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The fundamental properties of one-dimensional (1D) carbon nanostructures and their promising
technological applications have stimulated significant research in different areas. Because of their
outstanding electrical and mechanical properties, these nanostructures have emerged as a new class
of sensor material with real potential for a variety of nano-electromechanical systems (NEMS).
Several studies have shown that the performance of a NEMS device is significantly affected by
the material properties of the nanostructures used to build it. For this reason, a section of this
review is devoted to the synthesis and properties of 1D carbon nanostructures including nanotubes,
nanofibers, and nanowires. Thereafter, some NEMS-based sensors using 1D carbon nanostructures
are introduced and issues related to their fabrication processes are addressed. The goal of this
brief review is to outline the benefits of the use of 1D carbon nanostructures, the current status of
development and challenges to enable their widespread application as sensing elements in NEMS
devices.

1. Introduction

Nano-electromechanical systems (NEMS) are devices that integrate electrical and mechanical
functionalities on the nanoscale for sensing, actuation, signal processing, display, control and/
or interface functions.( They are the result of the progressive miniaturization of micro-
electromechanical systems (MEMS) motivated by the growing demand for high-performance
devices with smaller size, higher sensitivity, faster response, higher integration, and lower energy
consumption.”? Since the dimensions of devices are scaled down, new materials, technologies, and
approaches have been required.

In a simplified way, NEMS can be defined as the scaled-down version of MEMS. Both device
structures are similar; they are composed of mechanical moving parts and electronic circuitry.
Thus, a device is defined as NEMS if its mechanical structures, generally cantilevers or doubly
clamped beams, have at least two dimensions less than 100 nm as in Table 1.
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Table 1
General comparison of MEMS and NEMS technologies.
MEMS NEMS

. . *Classical mechanics *Classical and quantum theory
Physics (fundamental theories) *Electromechanics *Nano-clectromechanics
Manufacturing Top-down approach Top-down and bottom-up approaches

Mechanical structures *Mechanical structures
Characteristics with dimensions on the order  with at least two dimensions less than 100 nm
of micrometers *High surface-to-volume ratio

A wide comparison between NEMS and MEMS devices shows that NEMS is not a duplication
of MEMS in a smaller size. NEMS devices exhibit unique characteristics based on nanoscale
effects. Therefore, they have required the development of new simulation and modeling tools.
Owing to the size effects, some design parameters negligible in MEMS must be applied to NEMS
sensing to achieve a device with high performance.®

NEMS device characteristics not only depend on the intrinsic properties of the active materials
used but are also correlated with the method of device fabrication. Not all materials and processes
can be scaled from MEMS to NEMS.® Regarding the device fabrication, MEMS are manufactured
by conventional microelectronics processes combined with micromachining technology. These
traditional processing technologies face some fundamental physical limits for NEMS device
fabrication. For this reason, there is a continuous development of alternative NEMS fabrication
processes. Nowadays, NEMS are built mainly by the top-down and bottom-up fabrication
approaches.® Table 1 compares the basics of NEMS and MEMS technologies.

In terms of material technology, Si has been widely used to build the NEMS devices due to
be the main material for IC and MEMS technologies. The advantages of Si include commercial
availability of high-quality low-cost wafers, ease of processing into a variety of shapes (membranes,
cantilevers, strings, and nanowires) and well-established device processing techniques. However,
the Si-based NEMS device has exhibited some drawbacks, for example, the presence of a ~1-2
nm native oxide layer on its surface affects the quality factor of the device. In addition, it has been
observed that limitations in strength and flexibility have compromised the performance of Si-based
NEMS actuators.©

The choice of NEMS building materials other than Si has been limited by three main factors:
reproducibility, integration with semiconductor technology, and cost. One-dimensional (1D)
carbon materials have been shown to be attractive candidates because of their exceptional electrical
and mechanical properties associated with their high surface-to-volume ratio, which promises
the possibility of high-performance NEMS devices. Carbon nanotubes (CNTs) have established
themselves as the main 1D carbon nanostructures for NEMS applications. The main issues for the
integration of CNTs with semiconductor technology are summarized in Fig. 1. They can be divided
into five major groups:

(1) Material compatibility: High-temperature growth of 1D carbon (typically 700—1000 °C) can be
detrimental to an underlying semiconductor structure; direct growth of the nanostructures into
batch-fabricated microsystems is a challenge. The choice of the substrate is also an important
issue. Si and Si dioxide are the most common substrates because they are widely used in
semiconductor technology.

(2) Electrical contacts: A range of different metals have been tested for the integration of 1D carbon
nanostructures with Si. It has been observed that CNT-Si and CNT-metals have high resistance.
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Fig. 1. Issues related to the integration of CNT with semiconductor technology.

(3) Functionalities: It has been demonstrated that 1D carbon nanostructures add new functionality
or improved performance to integrated devices. These nanostructures exhibit great potential as
the active material for different sensing applications.

