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Abstract

Two-dimensional (2D) structures from layered materials have enabled a number of novel 

devices including resonant nanoelectromechanical systems (NEMS).  2D NEMS resonators 

are highly responsive to strain, allowing their resonance frequencies to be efficiently tuned 

over broad ranges, which is a feature difficult to attain in conventional micromachined 

resonators.  In electrically configured and tuned devices, high external voltages are typically 

required to set and maintain the different frequencies, limiting their applications.  Here we 

experimentally demonstrate molybdenum disulfide (MoS2) nanomechanical resonators that 

can be reconfigured between different frequency bands with zero maintaining voltage, in a 

non-volatile fashion.  By leveraging the thermal hysteresis in these 2D resonators, we use 

heating and cooling pulses to reconfigure the device frequency, with no external voltage 

required to maintain each frequency.  We further show that the frequency spacing between 

the bands can be tuned by the thermal pulse strength, offering full control over the 

programmable operations.  Such reconfigurable MoS2 resonators may provide an 

alternative pathway toward small-form-factor and low-power tunable devices in future 

reconfigurable radio-frequency circuits with multi-band capability.  
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1. Introduction

Two-dimensional (2D) layered nanomaterials have enabled a plethora of novel device concepts, 

such as transistors with ultimate-short channel or gate length1, band-to-band tunneling transistors2, 

vertically- and laterally-defined heterostructures3,4, layer- or stacking-defined homojunctions5, etc.  

Among the many device structures, nanoelectromechanical systems (NEMS) based on 2D 

materials exhibit unique functionalities by leveraging the mechanical degrees of freedom in these 

atomically thin nanostructures.  In particular, a number of promising devices based on 2D NEMS 

resonators have been demonstrated, such as the mechanical resonators coupled to a 

superconducting cavity towards quantum information processing6, mass sensor7, voltage-

controlled oscillator8, microphone9, and ultrasound detector10.  

One potential application for 2D NEMS resonators is radio-frequency (RF) signal processing.  

Due to their ultra-small device volume and compatibility with flexible and transparent substrates, 

new types of 2D devices may be realized with important RF functions, such as frequency selection, 

if multiple resonators are connected to form a filter bank11; or clock signal generation, if a resonator 

is used in a closed-loop configuration to form a self-sustaining oscillator8.  In particular, thanks to 

the ultimate thinness (down to atomic level) of 2D materials and thus extreme responsivity to 

strain, one unique advantage of 2D NEMS resonators is their broad frequency tunability by a 

simple applied gate voltage, with Bf/f0 typically easily on the order of several tens percent to over 

100%7,12,13,14,15, and lately demonstrated to be up to Bf/f0 ~300% and even 400%16, which is 

ultrawide and significantly greater than values obtained in other electrically tuned MEMS 

resonators (often less than 10%17,18).  Such large frequency tunability makes 2D NEMS resonators 

attractive for realizing multi-band RF devices capable of performing signal processing at different 
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frequency bands that are spectrally far apart all within the same device19,20,21,22.  However, most 

existing frequency-tunable 2D NEMS resonators require continuous or persistent application of an 

external voltage to maintain the resonance frequency, which can pose challenges for low-power 

circuit designs and power management (e.g., battery) necessary for many wireless nodes in the 

internet-of-things (IoT) era.  

Recently, thermal hysteresis in MoS2 nanomechanical resonators has been demonstrated23, 

which allows the devices to be switched between multiple resonant states without requiring any 

external voltage to sustain such states.  Leveraging this phenomenon, here we demonstrate a 

programmable nanomechanical resonator based on layered semiconductor MoS2, whose resonant 

frequency bands can be reconfigured using thermal pulses, with no maintaining voltage required, 

and thus no power consumption for sustaining its frequency bands.  In contrast to many existing 

switchable RF devices based on multiple single-frequency resonators20 (and thus require large 

device footprint), in this work the multi-frequency capability is achieved through the different 

bands within the same resonator, which is compact and scalable, and can lead to new multiband 

wireless devices based on 2D RF components.  
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2. Experimental results

