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NON-LINEAR ELECTRICAL ACTUATION
AND DETECTION

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority as a Continuation-In-Part
Application of previously filed U.S. patent application Ser.
No. 11/354,268, filed Feb. 14, 2006, and claims benefit of
Provisional Application Ser. No. 60/652,754, filed on Feb. 14,
2005 and Provisional Application Ser. No. 60/708,149 filed
on Aug. 15, 2005.

FEDERALLY SPONSORED RESEARCH AND
DEVELOPMENT

The United States Government may have rights in this
invention pursuant to National Science Foundation Grant No.
2003863.

BACKGROUND OF THE INVENTION

The ability to build extremely small devices via recently
discovered micro- and nano-fabrication processes has opened
the door to the possibility of electromechanical machines and
sensors of a size existing only in the realm of science fiction
in previous generations. For instance, many methods now
exist to build working microelectromechanical systems
(MEMS) as well as even smaller nanoelectromechanical sys-
tems (NEMS). While the technology to build these devices is
continuing to expand and grow, practical applications for
such devices remain elusive. Problems currently faced by
researchers in taking this final step often center around the
challenges to be overcome in regard to communicating to the
macroscopic world the mechanical motion and/or the elec-
tronic signals generated on the micro- or nano-sized scale.
For instance, as the devices are so small, the capacitance of a
signal junction can approach the unavoidable parasitic
capacitance due to the existence of junctions between com-
ponents of the device, as well as the resting capacitance of the
device itself. As such, the devices can describe an extremely
low signal to noise ratio, making the detection of an electrical
signal very difficult, if not impossible.

Some of the primary mechanical elements being utilized in
the development of MEMS and NEMS technology include
micro- and nano-sized cantilevers, clamped beams, and the
like. Such devices are often used in sensing or actuating
technologies and are generally based upon the changes in a
property of the cantilever or beam due to absorption or
adsorption of a species at the surface or due to changes in the
physical characteristics of a sample including, for instance,
pressure/acceleration changes, magnetic force changes, tem-
perature changes, and/or extremely small changes in mass.
Detection of change in resonant frequency of a device is one
particular mechanical property that has been used in many
such regimes. Changes in the oscillating or resonant fre-
quency of a micro- or nano-sized beam have generally been
limited to determination through optical detection, e.g.,
analysis of the deflection properties of a laser directed at a
reflecting surface of the cantilever, analysis and detection of
changes in the resistivity of a piezoresistor integrated into the
cantilever, or analysis of magnetically induced signals.

Difficulties exist with these detection methods, however.
For instance, optical detection techniques require optical
access to the cantilever as well as the utilization of relatively
expensive laser technologies. Integration of a piezoresistor to
a cantilever so as to detect changes in resistivity on the mate-
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2

rial can necessitate increase in size as well as cost of the
apparatus. Also, the large magnetic fields required in mag-
netic systems can be difficult and expensive to establish.
Accordingly, there remains room for variation and improve-
ment within the art.

SUMMARY OF THE INVENTION

In general, the present invention is directed to methods for
detecting resonance in semi-conductive or conductive ele-
ments and devices that utilize the disclosed method. For
instance, the method can include applying a signal to a
counter electrode and thereby inducing an electrostatic force
onan element that is in a non-contact arrangement with one or
more counter electrodes. In response to the electrostatic
force, an electric signal can be generated at the element. At
resonance, this signal will contain not only the fundamental
mode of the applied signal, but will also contain harmonics of
the applied signal. Hence, the disclosed methods include
examining this generated signal to ascertain the presence of
one or more of the harmonics of the applied signal in order to
detect resonance in the element. For example, the generated
signal can be examined to ascertain the presence of the second
harmonic or the third harmonic of the applied signal or
selected sub-harmonics of the applied signal.

In one particular embodiment, the frequency of the gener-
ated signal can be examined to determine the presence of
higher harmonics of the applied signal. For instance, both the
applied and generated signals can be fed to a signal processor
such as a lock-in amplifier, and the frequencies of the signals
can be examined for the presence of higher harmonics in the
generated signal. If desired, the process can also include
determination of the Quality factor of the generated signal.

The elements of the disclosed devices and the counter
electrode(s) can be micro- or nano-sized elements and may be
fabricated using CMOS technology on an integrated chip or
may be separate pieces with differing structures. In general,
the elements can be less than about 500 um in length and less
than about 50 um in width. In one embodiment, the elements
can be nano-sized. For example, the element can be less than
about 500 nm in width, for example a single walled nanotube
of about 1 nm in diameter. In one embodiment, the element
can include one or more carbon-based nanostructures. For
instance, the element can include a carbon nanotube. In addi-
tional embodiments the element may be a silicon microcan-
tilever, a silicon microcantilever coated with a metal such as
gold, platinum, etc., a nano-scale silicon or coated silicon
nano-cantilever, a metallic or conducting nano-wire or nano-
ribbon. The elements can also have any suitable geometry and
orientation in the device. For example, the element can be a
single-clamped cantilever or a double-clamped beam. In cer-
tain embodiments the counter electrode may be a chemically
etched tungsten wire, a metallic wire of any kind, or any
conducting wire, plate, or other shape, such as a sphere.

The spatial relationship between the counter electrode and
the element may be configured such that an electrostatic force
can be induced on the element. For instance, the element and
the counter electrode can be in a parallel arrangement or a
tip-to-tip arrangement. Beneficially, the two can be farther
apart than thought possible in MEMS and NEMS systems of
the past, due to the resonant detection regime described
herein. For instance, a micro-sized system can have the two in
parallel arrangement and between about 10 um and about 20
pum apart, in one embodiment. In alternate embodiments of
the present subject matter, the elements may be spaced 1-5
microns apart. And when considering a nano-sized element,
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one embodiment of the invention includes the element and the
counter electrode located between about 10 nm and about 2
pum apart from one another.

The disclosed devices can include any device in which the
direct electric detection of resonance in an element can be
beneficial. For instance, in certain embodiments the disclosed
devices can include chemical sensors in which the resonant
frequency of the element can change upon the interaction of
the element with a chemical species. Accordingly, the ele-
ment of the device can be monitored for a change in resonant
frequency, for instance through application of a modulated
signal to the counter electrode, and a detected change in
resonant frequency can signal the presence of a species of
interest. While the interaction of the element and the species
can include contact, for instance adsorption of the species
onto the element, this is not a requirement of the invention,
and in other embodiments, the interaction need not include
actual contact.

Other electrical devices encompassed by the present inven-
tion include, but are not limited to, atomic force microscopes
(AFM), high Q-factor oscillators, switching devices, and
antennas.

BRIEF DESCRIPTION OF THE FIGURES

A full and enabling disclosure of the present invention,
including the best mode thereof, to one of ordinary skill in the
art, is set forth more particularly in the remainder of the
specification, including reference to the accompanying fig-
ures in which:

FIG. 1 is a schematic diagram of one embodiment of a
system of present invention;

FIG. 2 graphically shows the amplitude and phase changes
with regard to frequency of applied voltage for an exemplary
system of the present invention including a silicon micro-
cantilever;

FIG. 3 is a dark field image of a parallel configuration of a
micro-silicon cantilever that can be utilized according to the
present invention in which the cantilever is at rest in FIG. 3A
and vibrating in FIG. 3B;

FIG. 4 graphically illustrates data obtained via one
embodiment of the disclosed system;

FIG. 5 compares the resonant frequency data for a silicon
micro-cantilever obtained via the disclosed methods to that of
the same cantilever obtained via an AFM optical technique;

FIG. 6 illustrates the resonance spectra data for another
silicon micro-cantilever;

FIG. 7 is a dark field image of a MWNT nano-cantilever in
parallel arrangement with a counter electrode;

FIG. 8 displays the resonance and phase spectra for a
system of the present invention including a MWNT nano-
cantilever in a parallel configuration;

FIG. 9 is a dark field image of a tip to tip configuration of
anano-cantilever according to one embodiment of the present
invention;

FIG. 10 shows resonance spectra data obtained for a
MWNT nanocantilever according to the presently disclosed
methods in the tip to tip geometry;

FIG. 11 compares resonance spectra for the MWNT nano-
cantilever of FIG. 10 at two different gap distances in the tip
to tip geometry;

FIG. 12 illustrates the calculated fundamental, 1%, and 2"¢
overtone modes for a system obtained from the multi-step
Young’s modulus calculations described in Example 5 and
compares those results to the results obtained experimentally
according to the presently disclosed process for the first three
oscillation modes of a MWNT nano-cantilever;
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FIG. 13 graphically illustrates the measured amplitude for
the fundamental, first, and second overtones in a system
including a MWNT nano-cantilever;

FIG. 14 illustrates the data of FIG. 13 on a normalized
frequency scale;

FIG. 15 schematically illustrates a sensor according to one
embodiment of the present invention;

FIG.16 is a schematic illustration of one embodiment of an
AFM system utilizing methods and devices of the present
invention;

FIG. 17 is a graph of an electrical waveform measured
between the element and counter electrode in a second exem-
plary embodiment of the present subject matter;

FIG. 18 is a graph of the mechanical displacement of a
cantilever element of the second embodiment of the present
subject matter having the measured voltage illustrated in FIG.
17,

FIGS. 19A-19F graphically represent comparisons of non-
linearity in electrical and mechanical waveforms obtained in
accordance with the second exemplary embodiment of the
present subject matter;

FIG. 20 is a graphical representation of the decrease in
spring softening effect (frequency shift) during microcantile-
ver ringdown of an element; and

FIGS. 21 A and 21B together are graphical representations
of amplitude (FIG. 21A) and phase (FIG. 21B) of signals
recorded as a function of cycle in an example construction of
the second embodiment of the present subject matter where
the element and counter electrode were operated in a helium
(He) environment.