(4) Device architectures: Connecting several 1D nanostructures into functional devices is a
challenge. It is difficult to place each 1D nanostructure at the desired locations with high yield.
Another challenge is the distribution of 1D nanostructures with different electrical properties.

(5) Reliability: For commercial applications, the expected lifetime of the devices must at least be on
the order of years. In general, CNTs are durable at high temperatures and in various chemical
environments. Failures are associated with the degradation of the interfaces between CNTs
and the substrate. The lack of uniformity of the nanostructures also directly affects the device
performance.

As can be noted, there are advances still needed for CNTs to achieve large-scale CNT device
fabrication and commercialization.?”)

A variety of different electromechanical sensor prototypes using CNTs have been reported,
particularly those based on piezoresistive strain gauges or field emission.® CNTs are often used as
a beam in NEMS. The mass sensitivities of CNT and Si nanowire beams are compared in Table 2.
In this application, the sensitivity is the parameter that indicates the amount of mass necessary to
shift the resonant frequency 1 Hz, i.e., the lower the sensitivity, the better the sensor performance.
As can be observed, the sensitivity of the CNT beam is less than half that of the Si beam.

Promising results have also been reported for carbon nanowires (CNWs) and nanofibers (CNFs).
For example, resonant NEMS based on vertically oriented CNFs have shown potential use in harsh
environment sensing and communication devices.'”? The main advantage of the use of CNWs in
NEMS is that their electronic properties can be well controlled during synthesis. This has not been
achieved yet for CNTs. On the other hand, CNWs exhibit a lower degree of flexibility than CNTs,
which can limit device fabrication and reliability.("V

Despite advances in growth, characterization, manipulation, and assembly, there are still open
issues related to the synthesis and processing of 1D carbon nanostructures for the large-scale
production of NEMS. In this context, this review begins by summarizing the synthesis methods
and fundamental properties of 1D carbon nanostructures including nanotubes, nanofibers, and
nanowires. Next, an overview of the main 1D carbon-based sensors will be introduced. At the
same time, the issues involving the sensor fabrication processes will be addressed.
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Table 2
Physical properties and mass sensitivity of clamped-clamped beams of Si nanowires and CNTs of equal dimensions
(adapted from Ref. 9).
Young’s modulus (GPa) Mass density (kg/m?) Sm (g/Hz)
Si nanowires 160 2230 292 %102
CNTs 1000 2200 1.14 x 102

2. Fundamental Properties and Synthesis of 1D Carbon Nanostructures
2.1 CNTs

The current research on 1D systems has been largely dominated by CNTs, which are formed
from graphite sheets in the form of cylinders. They are allotropes of carbon with a nanostructure
that can have a length-to-diameter ratio greater than 100.02 Figure 2 shows the diameters of CNTs,
CNF, and conventional fibers.

CNTs are tubular in shape as can be seen in Fig. 2. A CNT can be defined as a hexagonal
arrangement of carbon atoms arranged in a sheet that has been rolled up to form a tube. The tubes
contain at least two layers, often many more, and range in outer diameter from about 3 to 30 nm.(?
Their extremities are naturally closed by half of a fullerene molecule. CNTs are unique structures
with remarkable mechanical and electronic properties, such as the most rigid molecules and flexible
and resistant strains ever produced. Mechanically speaking, CNTs have a high Young’s modulus
(around 1 TPa) and are potentially 30 to 100 times stronger than steel.!>'? Besides, they are the
best in conducting both heat and electricity.(!>'? Table 3 summarizes some of these properties.

In terms of structure, CNTs may be classified as single-walled (SW) or multiwalled (MW).
Selected characteristics of SWCNTs and MWCNTs are shown in Fig. 3. MWCNTs consist of
multiple concentric layers of graphene or a stack of graphene sheets rolled up into concentric
cylinders. They are larger and consist of many SWCNTs stacked one inside the other. Each
nanotube is a single molecule composed of millions of atoms and the length of this molecule can be
more than 10 um long with diameters as small as 0.7 nm.(®

Two different models are proposed to describe the structures of MWCNTs (Fig. 4): (i) Russian
doll model where sheets of graphene are arranged into concentric cylinders and (ii) Parchment
model where a single graphene sheet is rolled around itself, like a scroll of parchment.('¥ Like in
graphite, the interlayer distance is approximately 3.4 A.(9 The bonding within the CNT walls is
covalent, while van der Waals bonding occurs between CNTs, either in a bundle or between CNTs
arranged in a MWCNT structure.'>

The SWCNTs are generally narrower than the MWCNTs, with diameters typically in the range
of 1-2 nm, and tend to be curved rather than straight.'» Usually, they contain only 10 atoms
around the circumference and the thickness of the tube is only one atom thick.(® The structure of
a SWCNT can be conceptualized by wrapping a one-atom-thick layer of graphene into a seamless
cylinder.» The way graphene is wrapped is represented by a pair of integers (n, m). These
integers, called Hamada’s indices, are coordinates of the point that overlaps after wrapping where
the origin is in the honeycomb crystal lattice of graphene.(*+'®) For the case where n = m, the
CNTs are called achiral armchairs. In the armchair structure, two C—C bonds on opposite sides of
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SWCNT * Single layer of graphene

* Catalysis is required for synthesis
* Purity is poor

Carbon nanotube  Carbon nanofiber Carbon fiber
SWCNT MWCNT

* Easy characterization and evaluation
* It can be easily twisted and is pliable

MWCNT .
* Multiple layers of graphene

* Produced without catalyst
* Purity is high

* Very complex structure

1 101 102 103 104 T * Cannot be easily twisted

Diameter (nm)
Fig. 2. Schematic of the diameter dimensions on a Fig.3. Some characteristics of SWCNTs and
log scale for some types of carbon structures (adapted MWCNTs.

from Ref. 13).

