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ABSTRACT

Bifurcation amplifiers are known for their extremely high sensitivity to weak input signals. We implement a bifurcation amplifier by
harnessing the Duffing nonlinearity in a parametrically excited MoS2 nano-electromechanical system. We utilize the ultra-sensitive switching
response between the two states of the bifurcation amplifier to detect as well as register charge-fluctuation events. We demonstrate open-
loop real-time detection of ultra-low electrical charge perturbations of magnitude<10 e at room temperature. Furthermore, we show latching
of the resonator onto one of the two states in response to short-lived charge fluctuations. These charge detectors offer advantages of room-
temperature operation and tunable operation in the radio frequency regime, which could open several possibilities in quantum sensing.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031890

Bifurcation amplifiers are promising candidates for ultra-
sensitive detection of signals in quantummeasurements.1,2 These devi-
ces offer sharp step-like transitions in the output in response to minute
changes in the input signal. Bifurcation amplifiers implemented using
Josephson junctions are known to be useful in charge sensing and
detection of superconducting qubits.2–4 However, their implementa-
tion is limited to cryogenic temperatures. On the other hand, nanome-
chanical bifurcation amplifiers have readily achievable mechanical
bifurcation points. These devices have the advantage of room-
temperature operation and a simple device structure.5–7 An imple-
mentation of a bifurcation amplifier using coupled nanomechanical
resonators has shown exceptional charge sensitivity.5 In a recent theo-
retical report, Takodaro et al. have proposed bifurcation amplifiers
using nonlinear nanomechanical resonators as potential candidates for
sensitive detection of digitally modulated force signals.8 The operation
of the devices in the nonlinear regime is crucial to the implementation
of the bifurcation amplifiers. Nano-electromechanical systems
(NEMS) based on layered materials, with tunable mechanical nonli-
nearities9 at low amplitudes of vibration10–16 and extraordinary sensi-
tivity to external stimuli,17–20 are well suited for the implementation of
bifurcation amplifiers.8

In this work, we implement a parametrically excited bifurcation
amplifier using an MoS2 nano-resonator and demonstrate charge
detection and memory with exquisite sensitivity. The bifurcation

amplifier has step-like displacement-vs-excitation characteristics. At
different operating frequencies, the tri-stable region of the bifurcation
amplifier has different widths (hysteresis loops). At smaller widths, the
device switches sharply between two states in response to small
changes in excitation strength due to the accumulation of charges on
the membrane. It is sensitive to both the increase and decrease in the
accumulated charge and can respond to an electrical charge perturba-
tion of about 130 e with a switching error probability less than
3� 10�5. This sensitivity is limited by the thermally activated inter-
state transitions close to the critical point for the onset of nonlinearity.
At larger widths of the tri-stable region, the device can operate as a
latch memory, which can latch from one state to another in response
to electrical charge less than 10 e. Thermally activated transitions in
this regime are less due to larger activation energy required for inter-
state transitions. The device remains latched to the vibration state even
after the charge perturbation has vanished and can be reset only by
turning the vibration off.

The device [shown in Fig. 1(a)] is a drum resonator fabricated
using few-layer MoS2 (details of fabrication are available in the supple-
mentary material). The diameter of the drum is 3 lm. The circuit used
for implementing the bifurcation amplifier is shown in Fig. 1(b). We
use an electrical gate for capacitive actuation of the device, and the dis-
placement is monitored by observing the change in capacitance.10,15

The membrane acts as the moving plate of a parallel-plate capacitor,
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with the gate as the stationary plate. The electrostatic force, due to the
applied DC voltage (VDC

g ) at the gate, pulls the membrane down, pro-
ducing a strain that tunes the resonant frequency of the device. An AC
voltage signal [VAC

g ¼ Vp cosð2pfintÞ] from a lock-in amplifier (LIA)
is added to the DC voltage to produce a sinusoidal variation in the
force acting on the membrane.10 The detection of displacement is at
frequency f, which is close to the resonant frequency f0 of the
resonator.

A directly driven resonator(fin � f0) is limited by poor signal-
to-noise ratio (SNR) and a non-ideal bifurcation response (see the
supplementary material).1,8,10,21 Hence, we use parametric excitation
(fin � 2f0) to implement the bifurcation amplifier, whose displace-
ment-vs-excitation response is expected to have near-ideal step-like
characteristics.21 In this scheme, the AC signal (parametric pump)
modulates the strain in the vibrating membrane at twice the resonant
frequency. This results in self-oscillation when the strength of the
pump is sufficient to overcome the damping.21,22 Parametric excitation
offers further advantages of minimal electrical background in the mea-
sured displacement and higher amplitudes of vibration.15,22–24 The
results of forward (low to high) and reverse (high to low) frequency
sweeps with parametric excitation (Vp ¼ 78mV and Vp ¼ 100mV)
at VDC

g ¼ 17V are shown in Fig. 1(c). The bending of the resonance
toward lower frequencies (nonlinear frequency-softening) and the
hysteresis on the low-frequency side are characteristic of a resonator
with negative Duffing nonlinearity.12,15 The hysteresis between the for-
ward and reverse traces at Vp ¼ 78mV is minimal, indicating that the
resonator is close to the critical point for the onset of Duffing nonline-
arity. As Vp is increased to 100mV, a large hysteresis between the
forward and reverse sweeps is observed.