Repeat use of reference characters in the present specifi-
cation and drawings is intended to represent the same or
analogous features or elements of the present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Reference will now be made in detail to various embodi-
ments of the invention, one or more examples of which are
illustrated in the accompanying Figures. Each example is
provided by way of explanation of the invention, not limita-
tion of the invention. In fact, it will be apparent to those
skilled in the art that various modifications and variations can
be made in the present invention without departing from the
scope or spirit of the invention. For instance, features illus-
trated or described as part of one embodiment, can be used
with another embodiment to yield a still further embodiment.
Thus, it is intended that the present invention cover such
modifications and variations as come within the scope of the
appended claims and their equivalents.

In general, the present invention is directed to micro- and
nano-sized electromechanical systems including micro- or
nano-sized elements that can be electrostatically driven to
resonance. More specifically, utilizing the disclosed devices
and methods, direct electronic detection of the resonant fre-
quency, changes of the resonant frequency, and associated
phase signal of a micro- or nano-sized element such as a
cantilever or double-clamped beam is possible. According to
one embodiment of the present subject matter, resonance of
an element can be directly detected through analyses of the
electronic signal induced in the element at resonant vibration.
For instance, one or both of the amplitude and phase of an
electronic signal generated in the element at resonance can be
directly detected and analyzed. Beneficially, changes in the
resonant frequency of an element can be directly determined
at ambient temperatures and pressures according to one
embodiment of the disclosed invention. In accordance with
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further embodiments of the present subject matter, analysis of
an acquired waveform may be employed to determine ampli-
tude and phase relationship with respect to a driving signal or
to one another of each of plural harmonics to provide addi-
tional data.

The presently disclosed processes and systems can facili-
tate the formation of economical, portable NEMS and MEMS
devices suitable for use in practical, real-world applications.
The disclosed methods can be utilized with other devices as
well, for instance, the disclosed methods can be utilized in
development of high quality electronic filters as well as other
high quality (high Q factor) electronic devices.

Devices constructed in accordance with the present subject
matter can include one or more micro-sized or nano-sized
elements. For example, the devices can utilize one or more
micro-sized beams as have been utilized as micro-sized can-
tilevers in previously known devices that utilize optical or
piezoresistor resonance detection schemes. In general, micro-
sized beams can be classified as those having micrometer
dimensions, e.g., greater than about 1 um in width and/or
thickness. For example, micro-cantilevers of the present
invention can have a length dimension less than about 500
um, for instance between about 90 pm and about 350 pm and
a width dimension less than about 50 um, for instance
between about 10 um and about 50 um, for instance about 35
um wide. Nano-sized elements of the present invention gen-
erally include those elements having width and/or thickness
dimensions less than the micro-sized devices (e.g., less than
about 1 pm). For instance, in one embodiment, nano-sized
elements of the invention can have a width and/or thickness
dimension less than about 500 nm. Nano-sized elements can,
however, have a length in the micrometer range. For instance,
one exemplary nano-cantilever of the invention can have a
generally circular cross-section of between about 1 nm and
about 200 nm in diameter, and a length in the micrometer
range, for instance greater than about 5 um.

In general, the elements of the devices can have any geo-
metric shape and can have an aspect ratio (L/D) greater than
about two. As such, throughout much of the following dis-
cussion, the elements of the present invention are synony-
mously referred to as beams. Moreover, though much of the
following discussion is directed to embodiments in which the
elements or beams of the invention are provided in a device as
a cantilever, i.e., clamped at a first end and free to vibrate at a
second end, the presently disclosed methods and devices are
equally applicable to an element provided in other orienta-
tions. For example, the invention is also directed to devices in
which the disclosed element is clamped at both ends, i.e., a
double-clamped beam. In particular, the presently disclosed
invention encompasses any micro- or nano-sized element that
can be electrostatically driven into resonance.

The elements of the disclosed devices can generally be
formed of any material including a suitable conductive or
semi-conductive material at least at the surface of the ele-
ment. For instance, in one embodiment, an element can be
formed of a non-conductive base substrate that has been
coated with a conductive outer layer. Fabrication materials
and techniques for forming many structures suitable for use in
the presently disclosed devices are generally known to those
of ordinary skill in the art. For example, materials encom-
passed by the invention include metallic nanowires, gallium
arsenide/aluminum arsenide structures, nanocrystalline dia-
mond films, and materials based upon silicon including, but
not limited to, silicon on insulator structures, silicon carbide
on silicon structures, aluminum nitride on silicon structures,
and amorphous silicon nitride structures. In other embodi-
ments, the element may be a silicon microcantilever, a silicon
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microcantilever coated with a metal such as gold, platinum,
etc., a nano-scale silicon or coated silicon nano-cantilever, a
metallic or conducting nano-wire or nano-ribbon.

In one embodiment, the elements of the disclosed devices
can be nanostructures, and in one particular embodiment,
carbon-based nanostructures. For example, carbon-based
nano-cantilevers of the disclosed devices can be formed from
nanotubes, including single-walled nanotubes (SWNT) and
multi-walled nanotubes (MWNT), nanobelts, nanorods,
nanowires, nanocoils, and the like. In addition, the elements
can be formed of more than one nanostructure in combina-
tion, for example, a bundle of nanotubes, or a stack of nano-
belts, or even combinations of two or more structures of
different shapes. Nanostructures of the invention are not lim-
ited to carbon-based nanostructures, however, and nanostruc-
tures formed of other material can be utilized. For example,
nanostructures etched from silicon or including any other
suitable conductive or semi-conductive material at the sur-
face can be utilized.

Carbon nanostructures are known to exhibit exceptional
physical strength, elasticity, adsorption capability, and high
specific surface area. In addition, mechanical characteristics
of individual carbon nanostructures have been found to be
sensitive to physical characteristics of the structures that can
be affected via formation materials and methods. For
example, the bending modulus of individual nanostructures
has been found to be sensitive to the density of wall defects
formed in the structure. As such, the elements of the present
invention can, in one embodiment, be specifically designed
with particular, predetermined mechanical characteristics,
such as a particular bending modulus, for instance, for utili-
zation in a particular environment or for detection of a par-
ticular species or analyte.

In certain embodiments of the present subject matter the
ability of carbon nanostructures to quickly adsorb materials is
of benefit to the disclosed devices in certain sensing applica-
tions. For instance, upon adsorption of a sample material onto
an element, e.g., a carbon-based nano-cantilever, the inherent
physical properties of the element can be affected. In particu-
lar, the elastic properties and the natural resonant frequency
of the element can vary depending upon exactly what sub-
stances have been adsorbed. Thus, a shift in resonant fre-
quency can be observed upon adsorption of a substance.
Moreover, this shift can vary depending on what material has
been adsorbed. Beneficially, as many materials that can form
the disclosed elements are naturally highly adsorbent, certain
embodiments of the present invention may not require pre-
functionalization of the element, and as such, the formation
processes for such embodiments can be relatively simple and
inexpensive. In other embodiments of the present subject
matter, absorption of materials is neither required nor desired
so that other appropriate materials may be selected for the
element.

In general, the elements of the disclosed devices can be
formed according to any known formation method and of any
suitable material. For example, carbon-based nano-cantile-
vers of the invention can be formed via physical evaporation
methods such as vapor-liquid-solid (VLS) processes, chemi-
cal vapor deposition (CVD) methods, catalyst assisted pro-
cesses, processes involving electric arc gas discharge, or
pulsed laser ablation techniques, as are generally known to
those of ordinary skill in the art.

Inaddition, the physical characteristics such as the bending
modulus of the beams can be altered through selection of
particular formation methods, functionalization of the base
materials, and/or addition of dopants to the materials. As
such, elements of the invention can be engineered so as to
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exhibit particular physical characteristics for use, for
example, in a particular environment or for detection of one or
more particular analytes from a sample.

