NEMS resonator arrays by MTP technology via photothermal excitation and
capacitive excitation. a Optical interferometry measurement setup using a 633 nm He-Ne laser. Resonance is driven either photothermally (Port 1, fixed
05V DC+H 05V AC is adopted if selected) or capacitively by DC plus AC voltages (Port 2). b Resonance properties including the resonance frequency, Q
factor, and SNR for a device, showing measured data (orange symbols) and fitting curve (red line). Statistical analysis of (c) resonance frequency vs. Q factor,
and (d) frequency vs. SNR, for 63 devices. e Distributions of resonance frequency and Q factor, with fitting curves using normal distribution. Electronic
tuning of (f) resonance frequency and (g) Q factor under capacitive excitation for 10 representative resonators, as Vgs increases with a fixed v, =30 mV,
showing that the resonance frequency increases with Vs from 0V to 6.5V, and Q factor decreases with Vs, with consistent trends across devices

uniformity of the monolayer MoS, material after transfer
using the MTP technique, with the peak positions and full-
width-at-half-maximum (FWHM) values showing mini-
mal variations, which can be indicated by their narrow
distributions and small standard deviation o (Fig. 2e, f, and
Fig. S19). The high lattice quality from Raman measure-
ments also confirms that the MTP technique introduces
minimal damage to MoS,, consistent with previous
reportsgo’Sg.

We also measure the photoluminescence (PL) spectra
from the 63 devices to further confirm the thickness and
lattice quality. A single peak at ~670 nm with high intensity
confirms the monolayer nature of the MoS, (Fig. 2g)*°. The
narrow and uniform FWHM values of the dominant PL
peak (39.6 to 48.0nm) underscore the material homo-
geneity and transfer reproducibility (Fig. 2h)*!. Beyond the

intrinsic lattice quality and layer number, it is essential to
confirm device continuity over trenches after transfer.
Atomic force microscopy (AFM) topography provides
direct evidence for successful device suspension with
complete, conformal coverage over the microtrench struc-
tures (Fig. 2i). The line profile across the ~280 nm high
microtrench confirms the continuity of the suspended
MoS, membrane with ~27 nm deformation, presumably
caused by the downward pressure during transfer.

Resonance properties of the 2D MoS2 resonator arrays
We characterize the resonances of the arrays using a
custom-built optical interferometry system (633 nm He-Ne
laser), with the chip placed in a vacuum chamber at room
temperature, and excited capacitively or with photothermal
actuation (Fig. 3a)**™**, In this system, a DC voltage from a
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source and a sweeping AC voltage from a network analyzer
are connected to a bias-tee, then routed to either the
405 nm amplitude-modulated blue laser (Port 1, a fixed
05V DC+05V AC voltage combination is adopted if
selected) or the global gate electrode (Port 2, DC and AC
with variable magnitude and frequency is adopted if selec-
ted). From the measured resonance spectra from photo-
thermal excitation, we extract the resonance frequency, Q
factors, as well as the SNRs via peak analysis (Fig. 3b). We
have measured and analyzed 63 devices with 2 ym dia-
meter, and summarized the frequencies vs. Q factors, and
frequencies vs. SNRs as scatter plots (Fig. 3¢, d; detail in
Supplementary Note S5). Additionally, resonance fre-
quencies and Q factor distributions for all resonators con-
form to normal distribution, centered at ~30 MHz and 70,
respectively (Fig. 3e). These results demonstrate that the
array exhibits consistent characteristics, with all devices
showing resonance in the VHF band.

To further explore the tuning performance of the
resonators, we apply DC (Vgs) and AC (v,.) voltages
between the back gate and drumhead of each device (port.
2), driving resonance and sweeping Vgs to tune frequency
and Q factor via static deflection and strain modulation.
Resonance frequencies and Q factors are extracted for
each resonance as Vg is swept from 0 to 6.5V in 0.5V
steps at a fixed v,. =30 mV, for 10 representative devices.
The frequency tuning range is calculated as the difference
of resonance frequencies and the initial resonance fre-
quency measured at Vgs=0V, divided by the initial
resonance frequency: (fies-fo)/fo, showing a consistent
increase due to the large tensile strain with increasing Vs
(Fig. 3f), described by:

