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Appendix A Interferometry Measurement System for 2D NEMS Resonators

The electrical excitation and laser interferometry system shown in Figure A1l. The device substrate consists of a lower layer of 500 pm
Si and a 2 pum oxide layer. A 100 nm SiN, layer is grown atop, followed by wet etching a 200 nm groove using HF. Subsequently, a
30 nm thick layer of electrodes is uniformly plated, ensuring the notch electrodes do not adhere to each other due to their undercut
shape. Doubly-clamped resonators are fabricated by dry transferring 2D material strips onto a pre-patterned substrate, clamped securely
between the source (S) and drain (D) electrodes via van der Waals forces. During electrical excitation, the source-drain electrodes are
grounded, and the gate receives both the AC voltage from the lock-in amplifier and the DC voltage from the DC voltage source through
a bias-Tee. A 633 nm laser beam is directed through a 50X microscope objective into the Montana cavity (temperature 6 K, air pressure
10~8 mbar), reflecting back to a photodetector. White light is reflected back to a CCD for aligning the incident laser. The loaded AC
signal from the lock-in amplifier induces periodic vibration of the suspended strip, leading to alterations in the vacuum gap between
the strip and gate, resulting in reflectivity changes detected by the photodetector and analyzed using the lock-in amplifier. As the DC
voltage increases, the electrostatic force pulls down the suspended strip, inducing tensile strain that tunes the resonant frequency. By
monitoring resonance on the lock-in amplifier, adjustments to the drive voltage are made to maintain stable resonance within the linear
region.

Appendix B Strain tuning of doubly-clamped resonators

Appendix B.1 Gate-induced static deflection and strain

We first need to model a doubly-clamped NEMS resonator based on 2D material. The suspended 2D material is modeled as a membrane
with zero bending stiffness [1]. When DC voltage Vi is applied to the gate, the mode is subjected to a uniformly distributed induced
electrostatic force F. Its fundamental vibrational modes are further processed in a one-dimensional approximation, and the deflection
distribution of the suspended material under the gate voltage is Z(x), as shown in Figure B1l. The elastic energy U, stored on the
stretched strip can be expressed as [2]

UalZ(2)] = /OL gZ’Q(a:)dx - /OL [Z’Z(az) (% + f—i /OL Z’Z(u)du)} dx, (B1)

where E, S, and L are the Young’s modulus, cross-sectional area, and length, respectively, of the suspended 2D material and
Z'(z) = dZ(z)/dz.

The total tension T' = Ty + T'(Vg), which consists mainly of the built-in tension due to fabrication, €¢ is the corresponding initial
strain, and the induced tension due to elongation caused by the DC gate voltage V. Here the Viz pulls down to the equilibrium position
Ze, which changes the exact form of the Z(z), thus affecting the T'. This gives:
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Figure Al Schematic illustration of the electrically stimulated and optical interferometry measurement setup. The 633 nm beam from a
He-Ne laser is passed through a beam splitter (PBS). The beam is then focused onto the sample through the objective. The reflected beam is
redirected by the PBS and focused onto a photodetector (PD), the electronic signal is transmitted to the lock-in amplifier. The AC voltage
Ve output from the lock-in amplifier and the DC voltage Vg output from the DC voltage source are applied to the gate via a Bias-Tee for
capacitive actuation, and the electrodes in contact with the strip (source and drain) are grounded. White light is reflected back into the CCD
after the same route and is used to assist in adjusting the optical path. The device operates in a vacuum chamber with a quartz window.

