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We report on an electrical detection method of ultrasensitive carbon nanotube mechanical resonators.
The noise floor of the detection method is reduced using a RLC resonator and an amplifier based on a
high electron mobility transistor cooled at 4.2 K. This allows us to resolve the resonance frequency of
nanotube resonators with an unprecedented quality. We show that the noise of the resonance
frequency measured at 4.2K is limited by the resonator itself, and not by the imprecision of the
measurement. The Allan deviation reaches ~10~> at 125 ms integration time. When comparing the
integration time dependence of the Allan deviation to a power law, the exponent approaches ~1/4.
The Allan deviation might be limited by the diffusion of particles over the surface of the nanotube.
Our work holds promise for mass spectrometry and surface science experiments based on mechanical

nano-resonators. Published by AIP Publishing. https://doi.org/10.1063/1.5045309

In recent years, mechanical nano-resonators have been
proven to be exceptional sensors of external forces'™ and
adsorption of mass.””’ Mechanical resonators can be used
for scanning probe microscopy,® magnetic resonance imag-
ing,'”"" mass spectrometry,'” and the study of surface sci-
ence.'>™! This includes the diffusion of adsorbed atoms on
the surface of a 1resonat0r,14’16’]7 the formation of mono-
layers of adsorbed atoms in the solid and liquid phases,'
and phase transitions."® Key for all these studies is a low
noise transduction of the mechanical motion.'®%*

Resonators made out of carbon nanotubes hold the
records in force and mass sensitivities, thanks to their incred-
ible small masses. However, the transduction of the nanotube
vibrations into a measurable signal is a challenging task.
Because nanotubes are small, the transduced signal is minus-
cule. Moreover, the read-out scheme has to be compatible
with the low-temperature setups used to achieve the highest
sensitivities in force® and mass’ detection. Furthermore,
electrical transduction schemes are limited by parasitic
capacitances from the device pads and cables to the ground,
setting a cut-off limit for the read-out frequency typically in
the range between 1 and 10 kHz. Efficient read-out was dem-
onstrated by downmixing the high frequency signal of the
motion to a low-frequency (1-10kHz) current modulation
using the nanotube as a mixer. At these relatively low fre-
quencies, the current suffers from large 1/f noise. Moreover,
the current amplification took place at room temperature, so
that the amplifier noise and the parasitic noise picked up by
the cable between the device and the amplifier significantly
contribute to the total noise.

Ypresent address: Department of Applied Physics, Yale University, New
Haven, CT 06520, USA.
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In this letter, we develop an electrical downmixing read-
out of nanomechanical motion with reduced noise compared to
previous works. It operates at higher frequencies (~1.6 MHz)
using an RLC resonator. The current amplification is done
with a high electron mobility transistor (HEMT) at liquid
helium temperature.24 We demonstrate an improved detection
of the resonance frequency of carbon nanotube resonators.
The frequency stability is no longer limited by additive noise
related to the imprecision of the detection, but by noise intrin-
sic to the device.

All the measurements were carried out in a homebuilt
ultra-high vacuum cryostat’ at a base pressure of 3 x 10~ "'
mbar and 4.2 K. The measured device consists of a nanotube
contacted by two electrodes and suspended over a local gate
electrode, as shown in Figs. 1(a) and 1(b). The carbon nano-
tube was grown by chemical vapor deposition on a substrate
containing prepatterned electrodes in the last step of the fab-
rication process in order to diminish contamination.”> The
mechanical motion was driven and detected using two differ-
ent methods as shown in Figs. 1(d) and 1(e), often called
two-source mixing®® and frequency-modulation (FM) mix-
ing.>” The two-source mixing was used together with the low
noise read-out setup consisting of the RLC resonator and the
HEMT based on an AlGaAs/GaAs heterostructure. The FM
mixing is not compatible with the high-frequency of the
RLC resonator, but we used it as a benchmark, as it has
enabled the best frequency stability measurements of nano-
tube resonators thus far.’”

Both measurement techniques rely on the nanotube-gate
capacitance oscillation generated by the motion of the reso-
nator, which in turn modulates the measured current.”® The
two-source method generates a current directly proportional
to the amplitude of mechanical vibrations. By contrast, the
current in the FM method is related to the derivative of the

Published by AIP Publishing.
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FIG. 1. (a) Scanning electron microscopy image of a typical nanotube resona-
tor. The nanotube is marked by black arrows. The scale bar is 100 nm. (b)
Sketch of the device. The nanotube is contacted electrically to two metal elec-
trodes and suspended over a local gate electrode. The length of the suspended
part of the nanotube is ~1 um and the distance to the gate is ~350nm. (c)
Current noise spectrum of the RLC resonator at 4.2 K. (d) Two-source setup.
We apply an oscillating voltage with amplitude V at frequency o+ Aw
onto the source electrode and an oscillating voltage with amplitude Vg at
frequency  on the gate electrode. We set Aw equal to the RLC resonance
frequency. (e) FM setup. We drive and detect the nanotube vibration in reflec-
tion by applying a frequency-modulated oscillating voltage with amplitude
Vim onto the source electrode. (f) Current fluctuations o/ ,;, are related to fre-
quency fluctuations Jf via the slope of the resonance line shape.

real part of the response of the resonator.?” In both methods,
we measured the noise of the resonance frequency by driving
the resonator at a setpoint frequency where the slope of the
response is highest [Fig. 1(f)]. A change in resonance fre-
quency leads to a change in current. When the resonance fre-
quency drifts more than a certain limit value, we use a
computer-controlled feedback loop to correct the driving fre-
quency in order to return to the setpoint for which the slope
of the response is highest.

