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a b s t r a c t

Traditional MEMS sensing systems do not scale down well to the nanoscale due to resolution and fab-
rication limitations. Therefore, new sensing systems need to be developed in order to meet the range
and resolution requirements of nanoscale mechanical systems. Several nanoscale mechanical sensing
systems have emerged that take advantage of nanoscale phenomena to improve the quality of nanoscale
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sensors. In this paper, we will discuss some of the fundamental limitations in scaling mechanical sensors
down to the nanoscale and some of the emerging technologies for nanoscale sensing.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Nanoscale mechanical devices offer the potential to overcome

many of the speed and sensitivity limitations of macro- and
microscale devices due to their small size and low mass. However,
it is difficult to measure and control the motion of these devices
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ecause of the limited dynamic range of nanoscale sensors. There-
ore, one of the greatest challenges for mechanical devices as they

ove toward the nanoscale is the incorporation of fine resolution
ensors into these devices.

The incorporation of sensors into nanomechanical devices is
ritical in numerous applications because the ability to measure
nd control forces and displacements in mechanical systems can
reatly improve the accuracy, disturbance rejection and band-
idth of these systems. However, sensors are difficult to integrate

nto nanoscale devices because they are either too large to fit
nto nanoscale systems or are not sensitive enough to measure
anoscale motions over large ranges. For example, traditional
EMS sensing techniques are not adequate for many nanoscale

ensing applications because most MEMS sensing techniques suffer
rom poor resolution or become increasingly difficult to fabri-
ate when scaled down to the nanoscale. Therefore, new sensors
ust be developed in order to meet the requirements of nanoscale

ensing. In this paper we will examine possibilities for scaling down
raditional MEMS sensing techniques to the nanoscale and will dis-
uss new measurement techniques only available at the nanoscale.

.1. NEMS

Nanoelectromechanical systems (NEMS) are critical for the
evelopment of medical diagnostics, displays, and data storage.
ecause of their size, NEMS can outperform their macro-scale coun-
erparts in terms of speed and resolution by trading off payload
ize and range. For example, NEMS devices can help to enable the
esting and manipulation of individual biomolecules, which is not
ossible at the macroscale. In addition, NEMS can operate where

arger machines will generally not fit, such as inside the human
ody or in other instrumentation. This is important because it can
nable real-time diagnostics of biological, mechanical and chemical
ystems.

Another major advantage of NEMS devices is that they elim-
nate the scale mismatch problems that occur when macro- and

icroscale devices are used to perform nano-scale tasks. For exam-
le, motions in NEMS devices caused by thermal expansion or
echanical vibrations are typically in the sub-nanometer range.
owever, similar phenomena in macroscale devices can cause
icron-scale motions that can damage nanoscale features. Elimina-

ion of this scale mismatch problem could allow nano-scale devices
o have a large impact on a number of fields where interactions
ith nanoscale structures are important, such biology, chemistry,
hysics, and nanofluidics, by allowing machines to better interact
ith individual molecules.

. Scaling MEMS sensors down to the nanoscale

The first step in evaluating what types of sensors may be use-
ul at the nanoscale is to look at the types of sensors that have
een used at the microscale. In this section we will review several
ypes of microscale sensors and analyze their underlying device
hysics. Based on the device physics, we can create physical scaling

aws which we can use to determine how well various microscale
ensors scale down to the nanoscale. The results of this scaling
nalysis are only summarized here; please refer to other previ-
usly published works [1–6] for more comprehensive reviews of
he state-of-the-art in MEMS sensing technologies.

Nanoscale mechanical devices typically rely on flexure beams to
uide their motion and to set the stiffness of the system. Based on

he stiffness of the flexure it is generally possible to trade range for
esolution. For example, compliant flexures are generally good for
ne resolution force measurements but tend to fail at relatively low

oad levels. Therefore, it is the ratio of range to resolution, known
Fig. 1. Comparison of sensor dynamic ranges versus size for MEMS sensing.

as dynamic range, that is the best metric of nanoscale sensor per-
formance. Throughout this paper the viability of different sensor
systems is judged on the basis of the dynamic range of the sen-
sor. Typically, nanoscale sensing applications require a minimum
dynamic range at least a 40 dB (range to resolution ratio of 100:1).
However, dynamic ranges of greater than 80 dB are desirable for
many positioning [7] and force-sensing applications [8].

2.1. Overview of MEMS sensors

The most common sensors used to measure motions in MEMS
devices are optical, capacitive, inductive, Hall effect, piezoelectric,
piezoresistive and tunneling sensors. Unfortunately, the dynamic
range of sensors of these types tends to scale with the sensor foot-
print as shown in Fig. 1. Therefore, when these sensors are scaled
down to the nanoscale they become ineffective at making the fine
precision motion measurements required in many nanoscale sys-
tems. As we will show in this paper, however, by incorporating
nanoscale materials and new measurement techniques into NEMS
devices it should be possible to achieve dynamic ranges of greater
than 80 dB in nanoscale devices.

In this paper we start by investigating how traditional MEMS
devices scale down to the nanoscale in order to determine their util-
ity for NEMS devices. The MEMS sensors examined in this paper are
compared in Table 1 based on the general categories of resolution
(Res), dynamic range (DR), sensor footprint (Size), bandwidth (BW),
sensitivity to environment (Env), and sensitivity to temperature
fluctuations around room temperature (T).

All of the values presented in Table 1 are approximate due to
the tradeoffs between performance characteristics in each of the
sensors. This makes it especially difficult to evaluate the “best
case” performance of each sensor technology in the literature, as
the results presented typically maximize only one sensor attribute
while trading off others. For example, by increasing the size of the
sensor and decreasing the bandwidth it is often possible to increase
both the resolution and the dynamic range of the sensor.

