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Sensors based on nanoelectromechanical systems vibrating
at high and ultrahigh frequencies' are capable of levels
of performance that surpass those of larger sensors.
Nanoelectromechanical devices have achieved unprecedented
sensitivity in the detection of displacement?, mass’, force* and
charge®. To date, these milestones have been achieved with
passive devices that require external periodic or impulsive
stimuli to excite them into resonance. Here, we demonstrate
an autonomous and self-sustaining nanoelectromechanical
oscillator that generates continuous ultrahigh-frequency
signals when powered by a steady d.c. source. The frequency-
determining element in the oscillator is a 428 MHz
nanoelectromechanical resonator that is embedded within a
tunable electrical feedback network to generate active and
stable self-oscillation. Our prototype nanoelectromechanical
oscillator exhibits excellent frequency stability, linewidth
narrowing and low phase noise performance. Such ultrahigh-
frequency oscillators provide a comparatively simple means for
implementing a wide variety of practical sensing applications.
They also offer intriguing opportunities for nanomechanical
frequency control, timing and synchronization.

Active oscillators spontaneously generate self-sustaining
periodic signals by extracting power from steady (d.c.) sources.
This distinguishes them from passive resonators—which are
characterized, in contrast, by a damped response to impulsive
stimuli—and makes them invaluable for applications in precision
timekeeping®, communications” and sensing®, which require
continuous a.c. signals. Oscillators based upon the mechanical
vibrations of crystals such as quartz resonators have long been
ubiquitous in electronics, as a result of their simplicity and
excellent stability for frequency control applications’. Over the
past few decades, there has been considerable incentive to
miniaturize such mechanical resonators, in order to integrate
them on-chip with electronic components to add frequency-
selection and tuning elements!®!!. In particular, it is desirable to
realize highly accurate and stable clocks or frequency references
with integrated, chip-based systems using miniaturized
acoustically resonant devices.

Resonant nanoelectromechanical systems (NEMS) have recently
generated significant interest in this area because of their ultrahigh
operating frequencies!, small size, very low operating power and
high quality factors (Q). In fact, the values of Q achieved by
NEMS typically greatly exceed what can be obtained using
electronic components. In parallel with the quest for miniaturized
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frequency references, which motivates the development of
nanoscale resonators, efforts are particularly focused on exploiting
their unprecedented responsivity for a variety of sensing
applications in science and technology’>. Accordingly, there is
significant impetus for developing self-sustaining NEMS oscillators
for ultrasensitive, frequency-shift-based sensing. However, for
reasons we describe below, ultrahigh-frequency (UHF; >300 MHz)
signal generation based on nanoscale devices has remained elusive,
despite recent advances in the development of high-frequency,
microelectromechanical systems (MEMS) oscillators'>!?. Here, for
the first time, we harness the fundamental-mode vibrations of a
nanoscale mechanical device to obtain stable, self-sustaining
oscillations at UHF—at fundamental frequencies significantly
higher than typically achieved with conventional quartz crystal
oscillators (~10 MHz) or with the recently developed MEMS
oscillators (up to ~60 MHz)"?.

