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Microfabricated cantilever beams promise to bring about a revolution in the field of chemical, phys-
ical, and biological sensor development. The resonance frequency of a microfabricated cantilever
shifts sensitively because of mass loading from molecular adsorption. The minimum detectable
adsorbed mass on a cantilever sensor can be increased by orders of magnitude by changing the
dimensions of the device; smaller and thicker cantilevers offer higher resonance frequency and
therefore better mass detection sensitivity. Here we describe micromachined silicon cantilevers that
are 0.5 to 4 um in length, fabricated with the use of a focused ion beam (FIB). In addition, we
demonstrate a technique for detection of the cantilever resonance frequency that is based on elec-

tron transfer.
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1. INTRODUCTION

Microfabricated cantilever beams are a focus of recent
interest because of their potential use as physical, chem-
ical, and biological sensors.'”* Microcantilevers are the
simplest micro-electro-mechanical systems (MEMS) that
can easily be micromachined and mass produced. A
plethora of physical, chemical, and biological sensors
based on the microcantilever sensor platform have been
demonstrated.' Cantilever-based sensors can be based
on adsorption-induced resonance frequency shifts or can-
tilever bending. The resonance frequency of a microcan-
tilever varies sensitively as a function of mass loading
due to molecular adsorption.* In addition, if the can-
tilever surfaces are chemically different the cantilever
undergoes bending due to adsorption-induced changes
in surface stress. Although many cantilever sensors take
advantage of adsorption-induced bending as the transduc-
tion method, an approach based on resonance frequency
shifts can potentially provide ultimate sensitivity for the
detection of a single molecule. The resonance frequency
shifts and bending of a cantilever can be measured with
high precision with different readout techniques, such
as optical beam deflection, variations in piezoresistiv-
ity, capacitance, and piezoelectric properties. One great
advantage of cantilever-based sensors is that four reso-
nance response parameters (resonance frequency, phase,
amplitude, and Q-factor) can be measured simultaneously.
Moreover, cantilever sensors can operate under liquid
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environments. Therefore, microfabricated cantilevers can
provide the basis for a universal platform for real-time,
in situ measurement and determination of physical, chem-
ical, and biochemical properties.

The sensitivity of the cantilever bending increases as
the spring constant of the cantilever is reduced. There-
fore, longer cantilevers with very small spring constants
are attractive for use with the adsorption-bending method.
However, thermal motion of the cantilever severely limits
the extent to which the spring constant of the cantilever
can be reduced. On the other hand, the sensitivity of the
resonance frequency shifts-based approach increases as
a function of frequency of operation. Therefore, shorter,
higher frequency cantilevers are more suitable for increas-
ing the detection limit of an approach that takes advantage
of frequency shifts. Therefore, cantilever sensors with
extremely high sensitivity can be fabricated by simply
reducing the cantilever dimensions. These cantilevers with
reduced sizes belong to a class known as nano-electro-
mechanical systems (NEMS).*® Reducing the dimension
increases energy efficiency, time response, and sensitiv-
ity. However, decreasing the cantilever size results in
increased difficulties in fabrication as well as in monitor-
ing the cantilever response.”!°

In this work we report on our demonstration of
nanocantilevers fabricated by a focused ion beam (FIB)
technique.!! We also point out that conventional detection
techniques such as optical beam deflection are not suitable
for signal transduction when cantilever length is reduced
below tens of micrometers. To overcome this challenge
we have developed a novel transduction method based
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on electron transfer that is ideally suited for the detec-
tion of nanocantilever motion. As an electrically floating
cantilever vibrates between two biased electrodes, a cur-
rent flows through the system because of charge transfer
between the electrodes through the floating cantilever. The
basic concept of charge transport is similar to electrostatic
charge shuttle demonstrated by Tuominen et al.'?

For a rectangular cantilever, the spring constant for ver-
tical deflection is given by!3
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where E is the modulus of elasticity for the composing
material and w, ¢, and L are the width, thickness, and
length of the beam, respectively. Assuming the contribu-
tion from variation in the spring constant is small, a mass

dependence of the fundamental frequency can be writ-
ten as
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where p is the density of the cantilever material and m*
is the effective mass of the cantilever. The effective mass
can be related to the mass of the beam, m,, through the
relation m* = nm,, where n is a unitless geometric param-
eter. For a rectangular cantilever, n has a typical value
of 0.24. The mass of the adsorbed material can be deter-
mined from the initial and final resonance frequency and
the initial mass of the cantilever as