In building this table, a high performance resolution was con-
sidered for each sensor and used as a driver in determining the
performance parameters listed in the other columns. Resolution
and dynamic range for each sensor type are calculated using the
equations presented in the following sections. The footprint of the
sensors is estimated based on the size necessary to achieve the
resolution presented in the table, however, the size of additional
electronics are not included. Smaller sensors can typically be made,
but they are unable to meet the resolution and dynamic range

shown in Table 1. Similarly, the bandwidth in Table 1 is the max-
imum bandwidth at which the displacement resolution in Table 1
can be achieved. The environmental sensitivity column in Table 1
lists outside factors that may affect the performance of the sensor,
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Table 1
Comparisons of typical performance characteristics of MEMS sensor.

Sensor type Res (nm) DR (dB) Size (�m2) BW (kHz) Sensitivity [9,10]

Env T (%/◦C)

Capacitive 0.1 100 108 E EMI, humidity 0.04
Inductance 600 70 107 1–100 EMI 0.02
Hall effect 500 60 107 100 EMI 0.01
Piezoelectric 0.1 115 106 0.2–100 Low 0.4
Piezoresistive 0.1 120 103 E Low 0.25
Interferometer 0.1 215 109 30 Air turbulence, thermal expansion 0.01
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= electronics limited bandwidth (∼30 kHz) and EMI = electromagnetic interference

uch as electromagnetic noise, humidity, and pressure variations,
ut excluding temperature, which is presented separately. If “low”

s shown, it means that the sensor is not greatly affected by envi-
onmental factors other than temperature. Temperature sensitivity
s calculated as the as the percent change in output due to a degree
hange in temperature at room temperature.

Based on the information presented in Table 1, interferome-
ry offers the highest performance in terms of dynamic range if
ost and system complexity are not concerns. If cost is a concern
ut size is not, then capacitive sensors may be able to achieve the
ighest dynamic ranges since their dynamic range scales with their
rea. However, for nanoscale sensing systems, where size is a major
estriction, piezoresistive and tunneling sensors are the most effec-
ive sensing systems, as shown in Fig. 1. Therefore, we will start by
nvestigating these types of sensors.

.2. Piezoresistive sensors

Piezoresistive sensors are commonly used to measure displace-
ents on the micro- and nanoscale due to their small size [3,11,12].

he electrical resistance of piezoresistive sensors changes as strain
s applied to the sensor and is typically measured using a Wheat-
tone bridge. This measurement of the strain in the sensor, and thus
he strain in the beam, makes it possible to determine the displace-

ent of the beam. A typical application of a piezoresistive sensor
s shown in Fig. 2, where six sets of polysilicon-based piezoresis-
ors are used to measure the in-plane and out-of-plane motions of
six-axis mesoscale nanopositioner.

The major noise sources in piezoresistive sensors are flicker
oise caused by conductance fluctuations and Johnson noise caused
y thermal agitation of electrons in the conductor [13,14]. The total
oise is the sum of the Johnson, flicker, and amplifier input noise
ariance as seen in Eq. (1) where kb is the Boltzmann constant, T
s the temperature, R is the bridge resistance, f is the frequency in
ertz, ˛ is the Hooge constant, N is the number of charge carriers,

Vai is the voltage noise spectral density of the amplifier input, and
s is the voltage across the resistors [15].
V =
√

4kbTR(fmax − fmin) + V2
S

4
˛

N
ln
(

fmax

fmin

)
+ SVai(fmax − fmin)

(1)

Fig. 2. Piezoresistive dis
E Humidity, tip wear 1

The dynamic range of a piezoresistive sensor is given by Eq. (2)
where �y and E are the yield stress and Young’s Modulus of the
flexure material, respectively, � is the safety factor (usually 3), Nε

is the bridge strain number (e.g. 1/4 for quarter bridge), Vs is the
supply voltage, and GF is the gauge factor.

DR = �yVsNεGF

�E�V
(2)

For doped silicon piezoresistors, the dynamic range can be on
the order of 120 dB [16], but both the resistance and gauge fac-
tors of piezoresistors are sensitive to thermal variations. Therefore,
it is critical to either include thermal compensation, such as span
temperature compensation [17] and a thermally symmetric bridge
design [12], or to precisely control the temperature of the envi-
ronment in order make accurate measurements. As piezoresistive
sensors are scaled down to the nanoscale, flicker noise becomes
the dominate noise source and the sensor’s dynamic range starts
to scale with the inverse of the square root of the resistor volume.
This typically limits the performance of nanoscale piezoresistors to
less than 60 dB dynamic range.

2.3. Tunneling sensors

Tunneling sensors have shown great success in measuring sub-
atomic displacements but have been limited at the macroscale due
to their lack of range. Tunneling sensors generally consist of a sharp
tip placed within a nanometer of a moving surface. As the gap
between the tip and the surfaces changes, the tunneling current
changes as given by Eq. (3), where �S(EF) is the local electron den-
sity of states, EF is the Fermi energy, V is the DC bias voltage, � is
decay constant for the electron wave-function within the gap, and
d is the gap size [2].

i = �S(EF )Ve−2�d (3)

This results in a high displacement sensitivity but small range,
due to the exponential decline in tunneling current as the gap size

increases. For example, an electronic circuit with a 1% variation
in a 1 nA current from a 100 M� source is capable of detecting
displacements as small as 0.3 pm but has a range of less than
1 nm [18]. In order to overcome these range limitations, feedback

placement sensor.
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�V is the electronic noise in the system, and fr is the fraction of
Fig. 3. (a) Comb drive and (b) parallel plate capacitive sensors [23].

ontrol systems are often used to maintain a fixed gap distance over
range of displacements [19]. These feedback sensors, however,

re not able to maintain the high displacement resolution of the
unneling sensor over the full range of the device, since large

otions must be measured by an external sensor on the feedback
latform.