In certain embodiments of the present invention, the dis-
closed devices can be made more sensitive by degassing the
material forming the element. In this particular embodiment,
the devices can respond to the presence of species, such as in
a gaseous or vaporous sample, in concentration levels as little
as about 100 ppb.

In addition, when the material is degassed prior to use, the
devices can have measurable response to an increased num-
ber of materials. For example, when utilizing degassed car-
bon-based nanostructures, systems of the invention can indi-
cate a measurable variation in resonant frequency upon
exposure to polar as well as non-polar materials.

One embodiment of a cantilever-based device of the
present invention is schematically illustrated in FIG. 1. As can
be seen in the Figure, the system can include a cantilever
assembly 10 that can include a micro- or nano-sized cantile-
ver 8 in proximity to a counter electrode 6 in a tip-to-tip
arrangement. FIG. 9 is a dark field image of one such embodi-
ment of a cantilever assembly in which the cantilever 8 and
the counter electrode 6 are in tip-to-tip association with one
another. The cantilever in this particular embodiment is a
single MWNT. FIGS. 3A, 3B, and 16 illustrate another pos-
sible arrangement of the cantilever assembly 10 of the present
systems in which the cantilever 8 and the counter electrode 6
are in a parallel arrangement.

Referring again to FIG. 1, the system can also include a
signal generator 12 to generate an ac voltage that can be
applied to the counter electrode 6 at varying frequencies. In
general, a dc offset can also be supplied, as at 14, and also
applied to the counter electrode 6. The dc offset can balance
the difference between surface work functions of the counter
electrode and the cantilever, respectively. The dc offset can
also be utilized to modify the amplitude and frequency of the
resonance, providing the capability of tuning the circuit,
which can be useful in a number of electronic devices and
applications.

The counter electrode 6 can be in close enough proximity
to the element, e.g., the cantilever 8, so as to induce a charge
on the element while remaining in a non-contact mode. The
preferred gap distance between the counter electrode 6 and
the cantilever 8 can vary, and can depend, for instance, upon
the nature of the atmosphere surrounding the system and on
the geometric relationship between the cantilever and the
counter electrode. In general, however, the intervening dis-
tance between the cantilever 8 and the counter electrode 6 can
be at least enough so as to ensure no contact between the
counter electrode and the cantilever at resonance, while
ensuring the capability of establishing a capacitance driven
electrostatic force on the cantilever.

The voltage applied to the counter electrode acts as a drive
signal and induces an electrostatic force on the cantilever,
which, at the appropriate parameters, can force the cantilever
to vibrate at its mechanical resonance. A circuit for electri-
cally driving and detecting the motion of the cantilever can
include a signal generator, a DC voltage source, a signal
amplifier, and an instrument such as an oscilloscope for mea-
suring the electrical output of the circuit. In one particular
embodiment, a modulated voltage driving signal can be
applied, so as to induce a modulated electrostatic force on the
cantilever. The modulated driving signal may correspond to a
sine wave, square wave, sawtooth, or triangular wave, or a
sum of sine waves at different frequencies, or a complex
waveform consisting of a combination of any of the above.
Further the drive signal may be applied continuously or in an
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on/off manner. In the tip to tip configuration, a tunneling gap
could be created between the cantilever and the counter elec-
trode and the tunneling current used as the drive signal.

According to the first embodiment of the present subject
matter, unique characteristics of a system at resonance have
been recognized and utilized to provide a method for direct
electronic detection of a signal generated by a micro- or
nano-sized element at resonance. More specifically, the pres-
ently disclosed methods and systems recognize and utilize the
fact that at resonance, the force between the counter electrode
6 and the cantilever 8, and thus the charge induced in the
cantilever, not only includes a term that oscillates at the fun-
damental, i.e., resonant frequency, ,, but also includes terms
that oscillate at harmonics of the resonant frequency, e.g.,
2m,, 3mw,, etc., as well as sub-harmonics thereof. In accor-
dance with further embodiments of the present subject matter,
it has also been found that the phase relationships and ampli-
tudes among the various harmonics and the driving signal
also varies depending on the cantilever’s environmental con-
ditions. This aspect of the present subject matter will be
discussed more fully later.

While not wishing to be bound by any particular theory, it
is believed that when a voltage V(1)=V _,_+W+V _ cos(wt) is
placed on the counter electrode (where V. cos(wt) and V ;.
are the applied ac and dc voltages, and W is the difference
between the work potentials of the cantilever and counter
electrode) and when w approaches w,, (the resonant frequency
of the cantilever) the harmonic terms of the resonating canti-
lever can be detected. According to the theory, let C(t) be the
capacitance between the cantilever and the counter electrode.
The electrostatic energy of the system is then 12CV?, and the
force on the cantilever is

-ldcv: -1 _.dC
2 dx’

2 dx 2

If the vibration amplitude x(t) of the cantilever is small com-
pared to the distance x,, between the cantilever and the counter
electrode, then

dc dc
C(r) = Cy + — [y=0x(1), where Cy and —

=—-C/
dx dx 0

x=0

are constants for a given experimental set up. Thus for small
deflections, the Coulomb force on the cantilever is

F. = 1/2C)(Vge + W + V,ccos(wn)? = 1/2C) S(1)

1
{(vdc W) 4+ 2Vge + W)Voecos(wn) + 5 VAL + cos(Zwt)]}

(Note that C, is a function of the geometry of the system.) If
the vibration amplitude is not small compared with the sepa-
ration of the counter electrode and the cantilever, or if the
geometry of the capacitance is complex, terms of higher order
in x(t) needs to be considered as it is these higher order terms
(mechanical harmonics) that are of significance to the present
subject matter, as will be more fully discussed later. When m
is close to a normal mode frequency m, of the free cantilever,
and the damping is small, the steady state solution for x(t) is
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_ QG (Ve + W)Vceos(wt — ¢1) S(2)

, tang
2 2
k/\/QZ[l N (i/)z] * wzfj:o
Wo o

where m,*=k'/m, k'=k-dF /dx, m is the inertial term of the
vibrational mode, and Q the quality factor of the mode in the
environment of the experiment. The electrostatic correction
term dF /dx is usually small, as discussed below, so that w,' is
not very different from ,. Since F also has a term that
oscillates at 2m, when 2w is close to w, a similar analysis
gives:

Wow

' oW -

x(1)

QCL V2 cos(2uwt — ¢2) S(3)

20\ 42w}
4k | 021 —(—,] + T
W) wg
2w
QWi —4w?)

x(1) =

tang, =

Since q(t)=C(t)V(t), to first order in x(t), we obtain for the
time dependent part of q:

QCH(Vge + W)Vecos(wi — ¢y) %)
g = |y — 04 d 21 [Vascos(at]
e -(IT-22
w6 ‘”64
w near wo
CP (Ve + W)V
= [CoVaccos(wn)] - QCy (Va, )
w2 w0}
2%’ Qz[l _(_] ] R
w6 ‘”64
[cos2wt + ¢1) + cospy ]
and
Ch V2 cos(Quwr — s5)
g =|Co— QCHV 2 cosuwr — ¢7) ot
20\ derw?
ol T2
wy ‘”64
Wo
( near 7
QCHVE

= [CoVaccos(wn] -

20V Awlw?
’ 2|1 (2=
" JQ -G
[cos(Bewr — pp) + cos(wt — $,)]

Thus, for w near w_, the denominator of the second terms in
eqns. S3 and S4 becomes small, and q(t) oscillates with large
amplitude at 2w, the second harmonic of the applied angular
frequency, w. For w near the sub-harmonic w,/2, q(t) oscil-
lates with large amplitude at 3w, the third harmonic of the
applied angular frequency, as well as at the first harmonic.

As an illustration, if the resonant frequency of a mode is
wy=~20 kHz, q(t) will have maxima for 2m near 20 kHz (or ®
near 10 kHz) and for w near 20 kHz (cf. eqn. S1). When to is
near 10 kHz, q(t) will have a large Fourier component near 30
kHz (cf. eqn. S5). When o is near 20 kHz, q(t) will have a
large Fourier component near 40 kHz (cf. eqn. S4). In both
cases, the fundamental of the applied frequency is present
without any vibration x(t) of the cantilever, due to parasitic
capacitance as well as the first term C, V. cos(wt) in eqns. S4
and S5, so that measuring the charge on the cantilever at the
fundamental frequency will not show a large effect at the
normal mode frequency.
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Thus even in the case when the vibrations of the cantilever
are small enough to enable a linear theory, the second and
third harmonics should be large. When the vibrations are not
small with respect to the distance between the cantilever and
the counter electrode, nonlinearities and parametric effects
are expected that would increase further the importance ofthe
higher harmonics in q(t), and it is precisely these effects that
are of key importance to the present subject matter.

