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ABSTRACT Nanoscale integrated circuits and sensors will require methods for unobtrusive interconnection with the macroscopic
world to fully realize their potential. We report on a nanoelectromechanical system that may present a solution to the wiring problem
by enabling information from multisite sensors to be multiplexed onto a single output line. The basis for this method is a mechanical
Fourier transform mediated by piezoelectrically coupled nanoscale resonators. Our technique allows sensitive, linear, and real-time
measurement of electrical potentials from conceivably any voltage-sensitive device. With this method, we demonstrate the direct
transduction of neuronal action potentials from an extracellular microelectrode. This approach to wiring nanoscale devices could
lead to minimally invasive implantable sensors with thousands of channels for in vivo neuronal recording, medical diagnostics, and

electrochemical sensing.
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multitude of promising nanoscale electronic devices

have been developed for the implementation of

gain,' digital logic® and analog sensing.”™® Yet far
less attention has been directed on how to interface systems
built from these components with the macroscopic world.®™”
The top-down wiring problem raises several challenges
related to the integration of very large systems with a
miniscule footprint. This is especially apparent for sensors
based on carbon nanotubes,” semiconductor nanowires,*
nanoelectromechanical systems,” and other devices, where
the number of readout channels scales in direct proportion
to the number of components. Sensor arrays based on these
devices have the ability to allow real-time, parallel detection
of electrical potentials at thousands of different sites in
vivo.*'? Interfacing with neural systems in a highly inte-
grated and minimally invasive fashion might also become
feasible.'' However, bulky lithographic wires are currently
used to connect with individual devices to extract informa-
tion and provide power, limiting their integration.

In his lectures on computation, Richard Feynman specu-
lated that the wiring problem might be tackled by an optical
interconnection system through free space, acted on by
frequency-sensitive components within a system architec-
ture.'? Here we report on a new paradigm for wiring
nanoscale sensor arrays to the macroscopic world, employ-
ing frequency-sensitive nanoelectromechanical systems
(NEMS) coupled to a single optical output line. Potentially,
thousands of sensor channels could be multiplexed in paral-
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lel, thereby greatly alleviating the wiring constraints that
arise with scaling up device complexity.

The structural element of our technique is a nanoscale
piezoelectric beam, as shown in Figure 1a. The devices are
fabricated from epitaxially grown GaAs, and as depicted in
the cross section in Figure 1b, are comprised of a 200 nm
thick pin diode with the n- and p-doped layers connected to
the voltage source and ground, respectively. Biasing the pin
junction results in an electric field that is concentrated across
the ~50 nm thick charge depletion region. The transverse
electric field induces a longitudinal piezoelectric strain within
the depletion layer, which can be used to resonantly excite
the flexural mode of the beam through application of a radio
frequency (rf) drive. The high resistance of the depletion
layer means these devices exhibit very low power dissipation
during actuation, on the order of 1 nW or less (Supporting
Information Figure S1).

As has been reported previously, the resonance fre-
quency of piezoelectrically coupled NEMS resonators is
sensitive to an applied electrical potential.'> This phenom-
enon arises from the clamped—clamped boundary condi-
tions of the suspended beam structure, which leads to the
conversion of piezoelectric strain into compressive or tensile
stress, and modulation of the natural frequency of the
structure. Importantly, this shift is linearly proportional to
applied voltage with a slope of approximately 40 kHz per
volt for these fabricated devices (Supporting Information
Figure S2). Here we use this frequency tuning effect to
transduce time-varying electrical potentials that might, for
example, originate from nanoscale sensors of electrophysi-
ological activity. Normally, resonance frequency shifts in
NEMS are extracted via a phase-locked loop.” In contrast,
to facilitate real-time readout our scheme indirectly monitors
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FIGURE 1. Piezoelectric NEMS and nanomechanical Fourier transform. (a) Dual piezoelectric NEMS devices A and B, spaced 4 um apart. The
dimensions of the beams are (length, width, thickness) = (9, 0.8, 0.2) and (8.5, 0.8, 0.2) um for A and B, respectively. (b) An electric field
across the pin junction generates longitudinal piezoelectric strain. An actuating radiofrequency potential, Vg, drives the beam to resonance.
A slowly varying potential, V4,5, modulates the baseline stress in the beam and tunes the resonance frequency. (c) X-component of the
resonance plot for device C when it is driven nonlinearly. A lock-in amplifier locks on to the steepest point (black). When Vi, is applied the
resonance plot shifts along the frequency axis, and the lock-in point varies in amplitude (red circles). In this manner, signals are encoded as
spectral amplitude variations at a specific frequency and can be transduced in real-time. (d) Schematic of experimental setup to demonstrate
multiplexing through a nanomechanical transducer. All mechanical displacement is read out via a common optical transmission path. (e)
Signals (red) recovered from multiplexed optical readout of devices A and B by means of lock-in amplification. The original corresponding
bias signal on each device is represented by a dashed blue line. The small phase offset originates from the low-pass RC filter formed by the
signal output impedance and large parasitic capacitance at the device wirebond contact region. Results represent 450 averages.