The density plots (forward and reverse frequency sweep) for
parametric excitation at different values of Vp are shown in Figs. 2(a)
and 2(b), respectively. The tongue-shaped responses are characteristic
of parametric excitation.15,21,23 The tongue of the forward sweep has
smaller width than that of the reverse sweep due to negative effective
Duffing nonlinearity in the resonator.15 To realize the bifurcation
amplifier, we operate the device at a fixed frequency [marked by
dashed lines in Figs. 2(a) and 2(b)] and sweep the excitation strength
(Vp) at twice the operating frequency. The amplitude responses for the
forward (low to high) and reverse (high to low) sweeps of Vp at fin
¼ 2� 24:89MHz ð2f1Þ and fin ¼ 2� 24:86MHz ð2f2Þ are shown
in Figs. 2(c) and 2(d), respectively. We use these step-like responses as
bifurcation amplifiers.21 The responses for the operating frequencies
in between f1 and f2 are shown in the supplementary material.

Unlike the directly driven bifurcation amplifier, these parametric
responses have an input-independent state 0 (no forced oscillation)
when the pump is not strong enough to overcome the linear damping.
Beyond a certain pump strength, the resonator switches to a stable
vibration state 1. We note that the state 1 referred to here corresponds
to two states with equal amplitude and opposite phases, which is the
characteristic of parametrically excited resonance with a double-
frequency pump.25–27 In the tri-stable region, there are three stable
states, state 0 as well as the two states 1.

In Fig. 2(c) (fin ¼ 2f1), the width of the tri-stable region is mini-
mal since the resonator is close to the critical point. The resonator
switches between states 0 and 1 if the amplitude of the pump is modu-
lated between the two sides of the step. This modulation is analogous
to the accumulation of charge on the resonator and can be used to
estimate the charge sensitivity. With minimal hysteresis, a small
change in charge can switch the resonator between the two states. At
fin ¼ 2f2 [Fig. 2(d)], the step response has a wide tri-stable region.
With the large hysteresis, the bifurcation amplifier can act as a sensi-
tive latch memory for charges.

A change dV in the amplitude of the parametric pump causes a
change dQ ¼ CgdV in the charge accumulation on the resonator,
where Cg is the gate capacitance (dielectric capacitance) of the device
estimated with a parallel-plate approximation based on the geometry;
Cg ¼ �0A=d � 0:7 fF; d ¼ 300 nm, and A � 24 lm2 (details are
available in the supplementary material). The charge sensitivity of the
bifurcation amplifier is measured by digitally modulating the pump
amplitude (Vp) between the levels V̂p � dV=2 and V̂p þ dV=2 [where
V̂p is the voltage set point shown in Figs. 2(c) and 2(d), respectively]
and monitoring the output displacement amplitude of the device. The
details about the implementation are given in the supplementary
material. For fin ¼ 2f1, the two voltage levels lie on either side of the
step response, as shown in Fig. 3(a). The transition between the
two states is due to an increase or decrease in charge, respectively.
Figure 3(b) shows the time traces of the demodulated displacement
amplitude of the device at different dQ for a square-wave modulation
of Vp. As dQ is reduced, the switching error between states 1 and 0
increases. This is due to slow-timescale thermally activated transitions
between the states close to the critical point, which are expected in
parametrically excited systems.26,28

Figure 4(a) shows the demodulated amplitude of the device at
computer-generated random values of Vp. We observe that the
highlighted multi-valued region, where the device switches between
states 1 and 0 on its own, is broader than the tri-stable region observed

FIG. 1. (a) Scanning electron micro-graph (false-colored) of the MoS2 drum resona-
tor: the local gate (highlighted) is under the suspended membrane, (b) schematic of
the circuit used for experimental measurements, and (c) forward and reverse traces
of the amplitude responses of the parametrically excited resonator for Vp ¼ 78 mV
and Vp ¼ 100mV: the responses show negative effective Duffing nonlinearity.
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in Fig. 2(c). For the continuous sweep [Fig. 2(c)], the time step
between two consecutive inputs is less than 100ls. On the other hand,
the switching time/time step is much longer in Figs. 3(b) and 4(a). A
longer measurement time allows for more of the slow thermally acti-
vated transitions to be recorded in the measurements.5,26