Table 3

Some outstanding properties of CNTs.

Property Description

Strength Greater than at least 30 times the strength of steel
Thermal conductivity More than twice that of diamond
Density About half that of aluminum

Thermal stability Stable to 2700 °C

Chemical reactivity Similar to graphite

Chirality Metallic or semiconducting

CNT

Parchment
model

Fig. 4. Classification of CNTs.
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each hexagon are perpendicular to the tube axis.('® For the case where n # 0 and m = 0, the CNTs
are called achiral zigzags. In the zigzag structure, two C—C bonds are parallel to the tube axis.
Otherwise, they are called chiral.?” All other conformations in which the C—C bonds lie at an angle
to the tube axis are known as chiral or helical structures.(!®

The structural orientation of the CNTs affects the position of the valence and conduction bands.
As a result, the CNTs may exhibit metallic or semiconducting behavior. The first type consists of
metallic CNTs, where n = m. CNTs are semiconducting with narrow band gaps when the values
of m and n are multiples of three. For other cases, CNTs are semiconducting with moderate band
gaps.” Therefore, armchair CNTs are metallic and CNTs with the configurations (6, 3) and (9, 1)
are semiconductors; hence, the band gap is tunable by choosing the appropriate CNT structure or
Hamada’s indices (m, n).(?

In theory, metallic CNTs have a carrier mobility of approximately 10000 cm?/(V-s), which is
better than that of Si. They can carry an electrical current density of approximately 4 x 10° A/
cm?, which is three orders of magnitude higher than that of a typical metal such as copper that has
interconnect current densities limited by electromigration.?"

It is also valuable to note that the rules for metallic and semiconducting CNTs here discussed
have some exceptions. Curvature effects in small-diameter CNTs can affect the electrical properties.
In this case, for example, a CNT with Hamada’s indices of (5, 0) according to the rule should be
semiconducting, but is metallic,?” while some small-diameter tubes expected to be metallic have a
small gap in the band structure."® Armchair CNTs remain unchanged.

In the same way as the band gap structure, the chirality and the tube diameter are other important
parameters that affect the properties of CNTs. For example, they have strong dependence on the
binding energy, size, and bright-dark splitting of excitons in semiconducting CNTs.?? Furthermore,
it has been reported that they simultaneously affect the solubility of SWCNTs.?» The chirality
and the tube diameter are established during CNT synthesis and may be modified subsequently by
treatment and purification processes.

Chirality is given for the chiral angle of CNTs, which is the angle between the C—C bonds
and the tube axis. Both the chirality (¢) and diameter (d) of an ideal CNT can be calculated from
Hamada’s indices (n, m) as follows:

d=—\n>+nm+m?, (1)

Al

V3 ) 2)

m
0= arctan(
2n+m

where a is the length of the unit vectors in the 2D lattice of graphene (a = 0.246 nm).(1?

The synthesis of CNTs (single or multiwalled) can be performed by different methods, mainly
gas phase processes. All these methods have three ingredients in common: (i) carbon source, (ii)
catalyst nanoparticle species, and (iii) energy input.!¥ These ingredients may provide various
ways of synthesis. When the carbon source is provided in liquid or gaseous form, the generic
term of “medium- or low-temperature method” is used.('"¥ Therefore, the term ‘“high-temperature
method” is used to define processes that involve the sublimation of the solid source (graphite) at
temperatures greater than 3200 °C.0» The first CNTs were synthesized by this technique.
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The catalyst species necessary for CNT synthesis is typically transition-metal nanoparticles
(diameter less than 10 nm) formed on a support substrate. For this purpose, iron, cobalt, and nickel
are the most effective transition metals used. Metal catalyst nanoparticles are crucial in CNT
growth. At high temperature, these metals have high solubility of carbon and a high diffusion rate,
which is very helpful during the CNT growth process.?® Furthermore, the melting point for such
catalyst candidates is suitable for synthesizing CNTs since the growth temperature is in the range
of 700-900 °C.?> There are other metals in the same group with potential for CNT growth, such
as chrome and copper and theirs alloys and compounds. Moreover, different deposition methods of
metal catalyst nanoparticles have been investigated. These methods are well reported in a review
published by Azam et al.?%