Our self-sustaining NEMS oscillator, as shown in Fig. la,
consists of an electrical feedback circuit with an embedded UHF
NEMS resonator as the frequency-determining element. This
element’s motion is transduced into an electrical signal, amplified,
and then fed back (with adjustable gain and phase) to the NEMS
resonator. Stable mechanical vibration of the NEMS element is
maintained with d.c. power input to the amplifier in this feedback
loop. The elusiveness of successfully producing UHF and
microwave-frequency oscillators based on NEMS stems from the
difficulty in obtaining optimal transduction of their miniscule
displacements. After transduction into the electrical domain, the
motion-induced signals generated by such scaled-down resonators
are extremely small, making them exceptionally difficult to tune
and control in an electrical feedback circuit. Specifically, the
unavoidable parasitic coupling between a NEMS device and its
macroscale surroundings generally overwhelms its intrinsic
electromechanical response. We overcome this with a precisely
tunable detection circuit (see Supplementary Information) that
deeply nulls the unavoidable parasitics, to allow transduction of
UHF NEMS vibratory motions into electrical signals with high
efficiency. For a doubly clamped silicon carbide (SiC) beam with
dimensions 1.65 pm (L) x 120 nm (w) x 80 nm (), and a
fundamental flexural mode resonance of w,/2m = 428.2 MHz and
Q ~ 2,500, this enables us to achieve a resonant, open-loop
electrical response that is 8 dB above the background. (See
Methods and Supplementary Information for details about device
fabrication, resonator displacement transduction, electronic
detection circuitry and measurements.)
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Figure 1 Self-sustaining UHF NEMS oscillator. a, Simplified circuit schematic (see Supplementary Information, Fig. S1, for more detail) for the self-sustaining
oscillator, which includes the frequency-determining UHF NEMS resonator and the tunable electronic feedback loop. The inset shows scanning electron
micrographs depicting the device (right) and its embedding electrical-bridge configuration (left), from which a large resonant response is obtained by efficiently
nulling parasitic signals. b, Open-loop electrical-domain amplitude (blue open circles) and phase (black open squares) signals from the 428 MHz NEMS resonator
(referred to the input of the preamplifier). A large coherent response 8 dB above the background is observed. The magenta line is a fit of the signal amplitude to
the model for a damped driven harmonic resonator. ¢, Output power spectrum of the NEMS oscillator (on a logarithmic scale) as a function of frequency
measured with a 100 kHz resolution bandwidth. The inset shows the output power spectrum on a linear scale: the linewidth narrowing can be clearly seen

(as compared with Fig. 1b). d, The clean, stable, sinusoidal time-domain oscillation waveform of the closed-loop NEMS oscillator measured by a high-speed

digital oscilloscope.

To realize a NEMS-based oscillator, it is critical to obtain a clean
resonant response well above the background over a wide frequency
range (Fig. 1b). Under such conditions, it becomes possible to
calibrate and adjust the open-loop gain and phase changes to
satisfy the Barkhausen criterion’, G(w,)H(jw,) =1, on
resonance, ® = w,. Here, G(w) is the gain of the feedback loop
and H(jw) the transfer function of the frequency-determining
NEMS element; we represent both as complex functions.
Fulfilling the Barkhausen condition ensures that the electronic
feedback exactly compensates the nanoresonator’s intrinsic and
extrinsically coupled damping, thereby sustaining continuous
oscillation. This requires precise tuning of the loop gain and
phase. In the steady state, the amplitude of oscillation is
stabilized by nonlinearity in the electronic gain, G(w), at large
signal amplitudes. The steady-state self-oscillations of the system
are readily characterized by the frequency-domain power
spectrum of the oscillator output (Fig. 1c). Figure 1d
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demonstrates the clean, stable, time-domain oscillation
waveforms from the output of the closed-loop NEMS oscillator,
displaying a period of T, . = 2.335 ns.

A compelling feature of the NEMS oscillator is the linewidth
narrowing!? in its frequency-domain spectrum when compared
with that of the passive resonator. The driven resonator’s
response has a lorentzian line broadening (Fig. 1b) due to its
damping (finite Q), and the linewidth, set by the damping rate,
is A= wy/27mQ,,) ~0.1713 MHz. Following the same
convention of full-width at half-maximum (FWHM) of the
power signal, the linewidth of the NEMS oscillator is measured
to be A =FWHM =~ 9 kHz. The linewidth narrowing ratio
is Aj/A = 1/19, which corresponds to an effective Q factor
of Queeefr = @o/(2A,) = 47,580 for the oscillator. The inset
of Fig. lc approximately illustrates the oscillator linewidth
narrowing with a brute-force lorentzian fit to the oscillator power
signal. Note here that the oscillator spectrum is strictly lorentzian
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Figure 2 Frequency stability and mass sensitivity of the self-sustaining
UHF NEMS oscillator. Measured frequency stability (67,/f,). (on a logarithmic
scale) as a function of averaging time 7. The inset shows the ‘instantaneous’
fractional frequency fluctuation (on a linear scale in units of parts per million of
~4 x 1077 for 7= 0.2 s. This stability level is achieved for short-term
averaging, for example, = 0.2—1 s. This plot also shows the UHF