1 [2.405*Eye, €0

= — V2
f 21 2pR? 0.75ptg3 = G

where ¢, Ey, v, and p are the thickness, Young’s modulus,
Poisson’s ratio, and mass density, respectively, R is the
radius, €, is the gate-tunable total strain, g is the initial gap
depth, ¢, is the vacuum permittivity**. Similarly, we also
obtain the Q factor tuning range by taking the difference
between the Q factors and the initial Q factor at
Vgs=0V, divided by the initial Q factor: (Q-Qp)/Qo,
showing a decrease with Vg for these fully-clamped
resonators (Fig. 3g), attributed to the combined effects of
increased tensile strain and vibration amplitude, which is
in accordance with previous Q tuning model**:

5.576x2
Sr(VGs)Rz(l — U2)

0

-1
Qrep =

where 4 is a fitting parameter (related to the material and
device structure), €, (Vgs) is gate-tunable strain, x, is the
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resonance amplitude proportional to |Vgsxv,| under
linear damping. Since Qrl. = Qrip + Qothersr (Qothers
is independent of Vg), an increasing Qrgp ' reduces the
total Q. The arrays exhibit consistent electronic tuning of
resonance frequencies and Q factors with Vg.

In order to verify that MTP technology is also applicable
to the fabrication of 2D NEMS resonators of various sizes
and thicknesses, we further employ MTP to fabricate 15
monolayer MoS, NEMS resonators with different sizes
and 6 few-layer MoS, NEMS resonators, demonstrating
the MTP method’s applicability across different sizes and
thicknesses. For monolayer MoS, NEMS resonators with
diameters of 3.5 pm, the resonances also show relatively
uniform properties, with lower resonance frequencies
compared with resonators with d =2 um (Figs. S13-S14).
The few-layer devices generally show relatively worse
material integrity compared with monolayer counterparts,
likely due to the difficulty of fracturing the few-layer
materials from the edges (Supplementary Note S6, Fig.
S9-S12). We also measure clear resonances for these few-
layer MoS, NEMS resonators (Fig. S15).

Independent electronic control of 2D NEMS
resonator arrays

Leveraging the MTP technology, we demonstrate
device-level individual modulation capabilities because
the MTP process achieves pre-segmentation prior to
transfer onto the substrate, distinct from previous
continuous-membrane 2D NEMS resonator arrays>>*’.
We validate independent control by applying distinct AC
excitation voltages (v,.) and DC voltage sweeps (Vgs) on
four resonators in two adjacent electrode groups and
characterize their responses. As illustrated in Fig. 4a,
Device 1 and Device 2 share the electrode A, while Device
3 and Device 4 share the electrode B. With a global fixed
Vgs of 3V to induce electrostatic force, a 30 mV v,
excitation is applied to electrode A with electrode B
grounded. Therefore, we measure clear resonances from
Devices 1 and 2 (electrode A), while Devices 3 and 4
(electrode B) show no response (Fig. 4b, c). This confirms
that AC excitation on electrode A does not affect devices
connected to electrode B, confirming the electronic iso-
lation between resonators. To further assess the potential
crosstalk, we repeat the measurements using the same
resonators by exciting the neighboring device with the
non-excited devices floating. The spectral response indi-
cates that the floating device remains idle (Supplementary
Note S11), further confirming that the crosstalk among
devices is negligible. Conversely, with the same global DC
gate bias (3 V), v, of 30 mV is applied to electrode B with
electrode A grounded (Fig. 4d), so Devices 1 and 2 remain
inactive, whereas Devices 3 and 4 are excited with reso-
nances measured (Figs. 4e, f). Some difference in the SNR
of the resonances could be related to the vibration
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(see figure on previous page)
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Fig. 4 Electronically-isolated operation in MTP-fabricated 2D NEMS resonator arrays. a Schematic illustration of the device configuration:
global Vgs =3V, and v, =30 mV on electrode A. Devices 1-2 are controlled by electrode A; Devices 3-4 are grounded via electrode B. Resonance
spectra measured under electrode-A excitation: (b) Device 1 is activated and Device 3 is idle; (c) Device 2 is activated and Device 4 is idle.

d-f Measurements with a global Vss =3V, and v, = 30 mV on electrode B, shown in the same sequence as in (@a-c). g Schematic illustration of the
device configuration: a global v, =30 mV, DC voltage Vag sweeps from 0 to 6.5V on electrode A (Vac), and a fixed Vg = 3V is applied on electrode
B. Strain-induced (h) resonance frequency and (i) Q tuning in Devices 1-2 with Vag sweep, with Devices 3-4 (electrode B) maintaining constant
resonance frequency and Q. j-1 Measurements with a global v, =30 mV, DC voltage Vg sweeping from 0 to 6.5V on electrode B, and a fixed
Vac =3V on electrode A, shown in the same sequence as in (g-i). Demonstration of resonance frequency compensation by Vs for four adjacent
devices, showing (m) illustration of device connection, (n) the initial resonances when Vs; to Vs, are the same for four isolated devices, and (o) the
resonances with voltage compensation, with additional 1.7V, 1.9V, 195V, and 14V voltages applied at Vs; to Vs,, respectively

amplitude of the device itself, optical responsivity of the
laser interferometry measurement, Q factor, position of
the laser spot, and the noise level*.