Currently, laser ablation, electric arc discharge, and chemical vapor deposition (CVD) are the
most common and well-explored techniques of synthesizing CNTs. A comparison of them is shown
in Table 4. The CVD technique is the most reported in the literature owing to advantages such as
lower processing temperature, possibility of controlling the CNT structure, high purity as well as
large-quantity production.%27

In the electric arc discharge method, a high-current electric arc goes through graphite electrodes
in the presence of catalytic particles forming CNTs and soot.'>?® This process is performed in
a chamber filled with argon or helium gas.'"¥ The plasma generated in the chamber presents an
extremely high temperature that can reach 600 °C."> The carbon atoms generated by graphite
sublimation migrate towards colder zones within the chamber, resulting in CNT accumulation on
the cathode. Evidently, electric arc discharge is considered a high-temperature method for CNT
deposition. This technique was first reported by Ilijima for producing microtubules of graphitic
carbon.® The electric arc discharge method presents a yield of 30 wt.% and can produce both
SWCNTs and MWCNTs with few or no structural defects.!” The presence of specific metal
catalytic particles determines the production of MWCNTs or SWCNTs.('® However, for an anode

Table 4
Comparison of CNT production techniques.

Laser ablation Arc discharge CVD

Typical reactor

O pressuresensor
raniii R

substrate
A —
ﬁl pliiinnu
heat source quartz tube

gasin
Process control Difficult Difficult Easy, can be automated
Production rate Low Low High
Energy requirement High High Moderate
Product purity High High High

Cost High High Low
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of pure graphite, the products are fullerenes, amorphous carbon, and some graphitic sheets, but no
nanotubes. For an anode of graphite and metal, the tubes tend to be short (50 um or less) and
deposited in random sizes and directions.(!”

Like electric arc discharge, laser ablation is also considered a high-temperature technique for
CNT deposition because it involves the sublimation of graphite. In laser ablation, a pulsed laser
(Nd, Nd:YAG, or CO,) is irradiated onto the surface of a graphite target in the presence of metal
catalyst. The laser vaporizes graphite by scanning its surface at higher temperatures, around 1000—
1200 °C.042»  The fullerenes and CNTs produced by the sublimation of graphite are displaced
by an inert gas flow (helium or argon), coalesce in the gas phase, and finally are deposited on a
cooled copper collector.' Using laser ablation, it is possible to define the SWCNT or MWCNT
structure by specifying the metal catalytic particles. This was the first method used to produce
Cq: Buckminsterfullerene reported in the literature.?® In addition, laser ablation can produce
primarily SWCNTs with up to 70 wt.%, and with a diameter range that can be controlled by varying
the reaction temperature.!” However, laser ablation requires very expensive lasers, making it
by far the most costly method.('"” The advantage of laser ablation is that it lends itself well to the
implementation of diagnostics and in situ observations during the CNT growth.(¥

In CVD, CNTs are produced by thermal decomposition of precursor gases, such as methane,
ethylene, toluene, xylene, camphor, acetylene, and benzene.('” These precursors are the carbon
source for the CNT synthesis. As the sources are provided in gaseous form, the generic term of
the low-temperature method is used for CVD. CNT synthesis by CVD occurs at temperatures
between 500—1000 °C. The CVD method is catalytically driven: a transition-metal catalyst is used
in conjunction with the thermal decomposition of a hydrocarbon vapor to produce nanotubes.!>
CVD produces CNTS with 20 to 100 wt.%. Among the three methods described, it is the easiest
to scale up to industrial production and may possibly yield nanotubes of great length.(!’ Moreover,
it has the best cost/benefit ratio for the production of CNTs. However, CNTs made by CVD are
usually multiwalled and are often riddled with defects. As a result, the tubes have only one-tenth
the tensile strength of those made by electric arc discharge.!” High-quality nanostructures are
often required for NEMS device applications. Despite the issue of quality, CVD-based methods
have been employed in the development of 1D carbon devices, because they allow the CNT growth
directly on the substrate surface, enabling the integration for device applications. On the other
hand, although CVD processes use lower temperatures than other CNT synthesis methods, the
temperatures involved (greater than 500 °C) are not compatible with some substrate materials and
microelectronics/microfabrication processes. Hence, there is much interest in CNT growth by low-
temperature techniques.

Plasma-enhanced CVD (PECVD) has often been reported as the most versatile technique for
CNT deposition.®'39 It is especially attractive because it enables CNT deposition on temperature-
sensitive substrates and exhibits compatibility with device fabrication processes.'¥ Furthermore,
owing to the high deposition rate of PECVD, the structures can be formed in a short time, which is
of interest from the industrial viewpoint.¢?