2.1. Operation principle of reconfigurable MoS2 resonators

We leverage the temperature coefficient of frequency (TCf)24 (TCf = -0.4%/°C to -0.2%/°C near 

room temperature) and temperature hysteresis23 in MoS2 resonators to accomplish multiple distinct 

and stable resonant frequency bands at room temperature, which can be reconfigured through 

thermal pulses (Fig. 1a).  The MoS2 resonator consists of a MoS2 flake fully enclosing a 

microcavity underneath (see Fig. S1 for fabrication details).  The freely suspended MoS2 

membrane can vibrate in flexural modes.  When the MoS2 resonator experience a heat pulse (with 

the device starting from room temperature, heated up and then cooled back to room temperature, 

red curve in Fig. 1b), the subsequent device frequency at room temperature (green dashed line) 

will settle at a higher resonance frequency fband0 (red dot). On the contrary, upon a cooling pulse 

(blue curve) it will stabilize to a lower frequency fband1 (blue dot).  Using such thermal hysteresis 

effect, two distinct frequency bands can be selected by thermally pulsing the MoS2 resonator, and 

the direction of thermal pulse (heating or cooling) determines which frequency band (fband0 or fband1) 

the device assumes.
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2.2. Resonance measurement scheme

Excitation and detection of the nanomechanical resonances are achieved with a custom-built 

photothermal driving and laser interferometry measurement system, respectively.  We drive the 

device into resonant motion photothermally by using a 405 nm amplitude-modulated laser focused 

near (but not on) the device25,26.  When a 633 nm laser is focused on the device, due to the 

microcavity for interferometry formed between the MoS2 drumhead and the bottom of the 

microtrench, the out-of-plane vibration of the MoS2 membrane changes the cavity depth and thus 

modulates the reflectance, which allows us to detect the device motion and track its resonance27.  

The chip with the MoS2 resonators is mounted on a thermoelectric heating/cooling stage (-20ºC to 

120ºC) in a vacuum chamber with moderate vacuum (~20 mTorr) to enable thermal pulses.  A 

computer program is used to monitor the device resonance frequency and record the temperature.  

2.3. Characterizing temperature hysteresis

Measurements for the temperature dependence of the fully-sealed drumhead MoS2 resonator show 

clear hysteresis in resonance frequency (Fig. 2 a-c).  Figure 2a shows the device thermomechanical 

resonance at room temperature without any external drive28,29, demonstrating the capability of our 

measurement system for detecting ultrasmall motions (see Fig. S2 and related discussions for 

details of analysis).  During experiment we measure the driven resonances (Fig. 2b) to make sure 

that we can obtain clear resonance signal at different temperatures.  A wide-range temperature 

sweep (Fig. 2c) clearly shows that the resonator exhibits two distinct resonance frequencies at 

room temperature, as schematically depicted in Fig. 1b (detailed resonance spectra measured at 

different temperatures with data fitting can be found in Fig. S3 and Fig. S4, with Table S1 

summarizing the individual resonance frequency and quality factor (Q) extracted for every 

measurement temperature).  This thermal hysteresis enables the programming of the MoS2 
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resonator into different frequency bands using thermal pulses.  The extracted quality factor (Q) 

from resonance spectra measured at different temperatures (Fig. S5) show Q in the range of ~100 

to 700, with Q increasing with decreasing temperature.  Such Q values are comparable with 

previously reported Qs in other graphene or MoS2 2D resonators measured near room 

temperature7,8,25,28.  The laser power of the red laser and blue laser are carefully chosen to avoid 

affecting the observation of the thermal hysteresis effect while still measuring strong resonance 

signal24.  We also measure a partially-sealed MoS2 resonator, which is from the same MoS2 flake 

as the fully-sealed MoS2 resonator (Fig. 2d).  The device shows little thermal hysteresis effect (Fig. 

2e-g).  This suggests that the thermal hysteresis effect may be related to the trapped molecules in 

the cavity formed between the suspended MoS2 and the bottom of the cavity.  We have also 

measured the same partially-sealed MoS2 resonator under a higher pressure (lower vacuum) of 90 

Torr (see Fig. S8), and thermal hysteresis clearly emerges again, which suggests that the amount 

of molecules at this higher pressure, whether inside or outside of the cavity, should have become 

adequate to facilitate the temperature-programmed adsorption-desorption, and thus for the thermal 

hysteresis effect to be observed.

