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Two-dimensional transition-metal dichalcogenides (2D TMDCs)

offer promising opportunities for novel nanodevices. Among them,

tungsten disulfide (WS2, crystal structure in Figure 1(a)) is par-

ticularly interesting, due to the highest predicted carrier mobility,

excellent FET performance, and capability of forming memristive

transistors when integrated with ferroelectric materials [1]. Fur-

ther development of WS2 nanodevices with mechanical degrees

of freedom is expected to leverage the high sensitivity and re-

sponsivity from structural deformation [2]. However, WS2-based

nanoelectromechanical system (NEMS) devices remain limited,

with frequency scaling and tunability largely unexplored. Here,

we demonstrate WS2 NEMS resonators operating in high- and

very-high-frequency (HF–VHF) bands, and extract the device pre-

tension and the Young’s modulus of 2D WS2 crystal, as well as

delineate and validate the devices’s frequency tunability via elec-

trostatic tuning. Our results elucidate design rules for functional

NEMS devices based on WS2 2D crystals, and reveal the high fre-

quency tunability (∼36% from 0 to 10 V) exhibited by the device

in the transition regime.

Devices and experiments. A total of 30 circular drumhead WS2
resonators (Figure 1(b)) with varying diameters and thicknesses

are fabricated using mechanical exfoliation and dry transfer (Fig-

ure S1(a)). Their thicknesses range from monolayer to over 200

layers in two structures (Figures 1(b) and (c)), as determined by

atomic force microscopy for thicker samples (Figure S1(d)) and

Raman spectroscopy for thinner ones (<6 layers; Figure 1(d)) [3].

We examine the resonant behavior of NEMS WS2 devices using

a custom-built NEMS measurement system based on laser inter-

ferometry (Figure S2). Device motion is excited either electrostat-

ically or optothermally using a 405 nm laser, and is detected inter-

ferometrically using a 633 nm laser. Through fitting we extract the

fundamental mode resonance frequency (along with quality factor)

for each device, which spans from 2.28 to 40.90 MHz (Figure S3

and Table S1), covering both HF and VHF bands.

Theoretical analysis. To quantitatively extract the elastic prop-

erties of 2D WS2 crystals and to understand the frequency scaling

law in these devices, we conduct a theoretical analysis. For a

circular drumhead resonator of radius r and thickness t, the fun-

damental mode frequency can be expressed as
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where σ = ρt is the drumhead’s areal mass density (ρ: vol-

umetric mass density); γ (N/m) is the 2D tension, and D =

EYt3/[12(1 − ν2)] is the flexural rigidity with EY the Young’s

modulus and ν the Poisson’s ratio. (kr) is a mode-dependent pa-

rameter determined numerically. The fundamental frequency f0
comprises two terms, fplate and fmembrane, corresponding to the

plate- and membrane-dominated limits, respectively.

Results and discussion. We examine the plate-dominated limit

(γr2/D → 0), in which the fundamental frequencies vary linearly

with t/r2, consistent with theoretical expectations (Eq. (S3)).

From this relationship, we extract the Young’s modulus from ten

devices (thicker than 10 nm, marked with * in Table S1) and ob-

tain an average value of 141.7 GPa (Figure 1(f)), with a standard

error SE = s/
√
N = 19.5 GPa (s: standard deviation). We find

that this Young’s modulus is lower than that of 1–3 L WS2, con-

sistent with previous observations showing a pronounced decrease

with increasing thickness [4]. We further compare the data with

the full model, which gives pretensions of γ = 0.02–0.5 N/m, con-

sistent with values reported for exfoliated and dry-transferred 2D

resonators [5].

Building on the extracted parameters, we analyze the size de-

pendence of the resonance frequency by combining theory and ex-

periment (Figure 1(e)). This reveals the intrinsic evolution from

the membrane-dominated regime to the transition regime and ul-

timately to the plate-dominated regime with increasing thickness.

The distribution of our 30 devices across these three regimes is

shown in Figure 1(g). These results (Figures 1(e) and (g)) pro-

vide clear guidelines for the device design of future NEMS devices

based on 2D WS2.

We examine electrostatic tuning using one resonator from the

transition regime (Device 1) and one from the plate regime (Device

2) (Figure 1(h)). Device 1 exhibits a clear electrostatic frequency
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Figure 1 (Color online) Structural and mechanical characterization of few-layer WS2 resonators. (a) Crystal lattice of WS2. (b) and (c) Device

structures of circular drumhead WS2 resonators without and with electrodes. The former is actuated solely by optothermal driving, while the

latter supports both optothermal and capacitive electrostatic actuation (details in Figure S2). (d) Resonant responses (left) and low-frequency

Raman spectra (right) for monolayer (1 L), bilayer (2 L), and multilayer (5 L) devices. Insets: optical images of the corresponding devices

(scale bar: 5 µm). Blue and red denote raw and fitted data, respectively. (e) Frequency scaling law of WS2 resonators. Solid lines indicate

the calculated fundamental mode frequency under pretensions of 0.02 N/m (lower bound) and 0.5 N/m (upper bound). Device radii are color

coded: red (2 µm), orange (3 µm), green (4 µm), and blue (5 µm). (f) Measured resonance frequencies as a function of t/r2. The fitting curve

(gray dashed line) gives a Young’s modulus of 141.7 ± 19.5 GPa for 2D WS2 crystal. (g) Calculated elastic regimes of the devices (assuming

γ = 0.3 N/m). Plate regime (yellow): fplate > 0.97 f0; transition regime (pink): both fplate and fmembrane 6 0.97 f0; membrane regime (blue):

fmembrane > 0.97 f0. (h) Gate tuning responses of Device 1 (from transition regime) and Device 2 (from plate regime). Optical images (scale

bar: 10 µm) of the devices are shown as insets, and detailed device information is provided in Supporting information.

tuning (∼36% from 0 to 10 V), while Device 2 shows only an

increased amplitude without a significant frequency shift. Using

Eq. (1) and assuming the in-plane stress increases from 0.02 to

0.6 N/m, we calculate tuning ranges of 36.4% and 1.0% for De-

vices 1 and 2, respectively. While other effects such as capacitive

softening also affect tuning, our observation clearly shows the con-

trast between different elastic regimes and reveals the critical role

of the membrane component fmembrane in frequency tuning.

Conclusion. We fabricate and investigate 2D WS2-based

NEMS resonators operating in the HF to VHF bands, extract

their mechanical parameters, and reveal their frequency scaling

law, elastic transitions, and frequency tunability.
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