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Electromechanical devices are rapidly being miniaturized, following the
trend in commercial transistor electronics. Miniature electromechanical
devices—now with dimensions in the deep sub-micrometer range—are
envisioned for a variety of applications as well as for accessing interesting
regimes in fundamental physics. Among the most important technological
challenges in the operation of these nanoelectromechanical systems (NEMS)
are the actuation and detection of their sub-nanometer displacements at high
frequencies. In this Review, we shall focus on this most central concern in
NEMS technology: realization of electromechanical transducers at the
nanoscale. The currently available techniques to actuate and detect NEMS
motion are introduced, and the accuracy, bandwidth, and robustness of these
techniques are discussed.

1. Introduction

The terms “actuator”, “sensor”, and “transducer” are
widely used in the description of measurement systems—
sometimes interchangeably.[1] In the broadest sense, a trans-
ducer receives energy from one system and transmits this
energy to another system, often in a different form. A
sensor monitors a system; it responds to physical stimuli,
such as heat, light, pressure, or motion, and generates an
electronic impulse for detection. An actuator, on the other
hand, imposes a state upon a system. Most commonly, this

involves converting an input electrical impulse into motion.
Thus, actuators and sensors are both transducers intended
for different tasks. In accord with these general definitions,
an electromechanical transducer converts electrical energy
into mechanical energy, and vice versa.
An electromechanical system refers to a mechanical ele-

ment coupled to electronic circuits via electromechanical
transducers. Figure 1 illustrates a generic electromechanical
device. The input transducer takes electrical signals from
the input circuit and provides mechanical stimuli to the me-
chanical system; this is generally referred to as actuation.
The response of the mechanical element—namely, its
motion or displacement—is sensed by the output transducer,
which generates electrical signals in the output circuit.
These electrical signals in the form of currents and voltages
can subsequently be measured. The overall purpose of this
conversion of energy back and forth between the mechani-
cal and electrical domains may be to accomplish a mechani-
cal task in a controllable manner.
Electromechanical devices are ubiquitous in our daily

lives in the form of loudspeakers, dishwashers, robot arms—
the list goes on. Less familiar are the microscopic electro-
mechanical systems that researchers have long been fashion-
ing using the materials and processes of microelectronics.
These micromechanical elements—beams, cantilevers, gears,
and membranes—along with the enabling microelectronic
circuits are called microelectromechanical systems (MEMS).
MEMS perform a variety of tasks in present day technology,
such as opening and closing valves, turning mirrors, and reg-
ulating electric current flow.
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Fax: (+1)617-353-5866
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Figure 1. An electromechanical system: The input circuit actuates
motion in the mechanical element via the input electromechanical
transducer. The response of the mechanical element is transduced
into measurable electrical impulses via the output transducers. Both
transducers shown have electrical and mechanical ports.
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With microelectronics technology now pushing deep into
the sub-micrometer size regime, a concerted effort has sur-
faced to realize even smaller electromechanical systems:
nanoelectromechanical systems (NEMS).[2–4] Figure 2 shows

silicon NEMS recently fabricated in the author3s laboratory.
These are doubly clamped beams operated in their funda-
mental flexural resonant modes (inset)—much like simple
tuning forks. In this size regime, NEMS offer access to fre-
quencies in the microwaves,[5] and mechanical quality (Q)

factors in the tens of thousands[6] with active masses in the
picograms.[7] This set of attributes translates into potentiali-
ties for a wide range of applications. Recent demonstrations
of NEMS-based nanomechanical electrometry,[8] signal proc-
essing,[9,10] and mass detection[7,11–13] have attracted much at-
tention.
In this Review, we shall focus on arguably the most cen-

tral concern in NEMS technology: realization of electro-
mechanical transducers at the nanoscale. We shall introduce
the currently available techniques to actuate and detect
NEMS motion. There will also be a discussion of the accura-
cy, bandwidth, and robustness of these techniques and, in
some cases, some proposed improvements.

