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S1- Fabrication of the MoS2 nano-electromechanical resonator:

Fig. S1: Process-flow for device fabrication

The device was fabricated on a sapphire substrate following the process-flow shown in fig.
S1. A thin layer of chromium is deposited by electron-beam evaporation on the sapphire
substrate to avoid charging during electron-beam lithography. The patterns for the bottom
gate  are  defined  using  electron-beam  lithography  using  a  bilayer  photoresist  (PMMA),
followed by wet etching of chromium. 15 nm/10 nm of Ti/Pt is deposited by electron-beam
evaporation, followed by lift-off of the excess metal in acetone. SiO2 is deposited by plasma-
enhanced chemical vapor deposition (PECVD) followed by chromium deposition. The same
sequence of patterning steps are followed to define a mask for the trench over oxide. The

mailto:aneesh@iisc.ac.in
mailto:anaik@iisc.ac.in


etching of SiO2 for fabricating the trench is done using reactive-ion etching. The patterns for
the source and drain contacts are defined using electron-beam lithography as shown in fig.
S1, followed by electron-beam evaporation of 5 nm/50 nm of Cr/Au and lift-off of the excess
metal. Finally, mechanically exfoliated MoS2 flakes are transferred onto the trench using a
dry stamping process with a viscoelastic PDMS stamp.

S2- Data for the device shown in the main text:

S2.1- Resonant characteristics:

Fig. S2: (a) Cross-section schematic of the device (b) Directly driven amplitude and phase response of 
the resonator (fin = f) after background substraction: the quality factor obtained by fitting is 110.

Fig.  S3:  (a) Forward  and  reverse  traces  of  the  amplitude-response  of  the  directly  driven  MoS2

resonator (fin = f) at Vg
DC = 17 V : the response has a large electrical  background that  distorts the

response,  (b)  Forward  and  reverse  traces  of  the  amplitude-response  of  the  parametrically  excited
resonator  (fin =  2f),  (c-d)  The  characteristic  theoretical  responses  of  the  bifurcation  amplifiers
implemented  using direct  drive and parametric  excitation respectively  – the  latter  has  no intrinsic
(mechanical) background and hence has cleaner states 0 and 1.



The cross-section schematic of the device is shown in fig. S2(a). The quality factor of
the device is approximately 110, obtained by fitting the directly driven response of the
device  (after  background  subtraction)  with  a  complex  Lorentzian  response.  The
response with the fit is shown in fig. S2(b). The frequency response of the device to a
direct  drive  (along  with  the  background)  is  shown  in  fig.  S3(a).  The  electrical
background is undesirable for our application. In contrast the frequency response for
parametric excitation,  shown in fig. S3(b), does not have the undesirable electrical
background. A similar comparison between the normalized theoretical input-output
characteristics  of  the  bifurcation  amplifiers  implemented  using  both  the  kinds  of
excitation is made in figs. S3(c-d). The displacement-amplitude of the directly driven
resonator corresponding to state 0 is dependent on the excitation, whereas that of the
parametrically excited resonator is independent of the excitation (zero displacement).
Furthermore,  the  actual  displacement-amplitudes  are  much  larger  in  the  case  of
parametric  excitation,  due  to  the  parametric  gain [1–3].  Therefore,  we choose  the
parametrically  excited  bifurcation  amplifier  for  our  work.  The  responses  were
obtained using the  standard excitation-displacement  relations  for  the  two kinds  of
excitations  [4,5]. 

S2.2: Responses of the bifurcation amplifier at different operating frequencies:

Fig. S4: (a)-(e) Forward and reverse traces of the vibration-amplitude of the parametrically excited
resonator as a function of the amplitude of the parametric pump (Vp) at different operating frequencies:
(e)  is  the  operating  point  with  near-zero  hysteresis,  but  suffers  from  large  thermally  activated
transitions; (d) is the operating point close to the critical point and is used for charge-detection.

The  forward  and  reverse  traces  of  the  vibration-amplitude  of  the  resonator  as  a
function of the strength of the parametric pump at different operating frequencies are
shown in fig. S4. The hysteresis in the responses decreases from fig. S4(a) to fig.
S4(e). The operating frequency fin = 2 x 24.9 MHz corresponds to the critical point for
the onset of Duffing nonlinearity.  Although the response shows a perfect step, the
thermally activated inter-state transitions are detrimental for charge-sensing. Hence



the operating point fin = 2 x 24.89 MHz (fig. S4(d)) is chosen in our measurements.
The operating frequency fin = 2 x 24.86 MHz is chosen for implementing the latch
memory due to its broad tri-stable region.

S3: Details of the experimental setup:

The measurements on the fabricated devices are done in vacuum (< 10-7  Torr). The
lock-in amplifier used in the measurements is Zurich Instruments UHFLI. Digital modulation
of the pump signal is performed by using the additive output of two oscillators of the UHFLI
(internally  at  the  same  phase)  at  the  frequency  fin.  Oscillator  1  is  at  an  amplitude  V̂ p.
Oscillator 2 is at an amplitude  δVV /2 with a controllable phase-difference φ with respect to
oscillator 1. The input corresponding to state 1 has an amplitude V 1=V̂ p+δVV /2, generated by

setting φ to 0 radians. The input corresponding to state 0 has an amplitude  V 1=V̂ p−δVV /2,
generated by setting φ to π radians.