The difference between k and k' (and thus between w,, and
,") can be tuned by the applied ac and dc voltages. This effect
is not necessarily small, but even when so, because of the
large Q factors it is easily observable, even in nanotubes, The
electrical forces perturb k to k' by an amount

dF,
dx’
Now,
dF, 5(6)
dx ~

dl1/2C(Vae + WP +

1
2Vie + W)Vaceos(wn) + 3 VL + cos(Zwt)]}
dx

-1/ &c
o / ds* | _,
1
{(vdc WO 2Vige + W)Voccos(won) + 5 VL + cos(Zwt)]}

The time dependent terms will average out (but contribute to
the higher harmonics), so that the resulting change in the
observed frequency is proportional to the second

[(Vae + W) + 1/2V2].

It has been found experimentally (see the following Example
section) that there is a decrease in the resonant frequency as
V. is varied (cf. FIGS. 6 and 8), in agreement with this
treatment.

In the tip-to-tip configuration, the charges accumulated at
the tip of a cantilever and on the counter electrode can be
assumed to be quasi point charges, Q, which can be expressed
as:

O=0[(W 4~ Wagmnr)+e(V etV cos 2nfz1)]

where o is a geometrical factor related to the counter elec-
trode geometry and the charges are separated by a distance R.
The Coulomb force, F_, between the charges on the counter-
electrode tip and cantilever is given by

2
1 5 et

Fo= 770" = ——[Apc + A 2nfel+ A AT fof
¢ dneye, R2 47r50£,R2[ pc + A cos2 fgi + Ag g cosdn fr ]

where

V2
Apc = [(Wau — Waruwr) + eV + 82%;

Agp =28V [(Way — Wywnr) + €Vy,] and

2
2 Yae

Axfp =€ 3
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For small oscillations, the excitation y of each normal mode
can be expressed as a forced oscillator, with linear damping

dy
ba:

where the m,, k, and F, are the mass, elastic constant and
force for an equivalent oscillator driven at frequency f;. When
f, is near f,, the steady state solution for the above equation
can be written as:

2 A
ad i sin(2 fet — 5,

y= 5
e R o ma (g7 - 127 v 62

where the phase shift d for the mode with frequency f; is given

by:
d= cosl[

The resonant frequency of the element can be obtained by
finding the excitation frequency that matches the natural
mode frequency. Note that similar expressions can be
obtained for a steady state solution when f; is near 2 f,..

There can also be a charge oscillating at frequency w
induced on the assembly by parasitic capacitances that exist
between components of the circuitry, leading to the presence
of electronic noise in the generated signal. However, as this is
not at resonance, the noise signal will not include any har-
monic terms, and thus can be separated from the signal gen-
erated due to the resonance of the element through utilization
of the harmonic components of the resonant signal.

According to the present invention, the signal generated
from the charge induced at resonance, and in particular, the
angular frequency, amplitude, and phase of the signal gener-
ated, can be detected and analyzed through utilization of the
harmonic components of the signal. These components of the
signal can be separated from the fundamental mode of the
signal and noise due to parasitic capacitance through use of a
signal processor such as a lock-in amplifier. For example, and
referring again to FIG. 1, down line of the cantilever assembly
10, the device can include an optional low noise amplifier 13
to provide signal enhancement. For instance, a charge sensi-
tive preamplifier, such as the A250 charge-sensitive pream-
plifier available from the Amptek Corporation of Bedford,
Mass., can be placed in the line following the cantilever
assembly 10.

Down line from the optional low noise amplifier 13 a signal
processor 16 can be located. For example, a lock-in amplifier
can be utilized as the signal processor 16. In this particular
embodiment, the drive signal provided from the signal gen-
erator 12 can be fed to the lock-in amplifier 16, as shown, but
the reference signal of the lock-in, rather than being set to the
frequency of the generated signal, w, can be set to a higher
harmonic of the generated signal, i.e., 2w, 3w, etc. As the

bf;
m2(f2 — 3 + B 2
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signal output from the lock-in can be set so that it represents
essentially only frequencies very close to a higher harmonic
of the input signal from the amplifier when near resonance,
i.e., when w=wm,, and the amplitude of this higher harmonic
signal can be greater than that of the signal due to noise of the
system, the output from the lock-in amplifier can be used to
clearly and unambiguously determine the resonant frequency
of the cantilever assembly. When the voltage applied to the
counter electrode induces the natural resonant frequency of
the cantilever, the signal generated at the cantilever can dem-
onstrate that resonance through, for example, greatly
increased signal amplitude and phase shift, either or both of
which can then be observed at the lock-in amplifier during
signal examination for the harmonics of the applied charge.

If desired, the signal sent to the signal processor 16 can be
modified from that generated at the signal generator 12. For
example, in one embodiment, the signal from the signal gen-
erator 12 can be sent into a frequency modifier that can double
or triple the frequency of the signal prior to sending the signal
into alock-in amplifier as a reference signal. According to this
particular embodiment, the signal provided to the lock-in
amplifier on this line can have a frequency identical to a
multiple of the frequency of the signal generator, and thus the
lock-in will be sensitive to that multiple of the signal applied
to the counter electrode. According to this embodiment, a
lock-in could be used without the necessity of an internal
circuit for measuring the higher harmonics of the resonant
frequency.

The methods and systems of the present invention are not
limited to utilization of a lock-in amplifier for processing the
signal from the assembly 10 and detecting the resonance of
the cantilever. It should be understood that any electronic
detection system as is known in the art can be utilized accord-
ing to the presently disclosed methods to detect the higher
harmonics that will exist in the signal induced at resonance.
For example, in another embodiment, a phase detector can be
utilized to detect differences in phase between the signal
induced at the cantilever assembly and the signal supplied
from the signal generator. Phase detectors may be employed
using a circuit that extracts the phase out of the signal induced
at the cantilever in real time, similar to the manner in which
the frequency of the signal is reconstructed from lock-in
outputs. A suitable phase locked loop (PLL) circuit may be
used for this purpose. The combination ofa PLL and a voltage
controlled oscillator may be used to provide feedback that
sharpens the resonance and provides a signal proportional to
,. In addition, as previously alluded to with relationship to
further embodiments of the present subject matter, plural
phase detectors may be employed to determine phase and
amplitude differences between plural harmonics and the drive
signal to obtain additional data. Other techniques may also be
employed such as, but not limited to, waveform analysis to
determine the plural phase and amplitude relationships. Addi-
tionally, the waveform may be analyzed in the time domain,
without Fourier decomposition, such as with computer mod-
eling or mathematical simulation of the system. Such a model
may be comprised of a mathematical approximation of the
electrical circuit and the mechanical properties of the canti-
lever and its environment.

Beneficially, due to the improved resonance sensing capa-
bility, the electrostatic capacitance at the junction of the reso-
nating element with the counter electrode need not be maxi-
mized through minimization of the gap distance, as has been
the case in previous capacitance-based NEMS and MEMS.
As such, the gap distance between the counter electrode and
the element can be much larger in the disclosed devices than
thought possible in NEMS and MEMS of the past, and reso-
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nance can still be easily and accurately determined according
to the disclosed method. For instance, in one embodiment,
resonant frequency can be determined for nano-sized canti-
levers in a system including the cantilever and the counter
electrode in a parallel configuration and at gap distance
greater than about 1 pm, or greater yet, for example, about 2
um in some embodiments. When considering systems of the
present invention including nano-cantilevers in a tip-to-tip
arrangement with the counter electrode, resonance can be
induced and detected at gap distances of up to about 200 nm.
Systems of the invention incorporating micro-cantilevers can
have resonant frequency discerned at gap distances previ-
ously considered too large for detection. For instance, reso-
nance can be induced and unambiguously detected in systems
in a parallel configuration with a gap distance of greater than
about 10 um according to the presently disclosed methods.
The gap distance can be even larger in other embodiments, for
instance greater than about 20 um.

In addition to determining the change in the resonant fre-
quency, sensors of the invention can also detect and analyze
the change in the Quality factor (Q-factor) of the element.
While not a requirement of the present invention, analysis of
the Q-factor can serve as an additional variable to monitor a
change in resonant frequency of the element. Particularly
high Q-values are possible when utilizing the disclosed
devices in a vacuum. For instance in some embodiments of
the present invention, Q-values greater than about 10,000 are
possible. As is generally known, the Q-value can generally be
considered to be equal to the energy of the oscillating element
divided by the energy loss to dissipative forces in one cycle. In
one embodiment, the disclosed devices can be utilized as
chemical sensors.

In one embodiment of the present invention, an element as
herein described can be contacted with a gaseous, vaporous,
or liquid stream containing a species. According to this
embodiment, the device can define a fluid flow field such as a
channel or porous web or membrane for flowing a liquid
species to the element or a contained line or chamber to
encourage the flow of a gaseous or vaporous species to the
element. In any case, the fluid flow field can provide direction
to a fluid flow such that the fluid that carries the species, be it
liquid, gas, or vapor, can interact with the element. For
instance, the fluid flow field can contact the element such that
the species contained in the fluid can interact with the element
through direct contact.