2. Basic Concepts

Most recent NEMS are resonant devices (see Figure 2),
where the nanomechanical element is excited in one of its
resonant modes. This mechanical element in motion is
sometimes also referred to as the “test mass”. A description
of the system as a one-dimensional damped harmonic oscil-
lator will be sufficient for our purposes here; the displace-
ment x(t) of this system follows the familiar equation

€xðtÞ þ w0

Q
_xðtÞ þ w2

0xðtÞ ¼ f ðtÞ=meff ð1Þ

Here, f(t) is the driving force, meff is the effective mass,
keff is the stiffness, and Q is the quality factor of the mode
in question. For a complicated mechanical structure, this
one-dimensional approximation remains valid in the vicinity
of a mode3s resonance frequency, as long as accurate
lumped approximations are available for meff and keff.
Most recent NEMS devices have been realized in the

doubly clamped beam geometry. For the fundamental out-
of-plane flexural mode resonance of the doubly clamped
beam (see Figure 2), the effective mass, dynamic stiffness,
and the resonance frequency are given as meff=0.735 l tw1,
keff=32Et3w/l3, and w0=2p(1.05)

ffiffiffiffiffiffiffiffiffi
E=1

p
(t/l2), respectively.[14]

Here, l? t?w are the dimensions, E is the Young3s modulus,
and 1 is the mass density of the beam. When the center of
the beam is displaced by a small distance x, the beam rough-
ly lengthens by Dl�x2/l and its cross-sectional area A
changes by DA��nwtx2/l2, where n is Poisson3s ratio for
the material. We also note that for x � t=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Qð1� n2Þ

p
, the

linear description of motion in Equation (1) begins to fail.
Having defined the essentials of the mechanical element,

we now turn to an electromechanical transducer. An elec-
tromechanical transducer is made up of an electrical port
and a mechanical port. The transducer converts the voltage
n(t) and current i(t) at its electrical port into a force f(t) and
velocity u(t) at the mechanical port, and vice versa. In this
rather general description, a 2?2 transfer matrix relates the
parameters at the electrical and mechanical ports.[15, 16] The
transfer matrix formalism has several advantages. It is
straightforward to relate the power at the electrical port to
the power at the mechanical port in terms of the matrix ele-
ments. Both an electromechanical actuator and a sensor, in

Figure 2. Scanning electron micrograph of doubly clamped NEMS
beams, surface nanomachined out of B-doped silicon-on-insulator
(SOI). The beams are patterned using electron beam lithography,
metal deposition, lift-off, and various etching techniques. These
doubly clamped beams have the following dimensions (inset):
3 mm< l<25 mm, 160 nm<w<1400 nm, t=219 nm. The fundamen-
tal out-of-plane flexural resonances of these beams were in the
15 MHz<w0

2p<60 MHz range.
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essence, can be described completely using the transfer
matrix formalism. Another advantage is that when there are
cascaded transducers, matrix multiplication suffices to pro-
duce the transfer matrix of the cascade. In some cases, how-
ever, the transfer matrix formalism might be redundant.
There are also difficulties associated with formulating the
matrix when the coupled circuits and mechanical systems
are not trivial. Here, we shall not present a matrix formal-
ism; instead, we shall focus upon the physical principles of
transduction at the nanoscale.
When evaluating the effectiveness of an electromechani-

cal transducer, it is customary to consider several key
issues:
1) The sensitivity or the resolution of the transducer is of

utmost importance. An electromechanical actuator intended
for use in a NEMS device, for instance, ought to have the
precision to apply small enough forces upon the nanome-
chanical element. On the other hand, a NEMS displacement
sensor (along with the coupled detection circuit) should
have low noise characteristics and large displacement re-
sponsivity. In most cases, this noise level will determine the
limits of the displacement sensitivity. In other cases, when
extremely low noise levels are achieved, fundamental fluctu-
ations such as the thermomechanical displacement fluctua-
tions in the mechanical element will set the operation limits.
It is customary to express the displacement sensitivity in
terms of a displacement noise with power spectral density
SX(w). The defining relation for SX(w) follows from the fact
that the rms noise power h(Dx)2i= h(x�hxi)2i can be ex-
pressed in terms of a (frequency-dependent) noise power
density as[17]

ðDxÞ2
� �

¼ 1
2p

Z1

0

SXðwÞdw ð2Þ

The brackets in the above expressions represent averag-
ing.[18] SX(w) has units of m

2Hz�1 and can be converted to a
displacement by integration over the appropriate measure-
ment bandwidth. We note that one can similarly define
power densities for the voltage noise and the current noise
in a circuit element or an amplifier.
2) A second important concept in the study of electro-

mechanical transducers is backaction. Backaction describes
the perturbation of the mechanical element by the sensor
and the output circuit during the detection. In some sense,
the displacement sensor actuates the mechanical element as
electrical impulses are generated in the output circuit. Back-
action noise, in this context, refers to the fluctuations in-
duced in the mechanical element due to the noise in the
electrical detection circuit or the transducer itself.
3) To couple into the motion of the mechanical element

in ultrafast applications, for instance, to realize an ultrafast
electromechanical system, a broad transduction bandwidth is
essential. The available bandwidth is oftentimes determined
by the coupled circuit.
4) When operating an electromechanical system, one

