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The controlled synthesis of materials by methods that permit their assembly into functional
nanoscale structures lies at the crux of the emerging field of nanotechnology. Although only one of
several materials families is of interest, carbon-based nanostructured materials continue to attract a
disproportionate share of research effort, in part because of their wide-ranging properties.
Additionally, developments of the past decade in the controlled synthesis of carbon nanotubes and
nanofibers have opened additional possibilities for their use as functional elements in numerous
applications. Vertically aligned carbon nanofiberssVACNFsd are a subclass of carbon
nanostructured materials that can be produced with a high degree of control using catalytic
plasma-enhanced chemical-vapor depositionsC-PECVDd. Using C-PECVD the location, diameter,
length, shape, chemical composition, and orientation can be controlled during VACNF synthesis.
Here we review the CVD and PECVD systems, growth control mechanisms, catalyst preparation,
resultant carbon nanostructures, and VACNF properties. This is followed by a review of many of the
application areas for carbon nanotubes and nanofibers including electron field-emission sources,
electrochemical probes, functionalized sensor elements, scanning probe microscopy tips,
nanoelectromechanical systemssNEMSd, hydrogen and charge storage, and catalyst support. We
end by noting gaps in the understanding of VACNF growth mechanisms and the challenges
remaining in the development of methods for an even more comprehensive control of the carbon
nanofiber synthesis process. ©2005 American Institute of Physics. fDOI: 10.1063/1.1857591g
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I. INTRODUCTION

A. Historical background

It has been known for over a century that filamentous
carbon can be formed by the catalytic decomposition of
carbon-containing gas on a hot metal surface. In a U.S.
Patent published in 1889,1 it is reported that carbon filaments
are grown from carbon-containing gases using an iron cru-
cible. It is probable that this early material consisted of
nanofibers arranged in larger filaments; however, the actual
observation of discrete nanofibers had to await the develop-
ment of high-resolution electron microscopy. Radushkevich
and Lukyanovich obtained transmission electron micro-
graphs of nanofibers, or “soot particles,” in 1952.2 Works in
the 1950s established that carbon filaments could be pro-
duced by the interaction of a wide range of hydrocarbons and
other gases with metals, the most effective of which were
iron, cobalt, and nickel. Early detailed studiess1950s
through 1970sd of carbon nanofiber growth were prompted
by undesirable formation of carbon deposits in industrial
steam cracker tubes used to produce a variety of olefins,3 and
in the nuclear industry in which use of gases containing hy-
drocarbons or CO for cooling and heat transfer created car-
bon deposits on fuel cladding.4 It should be noted that in the

current literature, the term “nanofiber” is preferentially used,
featuring distinction in size scale, while in the past simply
“filamentous carbon,” “carbon filaments,” and “carbon whis-
kers” were applied.4 In 1985 a form of carbon, buckminster-
fullerene C60, was observed by a team headed by Krotoet
al.,5 which led to the Nobel Prize in chemistry in 1997. This
discovery was followed by IIijima’s demonstration in 1991
that carbon nanotubes are formed during arc-discharge syn-
thesis of C60 sRef. 6d and other fullerenes, triggering a deluge
of interest in carbon nanofibers and nanotubes. In the 1990s
the introduction of catalytic plasma-enhanced chemical-
vapor depositionsC-PECVDd provided additional control
mechanisms over the growth of carbon nanostructures. In
1997 Chenet al.used PECVD for nanofiber synthesis.7 Their
work was followed by the better known work of Renet al.8

The use of C-PECVD ultimately has allowed for the highly
deterministic synthesis of carbon nanostructures,9,10 where
by deterministic synthesis we mean control over position,
alignment, diameter, length, chemical composition, or other
characteristics of individual nanostructures.

There are many excellent reviews devoted to various as-
pects of synthesis and properties and applications of carbon
nanofibers and carbon nanotubes.11–18 Here we focus on the
interplay between controlled synthesis and the resultant ap-
plications of vertically aligned carbon nanofibers. That is, we
show that the control of nanofiber properties during the syn-
thesis process provides the means for accomplishing
bottom-up assembly of microscalesor largerd structures, de-
vices, or systems with functional nanoscale elements. Other
classes of filamentous carbon-based nanomaterials will be
reviewed as well since most of the fundamental aspects of
their synthesis and resulting properties, apart from a few dis-
tinctive characteristics, are the same or similar to those of
nanofibers.

B. Definitions

Carbon nanofiberssCNFsd are cylindrical or conical
structures that have diameters varying from a few to hun-
dreds of nanometers and lengths ranging from less than a
micron to millimeters. The internal structure of carbon
nanofibers varies and is comprised of different arrangements
of modified graphene sheets. A graphene layer can be defined
as a hexagonal network of covalently bonded carbon atoms
or a single two-dimensionals2Dd layer of a three-
dimensionals3Dd graphitefFig. 1sadg. In general, a nanofiber
consists of stacked curved graphite layers that form cones
fFig. 1sbdg or “cups.”19,20The stacked cone structure is often
referred to as herringbonesor fishboned as their cross-
sectional transmission electron micrographssTEMd resemble
a fish skeleton, while the stacked cups structure is most often
referred to as a bamboo type, resembling the compartmental-
ized structure of a bamboo stem. Currently there is no strict
classification of nanofiber structures. The main distinguish-
ing characteristic of nanofibers from nanotubes is the stack-
ing of graphene sheets of varying shapes.

We can definea as an angle between the fiber axis and
the graphene sheet near the sidewall surfacefFig. 1sbdg. The
nanofiber witha=0 is a special case in which one or moreadElectronic mail: simpsonml1@ornl.gov
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graphene layers form cylinders that run the full length of the
nanostructurefFig. 1scdg. This arrangement, with its closed
and semi-infinite surface,6 results in extraordinary properties
that made this type of a nanofiber known to the world as a
carbon nanotubesCNTd. However, one cannot expect the
same mechanical, electrical, and chemical properties for
nanofibers with a nonzeroa. In this case the nanostructure is
assembled from graphene layers that are relatively short and
poorly connected, spanning only a part of the nanofiber. For
example, similar to graphite, charge transport along the
nanofiber witha.0 is determined by both “in-plane” and
“interplane” components that are quite different. The same is
true for mechanical properties since the van der Waals bond-
ing between the graphene planes differs drastically from the
in-plane covalent bonding of true nanotubes. Similarly, the
chemical properties of nanofibers and nanotubes are quite
different since defect-free nanotube walls do not contain the
exposed edges and unsaturated bonds of graphene planes,
and as a result nanotubes are far less reactive than nanofi-
bers. TEM images displaying nanofibers with various struc-
tures are shown in Fig. 2. TEM images of nanotubes are
presented in Fig. 3. The clearly visible fringes correspond to
graphene layers and run parallel to the axis of nanotubes
throughout their entire length.

Although perhaps not completely warranted by utility,
both the scientific community and the popular press have
focused more on the special case of the CNT structure than
the more general case that includes nanofibers. The reason
for the attention given to nanotubes is clear: the beauty and
perfection of their mathematical description and the resulting
extraordinary mechanical andsballisticd electron-transport
properties. However, the distinctive properties of nanotubes

call for a distinction in terminology that is not always made
in literature. Instead, there is a tendency to call all these
materials nanotubes, perhaps due to greater name recogni-
tion. For consistency and accuracy in this review, we refer to
structures as nanotubes only if the graphene layers form cyl-
inders that extend throughout the length of the material. If
instead the graphene sheets form cones, cups, etc., we refer
to them as nanofibers, even if that differs from the term used
in a particular referenced worksif sufficient data are pro-
videdd. Some authors, in order to distinguish this type of
carbon nanostructure, refer to them as graphitic nanofibers21

sGNFd or multiwalled carbon nanofiberssMWNFsd.22 The
term nanostructure will be used in cases when some particu-
lar aspect is common to both nanotubes and other types of
nanofibers.