(flz_fzz) — 6_m (3)
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where f; and f, are the initial and final frequencies,
respectively, and ém and m are the adsorbed mass and
initial mass of the cantilever, respectively. If the adsorp-
tion is confined to the free end of the cantilever, Eq. (3)
needs to be modified appropriately to take into account
the effective mass of the cantilever.
The mass sensitivity of a cantilever sensor can be writ-
ten as
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where Am and dm are normalized to the active sensor
area of the device (Am = ém/A, where A is the area of
the cantilever). As can be seen from the expression in
Eq. (4), the sensitivity is the fractional change of the res-
onant frequency of the structure with the addition of mass
to the sensor. When this definition is applied to the case of
the cantilever sensor, the sensitivity can be expressed as

1
=

where p and ¢ are the density and the thickness of the
cantilever, respectively. As mass is added uniformly to a
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cantilever, its resonance frequency decreases as a function
of adsorbed mass. Note that the sensitivity of a cantilever
sensor depends only on its thickness and material density.

Another characterization parameter of a cantilever sen-
sor is its minimum detection mass density. The minimum
detectable mass density can be obtained by rearranging
Eq. (4) and Eq. (5) as

Af min
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where Am_,., Af. .. are the minimum detectable mass
density and minimum detectable frequency change,
respectively. Typically, minimum detectable mass density
values are experimentally quoted results due to specifics
of the sensor as well as the frequency detection limitations
determining Af, . . Therefore, by changing the physical
dimension of a cantilever one can increase its detection
limits by many orders of magnitude.

2. EXPERIMENTAL DETAILS
2.1. Nanocantilever Fabrication

We have fabricated cantilevers that are 0.8 to 2 wm in
length, 50 to 500 nm in width, and 25 to 100 nm in thick-
ness, using an FIB technique. The array shown in Figure 1
has cantilevers 1000 nm in length, 250 nm in width, and
50 nm in thickness. The FIB (model FIB 200 manufac-
tured by FEI) used for fabricating cantilevers delivers a
Ga ion beam at 30 keV. The starting surfaces for fabri-
cating cantilevers were single-crystal Si membranes with
an initial thickness of 10 wm. Prior to cantilever fabri-
cation we used the FIB to reduce the thickness of the
Si membrane (down to a few micrometers), which pro-
vided us a region in which to fabricate cantilevers with
small dimensions. We also used commercially available

Fig. 1. An ion micrograph of an array of nanocantilevers fabricated
from commercially available microcantilevers with the use of a focused
ion beam.
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V-shaped silicon microcantilevers (Thermomicroscopes,
Sunnyvale, CA) as a starting substrate for nanocantilever
fabrication. Typical dimensions of the commercial can-
tilevers were 100-um length, 20-um width, and 1-um
thickness. Examples of such nanocantilever arrays fabri-
cated from commercially available microcantilevers are
shown in Figure 1. The calculated resonance frequency
of a rectangular Si cantilever with these dimensions is
265 MHz."3

2.2. Nanocantilever Measurements

Optical detection of cantilever motion of nanocantilevers
and nanocantilever arrays at their resonance frequency
was found to be difficult because of the reduced reflec-
tion (scattered) signal from the cantilever surface. To
overcome the problems associated with resonance fre-
quency detection we have developed a novel detection
method using electron transfer between cantilever and the
two fixed electrode structures. With the use of an FIB
this technique can be used to nanofabricate devices from
different materials and is not limited to Si.'* The can-
tilever and the associated electrode system were fabri-
cated monolithically with the use of an FIB. A schematic
and a scanning micrograph of the monolithic cantilever
and detection system are shown in Figures 2 and 3. The
length of the cantilever was 4.5 um and the thickness
of the cantilever was 0.5 wm. This type of geometry
allowed in-plane motion of the cantilever. The motion of
the cantilever was in the plane of the image. The micro-
graph shows the thickness of the cantilever. Two elec-
trodes (labeled as source and drain) were micromachined
in such a way that the cantilever can oscillate between
these two structures. The source and drain electrodes were
equidistant from the cantilever beam. The separation dis-
tance between the cantilever and the source and drain
was approximately 50 nm. All three components, can-
tilever (gate), source, and drain, were electrically isolated

Drain
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Fig. 2. Schematic of an electron transfer readout technique for can-
tilever motion response detection. A bias voltage is applied between the
source and drain electrode. A nanocantilever acting as a gate is used to
shuttle electrons between the source and drain.