usually desires to actuate and detect the motion of the me-

chanical element through separate transducers. Orthogonali-
ty of actuation and detection, that is, having transducers
that strongly interact with the mechanical element, but with
only weak direct couplings to each other, is another desira-
ble property.
5) Finally, transducers that can be fabricated on the

same chip as the mechanical element are referred to as on-
chip or integrated transducers.
The mainstay electromechanical transducers in the

domain of MEMS have been realized by exploiting electro-
static,[19,20] piezoelectric,[21] piezoresistive,[22] magnetic,[23] and
optical[24,25] phenomena. In free-space optical MEMS devi-
ces, optical interferometry[26–28] and optical beam deflec-
tion[29,30] have been used efficiently. More recently, integrat-
ed micro-opto-electromechanical systems (MOEMS) have
emerged, in which light is guided in moving optical wave-
guides rather than in free space.[31–33]

As a mechanical device becomes smaller, its range of
motion diminishes in direct proportion to its size. This ne-
cessitates actuation and detection of sub-nanometer dis-
placements in most NEMS. Most transduction techniques
from the domain of MEMS quickly reach their limits when
carried over to the reduced dimensions of NEMS: some
lose sensitivity; others lack speed (bandwidth). While in
some cases stray couplings and embedding parasitic impe-
dances are to blame, in other cases the physical phenomena
of transduction is just not compatible with the reduced
length scale of NEMS.

3. Actuation of Motion in NEMS

We first turn to actuation of motion in NEMS. There are
two techniques that are used extensively: magnetomotive
and capacitive (electrostatic) actuation. There are several
other techniques that have not been fully explored, but may
be of importance for next-generation NEMS.

3.1. Magnetomotive Technique

In magnetomotive motion actuation, the Lorentz force
generated upon a current-carrying conductor in a static
magnetic field supplies the actuation force.[34] The scheme is
illustrated in Figure 3 in a doubly clamped NEMS beam.
Here, one drives an ac current at frequency w through the
beam in the presence of a strong magnetic field. Depending
upon the orientation of the nanomechanical beam element
with respect to the magnetic field, the actuation force can
be applied in the in-plane or out-of-plane direction. The
force acting upon the beam (expressed in the Fourier trans-
form domain) is F(w)= lBI(w), where I(w) is the magnitude
of the harmonic drive current, l is the length of the beam,
and B is the magnetic field strength. The harmonic displace-
ment of the center of the beam can be expressed as

XðwÞ ¼ lBIðwÞ
meff w2

0 � w2 þ iww0
Q

� � ð3Þ
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Magnetomotive actuation technique is broadband, even
in the presence of parasitic capacitances. Recently, magneto-
motive actuation of NEMS at �1 GHz has been demon-
strated by Huang et al.[5] The only drawback is the require-
ment of strong magnetic fields, which are usually generated
by using superconducting coils.

3.2. Electrostatic (Capacitive) Actuation

This technique has been carried over from the MEMS
domain. An attractive force develops between the plates of
a capacitor when the plates are charged. To realize electro-
static actuation, one usually fabricates a gate electrode in
the vicinity of the NEMS device, as shown in Figure 4. Al-
ternatively, the electrostatic potential can be applied
through the substrate. Various degrees of complexity can be
introduced in modeling capacitive actuators, as has been
done in the domain of MEMS.[35,36] In capacitive actuation,
the capacitance of the actuation gate will be in parallel with
the parasitic capacitance on the chip, which is many orders
of magnitude larger than the gate capacitance. This in effect
will reduce the efficiency of actuation at high frequencies.
Nevertheless, the work of Craighead and co-workers has
shown that electrostatic actuation in NEMS works reliably
at frequencies as high as 700 MHz.[37]

3.3. Other Techniques

Other interesting techniques of NEMS actuation have
been proposed and demonstrated, but the full potential of
these techniques is yet to be explored. Thermal actuation is
one technique that bears significant potential. In the MEMS
domain, thermal actuation has been realized by using bilay-
er structures with different thermal expansion coefficients.
The bilayer structure, when heated, is subjected to stresses
due to the differential thermal expansion between the
layers. A structure can be designed to realize actuation in a
certain mode or plane. The bandwidth of such techniques
depends upon the thermal time constant tT of the structures,

given that the structure has to cool down and return to its
initial shape before the next pulse of heat arrives. In small
structures such as NEMS, tT is small, in the 1 ps
tT
1 ns
range. This indicates that thermal actuation can be em-
ployed in small, high-frequency NEMS. The challenge is in
efficiently delivering the heat pulse to the structure. One
feasible approach is to use heating effects of radiation. A
laser pulse, for instance, is ideal for such a task.
Piezoelectricity encountered in some materials is anoth-

er unexplored phenomenon with potential in the nanoscopic
domain. A piezoelectric material responds to an externally
applied electric field by deforming—called the “inverse
effect”. Much like thermal actuation, the bandwidth of a
piezoelectric actuator depends upon the relaxation time of
the deformations after the electric field is removed. In this
respect, the RC time or the charging time of the actuation
circuit is likely to dominate rather than the microscopic re-
laxation time of the crystal. Magnetostriction, the dimen-