Structures that are oriented perpendicular to the substrate
on which they are grown are commonly called vertically
aligned. In the case of a nanofiber or nanotube this means
that the structure is straight and its axis is normal to the
substratesFig. 4d. In contrast, synthesis methods such as arc
discharge, laser ablation, and certain types of chemical-vapor

FIG. 1. Schematic structure of carbon nanofibers and nanotubes.sad
Graphene layer,sbd stacked conesherringboned nanofiber, andscd nanotube.

FIG. 2. sad STEM image of a herringbone carbon nanofiber produced by dc
C-PECVD with Ni catalyst;sbd TEM image of a bamboo-type carbon
nanofiber grown at the same conditions with Fe catalyst.

FIG. 3. TEM image of bundles of single-walled carbon nanotubes. Inset:
TEM image of multiwalled carbon nanotubesscourtesy of D. B. Geohegan
and H. Cuid.
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deposition with floating catalyst produce nonaligned, en-
tangled ropes of nanotubes. The CNT material produced this
way can be used for a variety of applications such as rein-
forcement of composite materials, hydrogen storage, catalyst
support, etc. However, for many applications that utilize
nanofibers as individual elements, nanoelectronics, for
example,23 tedious manipulations on a microscale are often
required if such entangled material is to be used. Accord-
ingly, synthesis of aligned structures at defined positions on a
substrate is preferred. Vertically aligned carbon nanofibers
and carbon nanotubes can be prepared as a dense mats“for-
est”d or as individual freestanding structuressoften arranged
into a regular arrayd, as can be seen in Fig. 5. Vertical align-
ment in very dense forests is provided by van der Waals
interaction between nanotubes or nanofibers that keeps them
aligned, while isolated elements may be aligned by interac-
tion of the growing nanofiber with an electric field.24

Throughout this article we will refer to deterministic
synthesis as a method of growing individual nanostructures
with precisely defined characteristics, such as size, location,
chemical composition, internal structure, etc. Recently, it has
been demonstrated that carbon nanofibers can be synthesized
deterministically by PECVD.9,10 In this synthesis process,
the location of the VACNF is defined by patterning the cata-
lyst material using photo- or electron-beam lithography with
the size of the catalyst nanoparticle controlling the resultant
nanofiber diameter, the nanofiber length is controlled by the
growth rate and duration of the growth process, the align-
ment is controlled by the electric field present in the plasma
sheath, and the sidewall chemical composition is defined by
the selection of gas composition, substrate materials, and
plasma power used during synthesis. In spite of this high
degree of control, command over other VACNF attributes,
such as specific internal crystalline structure, remains elu-
sive. In particular, the ability to grow either individual free-
standing vertically aligned nanofibers or single vertically
aligned nanotubes by selecting appropriate growth condi-
tions would represent a major advance in this field. While
some fundamental questions remain unanswered, the tech-
nology of VACNF synthesis has matured to the point that it
can be used as a standard processing step in complex device
fabrication.25–35

C. Overview of applications of vertically aligned
carbon nanofibers

There are many potential applications of carbon nano-
structures which can be subdivided into two categories. The
first category includes “bulk material” applications, in which
carbon nanostructures are utilized as filler in composite ma-
terials, as catalyst support, for hydrogen storage, as elec-
trodes for fuel cells, as supercapacitors, or for ultrafiltration
membranes.36 For these applications the properties of indi-
vidual nanostructures are controlled to produce a functional
ensemble. The second category includes applications in
which each nanotube or nanofiber is used as an individual
functional element of a device. For these applications it is
highly important that the nanostructure is a high aspect ratio,
mechanically and chemically robust conductor of electrons
that can be deterministically produced on any substrate. The
use of large-scale growth reactors created the opportunity to
synthesize high-quality VACNFs in precisely defined loca-
tions on substrates compatible with microelectronic device
manufacturing equipmentse.g., 100-mm-diameter Si and
quartz wafersd. These applications include field-emission de-
vices such as field-emission displays and perhaps nanoscale
electron sources for electron microscopy and electron-beam
lithography, scanning probe tips and functionalized scanning
probes, electrochemical probes, gene delivery arrays, mem-
branes for microfluidic devices, and nanoelectronic devices.
Some of these applications are discussed in Sec. IV in
greater detail.

FIG. 4. SEM image of a VACNF produced by dc-PECVD in ammonia/
acetylene plasma at 700 °C. The image is aquired at a 30° tilt angle, so that
the apparent height is two times smaller than the actual height of the
nanofiber.

FIG. 5. SEM image of regular arrays of freestanding VACNFs and forests of
VACNFs. Catalyst definition was produced by photolithography. VACNFs
were grown by dc C-PECVD.
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II. SYNTHESIS

A. Methods of synthesis of carbon materials

The methods for synthesizing carbon nanostructures in-
clude laser vaporization,5 arc discharge,6,37 catalytic
chemical-vapor depositionsC-CVDd, and catalytic plasma-
enhanced chemical-vapor depositionsC-PECVDd. While arc
discharge and laser ablation are very efficient methods for
producing high-quality nanotube material in large quantities,
they do not offer control over the spatial arrangement of the
produced nanostructures. Complex purification procedures
are also required to remove amorphous carbon particles and
entangled catalyst in order to obtain a useful material. At this
time, only C-CVD allows controlled synthesis of carbon
nanotubes and nanofibers and only C-PECVD allows deter-
ministic synthesis in which the location, alignment, size,
shape, and structure of each individual nanofiber are con-
trolled during synthesis. The material obtained by this
method can be considered phase pure, that is, no purification
process is necessary. Furthermore, the defined and accessible
position of the catalyst particle, especially at the tip, makes
its optional extraction simplified.38,39 Here we review only
CVD and PECVD synthesis methods in detail.

B. Catalytic thermal chemical-vapor deposition

1. Thermal CVD and catalytic thermal CVD

Chemical-vapor deposition involves the adsorption, de-
sorption, evolution, and incorporation of vapor species at the
surface of a growing film. Since heat is the main energy
source for reactions to occur, the CVD process is also often
referred to as thermal CVDsTCVDd. Process temperatures
for TCVD production of carbon nanostructures typically lie
in the range from 400 to 1000 °C. Catalytic CVDsor
C-CVDd differs from CVD by involvement of a catalyst in
the decomposition of vapor species on the catalyst surface
and requires process temperatures similar to TCVD. Accord-
ingly, the catalytically controlled thermal CVD will be ab-
breviated as C-TCVD. In addition to thermal excitation,
methods include photoexcitation and electrical glow dis-
chargesor plasmad.

In a catalytic growth the deposition of carbon usually
occurs on one side of the surface of a catalyst particle. Thus,
two of the dimensions of the growing “film” are limited by
the size of the particle, while the third dimension is not
bound, leading to quasi-one-dimensional growth. In many
synthesis processes, the diameter of the resultant carbon fila-
ment is approximately equal to that of the nanoparticle in the
range from 5 to 500 nm. However, there is evidence that, for
example, single-walled carbon nanotubes originate on cata-
lyst particles that are significantly larger in size than the
nanotubes themselvess1 nmd.

The apparatus for C-TCVD usually consists of a quartz
tube inside a furnace with a controllable source gas flow
sFig. 6d. There are two common methods of introducing the
catalyst into the system: supported catalyst and floating cata-
lyst. In the supported catalyst method, the catalyst is depos-
ited onto a substrate which is then placed inside the tube
furnacese.g., Ref. 40d. In the floating catalyst method, the

catalyst particles form from a source gas and are not attached
to a substrate. For example, the high-pressure carbon mon-
oxide sHiPcod process, which allows a high volume produc-
tion of carbon nanotubes, is one such floating catalyst
method.41

C-TCVD has been successfully used to synthesize a
whole range of carbon nanostructures. Carbon nanofiber syn-
thesis using C-TCVD has been observed since the late
1950s.2,3 Recently, C-TCVD has been optimized for the
growth of multiwalled carbon nanotubessMWCNTsd,42 and
even single-walled carbon nanotubessSWCNTsd.40,43 It is
believed that SWCNTs are favored in CVD if the catalyst
particles are small and the carbon supply is low, with suffi-
cient energy in the systemsT.900 °Cd.44 The catalyst par-
ticle preparation was found to be crucial in control of the
structure of nanotubes.