Some studies have revealed that PECVD is able to grow CNTs at 120 °C using nickel as a
catalyst in a C,H,/NH; system®» and nickel and copper as catalysts in a C,H,/Ar system.G?» The
low-temperature processing is possible since high-energy electrons (3—4 eV) supply the energy
needed for chemical reactions in the gas or plasma phase while the gas itself is relatively cool (27227
°C).% More recently, PECVD has been investigated for its ability to produce vertically aligned
nanotubes.?® For this, a variety of different plasma sources have been investigated.*=
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For the production of vertically aligned CNTS, dielectrophoresis is a simple but versatile method
that has proven to be effective in aligning CNTs at small and large scales.®” Figure 5(a) illustrates
the configuration of the experimental system for dielectrophoresis of the CNTs. This is basically
composed of an alternating current (AC) source and micromachined electrodes (for example, in the
form of “teeth”) on the substrate. The AC source is connected to the electrodes through two metal
probes. After the instruments are set up, a droplet of the CNT solution is placed in the area between
the electrodes using a syringe and the AC signal source is switched on, promoting the generation
of an electric field between the electrodes. The electric field exerts dielectrophoretic forces on the
CNTs and forces them to rotate along the field lines [Fig. 5(b)]. The CNTs can be deposited on the
substrate with this orientation. After a short period (~30 s) of dielectrophoresis, the AC signal is
switched off and the CNT solution is removed with another syringe.®® This method can be carried
out at room temperature with low voltages.

In the field of CNT research, dielectrophoresis was first introduced as a method of assembling
and contacting individual or bundled SWCNTs on predefined electrode structures.®” It was then
demonstrated that dielectrophoresis allows for an electronic type-specific sorting of SWNTs
on the basis of the difference in the polarizability of semiconducting and metallic nanotubes.“?
Additionally, dielectrophoresis can be easily incorporated into device fabrication®) and eventually
used in wafer-level-controlled deposition.*?

In accordance with the method and the synthesis parameters used, different types of CNTs can
be produced. Chirality, number of walls, structural defects, tube diameter, and length are important
characteristics that directly affect CNT properties. Such characteristics can be obtained by various
material characterization techniques. For example, Raman spectroscopy can be used to investigate
the structural defects and predict the tube diameter;*) transmission electron microscopy (TEM)
is particularly useful for determining the chirality,*» the length,*> and the number of walls. The
choice of ideal properties is essential for each specific application.

Since the discovery of CNTs, numerous applications have been proposed. SWCNTs have
been shown to be strong candidates for sensing-element applications. Semiconducting CNTs
change their electrical resistance dramatically when exposed to halogens, alkalis, and other gases
at room temperature, raising hopes for realizing better chemical sensors.!” From the commercial
viewpoint, applications in semiconducting gas sensors, DNA sensors, infrared sensors, and electron
field emitters of displays“® appear to have defined market niches and are technologically mature.*”

@ AC Source /CNT\\

Electric
Field

(@ (b)

Fig. 5. (a) Experimental system for the dielectrophoresis of CNTs and (b) principle of dielectrophoresis
deposition and alignment of CNT (adapted from Ref. 38).
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2.2 CNFs

CNFs are cylindrical nanostructures with graphene layers arranged as stacked cones, cups,
or plates. They have high aspect ratios (>100) with diameters greater than 100 nm and lengths
exceeding 30 pm. The size of CNFs places them between CNTs and commercially available carbon
fibers (CFs) as shown in Fig. 2.4%4 When the CNFs are compared with conventional CFs, the
first difference is that CFs have micrometer-order diameters. Besides the diameter, the structures
of the CNFs are different from those of conventional CFs. In a CF, the carbon atoms are bonded
together as crystals that are more or less aligned parallel to the long axis of the fiber and the crystal
alignment gives the fiber a high strength-to-volume ratio.®” In addition, CNFs are different from
CNTs. Their geometry is different from that of concentric CNTs containing an entire hollow core,
because they can be visualized as regularly stacked truncated conical or planar layers along the
filament length.*® Such unique structure leads to semiconducting behavior and with chemically
active end planes on both the inner and outer surfaces of the nanofibers, thereby making them
useful as supporting materials for catalysts, reinforcing fillers in polymeric composites, hybrid-type
filler in carbon-fiber-reinforced plastics, and photocurrent generators in photochemical cells.“® For
sensing purposes, this 1D carbon-based material has been successfully applied as a sensor for toxic
and nontoxic gases,*'¥ a strain sensor,*+>> an electromagnetic interference shield, and a thermal
interface.®

Unlike the conventional CF, the CNF can be prepared mainly by two techniques: catalytic
thermal CVD and electrospinning. By catalytic thermal CVD, two types of CNF can be prepared,
namely, the cup-stacked CNF and the platelet CNF.C%575%  Briefly, CNFs are produced by the
catalytic CVD of a hydrocarbon (such as natural gas, propane, acetylene, benzene, ethylene, etc.)
or carbon monoxide over the surface of a metal (Fe, Ni, Au, Co) or metal alloy (such as Ni—Cu, Fe—
Ni) catalyst.¢) The catalyst can be deposited on a substrate or directly fed with the gas phase.©?
The reaction is usually carried out in a reactor operated at a temperature of 500-1500 °C.» The
hydrocarbon decomposes on the metal catalyst; this decomposition both nucleates and causes the
CNFs to grow.®® Generally, the structures of the CNF are governed by the shapes of the catalytic
nanosized metal particles.®® The growth mechanism has been proven to be the deposition of the
hydrocarbons dissolved in the metal particle on the metal surface as graphitic carbon.*® Readers
interested in the growth of CNFs by catalytic thermal CVD are advised to refer to a general review
by Al-Saleh and Sundararaj.®>