Figure 4. a) Electrostatic actuation in NEMS. A gate electrode is fabri-
cated near the NEMS device and a voltage is applied bias between
the gate electrode and the device. The actuation force depends non-
linearly upon the excitation voltage and will have components pres-
ent at higher harmonics. To get a large contribution at the drive fre-
quency, a voltage that has a large dc and a small ac component is
usually applied. b) A device from the author’s laboratory that has
two gates fabricated in the close proximity to a doubly clamped
beam. Scale bar=10 mm (C. C. Huang and K. L. Ekinci, unpublished
results).

Figure 3. Magnetomotive actuation scheme: The NEMS beam is
placed in a magnetic field and an ac current at frequency w is forced
through the beam by a current source. The Lorentz force generated in
the out-of-plane direction (x-axis) actuates the motion. Alternatively,
by applying a magnetic field along the x-axis, in-plane motion can be
actuated.
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sional change of a magnetic material resulting from a
change in its magnetic state, is similarly an unexplored phe-
nomenon for NEMS actuation.

4. Motion Detection

The detection of displacements at the nanoscale is a sig-
nificantly more challenging task than actuation. The minis-
cule displacement amplitudes in NEMS necessitate displace-
ment transducers with extremely high sensitivities. Given
that NEMS devices are intended for use in ultrafast applica-
tions, a large transduction bandwidth is essential. The cur-
rently available techniques are reviewed below. At the end
of this discussion, it will be clear that robust, broadband,
and sensitive displacement detection schemes for NEMS are
much needed.

4.1. Magnetomotive Technique

Cleland and Roukes introduced the magnetomotive dis-
placement detection technique[38] into the NEMS domain in
1996.[34] The scheme is based upon the presence of a uni-
form static magnetic field, through which a conducting
nanomechanical element is moved. The time-varying flux
generates an induced electromotive force (emf) in the loop,
which, in turn, can be picked up by the detection circuit.
For a doubly clamped beam (see Figure 3), the magnetomo-
tive technique generates an emf given by

n0ðtÞ ¼ xlB _xðtÞ ð4Þ

Here B is the magnetic field strength, l is the length of
the beam, and x is a geometric factor (x�0.885 for a
doubly clamped beam). As usual, x(t) is the displacement of
the midpoint of the beam; we shall assume that the beam
exhibits constant amplitude harmonic oscillations at a fre-
quency w. Given the extremely small displacements and,
hence, the small emf, one almost always uses a low-noise
amplifier to boost the signal. We illustrate the magnetomo-
tive transducer coupled to an amplifier in Figure 5. We have
used a standard amplifier model with two uncorrelated
noise sources: a voltage and a current noise source with re-
spective power spectral densities SV(w) and SI(w). In most

applications, the noise power generated in the amplifier de-
termines the displacement sensitivity as

½SXðwÞ�1=2 ¼
SVðwÞ
ðxlBwÞ2

þ SIðwÞl2B2

m2
eff w2

0 � w2ð Þ2þ w2w20
Q2

0
@

1
A
1=2

ð5Þ

Consider the two terms on the right hand side of Equa-
tion (5). The first term, namely the voltage noise in the am-
plifier, obscures the displacement as long as it is greater
than the physical displacement converted to a voltage. Re-
member that the conversion factor, that is, responsivity of
the scheme, is x lBw (see Equation (4)). The second term
has a more subtle physical interpretation: the current noise
in the amplifier flows into the NEMS beam and drives the
beam with a fluctuating force (see the discussion on magne-
tomotive actuation in Section 3.1). This adds up to the ob-
served displacement noise at the amplifier output. In this re-
spect, the current noise in the amplifier is the source of the
backaction force noise discussed above. With a modest rf
amplifier, one can achieve a displacement noise floor ap-
proaching 10�4 nmHz�1/2 for a 1 mm long beam vibrating at
1 GHz in a 10 T magnetic field.