By combining an efficient trilayer catalyst thin filmssup-
ported catalystd, developed by Delzeitet al.,45 with introduc-
tion of ferrocenesfloating catalystd in addition to acetylene,
Ereset al. produced dense arrays of vertically aligned mul-
tiwalled nanotubes by C-TCVD that are 3.5 mm tall.46 Re-
cently Ereset al. reported that after optimization, the maxi-
mum length of the nanotube achieved by this method was
9.25 mm.47

2. C-TCVD growth mechanisms

The catalytic nature of the carbon filament growth pro-
cess was established by Tesner and co-workers48,49 who
showed that carbon filaments had metal particles associated
with them. The growth mechanism leading to the formation
of carbon nanofibers has been studied by many different
groups. Bakeret al. usedin situ electron microscopy tech-
niques to directly observe the manner by which small metal
particles generated carbon nanofibers during the decomposi-
tion of acetylene.50 From an analysis of recorded image se-
quences they measured the rates of growth of the material
and determined some of the kinetic parameters involved in
the process. On the basis of these experiments, a growth
mechanism was proposed that was later refined to include the
following steps:sid adsorption and decomposition of the re-
actant hydrocarbon molecule on a surface of catalyst,sii d
dissolution and diffusion of carbon species through the metal
particle, andsiii d precipitation of carbon on the opposite sur-
face of the catalyst particle to form the nanofiber structure.
Figure 7 shows a schematic diagram that illustrates the key

FIG. 6. Schematics of a tube-furnace-type TCVD apparatus.
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features of this growth model for a tip-type carbon nanofiber
structure, where precipitation occurs on the bottom surface
of the catalyst particle, thus elevating the particle, which re-
mains at the tip throughout the growth. The chemical nature
of the metal catalyst, the reaction temperature, and the com-
position of the reactant gas dictate the morphology and de-
gree of crystalline perfection exhibited by the carbon nanofi-
bers.

The kinetics of the three steps listed above determines
the growth rate. The supply-limited process depends on the
rates of arrival of different gas species to the catalyst surface,
their adsorption rates, and their respective decomposition
rates. It has been argued that diffusion of carbon through the
metal catalyst particle is the rate-determining step, as sup-
ported by the close agreement between the measured activa-
tion energy for nanofiber growth and that for carbon diffu-
sion through the respective metals used as catalysts. Initially,
the driving force for the bulk diffusion of carbon through the
metal particle was ascribed to a temperature gradient,50,51

which was believed to develop due to exothermic reactions
of decomposition on the surface of the catalyst. Later, it was
proposed that concentration gradients drove the carbon dif-
fusion through the catalyst particle, and there are several
hypotheses about the processes involved in the formation of
such concentration gradient. Nielsen and Trimm proposed
that the carbon solubility at the gas/metal interface differs
from that at the metal/carbon interface, since the activity of
carbon in the gas phase may be much higher than one.52

Saccoet al. suggested that the mass flux originates from the
solubility difference between carbon at the alpha-iron/Fe3C
interface and that between alpha-iron and carbon itself.53

Kock et al. proposed that the driving force for bulk carbon
diffusion is the gradient of the carbon content of substoichio-
metric carbides, whereby the carbon content decreases in the
direction of the metal/carbon interface.54 Central to the
model of Alstrup is the assumption that the carbon atoms
entering the selvedge, which consists of subsurface layers
that differ from the ideal structure of bulk crystal, create a
“surface carbide” that forms the source of carbon atoms dif-
fusing through the bulk of the metal particle.55 In other

words, the driving force for growth is a concentration gradi-
ent of carbon atoms from the metal-gas surface to the metal-
graphite surface.56 The validity of these models is still hard
to assess due to the lack of directin situ observations.

Recently, Helveget al. presented what was described by
Ajayan in an introductory article as “a long-awaited solution
to the mystery of nanofiber growth.”57,58 They performed
time-resolved, atomic-resolutionin situ transmission electron
microscope observations of the formation of carbon nanofi-
bers from methane decomposition over supported nickel
nanocrystals. Carbon nanofibers were observed to develop
through a reaction-inducedreshapingof the nickel nanopar-
ticles. The nucleation and growth of graphene layers were
found to be assisted by a dynamic, repetitive formation and
restructuring of monoatomic step edges at the nickel surface.
The authors proposed a mechanism, supported by density-
functional theory calculations, that involvessurfacediffusion
of carbon and nickel atoms. In their picture, the dissociative
methane adsorption is facilitated at the step edges and C
atoms adsorb preferentially at the step sites. The graphene
layer forms at the terrace between the steps on the curved
and dynamically changing catalyst nanoparticle surface. The
process involves surface diffusion of C and Ni atoms from
the step edge, and includes the breaking of the C bond to the
Ni step on the free surface, incorporation under the graphene
sheet, and diffusion at the graphene-Ni interface. Moreover
their observations and calculations suggest that it is not nec-
essary to include the bulk diffusion of C through the Ni
particle, however, they do not eliminate such possibility.

a. Tip-type and base-type growth modes.Two different
carbon nanofiber growth modes have been observed:s1d
base-typefFig. 8sadg, in which the catalyst particle remains
on the substrate, ands2d tip-type fFig. 8sbdg, in which the
catalyst is detached from the substrate and remains at the tip
of the growing nanostructure. Bakeret al. proposed that the
growth mode depends on the interaction of the catalyst with
its support.3 Such interaction is believed to be related to wet-
ting, which can be characterized by the contact angle of the
catalyst with the support surface at a given growth tempera-
ture. A large angle corresponds to weak interaction, while a
small angle is indicative of strong interaction. The strength
of interaction must depend on the choice of catalyst materials

FIG. 7. Mechanism of carbon nanofiber formation.sad Adsorption and de-
composition of the reactant hydrocarbon molecule on the surface of catalyst,
sbd dissolution and diffusion of carbon species through or around the metal
particle, andscd precipitation of carbon on the opposite surface of the cata-
lyst particle and incorporation into graphene layers.sThe drawing does not
represent dynamic effects and transient effects on the initial stages.d.

FIG. 8. Tip-type and base-type growth modes. SEM images ofsad tip-type
and sbd base-type carbon nanofibers produced by dc C-PECVD. The bright
triangles are the catalyst particles that are located at the tips insad and on the
substrate insbd.
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and substrates. For example, it it has been reported that Ni on
SiO2 has a large contact angle at 700 °C and thus tip growth
is favored in this system.59 In experiments where Co or Fe
were deposited on Si,60–62 base-type growth was observed.
However, the choice of materials does not completely control
the growth mode. The kinetics of the growth process has a
very strong influence as well. For example, using the same
materialssNi on a thin Ti layer deposited on Sid, growth by
PECVD splasmad produces tip-type fibers, while growth by
CVD sno plasmad produces base-type fibers. The PECVD
process itself has a very large parameter space, and it is
possible to choose growth parameters in such a way as to
produce base-type or tip-type fibers for the same catalyst-
substrate pair, depending on growth conditions.22,63 We dis-
cuss this aspect further in a section devoted to the C-PECVD
process.

b. Vertical alignment.Vertical alignment conventionally
means that nanostructures are oriented perpendicular to the
substrate. A variety of methods for production of aligned
arrays of carbon nanostructures in C-CVD has been demon-
strated and is reviewed, for example, in Ref. 17. Most fre-
quently found in the literature are nanotubes or nanofibers
grown in a very dense arrangement with alignment due to the
crowding effect. Fanet al. used porous silicon substrates
with a catalyst patterned by electron-beam evaporation
through shadow masks to produce nanotube blocks that grew
perpendicular to the substrate.60 The high density of nano-
tubes within each block confined the nearest neighbors and

attracted the outermost nanotubes to their neighbors via van
der Waals forces, thereby producing oriented growthsFig. 9d.
In addition, as described in a model by Liet al., the nano-
tubes that initially grow in a direction that is not normal to
the substrate eventually encounter their nearest neighbors
and either stop growth or change the growth direction and
become aligned.64