To get a statistical estimate of the switching error, we use a pseu-
dorandom bit sequence (PRBS) of length 215 � 1 to digitally modulate
the pump and count the number of instances of incorrect switching
(state 0 instead of 1 or vice versa). The statistically estimated probabil-
ity of switching error (Perr) as a function of dQ is shown in Fig. 4(b).
Perr is observed to be greater than 10�3 below dQ ¼ 114 e and
decreases with the increase in dQ. At dQ ¼ 131 e [highlighted point in
Fig. 4(b)], we do not record any switching error for 215 � 1 bits
(Perr � 3� 10�5). The histogram of the demodulated amplitudes at
this dQ, shown in the inset of Fig. 4(b), shows well-separated clusters
of amplitude corresponding to states 1 and 0 and the boundary used
for making an error decision. The measurement bandwidth used in
these experiments is 625Hz. Similar characterization of the switching
error, performed on a second device, is given in the supplementary
material.

We present a qualitative explanation of the room-temperature
thermally activated state transitions following the theoretical under-
standing of similar transitions activated by quantum fluctuations (at
low temperature) in such systems.26 Figure 4(c) shows the outlines of
the two density plots shown in Figs. 2(a) and 2(b), with the mono-
stable, bi-stable, and tri-stable regions marked. The pairs of points
Ptri;bi
1 and Ptri;bi

2 are the operating points for the transition from state 0
to state 1 for fin ¼ 2f1 and fin ¼ 2f2, respectively. The variation of the
resonator potential with respect to displacement in the vicinity of these
points is shown in Fig. 4(d). In the mono-stable region, the resonator
has a harmonic potential with a single minimum at state 0 (stable). In
the bi-stable region, state 0 is unstable (maximum) and only the two
states 1 are stable (minima). In the tri-stable region, all the three states
are stable (minima), while there are two unstable states marked as 10.
The pairs of points Ptri;bi

1 are close to the critical point Pc, which is at
the intersection of all the three regions marked in Fig. 4(c). At Pc,
the resonator-potential distribution almost resembles the harmonic
potential of the mono-stable region. Hence, at Ptri;bi

1 , the minima and
maxima corresponding to states 1 and 10 in the resonator potential are
extremely shallow, as shown in Fig. 4(d). Therefore, a small thermal

FIG. 2. [(a) and (b)] Characteristic tongue-shaped density plots for (a) forward and (b) reverse frequency sweeps (fin ¼ 2f ) and [(c) and (d)] forward and reverse traces of the
displacement amplitude of the resonator as a function of Vp at a fixed frequency (c) fin ¼ 2� 24:89MHz ð2f1Þ and (d) fin ¼ 2� 24:86 MHz ð2f2Þ [along the dashed lines
shown in (a) and (b)]: the tri-stable region is broader in (d).
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FIG. 3. (a) Schematic of the operation of the charge detector at fin ¼ 2f1: a step change in charge produces a step change in the demodulated displacement amplitude. (b)
Time traces (vertically offset for clarity) of the demodulated displacement amplitude at different values of dQ: switching error is observed at lower dQ.

FIG. 4. (a) Amplitude response of the resonator at pseudo-random input voltages: the highlighted multi-valued region is broader than in Fig. 2(c); (b) probability of switching
error of the bifurcation amplifier at different dQ: the inset shows the histogram of the occurrences of the demodulated amplitude at dQ ¼ 131 e; (c) outlines of the density plots
[shown in Figs. 2(a) and 2(b)]: the mono-stable, bi-stable, tri-stable regions, the critical point Pc, and the pairs of points P

tri;bi
1 and Ptri;bi

2 corresponding to inter-state transitions
at fin ¼ 2f1 and fin ¼ 2f2, respectively, are marked; and (d) schematic of the potential vs displacement curves for the tri-stable and the bi-stable regions in the vicinity of the
points Ptri;bi

1 (shallow extrema) and Ptri;bi
2 (less shallow extrema).
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activation energy at room temperature is sufficient to cause inter-state
transitions, as is evident from the switching error.26 However, when
we move away from the critical point to the pair of points Ptri;bi

2 , the
resonator potential has larger energy barriers, making the thermally
activated transitions less likely26 and allowing smaller changes in elec-
trical charge to be detected.