The detection bandwidth in the magnetomotive tech-
nique will most likely be limited by the parasitic capacitan-
ces in the detection circuit. The emf develops across the
NEMS beam (see Figure 5) and hence, the source impe-
dance for the signal is the electrode resistance Re. In metal-
lized NEMS Re�100 W, which implies a detection band-
width greater than 1 GHz for a �1 pF parasitic capacitance.
There are difficulties associated with implementing the

magnetomotive detection scheme when the device is being
actuated electrically, that is, by magnetomotive or electro-
static actuation. The parasitic coupling between the input
and the output reduces the degree of orthogonality of the
actuation and detection. A solution is to implement a reflec-
tion measurement scheme.[34,39] The reflection technique, in
turn, suffers from large background signals in smaller, high-
frequency devices. A balanced bridge technique has recently
been developed to remedy some of the limitations in reflec-
tion measurements.[6]

4.2. Optical Techniques

Recently, optical interferometry techniques, in particular
path-stabilized Michelson interferometry and Fabry-Perot in-
terferometry, have been extended into the NEMS
domain.[40–44] In path-stabilized Michelson interferometry, a
tightly focused laser beam reflects from the surface of a
NEMS device in motion and interferes with a stable refer-
ence beam. In the case of Fabry-Perot interferometry, the
optical cavity formed within the sacrificial gap of the
NEMS—between the NEMS surface and the substrate—
modulates the optical signal on a photodetector as the
NEMS device moves in the out-of-plane direction. Figure 6
displays schematic diagrams of free-space optics to imple-
ment these techniques.

Figure 5. Magnetomotive displacement detection: The displacement
sensitivity in the text is estimated by assuming that the dominant
source of noise is the noise generated in the amplifier. The detection
bandwidth will be affected by the parasitic capacitance shown in
gray.
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In both of the above-described techniques, strong dif-
fraction effects emerge as the relevant NEMS dimensions
are shrunk beyond the optical wavelength used. The light
collected by the probing lens is reduced to a small fraction
of the incoming light due to strong scattering. In Figure 7, a
Gaussian-profile probe beam incident upon a sub-wave-
length NEMS is shown, along with numerical simulations of
the light scattered by the structure. This strong scattering,
coupled with the requirement that low optical power levels
must be used for probing NEMS, makes optical displace-
ment detection a relatively insensitive technique for the
smallest devices. Shot noise limited displacement sensitivi-
ties demonstrated on larger objects, such as AFM cantile-
vers,[45] are not easily achievable on NEMS.
Optical integration might offer prospects for optical dis-

placement detection in NEMS. The concept of integrated
optics has been known for over 35 years, first through the
publications of Marcatili[46] and Goell,[47] who presented a
complete method of waveguide analysis and designs for fil-
ters and waveguide bends. More recently, optically integrat-
ed MEMS, otherwise known as MOEMS, have emerged
where light is guided in moving optical waveguides, rather
than in free space.[31–33] Applications of waveguide-based
MOEMS extend to pressure,[48] vibration, and acceleration
sensors,[49] as well as optical switches.[50] A variety of materi-
als such as GaAs/AlGaAs,[51] and silicon-on-insulator
(SOI)[52, 53] has been used. The minimum size of such a wave-
guide device depends upon the index differences of the
layers forming the waveguide, that is, Dn=n1�n2. Typical
systems, such as optical fibers, have Dn�0.01 and cross-sec-
tional dimensions, t?w�10 mm?10 mm. Larger contrast
leads to reduced dimensions as the confinement in the high
dielectric material improves. In Si/SiO2, where Dn�2 at
l�1.5 mm, single-mode devices with dimensions as small as
t?w�250 nm?400 nm have been operated.[54] Thus, a sus-
pended nanoscale waveguide could be operated as an opti-
cally integrated NEMS device. In this scheme, one would

couple the light into the waveguide from one end, actuate
motion of the waveguide, and detect phase shifts in the light
coming out. Measurable phase shifts would be induced by
changes in the optical path length, D= (neff l). Here, neff is
the effective refractive index, and l is the waveguide NEMS
length.
To clearly assess the feasibility of optically integrated

NEMS, detailed modeling is needed. Another challenge in
integrated waveguide technology is the efficient coupling of

Figure 6. Optical displacement detection in NEMS: A probing laser
beam of wavelength l is focused upon the center of a doubly clamp-
ed beam through an objective lens (OL). a) In Fabry-Perot interferom-
etry, the reflected light from the NEMS structure is collimated
through the same lens and is directed onto a photodiode (PD). b) In
Michelson interferometry, the light from the device interferes with a
reference beam created using a beam-splitter (BS) and a reference
mirror (RM).