1 L roz\2 1 L roz\*
Uy = —9ES =Z) dz+ -ES =) da, B2
1= 5% /0 (8:1:) Tty /0 (8:1:) v (B2)

Next the solution for the static deformation Z(z) needs to be properly evaluated. The 2D material strip can be considered as
articulated at both ends, and due to the strong adhesion between the 2D material and the oxide [3], no sliding will occur during
electrostatic loading. Geometrically, Z(x) will be symmetrical about = L/2 and the maximum static deflection Z(z)max will occur at
the midpoint. Under the existing experimental conditions, Z(z)max < L, therefore, we do not have to consider nonlinear deformation.
With this approximation, we can view the problem as a one-dimensional string (no bending stiffness) under a uniform force, hinged at
both ends (with zero displacement at the clamped ends z = 0 and @ = L), with the membrane between the two clamped ends free to
move with little deflection. The string in this case has a profile

4
Z(z) = zN(z) = 213 (Lw — 332) , (B3)

where N(z) is the normalized vibration mode function and z is the static perturbation at the centre of the sheet z = L/2. Then
Eq. (B2) becomes

_ 8ESeg2? N 64ESz*

U,
o 3L 913

; (B4)

where S = t X w, t, w are the cross-sectional area, thickness and width of the doubly-clamped membrane, respectively. The suspended
2D material can be treated as a metal plate above the gate electrode. Therefore, the electrostatic energy Ues is

1
Ues = _§CGVC2,‘7 (B5)

where Cg is the gate capacitance, and the capacitance when the sheet is deflected towards the gate is denoted C = f(;“ dy fOL g?Z dz.

For convenience, we use the Taylor expansion to expand C¢, such that Cg ~ Co+C'z + %C”z, where C' = dCq/dz, C" = d*Cq/dz>.

Equilibrium position of static displacement ze can be solved by minimizing the total energy (balance of elastic and electrostatic

) OUes—Ue1)
Oz

forces = 0, obtained an equation about ze:
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Figure B1 Mechanical model of a doubly-clamped resonator. A strip of 2D material is adsorbed on the source and drain electrode due to Van
der Waals forces, with the middle part suspended above the gate, and the depth of the notch is g. The strip of length L is stretched under a
uniform force F, with an equilibrium mode shape described as Z(X), and at X = L=2, is pulled down to Ze, and the strip vibrates up and down
at this equilibrium position under AC drive, with an amplitude of vibration denoted as z.
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The general solution to an equation of the form Az3 4+ Bz 4+ C = 0:
0.87B N Y/ —9A2C + 1.7/4A3B3 + 27ALC2 (B8)
Ze = — s
© T Y/ 9A2C + 1.7VAARE® + 27ALC2 2.6A

The total strain due to elongation caused by Vg is

1 L 8Z\?
e= +€°/ 1+ (22) do—1, (BY)
L 0 ox

Vi has been included in Z(z), so that the variation of total strain with Vi can be plotted from the experimental parameters using
Eq. (B9), where the initial strain is usually obtained by fitting the resonance frequency tuning spectrum.

Appendix B.2 Gate tuning of resonance frequency

The resonant frequency of the resonator f is:

- , (B10)
27\l meg
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where k is the spring constant and meg is the effective mass of the resonator. The spring constant k is given as:

_ 0?(Ua+Ues)|  16ESeg 4 256ES
a 922 3L 3L3

Ze

k P %C’”Vé, (B11)

From this it will be determined how the resonant frequency varies with Viz. The first term of the equation determines the frequency
of the mechanical resonator when Vi = 0. The second term represents the increase in the spring constant due to stretching: as Vg
increases, the suspended 2D material is pulled more towards the gate, resulting in a larger z.. The last term is a softening of the spring
constant, caused by the nonlinear nature of the electrostatic force. For small Ty, the second term dominates [4] and the frequency
increases monotonically with Viz. For intermediate Ty, the resonant frequency first decreases and then increases as Vg increases. For
larger Ty, the last term dominates [5] and the frequency decreases with V.