NEMS oscillator’s corresponding mass sensitivity, (6M), ~ 2M (8fy/1y) .
again as a function of averaging time 7. Given the NEMS device’s active

mass of My = 57.8 fg, the system achieves a short-term mass resolution

of ~50 zg.

when the system noise is white. In this case the oscillator phase
noise is a diffusive process, which can be equivalently viewed as a
virtual damping effect' causing a finite spectral linewidth,
similar to the resonator case. When the noise spectral density is
not white, the oscillator power signal deviates from lorentzian
and such a fit is only an approximation. Nonetheless, one can
still estimate A . and Q. .« by using the FWHM.

The frequency stability of our prototype NEMS oscillator
is  particularly noteworthy. For frequency-shift sensing
applications, frequency-fluctuation noise imposes an ultimate
limit to detection sensitivity. We characterize the NEMS
oscillator’s  frequency stability by its fractional frequency
fluctuations, { &f,/f; ),, which are a function of averaging time 7,
Sy /foho = [(1/(N=1)- S ((F;,,—)/fy)*1/2, where f, is the
averaged frequency in the ith discrete time interval of 7. As
shown in Fig. 2, we have achieved (&f,/f,),~ 4 x 1077 for short
times (7<1s) and ~1 x 10¢ for longer times (7> 100s).
Such frequency stability is particularly promising for mass
sensing: recent advances with ultraminiature mechanical
vibratory sensors have yielded unprecedented zeptogram-scale
mass sensitivity for applications in vacuum® and at atmospheric
pressure!®, and attogram sensitivity for fluidic-based sensing!®.
The NEMS oscillator described here—with an active
resonator mass M, g of only 57.8 fg and high mass responsivity!”
of |R| = wy/(2M,y) = 3.7 Hz zg~'—permits a mass resolution
(8M) .~ 2M_(5fy/fo) - at the ~50 zg level with short averaging
times, 7~ 1-1,000 ms. This is a trillion-fold improvement over
typical commercial quartz crystal microbalances®!®. The
prototype NEMS oscillator is also readily applicable
for ultrasensitive force detections in real time!. The present
428 MHz doubly clamped beam device has a relatively large
stiffness of k=418 Nm™! and a fundamental force sensitivity
of SK/?= (4kyTM w,/Q)"/? =~ 275 aN Hz~'/2, limited by its
thermomechanical motion. Here ky is the Boltzmann constant and
T the temperature. Combined with cantilever devices of high
Q values and lower force constants specifically designed for force
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Figure 3 Phase noise performance of the self-sustaining UHF NEMS
oscillator. The blue solid line is the measured phase noise data, demonstrating
a 1/f?2 power law and thus thermal-noise-limited performance in most of the
frequency range of interest. A Leeson-type empirical fit (red dashed line) further
demonstrates that, close to the carrier for offset frequency f < 300 Hz, the
phase noise approximately follows a 1/f 3 power law as flicker noise arises in
this range. The carrier signal power is P, ~ 0.32 nW. The achieved phase noise
performance is presently limited by extrinsic electronic noise from the
preamplifier and the NEMS transducer. The ultimate phase noise (magenta
dashed line) is limited by thermomechanical fluctuations in the NEMS device,
which could be approached by further engineering of the transduction and
electronic detection.

sensing®!’, NEMS oscillators can attain much higher force
sensitivities (in the low- and sub-attonewton regimes) while
providing wide bandwidth operation®.