frequency by operating the resonator at a fixed rf driving The fundamental frequency of a NEMS resonator can be
frequency, and tracks variations in oscillation amplitude that tailored through its length. An array of resonators of differing
are manifested as the bias signal shifts the position of the lengths can then be used to produce a nanomechanical
resonance peak. In the small bias regime, the demodulated Fourier transform, encoding signals in the time domain into
signal amplitude can be expressed as spectral amplitude variations using the modulation scheme

described. Optical readout techniques can subsequently
monitor the oscillation amplitude of the resonators concur-
rently through a single transmission channel, provided the
devices are spaced close together. Downstream demodula-
tion of the optical signal can recover and uniquely identify
the origin of a signal based on the rf actuation frequency.
NEMS resonators can be operated at frequencies ranging
from several megahertz to over one gigahertz,'® suggesting
thousands of different channels could be encoded onto a
single output (see Supporting Information).

Al = —[d5n(0, Vdrive)/2.7th2]\/3E/pVbias(t) (1)

where 17(0, Varive) is the slope of the resonance curve repre-
sented in Figure 1c¢, which is dependent on the quality factor
and drive amplitude; E, p, and ds, are the Young’s modulus,
density, and transverse piezoelectric coefficient of the struc-
tural material, and h is the device thickness.'>'* As eq 1
suggests, reducing the device thickness to nanoscale dimen-

sions is important for maximizing sensitivity. In addition, We demonstrate the multiplexing technique using laser
we have found that sensitivity can be further enhanced by interferometry'® to monitor variations in transverse oscil-
operating the resonator in the regime of nonlinear bistability lation amplitude from the two closely spaced NEMS devices
(Figure 1c) in which the slope 7 is increased. It should be (A and B) depicted in Figure 1a. They have lengths of 9.0
emphasized that while nonpiezoelectric NEMS devices can and 8.5 um, and resonate at 8.758 and 9.962 MHz, respec-
also transduce an applied bias through electrostatic coupling, tively. The experimental setup is illustrated in Figure 1d (see
their tuning action is nonlinear and thus less suitable for Supporting Information for detailed methods). The laser was

15-17

recovery of analog signals. focused to a diameter of ~10 um, allowing concomitant
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observation of both resonant structures. The devices were
operated in vacuo to maintain high quality factor and
resonance frequency stability. Each device was capacitively
coupled to two signals, (i) the rf driving potential Vyyive, whose
frequency corresponded to the region of highest X-quadra-
ture slope in Figure 1c, and (ii) the bias signal used to
simulate the output of an analog electrical sensor. The single-
channel photodetector signal was demodulated using lock-
in amplifiers referred to f4ive Of €ach device. Figure 1e shows
the demodulated signals transduced from devices A and B.
We were able to closely reproduce the fine structure of the
pulse applied to device A and the sinusoidally varying signal
on device B. We verified that the cross-talk between signals
applied on each device did not exceed ~2% at | kHz
(Supporting Information Figure S3), despite the close spacing
of the beams. It was possible to accurately track bias signals
for tens of minutes without adjusting the rf driving potential
parameters. Over longer time scales we observed drift that
was compensated by a single-shot manual recalibration of
fdrive