Fig. 3. An ion micrograph of a nanocantilever with a readout system
fabricated from single-crystal silicon with an FIB. The cantilever “gate”
was actuated acoustically and had a resonance frequency of 5.2 MHz.

from each other. The nanocantilever was excited into res-
onance with the use of an acoustic excitation source. The
source and drain electrodes were electrically biased, and
the current flowing through the system was measured with
a picoammeter. All measurements were performed under
ambient conditions.

3. RESULTS AND DISCUSSION

We studied the motion of the nanofabricated cantilevers
with the experimental set-up described above (see Fig. 2).
When a bias voltage was applied between the source and
drain electrodes, no electron current flowed through the
system under d.c. voltage because of the air gap between
the cantilever and the two electrodes. It is possible that
when the system is biased with a d.c. the cantilever can
bend because of applied electrostatic force. However, such
cantilever bending due to electrostatic force was too small
to cause the cantilever to bend enough and make con-
tact with the electrodes. Moreover, since d.c. bias voltage
is used, no displacement current flowed through the sys-
tem. As the cantilever was excited into resonance (using
an acoustic source), the oscillatory motion caused the
cantilever to make electrical contact with the source and
the drain electrode. Electron charge was transferred to
the electrically floating cantilever “gate” when the can-
tilever made contact with the source electrode. The elec-
tron charge on the cantilever was subsequently transferred
to the drain electrode as the cantilever oscillated in the
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Fig. 4. Electron current measured as a function of frequency. The
nanocantilever gate was actuated acoustically around its first harmonic
resonance, and the effective electron transport was monitored for an
applied bias of 500 mV.

opposite direction and made contact with the drain elec-
trode. As the cantilever made intermittent alternating con-
tact with the source and the drain electrodes, electrical
charge was transferred from the source to the drain elec-
trode, causing a net electron current to flow through the
system.

The applied bias voltage between the source and the
drain electrode was 500 mV. When the cantilever was
acoustically excited the current through the circuit exhib-
ited a peak at 5.2 MHz (see Fig. 4). At resonance the
acoustic frequency used for cantilever excitation matches
the natural frequency of the cantilever. In Figure 4 we
show the electron current through the system, measured
with a picoammeter, as a function of the acoustic fre-
quency that excited the cantilever into motion. From the
data in Figure 4 it appears that at resonance the electron
current increases to 7 pA against the noise floor of 1.7 pA.
The mechanical Q-factor of the cantilever was calculated
to be around 10 when the device was operated in air. The
Q-factor can be increased by an order of magnitude in a
He gas environment; when the cantilever oscillates in a
low-viscosity medium such as He, oscillation damping is
reduced. At the resonance frequency the measured elec-
tron current was approximately 7 pA.

The flow of electron current between the source and
drain electrodes facilitated by the cantilever motion can
be understood as follows. As the cantilever comes in con-
tact with the energized source electrode, the cantilever
will pick up charge g, either by electron tunneling or by
physical contact. This charge will then be transferred to
the drain electrode as the cantilever oscillates and makes
contact with the drain electrode. The total current due to
electron transfer can be expressed as

i =2nef @)

where n is the number of charge quanta (electrons) trans-
ferred to the cantilever, e is the electronic charge, and f is
the excitation frequency. From the data presented in Fig-
ure 4 we obtain a value of n =15 at resonance and n =1 at
frequencies far from resonance. These values correspond
to 1.7 pA noise current and 7 pA current at resonance,
respectively.

From the physical dimensions of the Si nanocantilever,
a cantilever mass of 107" g can be calculated. If the
resonance frequency can be measured with a resolution of
100 Hz, the minimum detection limit for adsorbed mass
can be calculated as 107! g at a resonance frequency of
5.2 MHz. This detection limit is ample to detect changes
in adsorbed mass due to a single biomolecule of a large
protein or a DNA strand of 50-nm length. The detection
limit can be further improved by increasing the Q-factor
of the cantilever. The Q-factor can possibly be amplified
by a feedback system, which was demonstrated for optical
signal transduction.!3- 16

Compared to currently used signal transduction meth-
ods, electron transfer by a cantilever system is ide-
ally suited for NEMS nanocantilevers. Conventional tech-
niques of measuring the resonance frequency, such as
optical beam deflection, fall short when applied to micro-
machined nanocantilevers. In optical beam deflection the
cantilever motion is measured by reflecting a laser diode
off the free end of a cantilever into a position-sensitive
detector. The shortcomings of optical techniques are due
simply to lack of sufficient reflected (or scattered) optical
signal from the cantilever beam. Optical beam deflection
is extremely sensitive when used for cantilevers that are
50 um to a few hundreds of micrometers long, whereas
electron transfer signal transduction is extremely sensitive
for cantilevers that are a few hundred nanometers to a few
microns in length.