Electrospinning is another widely used method of producing CNFs. Recently, Inagaki et al.
published a review on CNFs produced by electrospinning and carbonization, summarizing the
method in accordance with their structure and properties.©®® More recently, Zhang et al. reviewed
the advances in the preparation and applications of CNFs prepared by electrospinning.©”

In the electrospinning method, polymeric nanofibers must be used as the precursors of the CNFs.
Hence, the final properties of the CNFs are dependent on the types of polymer solution and polymer
nanofiber processing parameters. Polyacrylonitrile (PAN) and pitch are the most frequently used
polymers. In addition, poly(vinyl alcohol) (PVA), polyimides (PIs), polybenzimidazole (PBI),
poly(vinylidene fluoride) (PVDF), phenolic resin, and lignin were also used.®® A conventional
electrospinning setup involves three major components: a high-voltage power supply, a spinneret (e.g.,
a syringe or pipette tip), and a grounded collector (typically a flat metal plate or a rotating drum).©®
In short, the electrospinning technique is based on the application of an electric field to a drop of
polymer solution at the tip of a spinneret. As the intensity of the electric field increases, the surface
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of this drop elongates to form a conical shape known as the Taylor cone.® When the applied
electric field reaches a critical value, the repulsive electrical forces overcome the surface tension
of the drop, and a charged jet of the solution is ejected from the tip of the cone and accelerates
downfield. An electrohydrodynamic whipping instability of the jet occurs between the tip and the
collector, which leads to further stretching of the liquid filament and the evaporation of the solvent
to generate solidified continuous, micro- or nanofibers on the grounded collector.”” Once the
polymer nanofibers have been successfully prepared, a heat treatment (up to 1000 °C in a specific
environment) will be applied to carbonize the polymer nanofibers to form CNFs. Generally, volume
and weight changes will occur during the carbonization process, resulting in a decrease in the
diameter of the CNFs. The morphology, purity, crystallinity, diameters, and porosity are governed
by the parameters of the heat treatment process, such as atmosphere and temperature.%""

The dimension and the structural, electrical, mechanical, and thermal properties of the CNFs
depend on the production technique and post-treatment methods.» Table 5 summarizes some
typical properties of vapor-grown CNFs (VGCNFs), electrospun CNFs, CFs, SWNTs, and MWNTs.

Comparing the properties shown in Table 5, we can see that CNFs have worse mechanical
and electrical properties than CNTs. CNFs also have larger diameters, higher density, and lower
aspect ratios that those of CNTs. However, because of their availability and relatively low price,
CNFs are an excellent alternative to CNTs. In addition, CNFs could be used for research purposes
to accumulate knowledge that might be transferable to the more expensive CNTs. MWCNTs are
2-3 times more expensive than VGCNFs, and SWCNTs are even more expensive. In 2009, the
prices of VGCNFs, MWCNTs, and 90% pure SWCNTs were $200/kg, $450/kg, and $50000/kg,
respectively.’» A comparison of the qualities of CNFs produced by the three major techniques,
namely, CVD, traditional spinning, and electrospining, in terms of diameter, electrical conductivity,
and cost has been presented by Zhang et al.”> It was shown that electrospinning is much more
effective for producing CNFs with small diameters and high electrical conductivities than the
traditional spinning technique. The cost of electrospun CNFs is expected to be much lower than
that of CNFs produced by CVD methods because of the simpler processes.

Table 5

Typical properties of VGCNF, electrospun CNFs, CFs, SWNTs, and MWNTs. (65:66.73-75)

Property VGCNF Electrospun CNF CF SWCNT MWCNT

Diameter (nm) 50-200 50-250 7300 0.6-1.8 5-50

Length (um) 50-100 — 3200 — 1-50

Aspect ratio 250-2000 — 440 100-10000 100-10000

Specific surface area 150-200 20-2500 — — 1000-1350
(m?/g)

Density (g/cm?) 2 1.5-2.0 1.74 ~1.3 ~1.75

Thermal conductivity 1950 5-1600 20 3000-6000 3000-6000
(W/m-K)

Electrical resistivity 1x10* — 1.7 x 1073 I x102-1x10* 2x1072-1x10*
(Q-cm)

Tensile strength (GPa) 2.92 — 3.8 50-500 10-60

Tensile modulus (GPa) 240 50-250 227 1500 1000
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For electrical applications, CNFs are also competitive with CFs, owing to the lower loading
of VGCNFs than that of CFs required to achieve certain electrical conductivities. The volume
resistivity of normal VGCFs after graphitization is 6 x 10° Q cm.®> The thermal conductivity of
1950 W/(m K) of VGCNFs is the highest among all commercial CFs.©» The thermal conductivity
of MWNTs experimentally measured is around 3000 W/(m K).©>7 This value is much lower than
the 6600 W/(m K) theoretically estimated for SWNTs using molecular dynamics simulations.®