Another method of aligned growth of nanotubes is to use
a nanoporous template. In this method, porous alumina pro-
duced in an aluminum anodization process is used as a tem-
plate for nanotube growth. The anodic alumina has a porous
structure with nanoporess30–50 nmd self-organized in a
hexagonal pattern. Catalyst is electrodeposited into the nan-
opores and then nanotubes are synthesized by C-CVD. The
porous template may be etched away after nanotube synthe-
sis. An array of aligned nanotubes prepared using this fabri-
cation process is shown in Fig. 10.65

C. Catalytic plasma-enhanced chemical-vapor
deposition

1. Introduction to PECVD

Plasma-enhanced chemical-vapor depositionsPECVDd
is similar to chemical-vapor depositionsCVDd which also
uses gaseous sources.sSee Ref. 66 for a review.d The impor-
tant difference is that in CVD thermal energy is used to
activate the gas, whereas in PECVD the molecules are acti-
vated by electron impact. The gas activation takes place in a
nonequilibrium plasma, generally referred to as a glow dis-
charge. As in the case of C-CVD, the growth of carbon
nanofibers occurs through a catalystsnot by direct surface
depositiond. The main purpose of using plasma enhancement
is to reduce the activation energy for a deposition process.

FIG. 9. Vertically aligned towers of dense nanotubes. Reprinted with per-
mission from Ref. 60. Copyright 1999 AAAS. Electron micrographs of self-
oriented nanotubes synthesized onn1-type porous silicon substrates.sad
SEM image of nanotube blocks synthesized on 2503250 mm2 catalyst pat-
terns. The nanotubes are 80 mm long and oriented perpendicular to the
substratefseesfdg. sbd SEM image of nanotube towers synthesized on 38
338 mm2 catalyst patterns. The nanotubes are 130 mm long.scd Side view
of the nanotube towers insbd. The nanotubes self-assemble such that the
edges of the towers are perfectly perpendicular to the substrate.sdd Nano-
tube “twin towers” a zoom-in view ofscd. sed SEM image showing sharp
edges and corners at the top of a nanotube tower.sfd SEM image showing
that nanotubes in a block are well aligned to the direction perpendicular to
the substrate surface.sgd TEM image of pure multiwalled nanotubes in
several nanotube blocks grown on ann1-type porous silicon substrate. Even
after ultrasonication for 15 min in 1,2-dichloroethane, the aligned and
bundled configuration of the nanotubes is still evident. The inset is a high-
resolution TEM image that shows two nanotubes bundling together. The
well-ordered graphitic lattice fringes of both nanotubes are resolved.

FIG. 10. Vertical alignment using a porous template. Adopted with permis-
sion from Ref. 65.sad Schematic of fabrication process.sbd SEM image of
the resulting hexagonally ordered array of carbon nanotubes fabricated using
the method insad.

041301-7 Melechko et al. J. Appl. Phys. 97, 041301 ~2005!

Downloaded 04 Feb 2005 to 128.219.65.64. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



Thus, the first step in the proposed growth model described
in Sec. II B 2, namely, decomposition of carbonaceous spe-
cies on the surface of a catalyst, should benefit from plasma
assistance. However, it is not clear how the next step, diffu-
sion through the catalyst, would be facilitated by plasma ex-
citation. In a recent review, Meyyappanet al. questioned
whether plasma-enhanced CVD provides any facilitation of
the growth process at all compared to thermal CVD in cata-
lytically controlled processes.13 They pointed out that in
most of the reported PECVD growth the temperature was as
high as in the thermal CVD growth, indicating the absence of
apparent benefits. It has been recognized, however, that one
of the most important and unexpected benefits of PECVD
growth is the alignment of nanofibers due to interaction with
the electric field.24

However, exploration of PECVD’s potential for growth
temperature reduction is far from over. For many applica-
tions low substrate temperature growth of carbon nanostruc-
tures is highly desirable. For example, integration with stan-
dard semiconductor integrated circuit technology requires
reduced fiber-growth temperature and time, since metal con-
tacts to shallow diffusion regions of the substrate can only
withstand temperatures up to 450 °C for a limited time with-
out significant degradation of electronic performance. Simi-
larly, for field-emission display production the growth tem-
perature must be lower than the soda lime glass substrate
melting temperature of 500 °C. Recently, there have been
several reports of growth at temperatures as low as room
temperature.67–70 It must be noted that Boscovicet al. pro-
posed that a radio frequencysrfd field could selectively heat
the catalyst particle while the substrate temperature remains
low. If true, this speculation could be one of the most impor-
tant revelations in the effort to allow a lower substrate tem-
perature during nanofiber growth. All the evidences indicate
that the growth of carbon nanotubes and nanofibersrequires
a catalyst particle temperature high enough to provide a high
carbon diffusion rate. However, there seems to be no such
requirement for the substrate temperature, as long as growth
occurs at the tip. It has been demonstrated that small metal
particles can be heated in high-frequency fields,71 and mag-
netic particles have additional mechanisms for high-
frequency field heating.72 This brings to attention the unex-
ploited potential of PECVD synthesis and the opportunity for
further exploration. Certainly caution must be taken in mea-
surements of the growth temperature in PECVD experi-
ments. Power transfer to the substrate from the generated
electromagnetic field via the plasma, or simply by resistive
heating by induced current, in addition to dedicated tempera-
ture control of the substrate holdersor its absenced, can be
very significant. Plasma heating effects in the case of a dc
system have been investigated by Teoet al.73

In order to understand the mechanisms involved in car-
bon nanofiber formation in a PECVD reactor, we briefly re-
view some basic processes that occur in plasmas. In the sim-
plest case of a dc diode-type reactor, a dc voltage is applied
across a space filled with a low-pressure gassa few torrsd.
The glow discharge that is initiated can be divided into four
visible regions arranged from cathode to anode:s1d cathode
dark space,s2d negative glow,s3d Faraday dark space, and

s4d positive column. The positive column region is not used
in PECVD processes. The dc discharge is maintained by the
processes at the cathode and in the dark space. The ions are
accelerated by the applied voltage and some of them bom-
bard the cathode. This impact generates secondary electrons
that accelerate away from the cathode. The collisions excite
molecules and energetic electrons ionize some of them. The
negative glow is the result of this excitation process. The
thickness of the dark space is related to the electron mean
free path.74 The current in the dark space is carried primarily
by ions, while in the negative glow it is carried by electrons.
Thus, the negative glow is a low impedance region and the
applied voltage drops mostly over the dark space. Since the
dark space varies from a few hundred micrometers to a few
millimeters, application of several hundred volts can create
electric fields on the order of 104 V/cm.

2. C-PECVD experimental systems and results

A PECVD system consists of a vacuum chamber,
vacuum pumps, and a pressure control system; a gas flow
control system that includes gas manifolds, mass flow con-
trollers, and a showerhead for uniform gas mixing and dis-
tribution over the substrate; one or two power supplies for
plasma excitation with corresponding power coupling sys-
tems; and a substrate heater with a temperature control sys-
tem. A variety of plasma sources, successfully used for the
deposition of dielectric thin films for semiconductor
circuits75 and carbon-based thin films,76 has been utilized for
CNT and CNF growth. These sources include direct-current
sdc PECVDd, hot-filament dcsHF-dc PECVDd, magnetron-
type radio frequencysrf PECVDd, inductively coupled
plasmasICP PECVDd, microwavesM-PECVDd, electron cy-
clotron resonancesECR PECVDd, hollow cathodesHCGDd,
and corona discharge plasma. Examples of different systems,
growth conditions, and results are summarized in Table I.

a. Direct-current plasma-enhanced chemical-vapor
deposition. In the case of a direct-current PECVD system,
the substrate is placed on a substrate heater that serves also
as a cathodesFig. 11d, making it crucial that the substrate is
electrically conductive.9,24,59,77–82 If growth on insulating
substrates is desired, a thin metal film may be deposited un-
der the catalyst film to establish contact between the cathode
and the metal surface. The gas showerhead, used to produce
a uniform gas flow distribution over the entire substrate sur-
face, also serves as the anode.