The applicability of electron transfer signal transduc-
tion for aqueous environments is extremely challenging.
The presence of electro-active ions in the water can cause
a large Faraday leakage current that can overwhelm the
electron transfer signal. The leakage current, however, can
be significantly reduced with proper insulation, reduced
bias voltage, and reduced number of charge carriers in the
solution. However, this technique may be applicable for
biosensors that can be operated in a humid atmosphere.

4. CONCLUSIONS

In conclusion, we have described an integrated nanocan-
tilever and a cantilever response detection system fabri-
cated from single-crystal silicon wafers with the use of
a FIB. The signal transduction is based on charge trans-
port from a source to a drain electrode facilitated by
an acoustically driven, electrically floating nanocantilever.
The electron transfer signal transduction is simple and
compatible with MEMS/NEMS fabrication. Optimized
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nanocantilevers can be used as chemical and biological
sensors with single-molecule sensitivity. Moreover, quan-
tized electron transport with a nanocantilever offers a
novel path for the development of a new sensor paradigm
based on electron transport. Furthermore, electron trans-
fer current as a function of bias voltage may provide a
wealth of information on quantized charge transport.

Acknowledgments: We acknowledge support from the
Department of Energy and the National Science Founda-
tion. This work was supported by the Laboratory Direc-
tor’s Research and Development Program of Oak Ridge
National Laboratory. Oak Ridge National Laboratory is
operated for the U.S. Department of Energy by UT-
Battelle under contract DE-AC05-960R22464 .

References and Notes

1. T. Thundat, R. J. Warmack, G. Y. Chen, and D. P. Allison, Appl.
Phys. Lett. 64, 2894 (1994).

2. T. Thundat, E. A. Wachter, S. L. Sharp, and R. J. Warmack, Appl.
Phys. Lett. 66, 1695 (1995).

3. T. Thundat, G. Y. Chen, R. J. Warmack, D. P. Allison, and
E. A. Wachter, Anal. Chem. 67, 519 (1995).

10.

11.

12.

13.

14.

15.

16.

G. Abadal, Z. J. Davis, B. Helbo, X. Borrise, R. Ruiz, A. Boisen,
F. Campabadal, J. Esteve, E. Figureas, F. Perez-Murano, and
N. Barniol, Nanotechnology 12, 100 (2001).

Z. J. Davis, G. Abadal, O. Kuhn, O. Halnsen, F. Grey, and
A. Boisen, J. Vac. Sci. Technol., B 18, 612 (2000).

Y. T. Yang, K. L. Ekinci, X. M. H. Huang, L. M. Schiavone,
M. L. Roukes, C. A. Zorman, and M. Mehregany, Appl. Phys. Lett.
78, 162 (2001).

A. Olkhovets, S. Evoy, D. W. Carr, J. M. Parpia, and H. G. Craig-
head, J. Vac. Sci. Technol., B 18, 3549 (2000).

D. W. Carr, L. Sekaric, and H. G. Craighead, J. Vac. Sci. Technol.,
B 16, 3821 (1998).

A. N. Cleland and M. L. Roukes, Appl. Phys. Lett. 69, 2653 (1996).
A. Kraus, A. Erbe, and R. H. Blick, Appl. Phys. Lett. 79, 3521
(2001).

J. McCarthy, Z. Pei, M. Becker, and D. Attridge, Thin Solid Films
358, 146 (2000).

M. T. Tuominen, R. V. Krotkov, and M. L. Breuer, Phys. Rev. Lett.
83, 3025 (1999).

G. Y. Chen, T. Thundat, E. A. Wachter, and R. J. Warmack, J. Appl.
Phys. 77, 3618 (1995).

W. C. Young and R. G. Budynas, Roark’s Formulas for Stress and
Strain, McGraw-Hill, New York (2002).

A. Mehta, S. Cherian, D. Hedden, and T. Thundat, Appl. Phys. Lett.
78, 1637 (2001).

J. Tamayo, A. D. L., and M. J. Miles, Appl. Phys. Lett. 77, 582
(2000).

Received: 7 December 2001. Revised/Accepted: 15 February 2002.

3710114V HOHV3S3d

373