2.3 CNWs

Nanowires can be defined as structures that have a lateral size limited to less than 10 nm and an
unconstrained longitudinal size. At these scales, quantum mechanical effects are important, which
led to the term “quantum wires”. There are many different types of nanowires, including metallic
(e.g., Ni, Pt, Au), semiconducting (e.g., Si, GaN, etc.), and insulating (e.g., SiO,, TiO,).77’® Among
them, there is the class of CNWs. CNWs are novel nanostructures of ever-increasing importance
in nanoscience and nanotechnology. Their potential use in NEMS and nanoelectronics may be
considerably facilitated by their far more flexible technology (compared with CNTs), controllability
of their positioning, and reproducibility of their electrical and structural parameters.

CNWs are composed of both sp? and sp bonds. The known carbon allotropes are usually based
on one of the three types of bonding: sp? (diamond), sp? (graphite, fullerenes, and nanotubes), and sp (C
chain and carbyne). By high-resolution transmission electron microscopy (HRTEM) and Raman
spectroscopy, Zhao et al. confirmed that a CNW consists of a MWCNT (sp?) with a 1D linear C
chain (sp) inserted into its innermost tube of 0.7 nm diameter.” When a CNW is modeled using a
SWCNT with a linear C chain inside its hollow core, first-principles calculations show that the C—C
bond length in a C chain is tuned by the projected C—C distance of SWNT on the nanotube axis.

Relatively few methods have been developed for the fabrication of CNWs. The most common
are based on the CNT growth methods discussed in Sect. 2.1. De Volder et al., using standard
lithography, oxygen plasma treatment, and thermal processing, fabricated and integrated vertically
aligned forests of amorphous CNWs.®»  Amma et al. synthesized CNWs by the pyrolysis of
polymer precursors in the pores of alumina membranes and aligned the CNWs using electrostatic
interactions with monolayers at the bottom of the lithographically formed wells.®) A more
complex technique of producing CNWs is focused ion beam (FIB) writing.®? The idea to make
CNWs on diamond surfaces by FIB writing resulted from the search of a technology capable of
the reproducible fabrication of carbon electronic nanostructures. Since the current technology
of individual CNTs has not met the challenge of reproducible manipulation, positioning, and
patterning, alternative ways must be found. The FIB-written CNWs could be one approach,
which, to some extent, could circumvent this problem. The work of Zaitsev et al. showed that
FIB irradiation could be used to purposely form CNWs and nanodots of a predetermined geometry
in predetermined configurations on a diamond substrate.®>8) It was noted that the same FIB
irradiation can be simultaneously used to make interconnections between the nanowire-nanodot
structures, as well as to fabricate terminal contact pads to connect the nanostructures to the outside
world. Moreover, it was found that the CNW structures were temperature sensitive and could be
used as temperature nanosensors.®? A novel property of the FIB-written carbon nanostructures has
recently been discovered: their chemical sensitivity.4
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3. Applications of 1D Carbon Nanostructures as Sensing Elements

Small sensors with simple construction for large-scale production, high sensitivity, convenient
operation, and fast and stable response are desirable to meet the demands of different applications.©”
Several types of nanosensors based on 1D carbon nanostructures (nanotubes, nanofibers, or
nanowires) can be developed. In general, the proposed sensors are categorized into two main groups: (i)
those that interact with structures and surfaces on atomic and molecular levels (e.g., CNTs used as
AFM probe tips) and (ii) those that interact with the macroscopic environment (e.g., CNT beam-
based sensor).)

The manufacturing of sensors using 1D carbon nanostructures involves the integration of
semiconductor and carbon technologies. For most of these sensors, Si is the semiconductor
material chosen as substrate. This necessitates that 1D carbon growth be compatible with Si device
processes. Conventional CVD CNT growth and device fabrication techniques are unable to fully
meet this requirement owing to a lack of precise control over nanotube positioning and orientation.®>
Some methods have been developed to enable the manufacture of NEMS based on 1D carbon
nanostructures. These methods are divided in two groups: (i) direct 1D carbon nanostructure
growth and integration (also called in situ growth techniques), which is characterized by the control
of the position of the nanostructures on the substrate, and (ii) 1D carbon nanostructure assembly and
integration (also called postgrowth manipulation), which is characterized by moving the previously
synthesized nanostructures to the desired position.®89

Prototypes of 1D carbon sensors have been developed on the basis of different transduction
principles and with different device architectures. In this review, our focus is on NEMS-based
sensors using suspended structures made from CNT (or CNF or CNW). In the next section,
examples of these sensors, their fabrication processes and potential applications will be presented.