If we assume that the amplitude of the fundamental mode bending resonance is sinusoidal Zs(z) = dzsin(wa/L), where §z is the

dynamic amplitude at the midpoint. The effective mass meg of the fundamental mode resonance of the doubly-clamped resonator is
2
Meg = pt fow fOL (5z sin (%x)) dxdy = 0.5ptwL = 0.5mg, where mg is the physical mass.
The dynamic elastic energy at resonance of a strained doubly-clamped membrane can be estimated by substituting the sinusoidal

vibration pattern into Eq. (B2):

m2ESe
4L

§Uel,s = (62)2, (B12)

At this point, the dynamic effective spring constant k. is

026Uy 0%Ues 72ESe  8eywlL 9
ks = - - V2, B13
*= 9022 T o2 oL 15g® O (B13)

Therefore, the resonant frequency fs tuned by Vi is

1 2F, 16
fo=—1| T = =2 VE, (B14)
2w\l pL? 15ptg3

The initial strains ¢ of all oscillators in our experiments are obtained by fitting the above equation. For resonators based on 2D
materials, the initial strain is defined as eg = Lod_d, where d is the length between source and drain electrodes and Lg is the initial
length of the strip. Here we assume that the MoSy flake is rigidly clamped on source and drain supports and there is no slippage while

application of the strain.

Appendix B.3 Estimation of vibration amplitude

In order to solve for the vibration amplitude, the 2D resonator is equated to a linear resonator vibrating at the equilibrium of the
resonator, and is only considered to have a driving force F(t). The equation of motion is given by
v 2 F(t)

T+ wyr = —, (B15)
Meff Meff

T+

where z is the transient displacement in the out-of-plane direction, wg is the angular resonance frequency, F(t) = Fyrive cos(wt) is
the transient external RF driving force, Fy,ive is the electrostatic drive, meqg is the equivalent mass, which in a 2D strip resonator is
equal to half the actual mass, and + is the linear damping factor, which can be obtained by fitting a Lorentzian curve to the peak of
the resonance and can be used to derive an experimental Q = wo/7.

Solving the equation yields the classical linear vibrational amplitude xg:

( Farive )
Mett
lzo(w)|* = , (B16)
) (W? —w0?)? + (w)?

When the resonator is at the resonant frequency, i.e., the above equation is taken w = wo, the expression for the vibration amplitude
dz is obtained as

F.
6z = ——drive (B17)
Meff = 7Y - WO

And Fy,ive is the electrostatic driving force related to the DC and AC voltages applied to the gate, and the capacitance between the
strip and the gate:

10Cq
Fayive = QW (Ve + 5VG)2 ~ C/GVGfsVGv (B18)
Where Cg is the capacitance between the strip and the gate, Ca = [ dy fOL gi)Z dg ~ Sowl
Z see Eq. (B3). If we take the parallel-plate capacitance approximation and the height of the 2D material strip from the gate is g, then

Cy, = Cg/g, so that we get

, €0 is the vacuum dielectric constant,

Farive = CaVadVa/g, (B19)

so that we can get an expression for the vibration amplitude as
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C,
bz = —— —VadVe = b-VadVa, (B20)
gMeffWo /Q
where the coefficient b is defined as
l
_ Ca _ wfo Q*Z)DC dx " eowL (B21)
gMegwo?/Q gMegwo?/Q FP*Mewo?/Q’

This framework enables the estimation of coefficient b from the device’s geometric dimensions (The width w, length L, and effective
mass meg of the resonator, as well as the gap g). While the analytical expression for b incorporates the quality factor (Q), numerical
analysis confirms that the inherent uncertainty in this estimation is negligible Ab/b < 0.004%. Specifically, since the Q-factors of the
characterized devices typically vary within a single order of magnitude, we employed the mean Q-value for a robust derivation of b.
Critically, given that the calculated values of b are exceptionally small (on the order of 10712), the resulting propagation of error from
the @Q-factor variation is substantially lower than the dominant uncertainties associated with the geometric parameters. Therefore, this
estimation method is justified for the purposes of this study, as it introduces no significant systematic error into the subsequent analysis.