Beyond AC excitation, we further investigate the inde-
pendent electronic frequency tuning, and prove that there is
negligible crosstalk between isolated devices during the DC
sweep. With a global v, of 30 mV and a DC sweep (0-6.5 V)
on electrode A to modulate the tensile strain in Devices 1
and 2, electrode B receives a fixed 3V bias (Fig. 4g). For
Devices 1 and 2, a consistent increase of resonant frequency
with increasing DC voltage due to enhanced tensile strain is
observed, while Devices 3 and 4 maintain nearly fixed
resonant frequencies. Correspondingly, Fig. 4i shows the
strain-modulated Q factor for Devices 1 and 2 connected to
electrode A, while Devices 3 and 4 connected to electrode B
are unaffected. In contrast, with a global v,. of 30 mV, a fixed
3V bias on electrode A, and a DC sweep (0-6.5 V) applied
to electrode B (Fig. 4j), Devices 3 and 4 exhibit resonant
frequency and Q factor tuning, while Devices 1 and 2
maintain stable frequency and Q (Fig. 4k, 1). These results
demonstrate independent electronic control of devices
within the MTP-fabricated large-scale 2D NEMS resonator
arrays, immune to interference from adjacent electrodes.

In the frequency response of the array, while the reso-
nators have relatively consistent properties, some varia-
tions in resonance responses due to the material or the
fabrication process could still exist (Fig. 4m, n). For-
tunately, gate voltage can easily tune the resonance fre-
quency, and the resonators are electronically isolated,
which allows us to compensate for the variations in
resonance frequency and unify the frequencies, by
applying appropriate and different gate voltages to dif-
ferent devices. We measure four adjacent yet electro-
nically independent devices to verify such a voltage
compensation technique (Fig. 40). To unify the resonance
frequencies, we apply additional compensation voltages of
1.7V, 19V, 195V, and 14V to Vs through Vg,
respectively, and observe that the resonance frequencies
of all four devices increase and are unified at approxi-
mately 38 MHz. Such a voltage compensation technique
enabled by independent electronic tuning shows the
advantage of MTP technology for functional 2D NEMS
applications.

Functional decimal-to-binary converter building block
based on independent 2D NEMS resonator arrays

By leveraging the independent excitation and tuning of
2D NEMS resonators, we design a two-bit decimal-to-
binary converter building block using two adjacent yet
independent devices, and demonstrate its basic logic
function. The DC gate voltage serves as the input, while
the vibration amplitudes of the two devices constitute a
two-bit binary output. As the foundation for implement-
ing the conversion functions, resonators A and B receive
constant DC voltages of 1.5V and 3V at their source
electrodes, respectively (Col. 4-5 in Fig. 5b). Additionally,
a fixed 30 mV AC voltage is applied to the global gate via
a bias-tee to excite the vibrations, with the vibration
amplitude converted to voltage by the laser interferometer
and photodetector (Fig. 5a). In a two-bit conversion
scheme, decimal inputs ‘0", ‘1’, 2, and ‘3’ correspond to
binary outputs ‘00’, ‘01’, ‘10’, and ‘11’, respectively (Col.
1-3 in Fig. 5b). The silicon substrate functions as the
global gate, to which DC voltages of -2V, -1V, 6V, and
7V are applied to represent decimal inputs ‘0’, ‘1’, 2’, and
‘3, respectively (Col. 6 in Fig. 5b). Switching the input
changes the Vs for both devices, thereby modifying their
resonant frequencies through strain variation.

During operation, a fixed working frequency is selected
such that the shifts in the resonant frequency result in
measurable changes in vibration amplitude. An amplitude
threshold Vi of 6 pV is defined to digitize the output:
signals above this threshold are interpreted as logic ‘1,
and those below as logic ‘0’. By applying input voltages
corresponding to ‘0" through ‘3’, we measure the reso-
nance spectra of both devices (Fig. 5¢, d). For input ‘0’, ‘1’,
2’, and ‘3, the actual voltages applied between the gate
and source of device A (Vgga) are 3.5V, 2.5V, 4.5V, and
5.5V, respectively (Col. 7 in Fig. 5b). Conversely, the
voltages applied between the gate and source of device B
(Vgsp) are 5V, 4V, 3V, and 4V, respectively (Col. 8 in
Fig. 5b). This flexibility in Vg adjustment compensates
for device-to-device variability due to material or fabri-
cation non-uniformity, and sets up the resonator fre-
quencies to the desirable values.