Our measurement scheme features a remarkably low
current noise floor [Fig. 1(c)]. The total noise floor is
0.43pA/+/Hz; it is estimated from the noise at the RLC res-
onance frequency. For comparison, the noise floor of the FM
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mixing is about 16 pA /v/Hz. The two main contributions to
this low noise floor are the noise picked up at the level of the
sample copper box, which is left partially open in order to be
able to evaporate atoms onto the nanotube, and the Johnson-
Nyquist noise of the impedance of the RLC resonator
(O 18pA/vHz ) The inductance of the circuit is given by
the 33 uH inductance soldered onto a printed-circuit board
(PCB). The 290 pF capacitance measured from the RLC res-
onance frequency comes from the 200 pF capacitance sol-
dered on the PCB and the capacitance of the radio-frequency
cables between the device and the HEMT. The 6.66 kQ resis-
tance obtained from the RLC line-width is attributed to the
10kQ resistance soldered onto the PCB and the input imped-
ance of the HEMT. The gain of the HEMT is 2.6; it is
estimated from the temperature dependence of the Johnson-
Nyquist noise. The signal is amplified at room temperature
by the amplifier SA-220F5 protected in a copper box.

The Allan deviation of the resonance frequency provides
information on the nature of the noise of the mechanical res-
onator. We compute the Allan deviation from the measured
time traces of the resonance frequency as>’

1 N—1
O'Allan(‘CA) = fl“ ) (D

i=1

with f; being the averaged frequency during the time interval
i of length 14, fy the resonance frequency averaged over the
whole measurement and N the total number of time intervals.
The Allan deviation is usually plotted as a function of 74,
which is often called the integration time. The Allan devia-
tion can be seen as the time-domain equivalent of the power
spectral density of the noise of the resonance frequency.
When the frequency noise is a 1/f noise, the Allan deviation
remains constant when increasing t5. When the frequency
noise is white, the Allan deviation scales as 1/ \/a.so

Imprecision noise in the detection of the vibrations also
contributes to the Allan deviation. The imprecision noise of
the detection and the noise of the resonance frequency both
contribute to the measured current noise [Fig. 1(f)], so that
they cannot be distinguished. The contribution of detection
imprecision to the Allan deviation is given by

ANy [
fo S V2nts’

2

O Allan (TA )

where S is the current amplitude of the driven resonance at f;,
Af the full width at half maximum of the resonance, and Nt
the current noise floor discussed above. Here 1/2nt, is the
measurement bandwidth with a first-order low pass filter.>!
The Allan deviation measured with our two-source
method is significantly better than the Allan deviation mea-
sured with FM [Figs. 2(a)-2(f)]. Both measurements were
carried out in the same cool down. The best Allan deviation
with the two-source is achieved at short integration times 7.
This is of great interest for mass sensing and surface science
experiments when adsorption, desorption, and diffusion pro-
cesses are rapid. The Allan deviation with the two-source is
independent of S, that is, the voltage amplitude V,, applied
to the gate. This indicates that the Allan deviation is limited
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FIG. 2. (a) Response of the nanotube device 1 to the driving frequency at
4.2 K using the two-source setup. The large off-resonance current has a purely
electrical origin.26 (b) Response of the nanotube resonator to the driving fre-
quency at 4.2 K using the FM setup. The integration time of the lock-in ampli-
fier is 100ms. The red arrows in (a) and (b) indicate the slope used to
measure the fluctuations of the resonance frequency. (c) and (d) Fractional
frequency fluctuation Jfy/fy of the resonator measured with the two-source
setup and the FM setup. Here, Jfy is the measured deviation of the resonance
frequency at time ¢ with respect to the average resonance frequency fo. (e)
The frequency stability of the mechanical resonator measured with the two-
source setup for different drives. The brown dashed line is a guide to the eye
showing the trend of the Allan deviation as a function of the integration time.
(f) The frequency stability of the mechanical resonator measured with the FM
setup for different drives. The data at low integration time are compared to
Eq. (2) (purple dotted line). The brown dashed line indicates the trend of the
Allan deviation measured with the two-source setup in (e).

by the noise of the resonance frequency of the nanotube resona-
tor. The imprecision noise of the detection is irrelevant, since
the corresponding Allan deviation is expected to be about two
orders of magnitude smaller than the measured Allan deviation.
The expected Allan deviation is 5.2 x 10~ for an integration
time 7, = 1 s using Eq. (2) with Nt = 0.43 pA/v/Hz.