Preparation of the growth catalyst is essential to the pro-
duction of isolated VACNFs. Many different catalyst prepa-
rations can be found in the literature that include physical
vapor depositionsevaporation or sputteringd, electro- and
electroless plating, and preparing nanoparticles from solu-
tion, etc.83 For example, to synthesize isolated VACNFs pat-
terned nickel sNid catalyst dots 100 nm in diameter and
40 nm thick can be prepared on Si substrates using conven-
tional electron-beam lithography.9 A 10-nm-thick Ti layer is
deposited between the Ni catalyst and the Si substrate to
prevent nickel silicide formation at the moderately high
growth temperature of 700 °C. Following the preparation of
the catalyst, the sample is mounted directly onto a heated
cathodefFig. 12sadg. The vacuum chamber is evacuated be-
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fore growth to an acceptable base pressurese.g., 1
310−5 Torrd. After reaching the base pressure, ammonia
sNH3d is introduced into the chamber, and the sample is pre-
treated with the NH3 plasma and temperature. As a result of
this treatment, discrete catalyst nanoparticles are formed
from the deposited catalyst dotsfFig. 12sbdg. For Ni catalyst
dots with the diameter and thickness mentioned above, only
a single nanoparticle is formed from each catalyst dot. These

TABLE I. PECVD growth conditions.

Type of
plasma
system Frequency

Catalyst/
substrate

Growth conditions:F-gas flow
sSCCMda, P-pressuresTorrd, E-
power sWd, T-temperatures°Cd,

U-substrate biassVd Results References

dc HF 8
dc 0 Hz VACNF 121
Microwave 2.45 GHz Fmethane=10–20,Fhydrogen=80–90

P=1.8–2.2
E=500
U=250
T=650

Nanofibers 112

Microwave 2.45 GHz Nis30–40
nmd/Si

Ffs2%dCH4/ s98%dH2g=undefined
P=0.3

E=undefined
T=900–1000

Nanofibers
snonalignedd

99

Microwave 2.45 GHz Co Ftotal=200,Facetylene/Fammonia=10% –30%
P=20

E=1000
T=825

Dense
forests of
VACNF

61 and 102

ICP
sdual power
suppliesd

13.56 MHz Fethylene in H2s20%d=100
P=3

EICP=100,Ecapacitive=150
T=900

MWCNF 22

ICP sdual
power
supplyd

13.56 MHz Ni Facetylene=20–50,Fhyrdogen=30–150
P=5310−2

E=1000
T=700

VACNF 98

Corona
discharge

ac snot
specifiedd

Co
AAO

117

aDenotes standard cubic centimeter per minute.

FIG. 11. sColor onlined dc PECVD reactor for the growth of vertically
aligned carbon nanofibers.sad High current heater wiring;sbd thermocouple
wiring; scd mass flow controllers for acetylene, ammonia, and other gases
se.g., H2d; sdd gas inlet;sed glass cylinder vacuum chamber;sfd gas shower-
head and anode;sgd cathode glow of acetylene/ammonia plasma above a
100-mm diam Si wafer;shd substrate heater and cathode; andsid pressure
transducer.

FIG. 12. Schematic representation of the PECVD process for growing ver-
tically aligned carbon nanofibers.sad Catalyst deposition,sbd catalyst
pretreatment/nanoparticle formation, andscd growth of carbon nanofibers.
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nanoparticles act as the necessary seeds for the catalytic
growth of isolated VACNFs. After the pretreatment step,
acetylenesC2H2d is introduced into the chamber while main-
taining the NH3 plasma, immediately initiating the growth of
the VACNF fFig. 12scdg. The VACNF tip diameter is ap-
proximately equal to that of the nanoparticle. Theinitial di-
ameter of the nanoparticles,d, is roughly determined from
mass conservation of the catalyst, that is, 1 /6pd3

=1/4pD2t or d=s3/2tD2d1/3, whereD is the diameter of the
catalyst dot andt is its thickness. However, it has been ob-
served thatd decreases as the growth proceeds.30 The NH3

gas flow in Merkulov’s experiments was maintained at a con-
stant level of 80 SCCMsstandard cubic centimeter per
minuted, and the C2H2 gas flow was varied to produce dif-
ferent gas mixtures. The total gas pressure during growth
was maintained at 3 Torr. Typical scanning electron micro-
scopesSEMd and TEM images of the resulting nanofibers are
shown in Figs. 2, 4, and 5.

dc PECVD growth reactors possess a number of limita-
tions when used in the growth of carbon nanostructures. The
requirement that the substrate be electrically conductive in
order to maintain a glow discharge limits the choice of sub-
strate materials. One way around this obstacle is to deposit a
layer of metal that, if undesired, can be etched away after the
growth.84 Alternatively, a radio frequencysrfd plasma sys-
tem, in which the polarity of the electrodes changes fast
enough to avoid surface charging, can be used. Also, in dc
PECVD the power delivered into the plasma and the sub-
strate bias are inextricably coupled, which limits the process
control. One solution to this was offered by Crudenet al.,
involving the introduction of graphite spacers into the elec-
trode to vary the power input to the reactor while holding the
voltage constant.85 Plasma instability is another drawback of
a dc discharge. Nonuniformity of the substrate surface may
cause the formation of so-called “hot spots” and localized
power dissipation through arcs instead of the glow discharge.
The stability of the plasma depends on the substrate surface
and the output of secondary electrons forms the substrate.
The latter is obviously dependent on the substrate material
and the condition of the substrate surface.

b. Hot-filament direct-current PECVD systems.PECVD
growth of carbon nanofibers was first done in a HF-dc
PECVD reactor in 1997 by Chenet al.7,86 Their work was
followed by the more well-known work of Renet al.8 who
also used a hot-filament PECVD reactor. In HF-dc PECVD,
which is commonly used for diamondlike carbon production,
a filament is needed for the activation and decomposition of
hydrogen gas into atomic hydrogen.87 Recently, Hashet al.
modeled processes in a HF-dc PECVD reactor88,89 and
showed that introducing a tungsten filament in the dc
plasma produced a negligible influence on the system
characteristics.88 Crudenet al.demonstrated that the filament
wire is important in the pretreatment of the substrate, but has
a minor impact on the resulting nanofibers when combined
with a dc plasma.85

HF-dc PECVD, as in the case of dc PECVD without a
hot filament, allows synthesis of freestanding vertically
aligned carbon nanofibers10 if sufficiently small diameter
catalyst patterns are prepared on the substrate. This type of

reactor has been used to study different aspects of carbon
nanofiber synthesis such as dependence on growth param-
etersspressure, plasma power, gas composition, etc.d, elec-
tron field-emission properties of the resulting material,90 ori-
entation of alignment control,91 and effects of different
buffer layers between the catalyst and the substrate.92

c. Radio-frequency (capacitively coupled) PECVD.Direct-
current reactors have many drawbacks that include plasma
instability and limitations on the choice of substrate material.
In fact, for these reasons, the semiconductor industry has
moved away from dc PECVD reactors and toward higher-
frequency plasmas. There are many commercially available
rf reactors suitable for carbon nanofiber growth. Most of
these reactors have a radio-frequency source coupled to the
plasma via a parallel-plate capacitor with the substrate placed
on one of the electrodes. Boskovicet al. used a standard
industrial rf s13.56 MHzd PECVD systemsPlasma Technol-
ogyd to produce nonaligned carbon nanofibers on powdered
Ni catalyst using methane and hydrogen mixtures.69 Ho et al.
used a modified commercial rf PECVD reactorsPlasma
questd to grow, reportedly, carbon nanotubes using acetylene
on Ni-coated quartz at 650 °C.93 The fact that a commer-
cially available system can be used for this purpose means
that a custom-made system is not necessary and the growth
of carbon nanofibers can be as much as a part of the micro-
fabrication process as, for example, deposition of silicon di-
oxide or silicon nitride thin films.