Figure 7. a) Illustration of a TE-polarized (i.e., electric field out of
plane), collimated Gaussian beam focused onto a NEMS through an
objective lens. b) A plot of the electric-field amplitude of the incom-
ing Gaussian on the xz plane passing through the center of the
beam. Here, l=632 nm and the beam is focused by an objective
lens with numerical aperture NA=0.5, and focal length f=4 mm.
c) The electric field amplitude of the reflected-scattered EM field
from the NEMS beam. In this two-dimensional finite element model,
the beam had width w=170 nm, thickness t=200 nm; the sacrificial
layer thickness between the beam and the substrate was 300 nm.
The substrate is positioned at the bottom. (D. Karabacak, T. Kouh
and K. L. Ekinci, unpublished results).
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light from a fiber into a sub-micrometer waveguide. For a
lensed fiber, for instance, using simple modal overlap con-
siderations, one obtains less than 1% coupling efficiency
into a nanoscale Si waveguide. Moreover, energy losses due
to scattering from surface defects are enhanced in small
waveguides. Relatively large optical power losses[55] as high
as 40 dBcm�1 have been reported in sub-micrometer wave-
guides, primarily due to surface roughness.[56–58]

4.3. Capacitive Displacement Detection

In capacitive displacement detection, the motion of the
mechanical element modulates the electrical capacitance be-
tween the element and a fixed gate. To detect this capaci-
tance modulation, one current (voltage) biases the capaci-
tor, and looks for a change in the voltage (current flow)
across the capacitor. It is straightforward to see from the
definition of capacitance, C=QV, that dQ=VdC+CdV.
Consequently, a capacitance change at constant current
(voltage) will generate a voltage (current flow) across the
capacitor. Here, Q is the charge on the capacitor and V is
the voltage across it. Figure 8 shows an implementation

along with a conceptual detection circuit. The parasitic ele-
ment (shown in gray) in this current biased capacitor will be
extremely important in determining the limits of capacitive
detection of motion.
At the scale of MEMS, the dynamical capacitance

changes due to motion are usually in the 10�9–10�12 F range.
Such changes are readily detectable at the typically low op-
eration frequency range of these devices. In the domain of
NEMS, however, typical capacitance modulations are in the
10�16–10�18 F range, while the unavoidable parasitic capaci-

tance CP of the chip and the embedding circuitry may be
many orders of magnitude larger. Consequently, the dis-
placement signals are divided between the device and the
sensing amplifier. The scaling of capacitive detection into
the nanoscale, therefore, requires delicate engineering.
A solution would be to eliminate the effect of the large

embedding parasitic impedances. To this end, balanced
bridge techniques may help readout the small dynamic ca-
pacitance changes efficiently by negating the capacitive
background. Impedance matching techniques might also
offer remedies.[59] One could also locate the subsequent am-
plification stage directly at the capacitive transducer. Re-
cently, a single-electron transistor (SET) has been integrated
to a NEMS resonator[60, 61] with the NEMS electrode serving
a dual purpose as both the motion sensor for the NEMS,
and as the gate electrode of the SET readout.[62, 63] Using this
approach, Schwab and co-workers have recently achieved a
displacement sensitivity of �4 fmHz�1/2—close to the quan-
tum limit of a NEMS resonator.[60] In their scheme displayed

Figure 8. Capacitive displacement detection: a) Implementation of
capacitive detection in a doubly clamped NEMS beam. The capaci-
tance between the beam and the electrode depends upon the posi-
tion of the beam center. b) If the junction is current biased, for
instance, a capacitance change due to motion will result in current
flow into the amplifier. The parasitic capacitance CP, however,
reduces the effective bandwidth.

Figure 9. Capacitive displacement detection with a single-electron
transistor (SET): a) Schematic showing a nanomechanical beam
biased with a constant voltage, so that its in-plane flexural motion
changes the charge coupled to a nearby SET. The conductance
changes through the SET are efficiently read out at high frequencies
by means of a resonant LC circuit. b,c) The fabricated structure
(reproduced from ref. [60]).
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in Figure 9, the nanomechanical beam is biased with a con-
stant voltage, so that its in-plane flexural motion changes
the charge coupled to a nearby SET. This, in turn, changes
the measured current through the SET.