Appendix C Quality factor (Q) of doubly-clamped resonators
Appendix C.1 Dissipation model for doubly-clamped 2D resonators

The @ of a resonator is defined as the ratio of the stored energy to the dissipated energy per cycle:

Wtored

Q=27 (C1)

Wdissipated ’

where Wiiored is the energy stored in the resonator and Waissipated iS the energy dissipated per cycle. From the equation, it can
be seen that @ is proportional to the stored energy and inversely proportional to the losses in the resonator system. Several types of
dissipation-induced losses affect Q in NEMS resonators:

! L + ! + ! + (C2)
Q ans qurfacc QTED Y

where Qgas is due to collisions of gas molecules with the resonator [6], Qsurface associated with the surface loss generated by the
roughness of the surface of the two-dimensional material or by the presence of adsorbates (7], and QTgp is thermoelastic dissipation
due to thermal dissipation induced by strain gradients [8].

We focus on the thermoelastic damping due to the bending and elongation of the stretched 2D strip, where the total dissipation can

be expressed as a combination of thermoelastic dissipation Q’;;}D and other internal and external dissipations Q;Ler:

-1 —1 -1
Q = QTED + Qother’ (C3)
The energy in a 2D NEMS resonator is comprised of three parts: Whgey, generated by membrane flexing; Weiong, generated by
membrane elongation; and Wiepsile, the tensile energy:

1 (v L ou\*
Welong = g/o de/o E (%) dx
1 w L 82 2
Wﬂex - 5/ dy/ EI, (8750’;&) dx (C4)
0 0

1 w L /ou\?
Wiensile = §5E/ de/ (&) dz
0 0

where I, is the moment of inertia of the MoS2 membrane, and v = §zym, sin(nmz/L) is the mode shape of the double-clamp resonator,
where n and §z,, are the maximum amplitudes of the vibration index and chord, respectively. We further substitute the mode shapes
into the above equation and get:

3 ES(nméz)*

Welong = 64 3
1 ES(t52)?(nm)*
Waex = o =5 (C5)
1 eES(nmdz)?
Wiensile = Z%

The dissipation caused by flexing and elongation constitutes thermoelastic dissipation, and the expression of thermoelastic dissipation
is obtained:

Q71 _ AI/Vclong + AWHCX
TED 2w (Wtensile + Welong + Wﬂex)
~ Welong AVVelong ¥ Wﬂex AI/Vﬂex , (Cﬁ)
Wiensile 27rVVelong Wiensile 27 Wiex

1 1
Q Qfrex

elong
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where AWelong and AWpe are the elongation energy and flexing energy loss during a cycle, respectively.

The energy dissipation in the system can be confidently calculated using the loss angle. This loss angle is directly related to the
complex form of the Young’s modulus of the material: E* = E(1 + i), where E represents the real part of Young’s modulus and §
represents the loss angle. In a 2D membrane, the loss angles due to elongation and flexing losses are dciong = AWelong/ (27ch10ng) and
Ofex = AWiex/ (2rWiaex), respectively. It can be confidently assumed that deiong and dgex remain constant in the MoSa device as Vg
or §Vg changes. So we can get the thermoelastic dissipation expressions, including elongation dissipation and flexing dissipation:

_ 3(nm)2 (622 (nm)? [ t\?2
Qrep = T6= \ 1) Celome T 5\ ) Ofex (€7
Qelclmg Qflelx

where n is the modal number, L is the length of the suspended film, and ¢ is the total axial tensile strain dependent on V.