Vertically aligned carbon nanofibers similar in structure
to the fibers obtained by dc PECVD were produced by Hirata
et al. using a magnetron-type rf plasma.94 In their reactor, a
magnetic fields0,Bz,340 Gd was externally imposed par-
allel to a powered cylindrical rf electrode using solenoid
coils. This allowed them to achieve lower plasma sheath
voltages and higher plasma densities. In this work the au-
thors studied the influence of a dc self-bias,Vdc, on the align-
ment of nanofibers, which in this case can be changed inde-
pendently of other plasma parameters. Poor alignment was
observed atVdc as low as −180 V, fairly good alignment was
observed at −235 V, and the nanofibers were damaged due to
sputtering atVdc=−570 V. These voltages were estimated to
correspond to electric-field strengths at the nanofiber of 63,
68, and 86 mV/mm, respectively.

Ikuno et al.used a dual power supply rf system in which
one power supply drove one electrode to maintain the
plasma, while the other rf power supply was used to control
the substrate bias.95 This system configuration is commonly
used to control film stress in Si3N4 PECVD processes. Simi-
lar to the configuration used by Hirataet al., it offers control
of the plasma power independently of the bias.

d. Radio-frequency inductively coupled
PECVD. Relatively high-density plasmas can be achieved in
ICP reactors. ICP sources are attractive because they are
fairly simple in constructionsno external magnetsd and have
been demonstrated to be applicable to large-area processing
s.300 mmd,96 which is desirable for large scale manufactur-
ing. In such a system a coil is connected to the rf power
source as a part of a highQ network. Resonance currents
circulating through the coil produce an alternating magnetic
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field that induces electron currents in the plasma. Practical
ICP sources usually utilize a combination of capacitive and
inductive couplings.

Delzeit et al. used an ICP system for the growth of car-
bon nanofibers and carbon nanotubes.22 They found that it is
possible to produce either MWCNTs or nanofibers depend-
ing on the growth conditions. It was determined that the
regimes producing the nanofibers coincide with the availabil-
ity of large amounts of atomic hydrogen, which is common
in hydrocarbon discharges with H2 as a source gas. They
showed that replacing H2 with Ar favored the production of
MWCNTs. Emission spectroscopy was used to explore the
intensity of atomic hydrogen emission during the growth
runs. These data are plotted in Fig. 13 and provide an inter-
esting correlation to the observed transition. The growth of
nanotubes is accompanied by a low intensity peak of atomic
hydrogen. As the hydrogen emission intensity increases,
nanofibers are obtained. The observation is consistent with
the analysis of Nolanet al.97 These observations are also
supported by a simple zero-dimensionals0Dd model88,89 that
suggests that the discharge produces large amounts of atomic
hydrogen along with a variety of CxHy radicals. Stable spe-
cies such as CH4, C2H2, C2H4, etc., account for about 5% in
a 20:80 CH3/H2 discharge at 3 Torr.

Caughmanet al. synthesized arrays of freestanding
VACNFs using an ICP system.98 Their reactor operated at a
much lower total pressure—approximately 50 mTorr—
compared to other methods. They note that low-pressure op-
eration is potentially advantageous because of the improve-
ment in plasma uniformity as the pressure is decreased. In
this PECVD system, the ICP source was operated at

13.56 MHz. The source coil consisted of a 15-cm-diameter
flat spiral coil s6 turnd separated from the chamber vacuum
by a 20-cm-diameter, 2.5-cm-thick fused-quartz window.
The chamber was made from stainless steel and was 30 cm
in diameter. A 4.4-cm-diameter substrate heater, equipped
with rf biasing at 13.56 MHz, was located 20 cm below the
window. Typical rf-induced self-biases of −50 to −200 V
were used during growth.

Honda et al. used an ICP reactor to grow vertically
aligned carbon nanofibers at 500 °C using CH4 as the sole
source gas.67 They found that dc bias is essential for growth
and possibly plays a critical role in the etching of carbon
deposits. This work also explored a variety of growth tem-
peratures lower than those typically used to grow VACNF.
The nanofibers obtained at 500 °C displayed a herringbone-
type structure. When the temperature was reduced to 400 °C
no crystalline structure was observed in the nanofibers and
their alignment deteriorated.

Lee et al. produced crystalline VACNFs at temperatures
as low as 200 °C using ICP-CVD with a mixture of CH4 and
H2 as the source gases.68 The crystallinity of the VACNFs
was measured by TEM, electron difraction, and Raman spec-
troscopy. In the latter technique, the intensity ratio of theG
s1590 cm−1d and D s1350 cm−1d bands, attributed to CNFs
and carbonaceous particles, respectively, was observed to
change as a function of the hydrogen-to-methane volume
ratios. The intensity of theD band, often referred to as the
defect or disorder band, decreased with increasing hydrogen-
to-methane volume ratio. The intensity of theG band dis-
played a maximum around the ratio of 30%. These results
indicate that carbonaceous particles are etched by increased
hydrogen dosing. However, upon excessive hydrogen dosing,
not only the carbonaceous particles but also the CNFs were
damaged, resulting in highly defective structures.

e. Microwave PECVD.In the high-frequency fields used
in microwave dischargesstypically 2.45 GHzd the plasma
takes on the character of a free-electron gas. This leads to an
increase in the density of high-energy electrons and increases
the chemical activation efficiency of gases with high disso-
ciation energiesse.g., N2 and H2d. These types of reactors are
frequently used for diamond film synthesis because the effi-
cient dissociation of H2 produces atomic H that preferen-
cially etches graphitic forms, leaving diamond.

Kuttel et al.grew carbon nanofibers on silicon substrates
using a microwave plasma under conditions that are nor-
mally used for the growth of CVD diamond films.99 The
films were grown on silicon substrates in a tubular geometry
system. Except for a slightly increased substrate temperature
ssee Table Id, the growth parameters were standard for CVD
of diamond films. For catalyst material, they used both
sputter-deposited Ni films on silicon substrates and Fe clus-
ters, formed by reduction of FesNO3d3, in a hydrogen atmo-
sphere at high temperature. The resulting films contained
nonaligned 100-mm-long nanofibers 20–60 nm in diameter
and onionlike structuressquasispherical particles composed
of concentric graphitic shells synthesized and observed by
Ugarte.100 The catalyst remained at the base of the growing
structures. The best growth conditions were found on the
substrate in a position where the plasma was well above the

FIG. 13. Atomic hydrogen intensity from emission spectroscopy.sad Varia-
tion with substrate power andsbd effect of argon dilution. Adopted with
permission from Ref. 22.
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sample. At substrate locations more proximal to the plasma,
the high concentration of atomic hydrogen etched the grow-
ing film. In another early use of M-PECVD, Qinet al. ob-
tained entangled bundles of nanotubes.101 They used an alu-
mina substrate and the catalyst was deposited from a ferric
nitrate solution. The nanotubes were grown at 850–900 °C
in a mixture of CH4 and H2.