While non-feedback tunneling sensors are limited at the macro-
nd microscales, they may have some utility at the nanoscale. As
evices are scaled down to the nanoscale, the necessary range of
hese devices also tends to decrease as well. Therefore, the limited
ange of the tunneling sensors may not be that limiting in nanoscale
ensing. Non-feedback tunneling sensors can also easily be scaled
own to the nanoscale, since the tunneling occurs between the
earest pair of atoms on each side of the tip-surface gap [19]. There-

ore, the tunneling sensor does not need to be any larger than a
ew atoms and the sensor range and resolution do not scale with
he sensor size. This makes tunneling sensors ideal for nanoscale
ensing applications that require high resolution but do not have a
arge range.

.4. Capacitance sensors

Capacitance sensors are widely used at the macro-, meso-, and
icroscale for measuring displacements on the order of nanome-

ers [20–22]. There are two architectures for capacitive sensors at
he MEMS scale [14]: comb drive fingers and parallel plate capac-
tors. For example, in Fig. 3, parallel plate capacitors are used to

easure the out-of-plane motions and the comb drive fingers are
sed to measure the in-plane motions of a 6 axis force-torque sen-

or.

Comb drives produce a linear change in capacitance in response
o a change in displacement, while parallel plate capacitors
uators A 187 (2012) 162–173 165

produce a nonlinear change. The dynamic range, DR, of a parallel
plate capacitor can be found to scale roughly as Eq. (4) [14].

DR ≈ ε · A

g · �C
(4)

In Eq. (4), g is the initial gap size, ε is the permittivity of the medium,
A is the area of one of the parallel plates, and �C is the change
in capacitance at maximum range due to a change of ı in posi-
tion. At large ranges (gap sizes), the sensitivity, �C/ı, of the sensor
decreases. The main noise source in capacitive sensors is stray
capacitance in the environment, which can vary from 1 fF [21] to
180 pF [24] depending on system shielding. Parallel plate capaci-
tive sensors do not scale down well to the nanoscale because the
dynamic range of these sensors is dependent on the sensor area.
For example, sensor areas of 10’s mm2 to 10’s cm2 are required in
order to achieve an 80 dB dynamic range when the initial gap size
is ∼100 nm.

The dynamic range in a comb drive sensor can be found to scale
roughly as Eq. (5) [14].

DR ≈ ε · (N − 1) · L · t

g · �C
(5)

In Eq. (5), N is the total number of comb fingers, L is the overlap-
ping length of the comb fingers, and t is the device thickness. Eq. (5)
shows that as the range of the sensor is increased, the sensitivity,
�C/ı, is not changed. In order to achieve an 80 dB dynamic range, a
large number of fingers per axis are necessary (103–108). Typically,
in MEMS devices, the gap size is on the order of 100 nm to 1 �m and
the fingers are on the order of 1–10 �m wide. In addition, the fingers
are generally an order of magnitude longer than the overlapping
length on each axis. These sensors, therefore, need to have a foot-
print of approximately 1 cm × 100 �m in order to achieve an 80 dB
dynamic range. Again, because the dynamic range of these sensors
scales with sensor area, comb drive sensors become impractical at
the nanoscale.

2.5. Hall effect sensors

Hall effect sensors have also been used to measure sub-micron
displacements in MEMS devices [4,25]. Eq. (6) shows the sensitivity
of the Hall effect sensor output voltage, VH, to motion of the sensor,
ı. This sensitivity scales with an applied magnetic field, B(x), which
varies as a function of the distance, x, from the magnet. In Eq. (6),
Rh is the Hall coefficient, Is, is the energizing current, and t is the
sensor thickness [26].

∂VH = RhIs
t

· ∂B(x)
∂x

· ı (6)

The main sources of noise in a Hall effect sensor are Johnson
noise and 1/f noise [25,26], as described by Eq. (1). Typically these
noise sources range from 100’s nV to �V [26]. The maximum Hall
coefficient in doped silicon is approximately 1.4 × 10−3 m3/C for a
dopant concentration of 4.5 × 1015 dopants/cm3 [26]. For a MEMS
sensor with a thickness of approximately 100 �m and a typical cur-
rent of roughly 1–10 mA the sensor minimum detectable field is
approximately 7 �T [9,25]. The dynamic range of this sensor can
be approximated by Eq. (7), assuming linearity of the field over the
range, r, of the sensor.

DR ≈ RhIsfrrs

�V t
· ∂B(rs)

∂x
(7)

In Eq. (7), rs is the separation of the sensor from the field source,
the sensor to magnet separation over which the field gradient falls
within the bounds required for the sensor to function effectively.
Note that there may be significant variation in the magnetic field
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ig. 4. Several examples of piezoelectric sensors. (A) Bulk micro-machined ZnO acce
ccelerometer with interdigitated electrodes for higher sensitivity [1].

radient over the range of the sensor. A common bound is that a
inimum sensitivity as calculated through Eq. (6) must be met over

he whole sensor range, which means that the gradient will have a
ower bound. Magnetic fields used for Hall effect sensing typically
ecay at a high (2nd, 3rd) power, and thus the gradient condition is
et at all displacements up to a maximum, rs, so that fr approaches

nity [9]. The main challenge in implementing Hall effect sensors
n nanoscale systems is minimizing the nonlinear stray magnetic
eld from the environment as a positioning stage moves through a
ork volume. If these fields exceed the minimum detectable mag-
etic field they can adversely affect the sensor accuracy and/or
esolution.