Understanding and minimizing oscillator phase noise is key to
attaining high precision and stability. Phase noise is traditionally
quantified as the sideband power spectral density at an offset
frequency f, normalized by the carrier signal power P
(the power sustains the resonator’s motion). This is written as
L(f) = 10 10g[ P 4epana(fc + f)/Pcl, and has units of dBc Hz™!
(decibels below the carrier per hertz)”'*2l. As shown in Fig. 3,
the measured phase noise spectrum of the prototype UHF NEMS
oscillator closely follows a 1/f* power law in the 300 Hz to
1 MHz offset frequency range. This indicates that phase noise in
this regime originates predominantly from fluctuating sources
with white spectra!®?!. In the present case, these are largely the
electronic thermal noise from the NEMS displacement transducer
and its readout amplifier. Close in to the resonance peak
frequency (carrier), we observe phase noise exhibiting 1/f°
behaviour, which is consistent with 1/f (flicker) noise
mechanisms expected in this regime. As Fig. 3 displays, we
find that an empirical fit to a Leeson-type model?!*>—that
is, L(f) = 1010g[(2F,kyT/Pe) - (1 +(£,/2QN)2(1 + (f, /)] —
agrees very well with the measured phase noise data. This fit
yields an equivalent noise factor of F, = 1.4 and corner (knee)
offset frequency for 1/f° phase noise (that is, 1/f frequency
noise) of f; 3~ 300 Hz. The time-domain oscillation stability
and frequency-domain phase noise are correlated, as can be seen
in Figs2 and 3. Whereas white and flicker noise affect the short
term performance, it is drift and aging that compromise the
oscillator’s long-term stability. From measurements and analyses
of the oscillator’s phase fluctuations (see Methods and
Supplementary Information), we deduce that the combination of
electrical-domain thermal noise in the transducer and loop
amplifier dominates the mechanical-domain noise of the NEMS
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resonator itself in this oscillator realization. Note that, for
communications applications, the phase noise performance of
the prototype NEMS oscillator needs further engineering
(for example, in improving the device carrier power Pg).
MEMS oscillators based upon micromachined devices operating
in much stiffer (for example, bulk acoustic) modes'*??, although
not optimal for sensing applications, are now approaching
the phase noise specifications of macroscale quartz crystal
oscillators?’.  Further miniaturization of film-bulk acoustic
resonators (FBARs)?* and devices using other stiff modes,
and arraying ensembles of devices, should significantly
enhance the power handling and phase noise performance of
NEMS oscillators.

The ultimate limits of phase noise performance are imposed by
the NEMS resonator’s intrinsic thermomechanical fluctuations®.
The corresponding phase noise in this limit is £(f) = 10log
[(kgT/2P-Q?) - (f/f)?], which is also displayed in Fig. 3. We can
also represent this limit by its corresponding fractional
frequency fluctuations, again as a function of averaging time 7,
(8fo/fo), = (1/Q) - (mkT/P7)'/2. For the NEMS device in this
work, this yields an ultimate limit of (&f,/f,),~ 5 x 1071° for
7~ 1s. Hence, with further optimization, up to a thousand-fold
improvement in performance may be possible over our present
extrinsic-noise-limited value, (8f,/f,),~4 x 1077 for 7= 1s.

Self-sustaining NEMS oscillators enable a wide spectrum of
applications. They offer significant advantages over previously
used methods of frequency-shift detection (for example, phase-
locked loops®!®) as no source of external excitation is required.
This yields an immense simplification of design that is crucial for
next-generation, highly multiplexed sensing applications
involving large arrays of devices. Additionally, NEMS oscillators
will enable important applications in metrology at the nanoscale,
providing a generic approach to wideband and real-time
transduction of fundamental physical processes?®. Furthermore,
large arrays of coupled tunable mechanical oscillators may offer
promising prospects for nanomechanical timing, signal
processing”Z and noise suppression through oscillator
synchronization®. It should be noted that synchronization
requires the coupling of self-sustaining, autonomous oscillators,
rather than passive resonators?. Arrays of NEMS oscillators may
also provide an intriguing means of simulating biological
systems, such as pacemaker cells and neural oscillators®®, where
large numbers of oscillators spontaneously synchronize to
perform collective functions.