The M-PECVD system used by Boweret al.consisted of
a 2.45-GHz, 5-kW microwave power supply with a rectan-
gular waveguide that is coupled to a 6-in. inner diameter
stainless-steel cylindrical growth chamber and a molybde-
num substrate stage with a rf graphite heater that allows con-
trol of the substrate temperature independent of the plasma
power.61,102Dense forests of carbon nanostructures were syn-
thesized using this technique. The nanotube orientation was
influenced by the self-bias potentialsestimated to be −10 Vd
established on the immersed substrate surface in the high-
frequency plasma, the field of which is invariably terminated
perpendicular to the surface. Boweret al. claimed that elec-
trostatic force alone would force these one-dimensional tu-
bular structures to align with the field direction, the energeti-
cally most favorable orientation. The difference in alignment
during PECVD and CVD was also observed in this work.102

Many other groups have used this type of growth system
for the synthesis of carbon nanostructures.101,103–110 Even
though towers of nanofibers and nanotubes vertically aligned
by crowding and van der Waals force have been
produced,61,102,106,111to date the growth of individual free-
standing nanostructuressi.e., single tubes or fibersd has not
been demonstrated by microwave discharge. Tip-type
herringbone-structured nanofibers were synthesized by Okai
et al.utilizing M-PECVD.112 They used a quartz reactor with
flowing methane and hydrogen gases. A voltage of −250 V
was applied to the substrates during the growth. Unfortu-
nately alignment characteristics were not reported in this
work. The nanofibers M-PECVD-synthesized by Cuiet al.
had a bamboo-type structure.106

Other studies of M-PECVD growth of carbon nanostruc-
tures include measurements of chemical species byin situ
optical emission spectroscopysOESd and quadruple mass
spectroscopysMSd,104 the effect of substrate bias,105 and the
influence of catalyst choicesamong Fe, Ni, and Cod.111

f. Electron cyclotron resonance.The main distinguishing
characteristic of electron cyclotron resonancesECRd sources
is their ability to produce higher fluxes of low-energy ions
than other sources. The ratio of ions to neutrals is much
higher for ECR-PECVD than for other types of PECVD.

Lin et al.synthesized VACNFs using ECR-CVD produc-
ing various bamboo and herringbone structures, and con-
ducted a comparative study of different catalystssFe, Ni, and
Cod and of different gas mixturessCH4/H2 and CH4/N2d.113

They also compared M-PECVD and ECR-CVD. They found
that a nitrogen-containing mixture was more effective in the
production of bamboolike nanofibers, suggesting that bom-
bardment with nitrogen ions provides a more efficient sput-
tering agent that keeps the catalyst surface active.

g. Hollow cathode PECVD.A hollow cathode glow dis-
chargesHCGDd is another version of a dc source in which a
cathode is shaped in the form of a cylinder so that the sec-

ondary electrons are self-contained in the negative glow. The
plasma densities are one to two orders of magnitude higher
than in a diode discharge.114 A hollow cathode system was
used by Huczkoet al. for synthesis of a dense forest of
vertically aligned carbon nanofibers115 by decomposition of
FesC5H5d2 in He at 200 °Csdetermined from optical emis-
sion spectrumd. In their experiments the substratefanodic
aluminum oxide AAOg was not biased and was placed inside
the cathode both perpendicular and parallel to the cathode
axis. They report that the nanofibers were arranged in
bundles with apparent Fe particles at the tips and were not in
registry with AAO pores. However, the alignment mecha-
nism was not suggested by the authors. It is worth noting that
their spectroscopic analysis of the generated plasma revealed
that the strongest emission peaks were those generated by C2

and CH radicals. They went on to speculate that the C2 radi-
cals constitute the key intermediate phase in nanofiber for-
mation, referring to molecular-dynamics simulations by Xia
et al.,116 in which C2 species were suggested to be respon-
sible for the formation of open-ended nanotubes in the ab-
sence of catalyst. Consequently, Huczkoet al.concluded that
the plasma-generated C2 species, together with the catalytic
Fe, produce nanofibers at a fairly low “effective” tempera-
ture of 200 °C.

h. Corona discharge.Li et al. used a corona discharge
plasma combined with template-controlled growth to pro-
duce aligned carbon nanotubes at atmospheric pressure and
temperatures below 200 °C.117 However, it has to be noted
that the reported temperature is the temperature of the gas
estimated from the measurement of the temperature of the
outer walls of the reactor. In order to explain the successful
growth at such a low temperature the authors note that non-
equilibrium plasmas, such as corona discharges, are charac-
terized by high electron energy and low gas temperature, and
the energetic electrons usually can decompose molecules to
reactive species without additional heat energy. The corona
discharge plasma reactor used in these experiments consisted
of a quartz tube and two axially centered electrodes—a tung-
sten wire electrode and lower circular plate stainless-steel
electrode.118

3. C-PECVD specific aspects of carbon nanostructure
growth control

a. Basic processes at the catalyst particle in a dc plasma
environment.So far the majority of the works on the growth
and applications of vertically aligned carbon nanofibers were
done using dc and HF-dc systems. As the simplest of the
PECVD reactors, the dc systems can be used to understand
most of the fundamental processes involved in C-PECVD
growth of carbon nanofibers. For clarity of discussion in this
section we focus on dc discharges.

Developing control over catalytically grown nanostruc-
tures can only be achieved through a detailed understanding
of the behavior of the catalyst nanoparticle. Figure 14 pre-
sents a very simplified schematic of the processes that occur
in this fascinating nanoscale environment. Many of these
processes are present in thermal CVD, namely, arrival of
excited species to the surfacesAd, catalytic dissociationsBd,
departure of undissociated moleculessCd, solution of carbon
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into the catalyst particlesGd, formation of carbon film on the
surfacesDd, diffusion of carbon through or around the cata-
lyst particle sHd, and incorporation of carbon atoms into a
growing graphene layersId. PECVD introduces a few addi-
tional processes due to application of electrical field and par-
tial ionization of the gas, such as sputtering due to ion bom-
bardmentsFd, chemical etchingsEd, and mechanical force
due to interaction of a conducting cylinder with high electric
field. In fact, the coupling of the latter to the rates of carbon
incorporation into graphene layers around the particle, via
stress distribution, is believed to be the mechanism of verti-
cal alignment.24

b. Growth-parameter space.Compared to thermal CVD,
plasma excitation provides an additional level of control
while simultaneously introducing an additional level of pro-
cess complexity. Unlike TCVD reactors in which tempera-
ture, total gas pressure, and flow govern the nanostructure
growth process, in the PECVD process, parameters specific
to the glow discharge must be considered. The voltage, cur-
rent, power, and resultant field distributions within the dis-
charge all play a critical role in shaping the outcome of the
growth process. It is important to note that plasma is usually
used for both the deposition of thin conformal films and for
etching, depending on the choice of conditions. Counter in-
tuitively, in order to “deposit” carbon nanostructures a
PECVD reactor must be operated in the etching, rather than
deposition, regime to avoid thin-film formation. Special con-
sideration must be given to finding the balance between etch-
ing and deposition to prevent detrimental formation of car-
bon films and at the same time avoid damage to the sidewalls
of growing nanofibers.119

The C-PECVD process involves a host of parameters
variable over a multidimensional space, leading to extraordi-
nary changes in the structure and morphology of the resultant
carbon deposit, from amorphous carbon films to nanofibers
and nanotubes. The parameters that constitute this multidi-
mensional parameter space includes1d total pressuresPd, s2d
total gas flowsFd, s3d carbon source to etchant gas flow ratio
se.g., C2H2/NH3d sRd, s4d substrate temperaturesTd, ands5d
plasma powerfcurrent sId and voltagesUdg. A slice of the
phase diagram along theT-R axis, with all other parameters

FIG. 14. Processes at the nanoparticle in a PECVD environment.

FIG. 15. A slice of growth parameter space. SEM images of VACNFs tiled to illustrate a phase diagram of the VACNF in aT-R slice of the multidimensional
parameter space. The other parameters were the samesI =100 mA,P=2 Torr,FNH3=80 SCCM, and growth time=10 mind. The substrate was Si, the catalyst
was 10 nm of NiFe alloy s50%: 50%d a top of 10 nm Ti buffer layer. The areas of the “good” VACNFs aresT,Rd
=s750,40/80d ,s700,50/80d ,s650,60/80d ,s600,50/80d. The s750,60/80d are peculiar “fluffy” nanofibers. The part of the diagram to the right of the good
VACNFs represents the sample coated with a graphitic film that prevented the VACNF growth. The VACNFs on the leftfe.g.,s600,40/80dg are damaged and
contained a considerable amount of nitrogen.

041301-13 Melechko et al. J. Appl. Phys. 97, 041301 ~2005!