.6. Piezoelectric sensors

Piezoelectric sensors are commonly used to measure forces and
trains corresponding to micron-scale motion, particularly those of
dynamic nature, such as vibrations, accelerations and oscillations

1,27–29]. These sensors operate through the re-orientation of the
rystalline bulk dipole density (polarization vector) in response to
tress, which acts to produce an effective charge density on the
rystal face [29]. A common model of a piezoelectric sensor is a
apacitor in parallel with a current source whose output is the
erivative of the charge produced [1,27]. This charge output is often
ead by an amplifier which outputs a voltage proportional to the
aptured charge [28]. Piezoelectric sensors are ‘active’ sensors that
o not require a power source to operate, which reduces heating

ssues compared to ‘passive’ piezoresistive sensors [29]. A typical
pplication of piezoelectric sensors as accelerometers is shown in
ig. 4, where piezoelectric sensors are used to measure acceleration.
he device in Fig. 4A is a clamped-clamped beam micro-machined
ut of silicon, and a 1 �m thick layer of ZnO has been sputtered on to
he beam to act as the sensing element [30]. The device in Fig. 4B is
n accelerometer surface micro-machined out of 500 nm thick ZnO,
here each set of legs acts at the piezoelectric sensing circuit [31].

he device in Fig. 4C is an accelerometer that uses interdigitated
gures to exploit a combination of the d33 and d31 piezoelectric
esponses of PZT thin films [32].

A typical piezoelectric strain sensor is a deposited film with elec-
rodes above and below the film [1,27–29]. In-plane strain (in the
-direction) is applied to the film, producing a charge on the two
lectrodes (conventionally the 3-direction) [28]. Eq. (8) shows the
aximum charge, Qmax, produced when the substrate is at its yield

tress �y, with safety factor � considered, where Es is the piezoelec-
ric material Young’s Modulus, E is the substrate’s Young’s Modulus,
S is the area of electrode overlap and d31 is the piezoelectric coef-
cient from 1-direction stress to 3-direction electric flux density

27–29].

max = ASd31
ES�y

�E
(8)
eter, (B) surface micro-machined ZnO accelerometer, and (C) bulk micro-machined

The main sources of noise in a piezoelectric sensor are: (i) the
current noise from the amplifier, (ii) the Johnson noise from the
resistance in the amplifier feedback circuit, and (iii) the Johnson
noise from the equivalent leakage path resistance (in parallel with
the capacitance and current source) in the sensor [27,29]. Current
noise variance is transformed into charge noise using a (2
f)−2

term, which heavily biases the PSD toward the lower frequency.
The total noise, �Q, is shown in Eq. (9) where SIai is the current
spectral noise density of the amplifier input, �s and ts are the resis-
tivity and thickness of the piezoelectric material film, respectively,
and Vmax is the charge amplifier voltage output limit (usually 10 V).

�Q =
√

SIai

4
2fmin
+ kBTAS

�StS
2fmin
+ 2kBTQmax


Vmax
(9)

The dynamic range of a piezoelectric sensor is shown in Eq. (10).

DR = Qmax

�Q
(10)

A PZT-5H piezoelectric MEMS sensor of about 100 �m on each
side and 1 �m thick, using a high performance amplifier (AD743
[33]) with high-pass cutoff frequency at 0.001 Hz, could reach a
dynamic range of roughly 80 dB. This bandwidth cutoff frequency
is sufficient for ≈1 s measurements to be carried out with ≈1% error
in a DC value. The dynamic range for piezoelectric sensors scales
with the area of the sensor at small sizes, as this limits the charge
produced. The amplifier charge noise dominates in these situations.

Piezoelectric sensors function as high-pass filters due to
the finite insulation resistance of capacitors and other circuitry
[1,27–29]. This cutoff frequency is generally determined by the RC
decay time in the amplifier feedback circuit [28,29]. The frequency
can be made as low as 10−6 Hz for meso- to macroscale sensors
(>1 mm2), but scales inversely with sensor area below this thresh-
old due to limited capacitor insulation resistance [29]. Several other
low frequency errors such as drift and dielectric capacitance act to
reduce accuracy for signals around these frequencies [29]. Achiev-
ing DC measurement errors of <1% requires measurement periods
corresponding to frequencies at least 3 decades above the high-pass
cutoff frequency, effectively inhibiting the abilities of microscale
sensors to measure quasi-statically.

2.7. Inductance sensors

There are two types of inductance sensors that are commonly
used to measure displacements, linear variable differential trans-
formers (LVDT) and eddy current proximity sensors [9]. In order
for LVDTs to achieve nanometer resolution, the motion in the other

orthogonal axes must be minimized. Therefore, multi-degree-of-
freedom devices are difficult to implement with LVDT sensing.

In eddy current proximity sensors, an AC current is driven
over a reference coil to generate a sensing magnetic field. This
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ig. 5. Large range Michelson type heterodyne interferometer for 6-DOF position
easurement [41].

eld induces eddy currents in the target, which itself produces
magnetic field in opposition to the sensing field. The opposing
eld, which is a function of the coil-to-target separation, alters the
ffective inductance of the reference coil. The coil inductance can
e measured by the sensing electronics to determine the coil to
arget separation [9]. MEMS eddy current sensors have been shown
o have resolutions of 100’s of nanometers [34–36] when used with

etallic targets. MEMS eddy current sensors have also shown to
e sensitive to motion in the axes orthogonal to the measurement
xis [34–36]. Due to their reliance on magnetic fields for accurate
ocation measurement, eddy current sensors are sensitive to mag-
etic interference. Eddy current sensors become hard to fabricate
t the nanoscale and the maximum current in the coil decreases
ignificantly, which limits the sensor resolution. The inductance of
he eddy current sensor scales down with the overall size of the
evice while the resistance rises at smaller scales. This leads to dif-
culty in capturing high precision measurements of the changing

nductance for microscale eddy-current sensors. Therefore, eddy
urrent sensors are not considered practical for nanoscale sensing
pplications.