Figure 2a plots the dependence of the transduced signal
amplitude of device A on the rf drive voltage under a
constant bias at 1 kHz. The inset shows resonance curves
at representative values of Vynve. It is evident that the
system’s response improves as a result of actuating the
resonator in the regime of nonlinear bistability. Above a
critical point corresponding to strong nonlinear drive the
readout appears to become unstable, as suggested by the
abrupt decrease in response. The optimal response for this
particular device occurs just below the instability regime at
Varive & 50 mVms. We verified that the noise did not ap-
preciably change below the instability (Supporting Informa-
tion Figure S4) and thus confirmed that the optimal signal-
to-noise ratio (SNR) is achieved by actuating the NEMS
devices at levels slightly lower than the critical point. We
next varied the bias amplitude under fixed Vgive and ob-
served a linear response at low bias levels (Figure 2b). Note
that the earlier onset of nonlinear response in device A
compared to that of device B is due to its higher quality
factor.

A characteristic of the nonlinear driving regime of the
nanomechanical system is a greater attenuation of signal
response at high bias frequency. Figure 2c¢ characterizes the
frequency response for devices A and B under varying drive
amplitude. For both devices the response curve remains flat
atlow Vgrive, but becomes progressively biased toward lower
frequencies as Vgrive approaches the critical point. The at-
tenuation effect is more marked for the device with higher
quality factor. These observations appear to be a manifesta-
tion of the ring-down time of the resonator (~Q/47f;).*° Our
results closely agree with the theoretical prediction that the
greatest voltage sensitivity of this system is achieved just
below the critical point, but that this operating regime
exhibits the longest ring-down time and hence smallest
bandwidth.?! For electrical sensors requiring both high
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FIGURE 2. Device characterization. (a) Enhancement of device A’s
transduced signal with increasing rf drive amplitude. The bias signal
amplitude and frequency were set to 30 mV,, and 1 kHz respectively.
The inset shows resonance plots of the flexural oscillation amplitude
at representative drive levels. (b) Nanomechanically transduced
signal amplitude of a 1 kHz sinusoidal signal applied to devices A
and B as a function of the applied bias amplitude. The actuation
parameters were Vgsive s = 40 MV, and Vyyive g = 200 MV, . (€) Bias
frequency response of devices A and B at various driving amplitudes
in the linear and nonlinear NEMS actuation regime. Note that the
notch at fyi,s < 500 Hz is due to our applied high-pass filter and is
not an intrinsic nanomechanical effect. Vy;,s was set to 30 mV
for both devices. For all plots the demodulated signal amplitude was
averaged 2500 times.

sensitivity and bandwidth, nanomechanical transduction
would therefore necessarily rely on the use of higher operat-
ing frequency NEMS resonators. As the piezoelectric device
scheme is linear, the original bias signals can be recovered
through deconvolution with the frequency response char-
acteristic of each device. The particular application of the
system will determine the device quality factor specification
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and driving regime. This is due to the trade-off in ultimate
wiring density, signal bandwidth, sensitivity, and SNR that
arises from these factors. Greater quality factor increases the
SNR and the number of channels that can be multiplexed
ina given frequency band, but may limit the bandwidth and
dynamic range of the transduced bias signal. Furthermore,
stronger nonlinear drive increases SNR but impacts the
bandwidth.

Some applications of sensors require measurement of
low amplitude, low SNR bias signals. This challenge is
particularly salient in the monitoring of electrophysiological
activity in the brain using multisite extracellular electrode
arrays. Such recordings are an invaluable method for study-
ing functional properties of the intact brain from the micro-
circuit to systems level.>* Recordings can be carried out with
an implantable neural probe that connects a grid of micros-
cale electrodes to amplifying electronics via wires spanning
the length of the probe. As the complexity of such neural
interfaces increases, the primary size-determining factor of
the devices becomes the interconnecting wires, and an
arbitrary reduction of wire width is not necessarily a practical
solution.?’