4.4. Piezoresistive and Piezoelectric Detection

Both piezoresistive and piezoelectric detection are sensi-
tive to the strains generated inside a material during motion
rather than the actual displacement itself. A material that
exhibits a change in resistivity due to strain is called piezo-
resistive. Similarly, a piezoelectric material becomes electri-
cally polarized in the event of a deformation.
Piezoresistive sensing can be realized by detecting the

resistance changes through a piezoresistive NEMS device as
it is actuated. There are, however, some challenges in this
approach. In a p-type Si doubly clamped beam, for instance,
an optimistic estimate[64] for the resistance change DR, as a
function of the displacement, the beam length l, and the re-
sistance R, is DR/R�x2/l2—indicating that DRmax/R�1/100.
Coupled with the already high resistance of a doped semi-
conductor beam approaching R�10 kW,[6] such a small re-
sistance change will be obscured at high resonance frequen-
cies in the presence of parasitics.
In the piezoelectric scheme,[65] one exploits the polariza-

tion fields created by the strain fields within the piezoelec-
tric nanomechanical element as it moves. The detection is
then realized by very sensitively measuring the potential
drop across the strained device. In most materials, the piezo-
electric coefficients that link the strain to the polarization
field are �10�12–10�9 mV�1—indicating that the piezoelec-
tric voltage generated across a nanoscale device will be very
small.[14] This fact coupled with the high source impedance
of the generated (piezoelectric) signal will make detection
challenging at high frequencies. Cleland and co-workers
have proposed piezoelectric detection in NEMS using a
single-electron transistor (SET).[66] Their proposed scheme
is depicted in Figure 10. Here, the gate of the SET is placed
at a position of maximum strain, and detection is realized
by monitoring the resulting conductance changes in the cur-
rent-biased SET.

4.5. Electron Tunneling

The tunneling transducer is generally realized in the
form of a sharp tip placed within a fraction of a nanometer
of the moving mechanical element.[67] By drawing a tunnel-
ing current from the surface of the mechanical element, the
tip converts x(t) into an electrical signal. A tunneling trans-
ducer followed by a trans-impedance amplifier (current-to-
voltage converter) is illustrated in Figure 11.
In the simplest, one-dimensional description, the tunnel

current i through the junction is related to the dc bias volt-
age V and the tunnel gap d as i�1S (EF)Ve

�2kd.[68] There are
two important quantities that determine the transduction
characteristics: 1S (EF) and k. The latter, k, is the decay con-
stant for the electron wave-function within the gap and

k ¼
ffiffiffiffiffiffiffiffiffiffiffi
2me�
p

=�h; here, me is the mass of the electron, f is the
approximate work function of the metal and �h is Planck3s
constant divided by 2p. f�3–5 eV and f@eV in most
cases. Using typical values, one can determine that k
�0.1 nm�1. The former quantity, 1S (EF), is the local density
of electronic states in the test mass. For V !EF where EF is
the Fermi energy of the metal in question, 1S (EF) can be as-
sumed to be voltage-independent.
Given the exponential dependence of i upon the tunnel

gap and the fact that k�0.1 nm�1, it is clear that a tunneling
transducer will be extremely sensitive to the displacement
of the mechanical element. It is assumed that the junction is
biased at a dc current value I and very small displacements
modulate the current as i� I+di(x). One can obtain a line-
arized current responsivity as j@i/@x j �2k I. Using this re-
sponsivity, it is possible to convert the various sources of

Figure 10. a) GaAs/AlGaAs heterostructure design for piezoelectric
displacement detection. The layer thicknesses are indicated in paren-
theses. A two-dimensional electron gas (2DEG) is formed at the
GaAs–Al0.3Ga0.7As interface. The 2DEG acts as a ground plane for the
actuation and detection signals. b) Sketch of a nanomechanical
doubly clamped beam with a SET situated at one end of the beam,
coupled to a detection electrode. The second electrode, driven by a
radio frequency source at the other end, is for piezoelectric actua-
tion. The GaAs crystal axes, and the geometric axes, are indicated.
Flexure of the resonator in the z direction, with the h100i crystal axis
aligned along the z direction, will generate a piezoelectric polariza-
tion density along z. The polarization amplitude will be proportional
to the distance from the midpoint of the beam. The polarization indu-
ces a screening charge on the detection electrode, which can subse-
quently be detected by the SET (reproduced from ref. [66]).

Figure 11. Tunneling transducer for displacement detection in NEMS.
The tip is kept at a higher potential than the NEMS surface, which is
at virtual ground. The trans-impedance amplifier generally has a
large feedback resistor RFB for a large signal-to-noise ratio. The para-
sitic capacitances determine the bandwidth limits.