Upon interaction between the species and the element, for
example, upon adsorption of the species to a surface of the
element, a change in the resonant frequency of the element
can occur that can then be detected as herein described. More-
over, this shift can vary in characteristic depending upon the
species. Thus, the shift in resonant frequency of the element
upon interaction of the species with the element can be uti-
lized to identify the species.

In some embodiments, characteristics of the shift in the
resonant frequency can also be proportional to the concentra-
tion of the detected species. As such, in certain embodiments,
the disclosed sensors can also be utilized to quantify the cause
of'the shift in charge characteristics, e.g., the concentration of
a detected species. For instance, the disclosed systems can be
advantageously utilized in recognizing and determining
extremely small masses, i.e., as a micro- or nano-balance.

Optionally, sensors of the present invention can be
designed so as to bind a particular species of interest. For
instance, a semiconductive or conductive cantilever as herein
described can be pre-treated so as to preferentially bind an
analyte of interest, and the sensor can then be utilized to detect
that specific analyte. For example polyclonal or monoclonal
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antibodies as are generally known in the art could function as
a binding agent for an analyte specific to that antibody, such
as Aspergillus niger spore analytes, for instance. Any suitable
method can be utilized to attach the binding agent to a canti-
lever. For instance, pentaerythritol tetranitrate and hexahy-
dro-1,3,5-triazine, both of which can bind to a silicon micro-
cantilever with its gold surface modified with a self-
assembled monolayer of 4-mercaptobenzoic acid, can be
utilized to attach the binding agent to a cantilever. In one
particular embodiment the disclosed systems and methods
can be utilized in biosensing, enabling the detection of
extremely small amounts of biological species.

In one embodiment, the present invention can be used to
detect species at very low concentrations. For instance, as the
disclosed devices can operate in the microwave regime, the
presence of species in concentrations as low as parts per
billion can lead to a discernable shift in the resonant fre-
quency of the device.

The devices and electronic detection regimes ofthe present
invention can be utilized in many applications in addition to
species sensing applications such as those described above.
For instance, the disclosed methods and devices can be uti-
lized in applications directed to detecting changes in the
surrounding atmosphere. For example, the devices can be
used to detect changes in surrounding pressure, such as those
due to atmospheric change or atmospheric acceleration,
changes in surrounding magnetic forces, or changes in tem-
perature. Moreover, and similar to the species sensing appli-
cations described above, characteristics of the shift in the
resonant frequency can also be proportional to the strength of
the environmental change causing the shift. Accordingly the
sensors can be utilized to quantify the environmental changes
leading to the shift in resonant frequency of the element.

In one embodiment, the devices and regimes disclosed
herein can be utilized to detect an alteration in a species due
to a particular environmental condition, and thereby can be
utilized to detect the environmental condition. For example, a
species that will undergo characteristic change in the pres-
ence of an environmental condition can be isolated with a
sensor as described herein. Following exposure to the envi-
ronmental condition, the characteristic change in the species
can be reflected in a change in the resonant frequency of the
device. Hence the existence of the underlying cause of the
change, i.e., the environmental condition, can be established.
For instance, upon exposure to radiation, many known spe-
cies can undergo a characteristic change that can lead to a
discernable shift in the resonant frequency of a sensor near the
species.

One specific embodiment of such a system is schematically
illustrated in FIG. 15. As can be seen, a cantilever assembly
10 can be isolated in a chamber 30. For instance, the chamber
30 can be a vacuum chamber partially filled with a species,
such as argon. In the presence of radiation, the argon atoms
can be ionized, and be electrostatically attracted towards the
cantilever 8. This can result in a shift in the resonant fre-
quency of the cantilever 8 that can be monitored and detected
as described above.

The systems of the present invention can also be benefi-
cially incorporated into other devices as well. For example,
the capability of direct electronic determination of the reso-
nance of a micro- or nano-sized cantilever can be beneficially
incorporated into any device that can employ cantilever-
based NEMS or MEMS. The disclosed methods can benefi-
cially be utilized in formation of switching devices, electronic
sending/receiving devices, or any NEMS or MEMS device
based upon the use of dynamic capacitance or electrostatic
actuation and detection.
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In one embodiment, the methods and devices disclosed
herein can be utilized in sensing/imaging techniques such as
atomic force microscopy (AFM). One embodiment of an
AFM according to the present invention is illustrated in FI1G.
16. As can be seen with reference to the Figure, a cantilever 8
can be electrostatically driven to oscillate at its resonant fre-
quency due to the electrostatic force of a voltage applied to
counter electrode 6 via a signal from signal generator 12. The
resonance of the cantilever 8 can be determined and moni-
tored as described above through utilization of a suitable
signal processor 16, such as a lock-in amplifier. In addition,
the cantilever 8 can be in mechanical communication with an
AFM arm 20 that is capable of motion and controlled with
AFM system 22 as is generally known in the art. During use,
the location and motion of AFM arm 20 can be controlled in
response to signal information obtained from the signal pro-
cessor 16, as shown. As the cantilever approaches a sample
held on stage 25, atomic forces between the cantilever 8 and
the sample can cause a changes in the resonant frequency of
the cantilever. A feedback loop between the signal processor
16 and the AFM arm 20 can adjust the height of the cantilever
8 over the sample in order to keep the cantilever 8 at reso-
nance. Information concerning the height of the AFM arm 20
at resonance can then be collected to create data points by the
AFM system 22. As data points are taken and recorded as the
cantilever 8 scans the sample, a topological image of the
sample can be developed according to standard AFM imaging
methods as are generally known in the art. The AFM system
can optionally work in non-contact or tapping mode, as
desired.

The disclosed AFM systems may provide additional ben-
efits over more traditional AFM systems when operating in
tapping mode. For example, in one embodiment, as discussed
above, the cantilever of the disclosed systems can include one
or more carbon nanotubes. Carbon nanotubes are understood
to be less fragile and more elastic than traditional AFM tips,
such as those formed of'silicon or silicon nitride. Accordingly,
AFMs as herein described can be more resilient than previ-
ously known AFM systems, and the disclosed systems can be
utilized with less down time due to probe damage and
replacement as compared to more traditional systems.

In other embodiments, the disclosed devices can be utilized
as switching devices, antennas, or any other device that can
take advantage of the direct electronic detection of the change
in amplitude and phase of the element upon a change in the
resonant frequency of the element.

In accordance with further embodiments of the present
subject matter, rather than detecting only the frequency,
amplitude, and/or phase of the resonance or a harmonic of
resonance of the microcantilever oscillating in an applied
electric field, the signal output may be measured and acquired
as a electrical waveform, from which the associated mechani-
cal waveform may be derived by applying an appropriate
correction function. For example, when a Fourier analysis is
performed on the mechanical waveform from a microcanti-
lever oscillating in a nonlinear electric field or with nonlinear
or complex damping, it will show more than one frequency
component. These frequencies are integer multiples of the
natural frequency of the microcantilever, and are called har-
monics. Therefore, the nonlinear mechanical waveform can
be represented by a superposition of sine waves, each having
an integer multiple of the natural frequency of the microcan-
tilever. In accordance with this further embodiment of the
present subject matter, an AC and/or DC drive signal(s) may
be applied to the cantilever in either a continuous mode or in
a pulse or ringdown mode, and either of these methods are
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capable of producing non-linear oscillations, because of the
presence of the nonlinear electric field.

In a continuous mode the microcantilever may be driven by
time-invariant AC and DC signals which may have a DC
component at or near the natural frequency of the microcan-
tilever. The frequency of the AC signal may be scanned or
constant. The electrical output caused by the oscillatory cir-
cuit is detected and measured while the AC signal is driving
the microcantilever in the nonlinear field resulting from the
applied DC voltage.

In a pulse or ringdown mode the microcantilever is driven
by a pulsed AC signal which may have a DC component at or
near the resonant frequency of the microcantilever. During
the ‘on’ time of the AC signal, the microcantilever is driven.
During the ‘off” time of the AC signal, the microcantilever is
allowed to freely oscillate in the nonlinear field resulting from
an applied DC voltage. Due to either intrinsic damping or
environmental damping effects, or both, the microcantilever
oscillation decays, or decreases in amplitude until the next
‘on’ pulse of the AC signal. The electrical output from the
oscillatory circuit is detected and measured only while the
microcantilever is not being driven, i.e. during its decay/
ringdown.

In the instance of a constantly driven microcantilever, the
output waveform is substantially identical from cycle to
cycle. In the case of a pulsed microcantilever, the output
waveform, measured during the ringdown, has decaying
amplitude. In both cases the waveform contains information
relating to the frequency or frequencies of the oscillatory
motion of the microcantilever at its natural resonance and its
higher harmonics and modes of vibration. The phase and
amplitude of each of the output frequencies may be measured
either with respect to the driving signal or one another.