Page 7 of 20 Nanoscale



-8-

21.0 21.5 22.0 22.5

0.11

0.12

0.13

Frequency (MHz)

S
1

/2

V
(�

V
/H

z
1

/2
)

Q~283

(a) (b)

20 21 22 23

0

20

40

A
m

p
lit

u
d
e
 (
�

V
)

Frequency (MHz)

(c)

25 30 35
0

50

100

A
m

p
lit

u
d
e
 (
�

V
)

Frequency (MHz)

25 30 35
0

20

40

60

Frequency (MHz)

5 /m

(d) (e) (f)

Fully-sealed MoS2 resonator Partially-sealed  MoS2 resonator

(g)

Fig. 2.  Measurements of two MoS2 resonators at different temperatures. (a)-(c) Measurements of the fully-

sealed MoS2 resonator, showing (a) thermomechanical resonance measured with red laser power of 0.35 

mW on device at room temperature; (b) driven resonance with red laser power of 0.35 mW and blue laser 

power of 0.3 mW on device at room temperature; (c) measured thermal hysteresis of the MoS2 resonator. 

(d) Optical image of the fully-sealed and partially-sealed MoS2 resonators on the same MoS2 flake. (e)-(g) 

Measurements of the partially-sealed MoS2 resonator, showing driven resonances at -13°C when 

temperature (e) sweeps down, and (f) sweeps up; and (g) lack of clear thermal hysteresis in the sweeps. 
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Fig. 3.  Evolution of resonance frequency and amplitude of the MoS2 resonator with time during the heating 

and cooling cycles, which can be used to program the resonator into different frequency bands. 

2.4. Programmable operations

Using thermal pulses, we demonstrate reconfiguration of the fully-sealed MoS2 resonator between 

different frequency bands in a controlled manner.  One example of such repeatable operation with 

four alternating cooling and heating pulses is shown in Fig. 3: the resonance of the MoS2 resonator 

quickly responds to the application of each thermal pulse, and then stabilizes to the corresponding 

frequency band.  We define the frequency band after heating pulse as band “1” (higher frequency); 

and that after cooling pulse as band “0” (lower frequency).  The extracted resonance frequencies 

upon applications of a heating pulse followed by a cooling pulse are shown in Fig. 4a-4b, clearly 

demonstrating the switching between different bands in the MoS2 resonator using thermal pulses.  

Such thermal hysteresis effect suggests a temperature-programmed adsorption–desorption 

process, which has been previously shown to change the resonance frequency of NEMS 

resonators30,31, and discussed in detail in our previous work23.
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Fig. 4. (a) Temperature profile and (b) the corresponding evolution of device resonance frequency, for 1 

heating-cooling pulse cycle with data extracted from the resonance spectra in Fig. 3, showing the process 

of using the heating (red data points) and cooling pulses (blue data points) to program the resonator into 

frequency band “1” and band “0”, respectively (green data points).  The heating and cooling pulse 

temperatures are 116ºC and -20ºC, respectively.

Such frequency reconfiguration is readily repeatable.  Figure 5a and 5b (in addition to Fig. 4) 

show the application of different thermal pulse sequences and the corresponding frequency 

switching behavior, demonstrating predictable and reliable operations of the MoS2 resonator: after 

each thermal pulse, the resultant frequency band is entirely determined by the preceding thermal 

pulse, unaffected by any previous resonance state.  Therefore, thermal pulses of alternating 

polarities can lead to continued switching of frequency bands, such as “1”–“0”–“1”–…(Fig. 5a).  

Consecutive thermal pulses of the same polarity will allow the resonator to switch and then retain 

the same resonant state, and generate frequency band sequences such as “1”–“0”–“0”–…(Fig. 5b), 

which demonstrates that we do not need the “heating-cooling pulse sequence”, and single heating 
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or cooling pulse is enough to tune the frequency band.  This allows any predetermined frequency 

band sequence to be generated, enabling programmable operation of the reconfigurable resonator.  