794 � 2005 Wiley-VCH Verlag GmbH&Co. KGaA, D-69451 Weinheim www.small-journal.com small 2005, 1, No. 8-9, 786 –797

reviews K. L. Ekinci

www.small-journal.com


noise in the measurement into a limiting displacement noise
floor:[69–71]

½SXðwÞ�1=2 ¼
SðAÞI ðwÞ
4k2I2

þ e
2k2I

þ SðBAÞ
F

m2
eff w2

0 � w2ð Þ2þ w2w20
Q2

0
@

1
A
1=2

ð6Þ

The first term on the right hand side is due to the equiv-
alent current noise of the trans-impedance amplifier—usual-
ly in the S1=2

I �10�13 AHz�1/2 range. The second term arises
from the granular nature of the electronic charge: the shot
noise current power density at high temperature is given by
SðSÞI �2ehii�2e I. For a typical tunnel current of 1 nA,
[SðSÞI ]

1/2�10�14 AHz�1/2. The nature of the backaction force
noise due to the tunneling electrons has been a topic of
active research.[70,72–78] Electrons tunneling into the test mass
have finite momentum and each electron—regarded here as
a particle—does impart this momentum to the test mass.
The total impulse per unit time determines the back action
force, that is, f= Ip/e. Here, p is the momentum of a single
electron. To determine the noise in the transducer, the fluc-
tuating component of this backaction force is required. The
shot noise in the current creates a component of the backac-
tion force noise that has spectral density (p/e)22e I. In addi-
tion, each tunneling electron, due to the spread of its wave-
function across the tunnel junction, possesses a momentum
uncertainty. The position uncertainty of a tunneling electron
is Dx�d�1/k. The momentum uncertainty then becomes
Dp��h/Dx��hk. The variance (or the fluctuations in the
force) is Df� (�hk) I/e—given that force is the temporal rate
of change of impulse. To find a rough approximation for the
spectral density of the force noise based upon Equation (2),
we divide (Df)2 with the effective bandwidth Dw� I/e. The
spectral density of the backaction force noise then be-
comes:[69,70]

SðBAÞ
F � ð�hkÞ2 I

e
þ p

e

� �2
2eI ð7Þ

For a tunnel current of �1 nA and k�0.1 mm�1, [SðBAÞ
F ]

�10�18 NHz�1/2, which indicates that detectable displace-
ment noise may be generated by the tunneling electrons.
Tunneling in an atomic-scale junction is an inherently

fast phenomenon with speeds greater than 1 GHz.[79] Never-
theless, tunnel transducers as well the scanning tunneling
microscopy (STM) experiments reported to date generally
have low bandwidths less than 100 kHz—much slower than
the speeds at which NEMS operate. These apparent band-
width shortcomings are due to technological reasons: the
impedance of a tunnel junction is quite high, on the order
of GWs; in the presence of parasitic capacitances, this re-
sults in very large RC time constants and, hence, small
bandwidths.
There are, however, possibilities for useful down-conver-

sion schemes by taking advantage of the nonlinear depend-
ence of the tunnel current upon the tunnel gap. Intermedi-
ate frequency operation of tunnel transducers has been de-
scribed previously—with applications to MEMS and surface
acoustic wave (SAW) devices.[80] In such schemes, the gap is

modulated by the motion at w0 of the moving surface. To
detect high-frequency resonance signals, one modulates the
tunnel bias voltage at wm�w0+Dw. The current is a func-
tion of the bias and the gap as (see Figure 11)

i ¼ 1Se
�2kd½V þ uðtÞ�½1þ 2kxðtÞ þ :::� ð8Þ

Hence, the term proportional to u(t)x(t) will generate a
signal at Dw, that is, within the measurement bandwidth.

4.6. Other Techniques

There are other techniques for NEMS displacement de-
tection that are being pursued in several other laboratiories.
One such technique is visual monitoring inside a scanning
electron microscope (SEM).[81,82] Another technique relies
on the impedance change of a quantum point contact as the
nanomechanical device is flexed.[83]

5. Summary and Outlook

Actuation of NEMS motion does not pose any signifi-
cant challenges—at least in first-generation NEMS. Actua-
tion of small displacements at high frequencies is within the
reach of currently available techniques. Detection of the
motion, however, is challenging. First, an unprecedented
precision level is needed to read-out NEMS displacements.
Compounding this problem is the high operational frequen-
cies of NEMS. The ideal NEMS transducer must be capable
of resolving extremely small displacements, across very
large bandwidths.
The development of sensitive, broadband, and robust

electromechanical transducers is an overarching research
theme in the field of NEMS. Given that most of the meth-
odologies from MEMS are not applicable, novel paths ex-
ploiting phenomena at the nanoscale must be explored.
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