3.1 Examples of NEMS-based sensors using 1D carbon nanostructures

Chiu ef al. observed that resonators based on individual double-clamped SWCNTSs are capable
of atomic-scale mass sensing and determining the inertial mass of atomic species.®”? The resonator
geometry proposed by them consists of a single-electron transistor, as shown in Fig. 6. This device
was manufactured by the following fabrication steps: (i) CNTs are grown from a catalyst island
under either pure CH, or CH,/H, mixture on an oxidized Si wafer, (ii) an electron beam is used to
attach Pd/Au source/drain electrodes and a side gate, and (iii) SiO, was etched using buffered HF
to suspend the CNT within the window. The results of the analysis performed on the resonator
indicate its potential for ultraminiaturized mass spectroscopy or arrays, which will enable on-chip
detection and identification of unknown analytes, as well as the study of single-atom adsorption and
desorption.®?

CNTs have also been used as sensors for nanofluidic applications. In Fig. 7, the CNT fluidic
sensor recently proposed by Son et al. is shown.®® SWCNTs with diameters less than 2.5 nm
were synthesized directly on a 220-nm-thick thermal oxide layer on a conducting Si substrate. A
conventional process of metal evaporation (Cr/Au) and lift-off was used to define the drain (D) and
source (S) electrodes. In order to fabricate the partially suspended device, a trench was chemically
etched beneath the SWNT at the center of the structure by HF treatment followed by treatment with
a KOH solution. In terms of device performance, the sensitivity of the suspended SWNT devices
is more than 10 times greater than that of any nanoscale FET device reported to date. However,
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Fig. 7. (Color online) NT fluidic sensor: (a) SEM image of a partially suspended SWCNT device, (b) schematic
illustration of the sensor, and (c) schematic of the operation of the sensor.®®

they observed a large sample-to-sample variation in SWNT device performance, influenced by
various factors such as nanotube chirality, metal contacts, defects, surface-induced deformation,
and chemical environment. In general, the high sensitivity obtained for suspended SWNT devices
shows their great potential as biological and chemical detectors.

In NEMS resonator applications, the CNT platform has competed with the Si nanowire. Table
6 shows the sensitivities of state-of-the-art resonant mass sensors based on CNTs and Si nanowires.
As explained in the introduction of this review, for resonant structures, the lower the sensitivity, the
better the sensor performance. Note that CNTs have the smallest dimensions and better sensitivity
than Si nanowire.

Lee et al.® reported a CNF NEMS device prototype operating as nanoscale cantilevers
supported at one end (Fig. 8). Nickel deposited by electron-beam evaporation was used as the
catalyst for the CNFs. The control size, position, and density of CNFs were determined by high-
resolution photolithography to pattern and fabricate large arrays of Ni catalyst dots. The measured
multiple-mode resonance response from this single CNF indicates its potential for enabling NEMS
that can be employed for resonant sensing and detection of radiation, adsorption, and other physical
and/or biochemical processes.

Another device based on CNF was reported by Kaul,®” who performed in situ mechanical
and electrical measurements by coupling a single CNF with a nanoprobe inside an SEM. A high-
amplitude mechanical vibration or resonance was observed. This can enable applications of the
CNFs in mass sensing for detecting target species by appropriately functionalizing their surface.
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Table 6

Sensitivities of state-of-the-art resonant mass sensors based on CNT and Si nanowires (adapted from Ref. 9)
Material Dimensions (nm)  Sensitivity (yg/Hz)

CNT 1=205,d=1.78 0.01

CNT [=900,d=1.00 0.09

Si nanowire [=1800,d=30 0.06
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(Color online) Resonance frequencies of singly clamped HCNW cantilever.®?

Heo et al. employed a single CNW as a hydrogen gas sensor to test the feasibility of the system
as an electrochemical sensor platform.®Y In this gas sensing system, the suspended CNW was
fabricated through conventional simple photolithography and pyrolysis. An advantage of this
sensor is that only simple conventional batch microfabrication processes were used. In addition,
the functionality of the nanowire systems can allow applications of the single suspended CNW to
be extended to the labeling of free biosensors based on AC voltammetry.

The mechanical resonances of a singly clamped helically coiled CNW (HCNW) were
investigated by Saini ef al. by the harmonic detection of resonance (HDR) (Fig. 8).©? Liquid-
precursor-based thermal CVD was used to synthesize a forest of randomly oriented HCNWs.
For HDR measurements, an isolated HCNW mounted on an electrochemically etched tungsten

tip (W-tip) was used as the cantilever. The W-tip was brought into contact with double-sided
conducting carbon adhesive tape and then used to isolate a single HCNW from the forest. An

interesting result was that these nanowires exhibit modes at much lower driving forces relative to
those needed for linear CNT cantilevers.

53
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4. Final Remarks

In this review, we discussed the potential of 1D carbon nanostructures, including nanotubes,
nanofibers, and nanowires, for NEMS-based sensors. An overview of the properties and synthesis
methods of these nanostructures was introduced. Promising prototypes of 1D carbon-based sensors
have been described. We concluded that to enable large-scale production of these sensors, further
advances are necessary in the synthesis and integration of 1D carbon nanostructures, especially
in relation to control and reproducibility. Besides, although the CNT platform will become more
established, CNFs and CNWs are also viable alternatives.
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