Appendix C.2 Dissipation dilution

The impact of stress on @ can be elucidated through the dissipative dilution theory. Energy in a nanomechanical resonator converts
between potential and kinetic energy. In a stress-free resonator, potential energy Wyot is stored as elongation energy Weong and flexing
energy Whaex, which are then converted to kinetic energy during oscillation cycles. This energy conversion leads to losses attributed to
elongation and flexing contributions, denoted as AWeiong/2m and AWpey /27, respectively. The intrinsic quality factor of a stress-free
resonator is expressed as:

Welong + Wﬂex

_— C8
7T-AI/Velong + AVVﬁex ( )

Qint =2

When a DC voltage Vg is applied at the gate, tension is induced in the strip, adding a third potential energy contribution. Given

that the ratio of tensile energy fluctuation to tensile energy Wiepnsile is much smaller than that of bending and elongation [9,10], it is

assumed that there is negligible loss of tensile energy in the linear range. This approximation is supported by the mechanical energy

lost to tension work being almost zero due to the perpendicular deflection of the resonator to the in-plane tension. Consequently, the
quality factor of a stressed resonator is defined as:

Wtensile
QD:QtX(l-‘ri :QtXD Cg)
" Welong + Wﬁex " ' (
Where D represents the dissipative dilution factor, quantifying the fractional increase in mechanical quality factor due to tensile
strain. Substituting Eq. (C5) into the above equation yields the dissipative dilution factor expression as

48¢L?

bty (nm)2[9(62)2 + 4t2]’ (C10)

It can be seen that dissipative dilution increases with strain and decreases with vibration amplitude. The total Q can be expressed
as

(c11)

48¢ L2 )

9D = Qumt X (1 T 2 [9(62)% + 427]

By considering the intrinsic quality factor as a constant, and strain and vibration amplitude as outlined in Appendix C, the effect
of simulated initial strain and vibration amplitude on the relationship between @ and Vi is depicted in Figure C1. This mechanism
aligns with the main text discussion.

Appendix C.3 Measurement of quality factor

The experimental data for the quality factor (Q) were obtained from the amplitude versus frequency response estimation. The amplitude-
frequency profile of the resonator induced by a frequency-independent external driving force is described by the equation provided

Farive
2(w) = mot , (C12)
2
e oot s ()
where Q is defined as Q = %2, and fitting this equation to the resonator frequency response allows for the extraction of the resonance

frequency wp and the quality factor Q.

During optical measurements, the displacement of the NEMS resonator is converted to an electrical signal by a photodetector and
then amplified. The voltage V(w) at the output of the amplifier is linearly related to the total set displacement through the amplifier
responsivity R. The amplifier frequency response can be fitted to the resonator frequency response using the provided equation

V(w) = , (C13)

o -+ ()’

where the amplification factor c is considered a constant related to the driving force, quality factor, and responsiveness.
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Figure C1 Theoretical simulation of the effect of vibration amplitude and initial strain on the dissipative dilution factor D with the variation
of DC voltage Vg. (a) Fixed L = 1:3 m, t = 50 nm, and initial strain "o = 0:1%, D decreases with the increase of Vg as the product of
vibration amplitude coefficient and AC driving voltage b j Vgj is varied from 10 2 to 10 123, (b) Fixed initial strain "o = 0:05%, D decreases
with increasing Vg when b j Vgj is large, and increases with increasing Vg when b j Vgj is small. (c¢) Fixed initial strain "¢ = 0:01%, D
remains constant with increasing Vg when b j Vgj is large and increases with increasing Vg when b j Vgj is small. (d) Fixed b j Vgj = 10 55,
D decreases with increasing Vg when the initial strain is changed from 0 to 0.5%. (e) Fixed b j Vgj = 10 9, D decreases more slowly with
increasing Vg. (f) Fixed b j Vgj = 10 !°, D remains almost constant with increasing Va. At Vg = 0, D is the same as in (d), (e) and (f) for
the same initial strain.

Appendix D Summary of all parameters

Appendix D.1 Summary of all symbol meanings

The symbols used in the text and supplementary material are summarized in the Table DI1.