The measured electrical output is produced by the oscilla-
tory change in capacitance values between the microcantile-
ver and the counter electrode. For example, any change in the
position of the microcantilever with respect to the counter
electrode changes the capacitance of the circuit, and can be
detected as a change in voltage. When the applied AC voltage
causes the microcantilever to move back and forth, an oscil-
lating capacitance is produced which can be measured. In
accordance with this embodiment of the present subject mat-
ter, direct measurement of this oscillating capacitance is
acquired as a waveform for later analysis. It should be appre-
ciated, however, that other methodologies may be applied to
detecting the oscillatory changes between the microcantile-
ver and the counter electrode to produce a signal representa-
tive thereof such as by employing laser measurement of the
distance between the microcantilever and the counter elec-
trode.

Certain characteristics of the electric field between the
microcantilever and counter electrode are significant for this
embodiment of the present subject matter. For example, there
exists a voltage between the counter electrode and the micro-
cantilever that produces an inversely proportional attractive
force between the two, i.e., the force increases as the distance
between the two decreases and decreases as the distance
between the two increases.

By choosing certain geometries of either or both the
counter electrode and cantilever, the relation between the
attractive electric force and the separation between the two
may be made more nonlinear. For example, by choosing a
small diameter sharpened tungsten wire as the counter elec-
trode, the nonlinearity of the electric force may be increased.
Other geometries may be realized and may increase or
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decrease the nonlinearity of the electric force. As previously
noted, for example, plural counter-electrodes may also be
employed.

As the oscillating microcantilever moves closer to the
counter electrode in a half cycle, it experiences an increased
attraction to the counter electrode. Thus, the mechanical
amplitude during that half cycle is larger than it would be
outside the influence of the attractive force. In addition, the
attractive force causes the microcantilever to linger in the
vicinity of the counter electrode longer than normal. This
effect is manifested as a decreased frequency of oscillation
for that half cycle, called spring softening. As the oscillating
cantilever moves away from the counter electrode in a half
cycle, it experiences a decreasing attraction to the counter
electrode. However, there still exists an attractive force on the
microcantilever. Thus, the mechanical amplitude for this half
cycle is less than it would normally be without the influence
of the attractive force. In addition, for this half cycle, the
attractive force causes the microcantilever to cease its motion
away from the counter electrode sooner than it normally
would outside the influence of the attractive force, causing an
increased frequency of oscillation for that half cycle, called
spring hardening. Since in a nonlinear field, the attractive
force is greater when the microcantilever is closer, the net
effect is a decrease in its frequency of oscillation, or a net
spring softening. This process is illustrated generally in FIG.
20. as will be described further later with respect to Example
6.

Since the mechanical motion of the microcantilever in each
half cycle is affected by the nonlinear electric field by differ-
ing amounts, the resulting waveform created by tracing the
microcantilever motion in time is perturbed from a sinusoidal
harmonic shape. For a microcantilever continuously driven
by an AC signal at or near resonance in a nonlinear electric
field, the resulting nonlinear output mechanical waveform
will appear as a repeating series of substantially identical
non-sinusoidal cycles. In the case of a microcantilever driven
to resonance and then released to resonate freely, damping
effects will cause a decrease in the amplitude of the output
waveform over time. Since in this case, as the mechanical
amplitude decreases, the variation of the force applied during
a cycle is reduced, the perturbation of its motion due to the
nonlinear field is not as great. Thus, with increasing time, the
spring softening will lessen, yielding a more nearly linear
sinusoidal motion and a frequency increase.

If a Fourier analysis on the mechanical waveform resulting
from a microcantilever oscillating in the described nonlinear
electric field is conducted, it will show more than one fre-
quency component. These frequencies are harmonics, i.e.,
integer multiples, of the natural frequency of the microcanti-
lever. Therefore, the nonlinear mechanical waveform can be
represented by a superposition of sine waves, each having an
integer multiple of the natural frequency of the microcantile-
ver.

Though the microcantilever motion is mechanical, the out-
put from the entire system is electrical, since the measured
electrical output is a result of the changing voltage due to the
changing capacitance between the microcantilever and the
counter electrode(s). Thus, the true mechanical motion of the
microcantilever is buried in the electrical output, also a wave-
form. Since the dimensions and geometry of the counter
electrode and cantilever can be chosen to maximize electrical
nonlinearities, the electrical output waveform of even a per-
fectly sinusoidal mechanical oscillation of the microcantile-
ver will still show electrical nonlinearities in the waveform in
the form of higher harmonics. A key advantage to detecting
the mechanical motion of the microcantilever electrically is
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that the electrical signal output gives a nonlinear signal ampli-
fication of the mechanical motion, yielding significant sensi-
tivity to changes in the mechanical motion.

The nonlinear electrical waveform output acquired in
accordance with the present subject matter can be mathemati-
cally approximated by considering all of the forces acting on
the microcantilever arising from electrical and mechanical
sources. Electrical forces may be represented by the AC field
(in the case of a continuously driven microcantilever) and the
applied DC field, with nonlinearities caused by the geometry
of the electrode(s) and cantilever. Examples of mechanical
forces acting on the cantilever are the restoring force of the
microcantilever itself, intrinsic dissipative losses due to the
internal structure of the microcantilever, and external damp-
ing forces caused by environmental conditions such as sur-
rounding gases having linear and nonlinear viscosity and
density or nearby surfaces having attractive or repulsive
forces due to electrostatic or van der Waals interactions. If the
mathematical approximation of all the forces acting upon the
microcantilever is a good one, the electrical output waveform
can be fitted closely and the forces identified and/or decon-
voluted.

In accordance with the present subject matter, significant
and important differences have been identified between a
damped sinusoidal oscillator and one that is vibrating nonlin-
early such as in this embodiment of the present technology as
follows. Firstly, a sinusoidal oscillator has only one frequency
of'vibration, independent of amplitude. A nonlinear oscillator
as per present technology may have several frequencies of
vibration as in a Duffing oscillator. In the present case, those
frequencies are at integer multiples or harmonics of the natu-
ral frequency and each of these frequencies has an indepen-
dent amplitude.

Secondly, the single frequency of the sinusoidal oscillator
remains constant in time. A nonlinear oscillator outputs a
waveform that has a varying frequency based on amplitude.
In accordance with a third difference, the decay in amplitude
of the single frequency of a damped harmonic oscillator
describes a single function that is directly related to the total
damping on that oscillator. The decay in amplitude of each of
the frequency components in a nonlinear oscillator describes
several independent functions which are not all directly
related to the total damping on the oscillator.

Finally, the phase of the sinusoidal waveform output from
alinear sinusoidal oscillator remains constant independent of
amplitude. In accordance with present technology, however,
the phases and amplitudes of each of the frequency compo-
nents of a nonlinear oscillator change with the total mechani-
cal amplitude and with respect to one another. These changes
in phase can be described as independent functions of each
frequency phase.

Taken as a whole, for any system, a perfectly sinusoidal
oscillator output waveform consists of an amplitude, single
frequency, and phase, all of which are directly related to one
number, i.e., the total damping on that system. The output
waveform of a nonlinear oscillator, on the other hand, can be
broken down into several components which can be thought
of as a measurement of several numbers which are indepen-
dent of one another. These numbers correspond to the ampli-
tudes or amplitude functions of each of the frequencies or
harmonics considered independently or with respect to one
another; the phases or phase functions of each of the frequen-
cies or harmonics considered independently or with respect to
each other; and the change in frequency of each of the fre-
quencies or harmonics as a function of amplitude. This
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embodiment of the present subject matter takes advantage of
these multiple data points to obtain improved resolution with
respect to monitored systems.

It should be appreciated that the various embodiments of
the present technology may be implemented and employed to
determine characteristics of known environments whereby
libraries of measurements obtained through the use of present
technology may then be used to evaluate unknown environ-
ments.

The various embodiments of the present subject matter
may be more clearly understood with reference to the
Examples, below. All measurements in all Examples were
performed in air under ambient conditions unless otherwise
noted.

EXAMPLE 1

A system similar to thatillustrated in FIG. 1 was developed
including a silicon micro-cantilever approximately 100 um in
length. A modulated ac charge was applied to the counter
electrode at varying frequencies. The signal generated at the
cantilever was analyzed at a lock-in amplifier using the sec-
ond harmonic where both amplitude and phase were deter-
mined. Results are illustrated in FIG. 2. As can be seen, the
resonant frequency can be clearly recognized by both an
increase in frequency amplitude and phase shift.