For  measuring  the  probability  of  switching-error  (fig.  4(b)  of  the  main  text),  the
phase-difference φ is set by feeding a computer-generated pseudo-random sequence,  with
each  element  as  0  or  π,  to  the  lock-in  amplifier.  A pseudo-random sequence  with  each
element taking any value between 0 and π is used to show the jumps between the two states
in the multi-valued region in fig. 4(a) of the main text of the paper.  For generating the time-
traces of the demodulated amplitude-response to digitally modulated pump input (figs. 3(b)
and 5(b) of the main text), the circuit, shown in fig. S5 is used at the input to the device. An
arbitrary waveform generator (AWG) is used to control a voltage-controlled phase shifter that
sets the phase-difference φ.

Fig. S5: Circuit for generating the digitally modulated pump input to the device

S4: Data for a second device:

The measurements performed on a second MoS2 nanoresonator also yielded similar results.

S4.1- Resonant characteristics:

The  frequency  responses  of  the  directly  driven  resonator  and  the
parametrically excited resonator are shown in figures S6(a) and S6(b) respectively.
The responses are similar to those shown in figure S3.



Fig. S6: (a) Forward and reverse traces of the amplitude-response of another directly driven MoS2

resonator (fin = f) at Vg
DC = 27 V : the response has a large background that distorts the response, (b)

Forward and reverse traces of the amplitude-response of the parametrically excited resonator (f in = 2f),
insets: density plots of the amplitude-responses for forward (right) and reverse (left) frequency-sweeps
of the parametrically excited resonator

S4.2: Responses of the bifurcation amplifier at different operating frequencies:

The responses of the parametrically excited bifurcation amplifier at different
operating frequencies are shown in figure S7. Fig S7(d) is the operating point close to
the critical point.

Fig. S7: (a)-(f) Forward and reverse traces of the vibration-amplitude of the oscillator as a function of
the amplitude of the parametric pump (Vp) at different operating frequencies: (d) is the operating point
close to the critical point for the onset of nonlinearity.



S4.3: Probability of switching-error:

The probability of switching error, measured in a similar manner as fig. 4(b)
of  the  main  text,  is  shown in figure  S8.  The corresponding characteristics  of  the
bifurcation amplifier are shown in figure S7(d).

Fig. S8: Probability of switching error for the second device at f in = 2 x 61.74 MHz: the charge values
are higher than those for the first device, because of difference in compliance between the two devices.

S6: Estimate of Device Capacitance:

We  have  used  local-gated  devices  fabricated  on  a  sapphire  substrate.  Hence,  the  gate
capacitance Cg is actually the high frequency dielectric capacitance of the suspended FET
structure. Cg = ε0A/d, where ε0 is the permittivity of air/free-space between the membrane and
the gate (8.85 x 10-12 F/m2), d = 300 nm (separation between the gate and the membrane), A
is the estimated effective overlap-area between the MoS2 membrane and the bottom gate. For
our geometry, the portions of the membrane suspended and on-substrate form capacitors in
parallel. Thus, the effective overlap area A =  εr

vacuumAsusp +  εr
oxideAsubs  ≈ 24 µm2, where εr

vacuum

= 1 and εr
oxide = 4 are the relative permittivities of the two dielectric media. Thus, we estimate

the capacitance Cg to be approximately 0.7 fF for our device (device 1).

With  change  in  DC bias,  the  membrane  undergoes  static  deflection  and  the  gap
between  the  membrane  and  the  gate  changes.  At  Vg

DC=17  V,  the  static  force  on  the
membrane,  with  an  overestimate,  is  approximately  F  =  330  nN.  The  stiffness  of  the
membrane k = meffω0

2  = 13 N/m. Thus, the maximum static deflection of the centre of the
membrane is F/k = 25 nm, which is about 8% of the original gap. The deflection of the rest of
the membrane away from the centre is less then 25 nm. Therefore,  the overall  change in
capacitance with DC bias is  less than 8%, which does not significantly affect  the charge
estimates.

S6: Summary of the performance of different electrometers:

We  summarize  the  performance  metrics  of  our  ultrasensitive  charge  detector  alongwith
different  previously  implemented  electrometers,  that  are  suitable  for  quantum-sensing
applications,  in  table  S1.  The  RF  single-electron  transistor  and  Josephson  bifurcation
amplifier  extremely sensitive charge-detectors, but only operate at temperature below 1 K
[6,7].  Micromechanical  and nanomechanical  electrometers  offer  high charge-sensitivity  at
room temperature  and  are  expected  to  reach  the  sensitivity  limits  of  the  single  electron
transistor and Josephson bifurcation amplifier at low temperatures [8-10]. The present work



leverages  upon  the  extreme  sensitivity  of  2D-material  based  NEMS  and  the  bifurcation
amplification  technique  to  achieve  significant  improvement  in  the  limit  of  detection  of
mechanical electrometers.

Table S1: Performance metric of different ultrasensitive electrometers

S.
No.

Electrometer Operating
freq.

(MHz)

Q-factor Operating
temperature

(K)

Min.
Charge/Current

detected

1. RF Single electron
transistor

[6]

10-100 - 0.045 0.006 e

2. Josephson bifurcation
amplifier [7], [8]

1800 20 0.34 10 nA

3. MEMS resonators

[9]

0.14 50000 298 67 e

4. NEMS resonator [10] 2.6 6500 298 and 4.2 K >100 e

5. GaAs NEMS
bifurcation topology

amplifier

[11]

13 1700 298 70 e

6. MoS2 NEMS
bifurcation amplifier

[This work]

25 110 298 9 e
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