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Mechanical nano-resonators at
ultra-high frequency and their
potential applications

Bohua Sun” and X.M. Henry Huangb

have attracted significant attention in

research, and have promised a wide range
of future applications. Choosing appropriate
materials, optimizing fabrication processes,
applying ultra-sensitive ultra-high-frequency
readout techniques and adapting such devices
to a variety of applications are all important
subjects to address. This article reviews the
current status of this field, and discusses
future development directions.

Ultrafast nanomechanical resonators

Introduction

Nearly half a century has elapsed since
the first envisaging of the concept of
nanotechnology by Richard Feynman, at
his lecture at a meeting of the American
Physical Society in 1959."” Generations of
scientists and engineers have subse-
quently been inspired by the study of tiny
machines at the nanometre scale.” Exten-
sive research results have accumulated
from long-lasting commitments, so as to
take us closer to the ability to mass-
produce machines on an atomic scale.

The promise of novel functionalities has
been a critical aspect of nanoscience and
nanoengineering.’ This is especially true
with small mechanical systems. When we
look at inventions from ancient times,
from the abacus to clocks, it makes sense
that the first computing machines ever
built were indeed mechanical,*in contrast
to current electronic dominance in the
modern computing world. With the emer-
gence of ultrafast micro- and nano-elec-
tromechanical systems (MEMS/ NEMS),
one speculates whether mechanical com-
puting might return in a brand new per-
spective, drawing deeper understanding
of physical principles and creating novel
technology.” A very significant direction
of development is the fabrication and
testing of ultrafast nanomechanical reso-
nator devices, the topic of this article.

Materials and fabrication
For the doubly clamped beam geometry
of resonator construction, the fundamental
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mode resonance frequency of the beam
can be estimated by

Et
fy,=1.03 ;lT , 1)

where E is Young’s modulus of the material,
p is the mass density, t is the thickness of
the beam along the direction of motion,
and / is the length of the beam. Materials
with a higher Young’s modulus and
lower mass density are more desirable
for fabrication of ultra-high-frequency
nanomechanical resonator devices.
Table 1lists these important properties for
a few commonly used NEMS materials,
including silicon,*” the traditional mate-
rial for the semiconductor industry, and a
few other examples of relatively newer
materials under current investigation.*"

Table 1. Properties of NEMS materials.

Material Young’s modulus Mass density  Ref.
(GPa) (10° kg/m®)

Si 110 24 6

SiC 440 3.2 8

AIN 345 3.3 9

Diamond 1000 3.5 10

Another important parameter charac-
terizing resonator performance is its
spring constant, which can be calculated
by

k=4m*mf}, )

where m is the effective mass of the reso-
nator.

From Equation (1), we can see that
ultra-high-frequency devices can be
achieved by either making them short
and wide, or by reducing the size of the
mechanical device by the same linear
ratios in all three dimensions. The latter
approach is considered more desirable for
many purposes, since the spring constant
of the resonator device, calculated by
Equation (2), will be lower for beams
with a larger aspect ratio. A lower spring
constant provides better responsivity,
namely, a larger induced displacement
for a specific applied force.

While the detailed theoretical studies
and modelling of nano-resonators is
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beyond the scope of this brief review,
these are absolutely critical for the devel-
opment of nanodevices, and for the
advancement of nanotechnology, in
general.

NEMS devices can be made by both
top-down methods through electron-
beam lithography, or bottom-up strate-
gies starting from self-assembled
nanostructures, and then linking them
with the outside world. Typical process
flows for both schemes are illustrated in
Fig. 1.

Top-down methods start from a thin-
film device-layer on top of a substrate,
with a sacrificial layer between. Device
patterns are defined by nanolithography
techniques, usually a combination of
photolithography and electron beam
lithography. The pattern is then transferred
to a metallic etch mask. The device-layer
surface that is not covered by the mask
will be etched away anisotropically,
followed by a controlled isotropic etch of
the sacrificial layer, to suspend the beam
over the substrate. The beam is clamped
atboth endsbylarger support structures.