By contrast, the Allan deviation measured with FM is
given by the imprecision noise of the detection at low 74.
The Allan deviation scales as 1/,/7a and gets larger for
lower S, as expected from Eq. (2). The measured Allan devi-
ation is consistent with what is expected from the impreci-
sion noise N, since we obtain Nt = 18 pA/ VHz from the
measured g, (74) [dotted line in Fig. 2(f)] and Eq. (2),
which is comparable to Ny = 16pA/ VHz estimated from
the off-resonance current fluctuations observed in Fig. 2(b).

Appl. Phys. Lett. 113, 063104 (2018)

At long 74, the Allan deviation becomes similar to the Allan
deviation measured with the two-source [Figs. 2(e) and 2(f)].
This indicates that the Allan deviation becomes limited by the
noise of the resonance frequency of the nanotube resonator.

The G ajan (Ta) curves measured on three different devi-
ces with the two-source are similar [Figs. 2(e), 3(a), and
3(b)]. This indicates that the physical origin of the noise of
the resonance frequency is the same for the three devices.
The Allan deviation reaches ~107> at 125ms integration
time. Allan deviation measurements are usually compared to
power law dependences, canan o< 5. In our case, the expo-
nent o approaches ~1/4. The positive slope of G (Ta)
plotted in a double-logarithmic scale is often attributed to the
drift of the resonance frequency due to the slow variations of
the temperature and the voltage applied to the device. We
characterized the fluctuations of the temperature, the static
voltage applied to the gate electrode, and the amplitude of
the high-frequency voltages applied to the device. These
fluctuations correspond to Allan deviations that are between
one and three orders of magnitude smaller than that mea-
sured in our devices (supplementary material). Therefore,
the origin of the Allan deviation is not related to the drift of
the temperature and the applied voltages.

Figure 3(b) shows how the Allan deviation is modified
after having adsorbed a small number of xenon atoms onto
the nanotube. The xenon atoms were administered through a
small nozzle into the ultra-high vacuum cryostat. When
impinging on the nanotube they have a certain sticking prob-
ability due to unspecific physisorption. From the shift of f,
the number of xenon atoms is estimated to be 1.0% of the
total number of carbon atoms in the suspended portion of the
nanotube.'*'> The presence of these xenon atoms signifi-
cantly deteriorates the frequency stability of the device. The
Allan deviation increases by a factor ~3 over the whole
range of integration time. The deterioration of the frequency
stability is attributed to the diffusion of xenon atoms over the
surface of the nanotube, as reported in Ref. 7. The reduced
frequency stability is not related to adsorption/desorption
processes, since the Allan deviation does not return to its ini-
tial value before the exposure to xenon while the measured
pressure of the chamber does.

The slope of gajan (ta) plotted in the double-logarith-
mic scale is positive with or without the adsorption of xenon
atoms. This suggests that the frequency stability of our

(a) Device 2 (b) Device 3
10'3 T r ey 10'3 v r T T
= —— FM-Modulation c -£- xenon adsorbed
S -e- Two-Source el -o- pristine
o 8
8 10k : 8 10°f ,mwwﬂ’
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@®© © ‘F
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FIG. 3. (a) The frequency stability of device 2 measured with the FM setup
and the two-source setup. The FM measurement was performed with Vgy
=0.2mV and the two-source measurement with V,,=0.007mV. (b) The
frequency stability of device 3 with and without xenon atoms adsorbed onto
the nanotube. Both measurements were performed with V,3=0.071 mV.
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devices without adsorbed xenon in Figs. 2(e), 3(a), and 3(b)
is also limited by the diffusion of adsorbed atoms and mole-
cules. These particles might come from the rest gas in our
ultra-high vacuum setup, such as H,, H,O, CO, and CO,.
Our measurements are somewhat consistent with the model
based on the diffusion of non-interacting particles, which
predicts a positive slope. The noise due to diffusion is dis-
cussed in detail in the supplementary material of Ref. 14.
The typical exponent measured in our work is about half the
value expected from this simple model where trapping of
particles at defect sites and particle-particle interaction are
both disregarded. A more complete characterization of the
physics of the frequency stability of nanotube resonators is
beyond the scope of this letter and will require further work
in the future.

In conclusion, we developed a method to measure the
frequency stability of nanotube mechanical resonators with
an unprecedented quality. The frequency noise measured at
4.2K is limited by the resonator itself, and not by the impre-
cision of the measurement. The origin of the frequency noise
might be related to the diffusion of particles over the surface
of the nanotube. Our detection method holds promise for
studying the diffusion of atoms and molecules over crystal-
line surfaces,' the interplay between particle diffusion and
mechanical vibrations,l(”17 and the phase transition in mono-
layers of adsorbed atoms.'*"'

See supplementary material for the quantification of the
different instrumentation related noise sources and tempera-
ture fluctuations.
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