To fulfill the conversion requirements, Device A (bit 1)
should output ‘0’ (amplitude < Vry) for inputs ‘0" and ‘1’,
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Fig. 5 Design and verification of a decimal-to-binary converter building block based on two adjacent devices in the electronically-

independent 2D resonator array. a Schematic of the 2D NEMS decimal-to-binary converter building block. The global gate voltage serves as the
input, while the vibration amplitudes of the two resonators at specifically chosen operating frequencies are used as the output. A constant 30 mV AC
voltage is applied to the global gate to drive vibrations. Different DC gate biases (1.5V for A, and 3V for B) are applied to the sources to enable logic
functionality. b Truth table of the converter building block, the constant bias, input gate voltages, and the corresponding Vs values for both devices.
¢ Measured output of Device A (Bit 1): Output ‘0’ for inputs ‘0" and ‘1", ‘1" for inputs 2" and '3". d Measured output of Device B (Bit 2): Output ‘0’ for
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and output ‘1’ (amplitude > Vry) for inputs 2’ and ‘3.
Device B (bit 2) should output ‘0" (amplitude < V) for
inputs ‘0’ and 2’, and output ‘1’ (amplitude > Vry) for
inputs ‘1’ and ‘3’. We identify suitable operating frequency
ranges that satisfy these conditions: ~ 40.05 MHz to
~ 41.3 MHz for device A, and ~33.7 MHz to ~ 34.2 MHz
for device B (Fig. 5¢, d), and these ranges offer operational
flexibility. Referenced to the resonance frequency of f; at
Vs =0V, the operating band for device A corresponds to
fo+255MHz to fy+3.77 MHz, and for device B the
range is fo+2.07 MHz to f,+ 248 MHz. We subse-
quently verify the basic logic performance by measuring
the response amplitudes at fixed operating frequencies:
40.4 MHz for device A, and 34.0 MHz for device B, while
cycling through inputs. The measurement results are
consistent with the expected design and truth table,
confirming the correct logic of the independently-tuned
resonator array. This frequency-based approach suggests
that the design can be applicable to other NEMS reso-
nators with different materials or resonant frequencies.

The proposed decimal-to-binary converter building
block fully leverages the strong frequency tunability of 2D
NEMS resonators, and the signal amplification provided
by their high Q factors, enabling low operating voltages
and high SNRs for robust state discrimination. In com-
parison, for CMOS circuits, the design includes the logic-
circuit encoder which consists of at least 12 MOSFETs,
making it significantly more complex than our
2-resonantor solution (Supplementary Note S12). This
approach also shows promise for implementing more
complex systems such as analog-to-digital converters
(ADCs), and other NEMS-based circuitry with reduced
device count and complexity. In the future, to achieve
synchronized logic operations and computing using
multiple 2D NEMS resonators, unifying the operating
frequency of the components, building the system with
multiple lasers with simultaneous measurement, replacing
laser readout by electrical method, and developing per-
ipheral circuits are important and require further
exploration.
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Conclusion

We demonstrate a mass transfer printing method for
fabricating 2D NEMS resonator arrays, yielding large-
scale arrays of electronically-independent and
individually-accessible monolayer and few-layer MoS,
NEMS resonators, with physical separation between devi-
ces. Devices fabricated via the MTP method exhibit not
only excellent crystal properties and well-defined sus-
pended structures, but also resonant frequencies in the
VHF range, Q factors comparable to other NEMS devices,
considerable SNRs, and relatively uniform gate voltage
tuning characteristics. Crucially, experiments confirm
excellent electronic isolation between devices, enabling
independent control of each resonator through
individually-applied AC excitation or DC gate voltage.
Leveraging such independence, a functional decimal-to-
binary converter building block based on two adjacent 2D
NEMS resonators is successfully demonstrated. The MTP
fabrication technique paves the way towards scalable pro-
duction of high-performance 2D NEMS resonator arrays,
and plays a significant role in advancing the application of
more complex NEMS systems requiring independent
control and coordinated operation among multiple devices.
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