.8. Interferometry

Optical interferometry is mainly used in high precision equip-
ent, especially in cases that require both large range and high

esolution displacement measurement [9,37–41]. The basic form
or this method of sensing relies on splitting coherent light into
wo beams, arranging the beam paths such that one path length
s dependent on the displacement of interest, and then recombi-
ing the beams to generate an interference pattern [9,41–43]. This
attern will vary with the displacement measurement, and can be
easured to infer the change in the path length. A common inter-

erometry setup is the Michelson-type heterodyne interferometer
9,39,41,42], which passes lasers of different frequencies along the

easurement and reference optical paths, combining them at the
nd to generate a signal at the beat frequency determined by the
requency difference between the two beams. The lower frequency

eat signal allows for greater range and is more easily measured
y the electronics, resulting in reduced noise [9,42]. This type of

nterferometry setup is shown in Fig. 5, where the interferometer
s used to measure the motion of a 6 degree-of-freedom stage. As
uators A 187 (2012) 162–173 167

can be seen in the figure, the footprint of the sensor is quite large
(10’s to 100’s of cm2), due to the required optics and laser source.
Therefore, it is difficult to scale this type of sensor down to the
nanoscale.

Optical heterodyne interferometers are sensitive to environ-
mental conditions such as temperature and pressure, both of which
change the optical properties of the medium through which the
beam travels [9,41,43]. The range of measurement of an optical
heterodyne interferometer is effectively decoupled from its res-
olution because the relative phase measurement cyclically shifts
only through 0–2� as the displacement value changes. Interferom-
eters are generally limited in range by either a scaling of error due
to environmental sensitivity or the spatial coherence of the inter-
ferometer [9,41]. High performance interferometers are capable
of reaching ranges of multiple meters [9,39,41,44]. Interferometry
position sensors are only capable of accurate displacement mea-
surement up to a maximum velocity on the scale of a 1–3 m/s [9,41],
however, above which the fringe count rate exceeds the ability of
the electronics to perform accurate counting. The displacement res-
olution, ı, of an optical heterodyne interferometer can be written
as a function of the phase resolution capability of the electronics,
ımin, lasing wavelength, �, and number of reflections of the beam
through the measurement arm, N, as [9,41,44], as in Eq. (11).

ımin = ��min�

2
N
(11)

State-of-the-art interferometry systems are capable of resolv-
ing down to roughly 1 part in 5000 of the lasing wavelength
[9,39–41,44], for which a He:Ne laser is a common choice [9] with
a wavelength of around 630 nm. The resulting resolution is roughly
130 pm. Multi-axis interferometry set-ups generally utilize a sin-
gle high precision large lasing source and multiplex this to allow
multiple degree-of-freedom measurements [39–41]. This requires
a large optical layout on the order of 10’s of cms to 1 m on a side
[38,40,41]. The complexity of the optical set-up increases rapidly as
the number of measured axes is increased, resulting in increased
system environmental sensitivity. The cost for a single axis opti-
cal heterodyne interferometer is in the range of $10,000, and can
rise upwards of $100,000 for a complex multi-axis system [9].
Therefore, interferometry is much more expensive than integrated
sensing on a MEMS chip where the cost per sensing axis is generally
less than $1000. A state-of-the-art optical heterodyne laser inter-
ferometer is capable of reaching and exceeding 180 dB dynamic
range. The main issue prohibiting the integration of optical inter-
ferometers into NEMS is the lack of a true nano- to microscale
stabilized and coherent laser source. Until significant advances are
made in chip-scale laser sources the size of interferometry set-ups
limit their utility at the nanoscale.

2.9. Vernier gauges

The use of integrated Vernier gauges in MEMS devices to
measure displacement is quite common [45–47], especially in
bench-level prototypes. Vernier gauges consist of two sets of scales
placed on the moving object, and an inertially grounded reference.
Each scale consists of a set of small lines/ticks with a well defined
pitch. By measuring the relative position of the scales it is possible
to measure the displacement of a moving object with respect to the
grounded reference.

The scales are often micro-machined onto the surface of the
MEMS device using standard lithographic techniques [45], though
these features can also be written with advanced fabrication equip-

ment such as a focused ion beam (FIB) [48]. Typically the device
under test is operated in a scanning electron microscope (SEM)
and the movement of the Vernier gauge is measured by the SEM
operator. This precludes the use of Vernier gauges as a closed
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oop measurement system. Recent research has been conducted
n order to reduce the pitch of the Vernier scales from the micron
o the nanometer level [49]. This reduced pitch may suggest that
ernier gauges could be candidates for use in NEMS, but two main
hallenges exist with regards to imaging. The first is that measur-
ng ticks only a few nanometers wide with nanometer level pitch
ushes the boundary of what may be imaged using an SEM. Sec-
nd, SEMs that are capable of imaging down to this level are much
arger than those with less resolution. Clearly the main challenge
or integrating Vernier gauges into NEMS is shrinking the imaging
omponent of the system.

. Emerging nanoscale sensing technologies

Most traditional MEMS sensor systems do not scale down well to
he nanoscale due to noise, sensitivity and fabrication limits, as dis-
ussed in the previous section. Therefore, new types of specialized
ensors and sensing systems need to be developed in order to meet
he needs of nanoscale devices. In this section we will present sev-
ral emerging sensing technologies specifically designed to work
t the nanoscale.

.1. CNT-based piezoresistors

Carbon nanotube (CNT)-based piezoresistive sensors are able
o produce large dynamic ranges for small sensor footprints due
o their large gauge factors and inherent nanoscale size. There-
ore, CNT-based piezoresistors become the only viable option for
igh dynamic range sensing as piezoresistive sensors are scaled
own to the nanoscale. For example, as we will show in this sec-
ion, CNTs are the only piezoresistive sensor capable of producing
dynamic range of greater than 60 dB when the sensor footprint is
elow 1 �m2.