Appendix D.2 Summary of experimental parameters for all resonators

We used AFM to measure the thickness of all the resonators used in our experiments. All MoSg and graphene resonators were fabricated
from one MoSg2 strip and one graphene strip, respectively, by dry-transferring them onto a prefabricated patterned substrate, so the
thicknesses and widths of the resonators R1, R2 and R3 in the figure are almost the same, and those of the resonators R4, R5 and R6
are also almost the same, but with slight variations, the specific data have been shown in Figure D1, D2 and Table D2. R1 is the
device used in Figure 3(b), R3 is the device used in Figures 1 and 3(a), R5 is the device used in Figures 4(a), (b), and (c), R6 is the
device used in Figures 4(d), (e), and (f), and R7-R10 is the device used in Figures 5(b), (c), (d) and (g), respectively. The test results
of R2 and R4 are also presented in Figure D3.

A comprehensive summary of all device parameters, including the strain-to-amplitude sensitivity ratio thresholds and the character-
istic trends of @ versus gate voltage (V), is provided in Table D2 for direct comparison. Our analysis reveals no statistically significant
material-dependent trend in the sensitivity ratio thresholds between MoS2 and graphene-based resonators. We attribute this primarily
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Table D1 List of all symbol

Symbol Description Symbol Description
L Length of strip g Distance between strip and gate
w Width of strip t Thickness of strip
S Cross-sectional area of strip E Young’s modulus
2D mass density 0 Vacuum dielectric constant
Uel Elastic energy stored in strip Ues Electrostatic energy stored in strip
Z(X) Deflection distribution of strip Zs(X) Deflection distribution of sinusoidal strip
z Maximum deflection at the centre of strip Ze Maximum static deflection of strip the equilibrium position
To Built-in tension (initial tension) T Total tension
Ve DC gate voltage Ve RF gate voltage
Ca Capacitance between graphene and gate CEB First spatial derivative of Cg
C?g Second spatial derivative of Cg z Vibrational amplitude
"o Built-in strain (initial strain) " Total strain
k Spring constant Ks Spring constant of sinusoidal strip
T Frequency, in Hz o Resonant frequency, in Hz
! Angular frequency, in rad/s 1o Resonant angular frequency
Q Quality factor Linear dissipation factor
Farive Electrostatic driving force b Vibration amplitude coefficient
Wstored Energy stored in the resonator Waissipated Energy dissipated per cycle
Wilex Flexural energy Welong Elongation energy
Wiensile Tensile energy QT;:D Thermoelastic dissipation
anls Gas friction dissipation qulrface Surface dissipation
Qint Intrinsic quality factor of stress-free resonator Qb Quality factor of stressed resonator
D Dissipative dilution factor d Length between source and drain electrodes

L h| O I o N ,
Wy W o i
0 1 2 3 0 1 2 3 0 1 2 3
Location (um) Location (um) Location (um)

Figure D1 Thickness as well as width distributions measured along the dashed line in the corresponding optical image using AFM for a
doubly-clamped MoS, device. (a) Optical image of a complete device with multiple doubly-clamped MoSs resonators connected in series; (b)
Resonator R1 corresponding to (a) with a thickness of 49 nm and a width of 1:9 m, (c¢) Resonator R2 corresponding to (a) with a thickness of
47 nm and a width of 2 m, and (d) Resonator R3 corresponding to (a) with a thickness of 50 nm and a width of 1:9 m.

to the fact that the key parameters governing this threshold—mnamely, the initial strain (¢9) and the vibration amplitude coefficient
(b)—are predominantly dictated by fabrication processes and device geometry, rather than by the intrinsic mechanical properties of
the materials. Specifically, €q is largely influenced by sample transfer techniques and resultant interface interactions, while b is mainly
a function of resonator dimensions (e.g., length, width) and the electrode gap geometry. Consequently, within the parameter space
explored in this study, both MoS2 and graphene devices exhibit comparable ranges for €9 and b, leading to overlapping distributions
of their sensitivity ratio thresholds. A key and consistent finding across all devices is that the specific value of the strain-to-amplitude
sensitivity ratio threshold exhibits a one-to-one correspondence with the observed trend of @ versus Vg (i.e., determining whether Q
increases or decreases with gate voltage). Furthermore, we note that this fundamental correspondence between the sensitivity threshold
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