EXAMPLE 2

A system such as that illustrated in FIG. 1 was constructed
utilizing a commercially available tipless aluminum coated
silicon cantilever with known fundamental modes (300 um
long, 35 pm wide, and 2 pm thick, available from MikroM-
asch) that was placed in parallel arrangement with a counter
electrode, as shown in FIG. 3. In separate runs, the lock-in
amplifier was set to measure the driving frequency, the second
harmonic, and the third harmonic, respectively. The results
are shown in FIG. 4, lines 200, 202, 204, respectively. As can
be seen, when the lock-in was set to measure at the driving
frequency, the weak signal generated from the movement of
the cantilever at resonance was measured as a small peak
riding the broad signal present, due to the parasitic capaci-
tance. In addition, and as expected, the baseline when looking
for the 1°* harmonic gradually increased with the frequency.
Although there was a response at the resonant frequency, the
signal to noise ratio (S/N) was very small. When this signal
was instead detected at the second harmonic, the signal stem-
ming from the parasitic capacitance was avoided, which per-
mitted the detection of the resonant frequency (w,) with a
superior S/N. Weak peaks present between /2 and w, were
believed to be due to residual electrical pick-up, as they did
not respond to changes in the applied ac or dc voltage. In
addition, it was found that measuring in the 3" harmonic a
higher Q-value was obtained than when measuring in the
second. Accordingly, in some embodiments of the disclosed
invention, it may be preferred to detect the resonant frequency
of the cantilever via the 3"/ or even higher harmonics.

FIG. 5 compares the resonant frequency obtained for a
similar micro-cantilever system (cantilever dimensions were
90 um long, 35 um wide, and 2 um thick) according to the
disclosed methods to that determined from a well established
optical technique which is routinely used utilizing an atomic
force microscope (Veeco di-CP II). The agreement between
the measurements is a further indication of the efficacy of the
presently disclosed techniques. The small differences in the
resonant frequencies are attributed to differences in the exci-
tation methods (piezoelectric vs. the disclosed direct meth-
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ods). A quality factor Q=200 was obtained for the 2" har-
monic detection of the fundamental mode frequency.

As can be seen, with reference to the Figures, the cantilever
also vibrated when the oscillator applied a signal with fre-
quency w=m_/2. When the resonance spectrum was obtained
with the AFM, the excitation was applied by a piezoelectric
source, and hence no peak at w_/2 was seen. As expected, the
1°* harmonic signal was small, and the 2"¢ and 3"% harmonic
signals gave a clear indication of the resonance.

In a separate measurement, the resonance spectrum and
phase for a similar silicon micro-cantilever (110 pm long, 35
um wide, 2 pm thick) was determined according to the present
process. FIG. 6 shows that the amplitude peak is accompanied
by a phase change of ~130°. It should be emphasized that
according to the presently disclosed methods, the amplitude
and phase can be determined simultaneously. The inset of
FIG. 6 illustrates the weak dependence between the natural
resonant frequency of the system and the applied ac voltage.
This softening is believed to be due to a decrease in the
effective spring constant of the system induced by the applied
voltage.

EXAMPLE 3

The resonant frequency and phase for a cantilevered
MWNT was determined. A MWNT (7 um in length, 50 nm in
diameter) was mounted on a sharpened gold-coated tungsten
probe and manipulated ~1 um away from and parallel to the
same gold-coated tungsten counter electrode used for
Example 2. The MWNTs used in this study were grown by a
chemical vapor deposition method (as further described in
“Gaillard, J., Skove, M. J. & Rao, App. Phys. Lett. 86,
233109-233109-3 (2005)” incorporated herein by reference)
utilizing a two-stage thermal CVD reactor consisting of a
low-temperature (~200° C.) preheater followed by a higher-
temperature furnace (~750° C.). Typical flow rates of the
gases are 200 sccm (standard cubic centimeters per minute)
for hydrogen and 675 sccm for Ar. In particular, the MWNTs
were prepared from a catalytic decomposition of a trimethy-
lamaine [(CH,),N]-ferrocene (TMA/ferrocene) mixture. The
MWNTs were determined to have an average diameter of ~50
nm. FIG. 7 is a dark field image of a MWNT cantilever in
parallel arrangement with the counter electrode. FIG. 8 dis-
plays typical frequency (line 300) and phase (line 305) spec-
tra obtained for the MWNTs when the system was set to
ascertain the presence of the second harmonic of the drive
signal in the generated signal. For comparison, the resonance
spectrum was also collected in the absence of the MWNT for
the same tungsten probe geometry (FIG. 8, line 310). Similar
to the Si micro-cantilever of Example 2, an accompanying
change in phase of about 50° was observed. This phase
change value is reasonable due to the presence of noise.

EXAMPLE 4

The harmonic charge modulation detection regime of the
present invention was used to measure the mechanical reso-
nance of a single MWNT. A system similar to that shown in
FIG. 1 was utilized in which the cantilever was a MWNT
placed on a sharpened gold-coated tungsten probe tip. A
similar probe tip was used as the counter electrode and
aligned with the MWNT in a tip-to-tip arrangement as shown
in FIG. 9. The alignment of the MWNT with the counter
electrode was monitored using a dark field optical micro-
scope (Nikon Epiphot 200) equipped with a digital camera
(MOTICAM 1000). Both an ac voltage and a dc voltage were
used to induce charge on the MWNT. The modulated charge
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on the MWNT was detected and amplified by a low noise
charge amplifier (Amptek A250). The output signal of the
LNA was detected using a lock-in amplifier set for 2" har-
monic detection. A computerized data acquisition system
collected the excitation frequency provided by the signal
generator, as well as the amplitude and phase of the LNA
output signal as measured by the lock-in amplifier.

FIG. 10 shows the resonance spectra (phase line 100,
amplitude line 110) obtained for a TMA/ferrocene CVD
grown MWNT with length of 10 um, inner diameter 17 nm,
and outer diameter 57 nm. The initial gap distance
(V,=V ;=0) was estimated to be about 200 nm. As can be
seen with reference to the Figure, line 100 shows an associ-
ated 160° change in phase at resonance. The maximum ampli-
tude and phase change occurred when the exitation frequency
reached 2.420 MHz, which, in this case, was the resonance at
the second mode of vibration, as the lock-in was set for the 27
harmonic detection. For comparison, amplitude (line 115)
and phase (line 105) signals were obtained for the same
geometry of the electrodes in the absence of the MWNT. As
can be seen, no noticeable changes in the traces for the ampli-
tude and phase can be discerned in the frequency range
between 2.250 to 2.550 MHz when the MWNT was absent.

EXAMPLE 5

The system of Example 4 was utilized, but with a gap
distance between the MWNT tip and the counter electrode tip
greater than that of Example 4. The second gap distance was
estimated to be less than about 400 nm.

FIG. 11 illustrates the resonance spectra (phase line 100,
amplitude line 110) obtained for the system of Example 4
overlaid with the response of the same system at the greater
gap distance (phase line 102, amplitude line 112).

The frequency at maximum amplitude was observed to
increase with gap distance from 2.420 MHz to 2.425 MHz,
which is clear evidence for parametric excitation. In particu-
lar, the slight increase in the frequency at maximum ampli-
tude when the gap distance was increased confirms that the
data shown in FIGS. 10 and 11 corresponds to a mechanical
resonance of the cantilevered MWNT, since the increase in
the measured resonant frequency can be traced to a decrease
in the effective electrostatic forces. (As described by Sarid D.
Scanning Force Microscopy with applications to electric
magnetic and atomic forces” Oxford University Press: New
York Oxford, 1991.) In addition, the phase change remains
constant with increase in gap distance, as would be expected,
and the quality factor Q decreased from 37 to 31 when the gap
was increased.

The Young’s modulus, Y, for the MWNT was also com-
puted from the data using a multi-step procedure.

For a MWNT clamped at one end, the frequency of the i”*
mode of vibration is given by:

_B1

B 1 [D+DhyY
T 8n12 o ?

where L is the tube length, D, and D, are the outer and inner
tube diameters respectively. p is the density of the MWNT
and the p,”s were determined from the boundary conditions to
be (3,=1.875; 3,=4.694; ,=7.855. According to the present
invention, it is possible to measure the bending modulus of
the nanotube. Moreover, as long as the nanotube does not
change its geometry by buckling or any other such deforma-
tion, the bending modulus will be equal to the Young’s modu-
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lus. (For additional discussion, see “Gaillard, J., Skove, M. J.
& Rao, App. Phys. Lett. 86, 233109-233109-3 (2005)” pre-
viously incorporated herein by reference.) The geometric
parameters for the MWNT investigated here were determined
from SEM images to be: L=10 um, D_,=57 nm and D,=17 nm,
as described above. In addition, the density of the MWNT
was determined (via methods described by Lu Q.; Keskar G.;
CiocanR.;Larcom L.L.;Rao A. MNTOS5. Sixth International
Conference on the Science and Application of Nanotubes,
2005, Gothenburg, Sweden 426, which is incorporated herein
by reference) to be p=2100 Kg/m’.