Alternatively, bottom-up nanolitho-
graphy starts from a nanowire, nanotube,
or a single molecule, located on top of
a sacrificial layer above the substrate.
Electrodes, which also act as support pads
for a suspended mechanical beam, are
created by electron beam lithography. A
timed isotropic etch of the sacrificial layer
then suspends the nanowire beam.

Both methods are schematically illus-
trated in Fig. 1. For specific experiments,
there could be variations of process details.
These are only general outlines.

Ultra-high-frequency readout

In order to have an ultra-high-frequency
nanomechanical resonator, we not only
have to construct the device, but we also
have to devise sensitive measurement
strategies to communicate with these
tiny entities. To date, two transduction
methods have been demonstrated to be
quite successful for the purpose of com-
municating with ultra-high-frequency
NEMS devices. Both methods require
the mechanical beam to be electrically
conductive. A thin metal layer is depos-
ited on top of the mechanical structure, to
provide electrical conductivity in cases
where the material is an insulator, or is
highly resistive.

Magnetomotive transduction can be
used to excite the nanostructure into
resonance for testing.**">" The sample is
loaded into a vacuum, and mounted so
that the surface normal is aligned with
the direction of the magnetic field. An RF
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Fig. 1. Schematic process flow diagrams for top-down and bottom-up NEMS fabrication processes.

current through the conducting layer of
the beam generates an RF force to flex the
beam. The frequency of the RF drive is
swept. Resonant motion is induced when
the driving frequency matches the in-
plane fundamental resonance mode fre-
quency of the beam. Such motion cuts the
magnetic field lines, and generates
an EMF voltage peak at the mechanical
resonance frequency. This EMF is ampli-
fied and measured by a network analyser.

Another successful method for ultra-
high-frequency nanomechanical detection
is optical,” through detection of variations
in scattered light arising from the motion

1200 T T T

of the nanomechanical structure. In this
case, the motion is excited capacitively.

Both methods are currently under labo-
ratory development. Important achieve-
ments so far are depicted in Fig. 2.
Integrated versions of these concepts,
combining mechanical, electronic, mag-
netic and optical devices onto the same
chip, are under consideration. This is an
important step towards practical applica-
tions.

Applications of UHF NEMS
NEMS offer promise for a variety of
novel applications. We list a few of the
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Fig. 2. A roadmap towards microwave-frequency nanomechanical resonators. Important milestones for
achieving higher frequency of operation by NEMS devices are shown.
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important areas where their potential lies,
without giving details.

Sensitive mechanical charge detectors
have recently been demonstrated by
Cleland and Roukes."” Mechanical devices
for high-frequency signal processing are
providing new, simplified configurations
for communications systems.'® Ultra-
sensitive nanomechanical mass detection
has been demonstrated by several promi-
nentresearch groups.”™ The prospects of
biological imaging, based upon single-spin
magnetic resonance spectroscopy, now
appears feasible via mechanical detectors.”
Entirely new approaches to quantum
measurement should be achievable with
high-frequency nanomechanical systems,
cooled to low temperatures. **

Future directions

Itis stillan open project to make and test
mechanical resonators in the deep-nano
regime with a typical size of a few nano-
metres. These can be fabricated by either
top-down electron-beam lithography
with state-of-the-art facilities, or bottom-
up schemes, such as nano-imprinting”
and self-assembling synthesis.”** At such
dimensional scale, it should be possible to
make microwave mechanical resonators
with lower spring constants, thus achiev-
ing greater responsivity. Such characteris-
tics would make a broad range of
applications more plausible. Important
examples of related application fields
include (but are not limited to) ultrasensi-
tive mass detection, bioNEMS sensing,
magnetic resonance force microscopy
(MRFM) and spintronics.’

At even higher frequency, and on an
even smaller scale, mechanical resonators
may cross the boundary between classical
mechanics and quantum mechanics.’
Development will require both scientific
advancement and strong engineering
support.

For an emerging field with a short
history of less than fifty years, it has been
a process of seeing predictions becoming
reality. It has also been a process of evolv-
ing from fundamental science into the
realm of practical implementation. The
prospects of such potential applications
have been the driving force for nano-
technology to move out of the research
labs within just a few elite research insti-
tutions, and into a worldwide endeavour.
B.S. thanks Columbia University for support in its
Department of Mechanical Engineering during a
sabbatical.
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