.1.1. Review of CNT-based piezoresistive sensors
The first experiments that showed the potential of using CNTs

s high quality strain sensors involved using an AFM tip to push
own on a suspended CNT. This method was used by Tombler et al.
o show that the conductance of a CNT can be changed by up to
wo orders of magnitude when strain is applied to the CNT [50].
imilarly, using this method Minot et al. showed that the band
tructure of a CNT can be altered by the application of strain to
he CNT [51]. However, simulations have shown that these results

ay have been the due to local deformations in the CNT struc-
ure around the AFM tip, as opposed to uniform strain in the CNT
52]. More recently, experiments that have uniformly strained the
ntire CNT have showed that the CNT gauge factor could be as high
s 2900 [53]. The CNT gauge factor has also been shown to vary
idely based on the electrical structure of the CNT [54]. For exam-
le, Grow et al. showed that the CNT gauge factor could be either
ositive or negative based on the CNT structure [55]. This result
ffers the interesting implication that a full Wheatstone bridge
ould be formed at one location on a MEMS flexure using CNTs that
ncrease and other CNTs that decrease resistance as the flexure is
trained.

Theoretical modeling and simulations have been used to under-
tand the link between CNT structure and gauge factor. These
odels and simulations typically are used to estimate the change

n the band-gap of different types of CNTs. The band-gap changes
re then related back to the CNT resistance to obtain an estimate of
he gauge factor. For example, Chen et al. showed that a 1% strain
f a (12,0) CNT should result in a 6.4% decrease in resistance [56].

imilarly, Yang et al. [57] used tight-binding models to show that
NT band-gap could increase or decrease depending on the chirality
f the CNT, confirming the qualitative result given by Grow et al.
nfortunately, there has been little quantitative work on linking
uators A 187 (2012) 162–173

specific CNT geometries to specific gauge factors. Also, there has
been little theoretical or experimental work done to understand
how interactions between the CNT and the substrate/electrodes
affect the properties of the CNT-based strain sensor.

Several prototype devices have been fabricated using CNTs as
strain sensors. The most common devices use films of randomly
oriented films of CNTs as the sensing element. These films are
popular due to their ease of assembly and large size. These prop-
erties allow these CNT-based film sensors to be integrated into
many macroscale sensor systems [58–61]. CNT-based sensors also
offer the advantage that they can easily be integrated into rub-
ber and polymer based composites [62–68]. Such composites are
commonly used in microfluidic systems for structural health mon-
itoring, artificial skin, and acoustic wave diagnostics. However,
these CNT-based piezoresistive films tend to suffer from low gauge
factors due to the random orientation of the CNTs in the films and
the poor transmittance of the strain in the substrate to the CNTs in
the films [69].

There have been several devices fabricated using individual or a
small number of CNTs as the sensing elements. For example, CNT-
based piezoresistive sensors have been used to measure the force
applied to mesoscale beams [71–75] and the strain applied to flexi-
ble substrates [76,77]. Strain is applied to the CNTs in these devices
through the bending or stretching of the substrate. MEMS pres-
sure sensors have also been fabricated using CNT piezoresistors
as the sensing element [78]. These CNT-based pressure sensors are
capable of pressure resolutions of about 1 psi. These devices are fab-
ricated by dispersing a random assortment of SWCNTs on a surface
and then selecting a few to pattern the MEMS device around, as seen
in Fig. 6. When pressure is applied to the substrate, the CNTs are
strained and their resistance changes, making it possible to mea-
sure the pressure. Force and displacement sensors have also been
fabricated by suspending individual CNTs between electrodes and
attaching a beam to the center of the CNT [79]. The CNT is stretched
when the beam is deflected, causing the resistance to change. Such
devices are capable of sub-nano-Newton force resolution. Several
CNT-based piezoresistive devices have been demonstrated where
compression [80] or torsion [81] is applied to the CNT.

3.1.2. Scaling of CNT-based piezoresistors
Flicker noise becomes the dominate noise source as piezoresis-

tive sensors are scaled down to the nanoscale. This is because the
conductance fluctuations of the piezoresistor are dependent on the
number of charge carriers in the resistor. The number of charge
carriers in the resistor is a function of the carrier concentration and
the volume of the piezoresistor. Most classic piezoresistor mate-
rials such as silicon, polysilicon, and metals show a square root
relation between resistor volume and flicker noise as shown in Eq.
(12), where CC is the carrier concentration and ˝ is the resistor vol-
ume. Dynamic range will likewise scale with ˝−1/2 since it inversely
scales with sensor noise.

�V =
√

˛V2
S

˝CC
ln
(

fmax

fmin

)
(12)

The noise in carbon nanotube-based piezoresistive sensors, how-
ever, scales with the number of CNTs in the sensor [82,83] as well
as with the geometry of the CNTs [84,85]. Therefore, the dynamic
range of CNT-based piezoresistive sensors will not scale with ˝−1/2.

The optimal size of the piezoresistor will tend to scale with
the flexure size when flicker noise is the dominant noise source in
the piezoresistive sensor system. The optimal length of the silicon,

polysilicon, or metal based piezoresistor is 1/3 of the beam length
for a cantilever beam [13] in these cases. Therefore, the volume of
the piezoresistor scales in direct proportion to the length of the flex-
ure beam. The thickness of the piezoresistor is similarly set by the



M.A. Cullinan et al. / Sensors and Actuators A 187 (2012) 162–173 169

aceme

t
t
b
b
fl
t
u
T
t
i
n
m
u
N
3

s
t
p
c
s
o
t
c
a
o
l
i
w
b
n
c
c
l
t
t

sistive sensors at most size scales, as shown in Fig. 7. This is
only true if their strain sensitivity can be optimized by select-
ing the CNT chiralities with the highest strain sensitivities for the
Fig. 6. (a) CNT film strain gauge [69], (b) single suspended CNT displ

hickness of the flexure beam. The optimal maximum ion implan-
ation depth for a silicon-based piezoresistive sensor is 1/3 of the
eam thickness [13]. For piezoresistors that sit on top of the flexure
eam, such as metal and polysilicon piezoresistors, the maximum
exure thickness is generally set to be less that 1/10th of the flexure
hickness. This thickness ensures that the performance of the flex-
re is not affected significantly by the presence of the piezoresistor.
he volume of the piezoresistor therefore scales linearly with the
hickness of the flexure. The maximum width of the piezoresistor
s set by the width of the flexure beam, since the piezoresistor can-
ot exist outside the confines of the flexure. These scaling rules
ean that when flicker noise is the dominant noise source, the vol-

me of the piezoresistor scales with the cube of the flexure volume.
oise in these sensors then scales with the flexure volume to the
/2 power.