METHODS

FABRICATION AND DETECTION OF UHF NEMS RESONATORS
We fabricated the UHF NEMS resonators from an 80-nm single-crystal SiC
epilayer grown upon a silicon substrate, using a surface nanomachining process
as detailed elsewhere’.. In brief, for the structures shown in the insets to Fig. 1a,
the contacting gold electrodes were defined by photolithography, deposition of a
80-nm gold layer and a liftoff process. The NEMS devices were successively
defined by e-beam lithography, metallized by a thermally evaporated ~5-10-nm
layer of titanium on top of ~30—40-nm aluminium, and then a liftoff process.
The metallization was engineered so that the device’s two-terminal resistance was
typically ~100 ) at room temperature and ~50 () at low temperatures to
facilitate electronic characterization at UHE

The device’s fundamental, in-plane, flexural mode resonance was excited
and detected using magnetomotive transduction, which we find is particularly
suitable for doubly clamped beam resonators in the UHF range!3!.
Measurements were carried out in vacuo, with the NEMS resonator regulated
at a temperature of T = 22 K and immersed in an 8 T magnetic field. Note that
although magnetomotive transduction is probably the most successful scheme
for UHF nanobeam or nanowire resonators to date that does not require
frequency downconversion, it should not be taken as a fundamental or
intrinsic ingredient for UHF NEMS. Efficient actuation and wideband sensitive
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detection are being actively pursued through the adoption of new materials
and nanomechanical coupling effects®»** and new circuit techniques, to enable
integrated, room-temperature transduction of UHF nanobeams

and nanowires.

Here, electronic displacement detection was optimized through the use of a
tunable, high-resolution bridge circuit to deeply null the background response
arising from parasitic effects, impedance mismatch, and so on, to yield excellent
signal-to-background ratios (SBRs) of the order of ~5-10 dB, on resonance
(see Supplementary Information, Fig. S1). This is unprecedented in the
detection of UHF NEMS resonators and is a significant improvement over
the typical ~0.1 dB (or even smaller) SBRs previously achieved with
UHF NEMS devices'!.

UHF NEMS DETECTION NOISE AND OSCILLATOR PHASE NOISE

The electrically transduced NEMS resonator can be represented by its d.c.
resistance in series with its electromechanical impedance (see Supplementary
Information, Fig. S1). The latter is modelled by a parallel R, C, L, electrical
resonator®, Here, the subscript m denotes that these arise from the resonator’s
motion. Note that the series resonant circuit model for capacitive transduction'?
widely used in MEMS often involves a very large motional resistance (typically in
the k() to M{) ranges). Here, our NEMS devices are described by a parallel
resonant circuit model and are close to 50 () in total impedance. This is more
suitable for UHF in terms of impedance matching in transduction and choice of
sustaining amplifiers. The detection noise floor reached in these experiments is
limited by the post-transducer amplifier’s voltage noise (with a calibrated noise
temperature of T, = 9 K) in combination with Johnson noise of the series d.c.
resistance. This combination yields a total voltage noise of ~0.238 nV Hz /2
(referred to the input of the preamplifier). This translates into an effective
displacement sensitivity of ~12.8 fm Hz~'/2. At T = 22 K, the ultimate limit to
the displacement noise floor for this device is set by thermomechanical
fluctuations and corresponds to ~1.64 fm Hz~'/2, This thermomechanical
motion generates, in the presence of the 8 T magnetic field, an equivalent
electromotive-force voltage noise floor of ~0.0305 nV Hz~'/2. The onset of
nonlinearity arising from the Duffing instability® for this device is ~1.6 nm, so
the device possesses an intrinsic dynamic range* of 114 dB. However, in these
experiments the bottom-most 18 dB of the intrinsic dynamic range is forfeited
due to the imperfect noise match between the transducer and the subsequent
readout amplifier, as described above. The dynamic range available to the system,
including both the NEMS resonator and detection circuitry, is therefore

about 96 dB.

For the self-sustaining NEMS oscillator, the total phase noise can be viewed
as the sum of several parts. First, fluctuations associated with the vibration-
induced motional resistance, R, ~ 1.5 (), appearing in the parallel R,,C, L,
representation of the NEMS electromechanical impedance (see Supplementary
Information, Fig. S1), correspond to the thermomechanical displacement noise
of the resonator transduced into the electrical domain. In this domain,
additional electrical noise originates from the d.c. resistance of the transducer,
which we model as an equivalent series resistance R, = 26.1 (L Under the
conditions of this experiment Rg ., > R,,, so optimal engineering can further
improve the measured noise floor.
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