We further demonstrate tuning of the frequency switching operation.  Specifically, by adjusting 

the magnitude of the thermal pulses, we can control the separation between the frequency bands 

“0” and “1”.  We vary the peak temperature during each thermal pulse by adjusting the magnitude 

of the voltage applied to the thermoelectric stage (the polarity controls heating or cooling), as 

summarized in Fig. 5c.  Both heating and cooling pulse temperatures vary almost linearly with the 

applied voltage.  By adjusting the pulse temperature range (the difference between heating and 

cooling pulse temperatures), we can tune the frequency window (the frequency spacing between 

that of band “1” and band “0”) by a factor of almost 2, from ~0.75MHz to ~1.44MHz, almost 

linearly (Fig. 5d).  The measurements are performed on the same device, which suggests the 

possibility of specifying the frequency window during the reconfiguration by choosing the 

appropriate temperature range of the thermal pulses.
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Fig. 5.  Programmable operation of the reconfigurable resonator. (a) & (b) Temperature profile and the 

corresponding evolution of device resonance frequency, using (a) a thermal pulse sequence of heating-

cooling-heating with a medium temperature range (-18ºC to 109ºC), and (b) 2 consecutive cooling pulses 

with a small temperature range (-15ºC, with the preceding heating pulse at 100ºC). (c) Controlling the pulse 

temperatures with voltage. (d) The frequency window (fband1-fband0) that can be tuned by adjusting the 

temperature range. 

3. Discussion and outlook

Such frequency band switching and configurability as demonstrated in the MoS2 resonator can be 

potentially useful in a number of applications where frequency reconfigurability is desirable, 

including future RF components capable of handling multiple frequency bands21,22.  The existing 

approach of simply agglomerating separate RF circuits, each designed for an individual frequency, 
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is not scalable as the number of bands continues to increase.  One solution is software-defined-

radio (SDR)32,33,34,35 which digitizes wireless signals and processes them on digital signal 

processors (DSPs).  However, the high sampling rate and frequency resolution lead to significant 

power consumption, often on the order of Watts36,37,38, and thus are facing challenges for low-

power wireless applications.  An alternative to SDR is reconfigurable radio20, in which hardware 

components can reconfigure between different preprogrammed states and thus address different 

preset frequency bands.  As the circuit configuration is optimized for each band, the power 

consumption can stay low while the performance remains high.  

One key component in reconfigurable radios is the tunable resonators, which could be 

electrical39,40,41, mechanical17,42, or a mix of both43,44,45,46.  However, existing tunable resonators 

suffer from several issues that should be further optimized: they either involve large-footprint 

components that cannot be scaled down39,40,41, or require high sustaining voltage to maintain the 

frequency17,42, or require both43,44,45,46, which plague their potential employment as programmable 

resonators in future miniaturized, low-power wireless devices.  

In contrast to the existing schemes, our device shows clear and unique advantages that address 

these issues.  First, we use thermal pulses to reconfigure the MoS2 resonator to different frequency 

bands, and the frequency bands are maintained at room temperature without additional voltage 

bias or heating/cooling.  Second, the tunable MoS2 nanomechanical resonator has a size as small 

as 5 J' diameter (<20 J'2).  Such features may become increasingly crucial as the number of 

required frequency bands for wireless communication continues to grow.  Due to the very small 

device volume, in principle the required power to apply the thermal pulses can be potentially 

minimized with improved local heating/cooling design (see Fig. S7 for detail).  Combined with 

the zero sustaining power, this may enable ultralow-power operation compared with voltage tuning 
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methods.  The frequency tuning speed of our MoS2 resonators can also be improved by using local 

heaters instead of the global heaters; and simulation shows that the temperature can stabilize after 

10 ms of heating (Fig. S7).  With properly designed RF input and output (such as using electrical 

signal transduction47), the MoS2 resonators are potentially useful for future multi-band RF 

communications.  

4. Conclusions

In summary, we demonstrate programmable MoS2 NEMS resonators that can be reconfigured to 

distinct resonance frequency bands using thermal pulses.  Such tuning harnesses the temperature 

hysteresis in the resonance frequencies of these MoS2 resonators.  We achieve programmable 

switching of the MoS2 resonators to different frequency bands using different thermal pulse 

sequences, and demonstrate reliable yet tunable device reconfiguration.  The programmable MoS2 

NEMS resonators have very small device footprints, and do not require sustaining power for 

maintaining each resonant frequency band.  The findings offer new possibilities for studying 

temperature-programmed surface science, as well as for future applications in thermal memory, or 

achieving reconfigurable RF components that have ultrasmall size and low power consumption. 
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