Carbon nanotube-based sensors are not subject to the same
caling laws. The size of high performance CNT-based piezoresis-
ors is generally set by the inherent size of the CNTs. CNT-based
iezoresistors are a single monolayer of CNTs, so their thickness is
onstant no matter the beam thickness. The CNT-based piezore-
istive sensors are also generally less than 1 �m in length, in
rder to ensure that each CNT is connected between two elec-
rodes. This eliminates the need for CNT–CNT connections, which
an significantly decrease the sensor’s strain sensitivity [69], and
llows the CNTs to behave as ballistic conductors [86,87]. The size
f the CNT-based sensor is therefore not affected as the flexure
ength is scaled down until the flexure beam is a few microns
n length. The noise in the sensor should not be affected even

hen the length of the CNT-based sensors is reduced. This is
ecause flicker noise in ballistic conductors is not affected by the
umber of charge carriers in the resistor [88]. The number of
harge carriers only plays a central role in the noise of diffusive

onductors where the scattering of different carriers is uncorre-
ated. However, this scattering is not relevant in devices where
he length of the device is below the mean free path length of
he electrons. The noise in the ballistically conducting CNT-based
nt sensor [70], and (c) pressure sensor with CNT piezoresistors [70].

piezoresistive sensors should therefore not be dependent on the
sensor length.

The width of the flexure will have an effect on the noise in the
CNT-based piezoresistor. This is because the width of the flexure
controls the width of the sensor, which in turn sets the number of
CNTs which can fit in parallel in the sensor. Each CNT acts as a con-
duction channel through which electrons can flow. Decreasing the
sensor width reduces the number of conduction channels, which
increases the noise in the sensor system [82]. This means that the
noise in CNT-based piezoresistive sensors scales with the square
root of the sensor volume. This makes CNT-based piezoresistive
sensor systems much less sensitive to sensor size than traditional
silicon, polysilicon, and metal thin film piezoresistors.

If we assume a constant 10:10:1 length-to-width-to-thickness
ratio flexure system, it is possible to plot the optimal perfor-
mance of each type of piezoresistive sensor. The ideal CNT-based
piezoresistors have the potential to outperform traditional piezore-
Fig. 7. Sensor dynamic ranges versus size for various piezoresistive sensing mate-
rials.
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iezoresistive sensor [72]. The difference between ideal CNTs and
raditional piezoresistors is magnified when the flexure is less than
bout 10 �m in length, due to the differences in sensor scaling. CNT-
ased piezoresistors are currently capable of outperforming silicon
ased sensors when the flexure length is less than about 1 �m,
nd polysilicon sensors when the flexure length is less than about
00 �m.

Silicon piezoresistors are competitive with ideal CNT-based
iezoresistors at flexure footprints of about 10,000 �m2, as shown

n Fig. 7. For large flexures, silicon piezoresistors are limited by
ohnson noise, and their dynamic range stops increasing. For small
exures, the silicon-based piezoresistor’s performance drops off
ignificantly as a result of the sensor scaling rules discussed pre-
iously. The polysilicon sensors perform similarly to the silicon
iezoresistors except that they have a lower gauge factor and larger
ooge constant. This means that the performance of the polysilicon

ensors starts to drop off when the flexure length decreases below
bout 1 mm. The metal thin-film piezoresistors have a dynamic
ange limited to about 80 dB due to their low gauge factor. They,
owever, do not start to see a drop off in performance in dynamic
ange until the flexure length decreases below about 10 �m, due to
heir high carrier concentration.

As piezoresistive sensors are scaled down to the nanoscale,
NT-based piezoresistors become the only viable option for high
ynamic range sensing. For example, for footprints of less than
�m2, CNTs are the only piezoresistive sensor capable of produc-

ng a dynamic range of greater than 60 dB. However, more work
eeds to be done to improve the performance of the CNT-based
ensor systems before the CNT-based piezoresistive sensors can
tart to approach their theoretical performance limit and be incor-
orated into real high dynamic range nanoscale sensor systems.
or example, it is not currently possible to produce sensors with
nly the highest gauge factor CNTs, since CNT sorting is limited to a
ew specific chiralities [89,90]. Therefore, it is necessary to improve
NT sorting technology so that the highest gauge factor CNTs can
e sorted out and incorporated into nanoscale mechanical sensors.
lso, improved manufacturing techniques are needed in order to
educe the noise in the sensors and reduce sensor-to-sensor vari-
tions in strain sensitivities. With these improvements, it should
e possible for CNT-based piezoresistive sensors to approach their

deal theoretical performance limits.

.2. Resonance sensors

.2.1. Introduction to resonant sensors
Resonant NEMS sensors are a promising new class of sensors

hat have been made possible at the nanoscale due to the small
ass, high natural frequency and high quality factor of nanoscale

esonators. The small mass of NEMS devices allows such devices to
perate at high frequencies. The natural frequency of the device is
nversely proportional to the square root of the mass, as is seen in
q. (13).

= 1
2


√
k

m
(13)

Because of their reduced mass, NEMS devices may be run at
uch higher speeds for a given stiffness. For example, NEMs devices

ave been demonstrated that can run at frequencies of greater than
GHz [91]. This increased natural frequency can improve signal
rocessing speeds and increase the sensitivity of nanoscale sensors
nd transducers that rely on the resonance of a beam.
The amount of power dissipated by mechanical systems such
s MEMS and NEMS devices is also small, giving these mechanical
evices high quality or Q factors compared to electrical resonators.
he Q factor is defined in Equation (14), where ω is the angular
uators A 187 (2012) 162–173

frequency, m is the mass, K is the stiffness, and R is the mechanical
resistance or mechanical damping factor.