The first three oscillation modes of the MWNT were iden-
tified from the amplitude and phase changes shown in FIGS.
10 and 11. The experimentally determined resonances were
foundat f, ,=0.339 MHz, f, =2.42 MHz and f; ,=5.31 MHz, as
shown in FIGS. 12 and 13. At each step of the multi-stop
procedure, the f,’s were computed using the equation above
starting with the measured values for D, D, and . and a range
of values for Y. Then the mean squared error (MSE) for a
particular Y was computed as:

1 )
MSE = gg(ﬁ—ﬁ»

As the inset in FIG. 12 shows, a minimum in MSE for
Y=29.6 GPa was found. The values of L and D, were then
perturbed by about +10% and the minima in MSE recom-
puted to offer assurance that the minimum was global rather
thanlocal. A comparison between experimentally determined
frequencies and computed values for Y=29.6 GPa is also
shown in FIG. 12. The average error in frequency estimation
was about ~10% (ranging from 18% for the first overtone to
3% for the second overtone). The determined value for the
Young’s modulus Y=29.6+2.9 GPa is in excellent agreement
with those reported in the literature for MWNTs with com-
parable dimensions. The quality factor for each of the three
resonances was determined to be 67, 36 and 25 for the fun-
damental and first two overtones respectively, as illustrated in
FIG. 14.

EXAMPLE 6

A gold-coated silicon microcantilever was operated in non-
linear pulse-ringdown mode in a setup in accordance with an
alternate embodiment of the present technology at the same
pressures of deuterium and helium gas. For deuterium, an
electrical waveform was acquired and approximately fitted
with a mathematical model accounting for all electrical forces
on the microcantilever. The electrical output is shown in FIG.
17. From the model, the actual mechanical waveform repre-
senting the microcantilever displacement was extracted as
illustrated in FIG. 18. The amplification of the mechanical
waveform by the electrical circuit is evident in the additional
nonlinearity in the electrical waveform. FIGS. 19A-19F show
a Fourier analysis of both the electrical and mechanical wave-
forms at the first, fourth, and tenth cycles. The electrical
amplification of the mechanical nonlinearities is evident here
as well. As the mechanical oscillation displacement ampli-
tude decreases, the frequency of each cycle increases due to
decreasing spring softening of the microcantilever as it moves
farther from the counter electrode as previously described
herein above. This effect is shown in FIG. 20.

The harmonic amplitudes (Table 1 and FIG. 21A) can be
graphed as functions of cycle with their own representative
functions. The harmonic phases (Table 2 and FIG. 21B) can
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also be graphed as functions of cycle with their own repre-
sentative functions. Along with the frequency shiftin FIG. 20,
these graphs represent all the independent numbers that com-
prise the mechanical output waveform from a nonlinearly
vibrating cantilever such as described in accordance with an
alternate embodiment of the present subject matter.

TABLE 1
Helium harmonic amplitudes as a function of cycle.
1st 2nd 3rd
Harmonic Harmonic Harmonic

(db) (db) (db)
Cycle 1 54.277 24.570 8.073
Cycle 2 53.070 21.171 7.186
Cycle 3 51.899 18.795 6.289
Cycle 4 50.738 16.852 5.136
Cycle 5 49.590 15.192 4.339
Cycle 6 48.435 13.565 2.797
Cycle 7 47.284 12.111 1.658
Cycle 8 46.136 10.741 0.620
Cycle 9 45.006 9.370 -0.384
Cycle 10 43.847 8.157 -1.378

TABLE 2
Helium harmonic phases as a function of cycle.
He 1st He 2nd He 3rd
Harmonic (db) Harmonic (db) Harmonic (db)

Cycle 1 94.6 3.8 22.1

Cycle 2 93.9 4.0 13.8

Cycle 3 93.4 6.5 16.1

It will be appreciated that the foregoing examples, given
for purposes of illustration, are not to be construed as limiting
the scope of this invention. Although only a few exemplary
embodiments of this invention have been described in detail
above, those skilled in the art will readily appreciate that
many modifications are possible in the exemplary embodi-
ments without materially departing from the novel teachings
and advantages of this invention. Accordingly, all such modi-
fications are intended to be included within the scope of this
invention. Further, it is recognized that many embodiments
may be conceived that do not achieve all of the advantages of
some embodiments, yet the absence of a particular advantage
shall not be construed to necessarily mean that such an
embodiment is outside the scope of the present invention.

What is claimed is:
1. A method of determining characteristics within an envi-
ronment, comprising:

providing an at least semi-conductive element;

locating a counter electrode a predetermined distance from
the element such that the element and the counter elec-
trode are in a non-contacting relationship;

locating the at least semi-conductive element and the
counter electrode within an environment;

inducing an electrostatic force on the element by applying
a first electrical signal, composed of an AC waveform
and a DC component, between the counter electrode and
the element, the AC waveform being applied in a pulsed
ring-down mode having an on state and an off state, the
element being allowed to freely oscillate in a non-linear
field resulting from the DC component of the first elec-
trical signal during the off state of the AC waveform;

generating a second electrical signal in response to changes
in distance between the counter electrode and element
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based on movement influenced by the induced electro-
static force and the environment; and

examining the waveform of the second electrical signal
during the off state of the AC waveform to analyze time
dependent variations in frequency, amplitude, or phase
of non-linear oscillations and their harmonics within the
second electrical signal.

2. The method according to claim 1, wherein the element is

a single-clamped or doubly clamped cantilever.

3. The method according to claim 1, wherein the element
comprises a carbon-based nanostructure.

4. The method according to claim 1, wherein the second
electrical signal is examined to ascertain characteristics of the
element and its environment.

5. The method according to claim 1, further comprising:

introducing one or more chemical species into the environ-
ment,

wherein the second electrical signal is examined to ascer-
tain characteristics of the one or more chemical species.

6. The method according to claim 1, wherein the method is
carried out at ambient conditions.

7. The method according to claim 1, further comprising
interacting a chemical species with the element, wherein said
interaction changes a characteristic of the element.

8. The method according to claim 7, wherein the interac-
tion is adsorption of the species on to the element.

9. The method according to claim 1, wherein examining the
second electrical signal comprises examining the substantial
entirety of the time domain waveform ofthe second electrical
signal directly to analyze time dependant variations in fre-
quency, amplitude, and phase of non-linear oscillations and
their harmonics within the second electrical signal, or by
comparing the time domain waveform with a computer simu-
lation of the time domain waveform.

10. The method according to claim 1, wherein said second
electrical signal is generated by the change in voltage pro-
duced by the oscillatory change in capacitance between the
counter electrode and the element.

11. An electrical device comprising:

an at least semi-conductive element;

a counter electrode located a predetermined distance from
the element such that the element and the counter elec-
trode are in a non-contact mode;

a signal generator for applying a first electrical signal
between the element and the counter electrode to induce
an electrostatic force on the element, the first electrical
signal composed of an AC waveform and a DC compo-
nent, the AC waveform being applied in a pulsed ring-
down mode having an on state and an off state, the
element being allowed to freely oscillate in a non-linear
field resulting from the DC component of the first elec-
trical signal during the off state of the AC waveform; and

a signal processor for examining a second electrical signal
generated based on changes in distance between the
element and the counter electrode in response to the
induced electrostatic force, and forces in the environ-
ment,

wherein the signal processor is configured to examine the
waveform of the second electrical signal during the off
state of the AC waveform to analyze time dependent
variations in frequency, amplitude, or phase of non-
linear oscillations and their harmonics within the second
electrical signal.

12. The electrical device of claim 11, wherein the element

and the counter electrode are in a parallel arrangement.
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13. The electrical device of claim 11, wherein the element
and the counter electrode are in a tip-to-tip arrangement.

14. The electrical device of claim 11, wherein the element
is a single-clamped cantilever.

15. The electrical device of claim 11, wherein the element
is a double-clamped beam.

16. The electrical device of claim 11, wherein the element
comprises a carbon-based nanostructure.

17. The electrical device of claim 11, further comprising a
stage for location of a species, wherein interaction of the
species with the element alters characteristics of the element.

18. The electrical device of claim 11, wherein the device is
an atomic force microscope.
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19. The electrical device of claim 11, wherein the signal
processor is configured to examine the second electrical sig-
nal by examining the substantial entirety of the time domain
waveform of the second electrical signal directly to analyze
time dependant variations in frequency, amplitude, and phase
of non-linear oscillations and their harmonics within the sec-
ond electrical signal, or by comparing the time domain wave-
form with a computer simulation of the time domain wave-
form.

20. The electrical device of claim 11, wherein said second
signal is generated by the change in voltage produced by the
oscillatory change in capacitance between the counter elec-
trode and the element.

#* #* #* #* #*
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