Application of our technique has the potential to enable
fabrication of much higher density and less invasive neural
interfaces. We therefore report on the effectiveness of
transducing extracellular action potentials via a NEMS-neural
probe interface. A stand-alone resonator (device C) was
coupled to a recording site on the probe shown in Figure
3a.** The implantable section of the probe was inserted into
a locust thoracic ganglion induced to sustain rhythmically
discharging neurons (see Supporting Information for a
detailed description of the methodology).?>*® The electrode
was connected to the resonator via a blocking capacitor,
which prevented dc photoelectric charge generated at the
GaAs device from coupling to the electrode. A parallel
connection went to an extracellular amplifier for cross-
validation of the nanomechanically transduced signal. Ex-
tracellular neuronal action potentials were identified from
the amplifier recording, allowing spike-triggered averages to
be obtained on the synchronously collected measurements
from the NEMS and electronic amplifier. The mean wave-
form of an 80 uV,, spike is depicted in Figure 3b and is
simultaneously observed at the demodulated output of the
NEMS resonator. We confirmed the mechanical origin of the
demodulated signal by verifying that the action potential is
no longer measured if the resonator is detuned by 1 % from
its fundamental frequency.

The SNR is small when transducing signals as diminutive
as those from extracellular microelectrodes. To achieve a
measurable action potential waveform it was necessary to
average the NEMS signal from 5000 spike events. The best
noise performance we could achieve was 400 uV s referred
to the microelectrode input (in the frequency band of 350
to 3000 Hz), as shown by measurements displayed in Figure
3c. Moreover, we verified that over 80 % of the measured
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FIGURE 3. Nanomechanical transduction of extracellular action
potentials. (a) Neural probe used in our experiments. A single
channel was connected in parallel to NEMS device C (length, width,
thickness) = (8, 0.8, 0.2) um and an extracellular amplifier. (b)
Detection of extracellular action potentials in a locust ganglion
preparation using the setup in panel a. Demodulated signals from
the NEMS device are shown in red, and the corresponding signal
recorded by the amplifier is indicated by dashed blue lines. Me-
chanical readout was confirmed through the extinction of spike
detection upon detuning the resonator by 100 kHz (i.e., ~1%). Data
is averaged over 5000 spike-triggered events. (c) The neural probe
coupled to the NEMS device was used to detect an artificially generated
signal in saline solution. Nanomechanical signal appears in red (250
averages). Individual, unaveraged NEMS traces are indicated in ma-
genta. The averaged trace from the extracellular amplifier is in dashed
blue. The SNR of the transduced signal is ~1:1.

noise was not intrinsic to the devices but appeared to
originate in the external demodulation electronics (Support-
ing Information Figures S5, S6). Fundamentally, the ability
to discriminate voltage shifts by a piezoelectric NEMS reso-
nator will be limited by thermomechanical fluctuations. For
device C, we estimate a thermomechanical frequency noise
of ~2.4 Hz in the 350 to 3000 Hz band, which corresponds
to an effective measurement limit of 60 uVms (Supporting
Information eqs S2—S4).%*7 Conventional electronic ampli-
fiers designed for electrophysiological recording have a noise
floor approaching 1 uV,ms.>® To move toward the same
performance level, about 2 orders of magnitude in noise
reduction and SNR enhancement is required for piezoelectric
NEMS. We envision several possible approaches for over-
coming these challenges: the use of lighter, stiffer, and
stronger piezoelectrically coupled materials, such as alu-
minium nitride, would both reduce the noise floor and
improve SNR; reduction of parasitic capacitance through
miniaturization of device contacts would ameliorate signal
attenuation effects; improvement in resonator quality factor
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would boost SNR; and the deployment of arrays of identical
NEMS devices would help remove thermomechanical noise
limits through signal averaging.

In our present scheme, two physical wires are required
in addition to the optical interconnect for communication
with the external environment; a ground terminal and a
path carrying the multifrequency AC drive generated exter-
nally. However recent progress with on-chip waveguide fabri-
cation and evanescent wave optical detection schemes®®-*°
raise the intriguing possibility that these techniques could
be integrated with piezoelectric NEMS. Moreover, electronic
circuits mimicking the function of the human cochlea could
provide a compact method of demodulating signals from our
system.”" An interface combining all these novel attributes
might make feasible the development of miniature nano-
scale integrated sensors that could be positioned at any place
in the human body and be used to extract vast amounts of
information in real-time and with single-cell fidelity.
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