Q = ω × Energy Stored
Power Loss

=
√

mK

R
(14)

The Q factor of NEMS devices may be hundreds of times better than
similar high frequency electrical resonators [92].

3.2.2. Resonance-based mass sensors
Resonance-based mass sensors work by creating a frequency

shift, �f, that is directly proportional to the change in mass. When
mass is added to a resonating beam the natural frequency of the
beam changes as described by Eq. (15) [93].

�f = −1
2

f
�m

m
(15)

Nanoscale resonators are ideal for these types of sensors due to
their extremely low mass and high natural frequency. The sensitiv-
ity of these sensors is generally limited by thermomechanical noise,
which is caused by energy exchange between the flexure and envi-
ronment [94]. These thermomechanical vibrations generally limit
the dynamic range of resonant mass sensors to about 60 dB [95].

Nanoscale resonators, however, are still capable of high mass
sensitivity. For example, silicon-based nanoscale cantilevers and
doubly clamped beams have be used to measure masses down to
an attogram [11,96]. In addition, carbon nanotube-based nanome-
chanical resonators have been proposed which are capable of mass
resolutions of up to a zeptogram [97].

3.2.3. Resonance-based strain sensors
Resonance-based strain sensors are based upon the principle of

strain stiffening. The pseudo-ridged-body large-deflection beam-
bending model given by Eq. (16) can be used to predict the strain
stiffening behavior of a clamped-clamped flexure beam [98]. Eq.
(16) relates the applied force, F, to the change in length of the beam,
�L, via the initial clamped-clamped beam length, L0, the position
along the beam, x, the stiffness coefficient K� , the characteristic
radius factor, � , flexural rigidity, (EI)bend, and (EA)axial [99].

F = 2�L(EA)axial

L0 + �L
sin−1

(
x√

x2 + �2L2
0

)

+ 8�2K�(EI)bend tan−1(x/�L0)

x2 + �2L2
0

(16)

When tension is applied to the beam, the beam elongates and �L
increases, which causes the stiffness to increase. This increase in
stiffness then results in a higher natural frequency of the beam. This
increased natural frequency can be described by Eq. (17), where �
is the mass per unit length of the flexure and ε is the axial strain
applied to the flexure [100].

f = 4.732

2
L2
0

√
(EI)bend

�
+ (EA)axialL0

4
4�
ε (17)

Therefore, based on the change in natural frequency of the res-
onating beam it is possible to measure the strain applied to the
beam.

Resonant strain sensors are not commonly used as macroscale
strain sensors due to the range limitations created by the low
failure strains of most macroscale materials. However, CNT-based
resonant strain sensors have recently been shown to be able to
overcome some of these limitations [100–103]. A schematic of a

CNT-based resonant strain sensor is given in Fig. 8.

Carbon nanotubes are well suited for resonance-based strain
sensors due to their high elastic modulus [104], high strength [105],
and failure strain of greater than 20% [106]. These properties give
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Fig. 8. CNT-based resonating strain sensor.
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Fig. 9. Natural frequency versus strain for CNT resonator.

NT-based resonant strain sensors a high natural frequency and
arge range. For example, based on molecular dynamics simulations
f a 15.28 nm long, (5,5) single walled carbon nanotube, CNT-based
esonant sensors can have a strain sensitivity of about 1 picostrain
er hertz, as seen in Fig. 9. For the 15.28 nm long, (5,5) CNT this
ranslates to a force sensitivity of approximately 1 pN/MHz and a
isplacement sensitivity of approximately 10 pm/GHz with a range
f approximately 3.7 nm. These sensors are therefore good at mea-
uring small strains over nanoscale displacement ranges.

Graphene-based nanoelectromechanical resonators are also
romising due to their high elastic modulus (∼1 TPa [107]), high
ield strain (up to 20% [107]), and atomic thickness. These proper-
ies allow graphene-based resonators to have natural frequencies in
he 100’s of MHz range [108–110] while maintaining a small mass.
his is important because it means that even a small change in force
r mass will result in a large change in natural frequency. Therefore,
t is possible to get very sensitive force and mass measurements
y measuring the change in natural frequency of graphene-based
esonators.

. Conclusions

A large variety of nanoscale sensors will become necessary
s new types of NEMS devices are invented. Resonance sensors,
unneling sensors, and CNT-based piezoresistive sensors offer the
otential to overcome some of the fundamental limitations of
anoscale sensing. However, more work needs to be done on these
ypes of sensors in order to make many nanoscale devices practical
or real world applications. For example, it is necessary to improve
he sorting of CNTs by chirality in order to maximize the strain sen-
itivity of CNT-based piezoresistive sensors. Similarly, the design
nd environmental isolation of nanoscale tunneling sensors must
e improved in order to reduce both the noise in these sensors and
heir sensitivity to changes in the operating environment.

NEMS nanomanufacturing techniques must also be improved
o allow reliable, repeatable NEMS to be produced at the high vol-

mes and at low costs necessary for many medical, chemical and
lectronics applications. For example, currently the fabrication of
anotube-based resonators often involves placing many CNTs on a
ubstrate, then using electron beam lithography to define the rest of
uators A 187 (2012) 162–173 171

the electronics structure around the CNTs. This type of fabrication
procedure is time consuming and costly, which makes it impractical
for large-scale fabrication of resonant sensors. In addition, this type
of fabrication procedure can result in wide variances in the initial
strain applied to the CNT. This causes the natural frequency of the
NEMS resonator to be inconsistent from device to device. There-
fore, new sensor designs and fabrication techniques are required
in order to improve the repeatability of NEMS resonant sensors.

Despite these limitations, there are many important applica-
tions for NEMS devices that should drive the development of new
types of nanoscale sensors and create interesting new research
opportunities.
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