At fin ¼ 2f2, the bifurcation amplifier has a broad tri-stable
region, as shown in Fig. 2(d). When V̂p is set close to the upward-
jump boundary of the tri-stable region, the two voltage levels V1

¼ V̂p þ dV=2 and V0 ¼ V̂p � dV=2 are aligned to the step response
as shown in Fig. 5(a). If the device is initially in state 0 and there is an
increase in pump amplitude corresponding to dQ, the device switches
to state 1. However, a decrease in pump amplitude does not switch the
device back to state 0, due to the hysteresis in the amplitude response
of the device, as shown in Fig. 5(a). Hence, the device remains latched
to state 1 even if the charge signal is removed and acts like a charge-
sensitive latch memory. Resetting the device to state 0 requires lower-
ing the parametric excitation strength (Vp) until the resonator switches
to state 0 (below 80mV in this case). Figure 5(b) shows the time traces
of the demodulated amplitude of the device at different values of dQ at
a measurement bandwidth of 625Hz. It must be noted that the step
height corresponding to the transition and the SNR remain almost
constant irrespective of the signal strength, since there are no observed
vibrations in state 0 and the vibration amplitude is saturated in state
1.29 Therefore, this device is a charge-event detector, which responds
identically to the occurrence of any charge perturbation. The dashed
line represents the input signal. It is observed that the latch memory is
responsive to dQ as low as 9 e. We note, however, that as the magni-
tude of dQ is reduced, the probability of error is expected to be larger,
similar to what is observed in Fig. 4(b).

Therefore, this implementation of the bifurcation amplifier can
record short-lived charge signals with extraordinary sensitivity.
Ultrasensitive electrometers used for quantum sensing, such as the RF
single electron transistor and Josephson bifurcation amplifier, can
detect single electrons and have noise-limited sensitivities on the order
of 10�5 e=

ffiffiffiffiffiffi

Hz
p

.2–4,30 However, their operating temperature is below

1K. Micromechanical and nanomechanical resonators have been used
to detect charges in the range of 70� 100 e at room temperature with
sensitivities on the order of 10�1 e=

ffiffiffiffiffiffi

Hz
p

and estimated low tempera-
ture sensitivities on the order of 10�5 e=

ffiffiffiffiffiffi

Hz
p

, limited by the thermal
noise.31–33 Nanomechanical bifurcation amplifiers based on GaAs
nanoresonators have also shown similar charge detection capabilities.5

With the MoS2 nanoresonators, the minimum detected charge signal
in real time at room temperature is less than 10 e, which is a significant
improvement in mechanical electrometry. Lowering the temperature
is expected to yield sensitivities similar to other nanomechanical
electrometers. The summary of the performance metrics of different
electrometers is shown in the supplementary material.

In conclusion, we have demonstrated bifurcation amplifiers,
implemented using a parametrically excited nonlinear MoS2 nanome-
chanical resonator, whose displacement amplitude is sensitive to
charge. Close to the critical point for the onset of nonlinearity, the
device can respond to charge signals of magnitude on the order of
100 e at room temperature, limited by the slow-timescale thermally
activated state transitions. Away from the critical point, the device
operates as a charge-sensitive latch memory, which switches its
vibration state once in response to a change in charge and latches to
that vibration state even after the charge is removed. This latch mem-
ory is found to be responsive to charges<10 e at room-temperature in
open-loop operation. The SNR and height of the step responses shown
in Figs. 3(b) and 5(b) remain almost constant at all dQ, making these
devices sensitive charge-event detectors. The limit of detection
imposed by room-temperature thermally activated transitions and
fluctuations in the position of the bifurcation points [in Fig. 4(c)]
requires further investigation. The room-temperature operation could
be further improved using closed loop measurements.34 Improved
device structures with a compliant membrane and optimal separation
between the membrane and the gate can lead to better room-
temperature charge sensitivity. At low temperatures, better charge
sensitivity is expected since the thermally activated transitions would
be minimal and the device would be limited by inter-state transitions
activated by quantum fluctuations.2,26 The operating frequencies of
these devices are on the order of 10MHz and can be tuned with static

FIG. 5. (a) Schematic of the operation of the charge-sensitive latch memory at fin ¼ 2f2: a step change in charge produces a step change in the demodulated displacement
amplitude, which persists even after the charge is removed and can be reset only by turning the vibration off, and (b) time traces (vertically offset for clarity) of the demodulated
amplitude of the bifurcation amplifier for different values of dQ: the latching operation for a minimum dQ of 9 e is observed at room temperature.
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strain imposed at the clamps or through electrostatic pull by the gate
electrode.10,16 Using thinner membranes and smaller drum geometries
can also help achieve higher resonant frequencies.11 Furthermore,
improved transduction mechanisms can help read out higher-order
mechanical modes, which have higher resonant frequencies. These
bifurcation amplifiers hold significant promise for quantum-sensing
applications. The tunability of the resonant frequency of these devices
in the radio frequency regime and tunable mechanical nonlinearities
make them more versatile for these applications. Further investigation
on the limitations of the charge sensitivity of the latch memory could
open unexplored routes in nanomechanical sensing.

See the supplementary material for details of fabrication, data of
the two devices, and details of the experimental setup.
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