Downloaded 04 Feb 2005 to 128.219.65.64. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



kept constant, is presented in Fig. 15. There are specific
bounded regions where the resultant material possesses the
characteristics of the high-quality VACNFs shown, for ex-
ample, in Figs. 5 and 6. In general, for a givenT, there is a
particular range ofR values for which favorable growth oc-
curs. At higherR, a graphitic carbon film forms on the sub-
strate and prevents fiber growth. At small values ofR the
fibers are chemically etched during growth, producing
heavily damaged fibers. Taken to an extreme, the fibers can
be etched down to the substrate leaving nothing but stublike
remnants. At higher plasma power, the regions for which
high-quality VACNF growth occurs are shifted toward higher
R values.

The selection of the parameters used to perform VACNF
growth is dependent upon the combination of catalysts, sub-
strates, carbon source and etchant gases, the presence of a
dilution gas, and the catalyst pattern. Several studies were
devoted to the discovery of trends and interrelationships be-
tween parameters.59,63,78,120–122These trends are discussed
below.

A typical growth rate versus temperature curves for
C-TCVD growth of carbon nanostructures is usually similar
to the one displayed in Fig. 16 as solid circlesslower
curved.46 On the low-temperature side, the slope and curva-
ture of the plot can be attributed to a diffusion-limited
growth process. The growth rate reduces abruptly on the
high-temperature side of the curve, which can be interpreted
as a supply-limited growth regime as a consequence of the
drastic reduction in the sticking rate of the species impinging
onto the catalyst surface. Chhowallaet al. have observed
similar behavior in dc PECVD growth, as shown in Fig.
17.59 However, the activation energy of 0.56 eV, determined
from the slope in the growth rate versus inverse temperature
plot, is significantly lower than the activation energy of C
diffusion through Ni of 1.5 eV. This suggests either en-
hanced diffusion of C through the Ni particle or, as was
proposed by Helveget al.,58 of C along the Ni particle sur-
face. Such low activation energy also suggests the possibility
of true room-temperature growth.

The gases used for carbon nanofiber growth from a sup-

ported catalyst include carbon monoxide and hydrocarbons,
such as acetylene, methane, benzene, etc. However, as de-
scribed above, if carbon source gases are used alone, carbon
films samorphous or graphiticd are formed and no carbon
nanofiber growth occurs. Thus the selection of operating pa-
rameters must be made such that etching, rather than depo-
sition, is the dominant process. This is achieved in part by
selection of an appropriate etchant gas such as hydrogen or
ammonia.

The optimal value ofR depends on several operating
parameters. Teoet al. studied the dependence of amorphous
carbon film formation during VACNF growth as a function
of acetylene-to-ammonia ratio using Auger electron
spectroscopy.79 The chemical composition of species near
the substrate surface, i.e., at the catalyst particle level, de-
pends on the diffusion of active species from the plasma
sheath. By changing the operating voltage, the size and shape
of the characteristic regions of the plasma can be altered.
This is ultimately reflected in the distance that the activated
species must diffuse through to reach the catalyst surface. A
direct relation between plasma power andR has been estab-
lished by Merkulovet al.121 In these experiments the gas
ratios were adjusted at different current values to obtain
identical nanofiberssFig. 18d, showing a linear dependence
betweenR and the discharge currentI. This relationship can
be used interchangeably to control the composition of spe-
cies near the substrate surface. It has been reported that dif-
ferent species participate in the PECVD VACNF and CVD
CNF growth.122 Free radicals are involved in PECVD growth
while C2H2 is the dominant species in CVD processes.

The VACNF growth rate is proportional to the number of
radicals impinging on the catalyst surface and to the decom-
position rate of these radicals at the surface.sHere, by de-
composition we mean a complex process involving adsorp-
tion and fragmentation of the radicals at the catalyst surface
as well as desorption of the reaction byproducts from the
surface.d Different types of radicals are expected to have
different decomposition rates. One way to increase the
growth rate is to change the gas mixture and plasma power to
create more radicals or to shift the radical distribution to-
wards those with higher decomposition rates. Simply in-

FIG. 16. Temperature dependence of CNT growth ratessfilm thicknessd.
Adopted with permission from Ref. 46. The solid dots correspond to CVD
on the Al/Fe/Mo multilayer film using a 100 SCCM/2.9 SCCM hydrogen/
acetylene ratio. The solid squares represent the CVD growth with addition
of 4 mg/h of ferrocene. The filled triangles represent the CNT growth for an
optimized ratio of 4 mg/h of ferrocene to 12.4 SCCM of acetylene.

FIG. 17. Average nanofiber length vs inverse deposition temperature after
growth at all conditions constant in a dc PECVD process. Adopted with
permission from Ref. 59.
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creasing the C2H2 content increases the growth rate only up
to a certain valuesstill substantially lower than that for ther-
mal CVDd, after which the growth rate begins to decrease.59

Above a critical C2H2 content, which depends upon a par-
ticular set of experimental conditions such as plasma power,
pressure, temperature, etc., more radicals with lower decom-
position rates and fewer radicals with higher decomposition
rates are produced. Moreover, the radicals with lower de-
composition rate may start forming a shell encapsulating the
catalyst particle, thereby limiting the carbon supply available
for VACNF growth, and may permanently attach to the sub-
strate surface. This results in a reduced growth rate and, if
the C2H2 content is increased even further, leads to the for-
mation of a thick carbon film covering the entire substrate.
This phenomenon has been experimentally observed in sev-
eral studies.79,119

Since some applications may require very long
VACNFs, it is highly desirable to develop controllable ways
to further increase the growth rate. One way of accomplish-
ing this was explored by Merkulovet al. and involved in-
creasing the gas flow directed towards the substrate.122 This
was achieved by replacing the flat showerhead typically used
in PECVD reactors with a capillary-type gas nozzle featuring
a variable orifice. These experiments were carried out using
two different orifice diameters: 1 and 5 mm. Figure 19sad
shows that the maximum growth rates increase significantly

as smaller nozzle sizes, generating higher local gas flows, are
used. The maximum growth rate for the 1-mm nozzle is
more than twice than that for the 5-mm nozzle and about five
times higher than that for the showerhead. Another salient
point of these experiments is that the gas chemistry, i.e.,
mutual interactions among the gas species, plays an impor-
tant role in determining the growth rate. This is demonstrated
in Fig. 19sbd, which shows the growth rate for the 1- and
5-mm nozzles as a function of the C2H2/NH3 gas ratio.
Clearly, the growth rates in both cases depend strongly upon
the gas mixture and each exhibits a well-defined maximum.
Moreover, the maximum growth rates for the two nozzle
sizes correspond to different values of the C2H2/NH3 gas
ratio. This probably occurs because orifices with different
diameters produce different gas flow velocities, which affects
the interaction among the gas species within the flow. This
results in modification of the chemical composition of the
resultant species that reach the sample surface and conse-
quently changes the growth rate. In addition to empirical
approaches to understand how to create the most favorable
conditions for the synthesis of a nanofiber, some modeling
effort has been applied to this complicated system. Hashet

FIG. 18. Relationship between plasma power and gas flow ratio in a dc
PECVD process, showing the C2H2/NH3 ratio required to produce a
VACNF with similar geometry as a function ofsad plasma power andsbd
plasma current. Adopted with permission from Ref. 121. Copyright 2002
American Chemical Society.

FIG. 19. Influence of gas flow rates on the growth of carbon nanofibers in a
dc PECVD process.sad Maximum VACNF growth rates for different experi-
mental setups and therefore different gas flows to the substrate surface.sbd
VACNF growth rate as a function of C2H2/NH3 gas ratio for two nozzle
diameters of 1 mmsupper curved and 5 mmslower curved. Adopted from
Ref. 122 with permission from Elsevier.
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al., in order to understand what species are actually involved
in this processes, simulated the growth conditions using a
one-dimensional model88 of hot-filament dc PECVD. Figure
20 shows the concentration of the neutral species along the
axis of a dc reactor simulated for an Ar/C2H2/NH3 gas mix-
ture without involvement of the filament.

The total pressure is related to the total number of spe-
cies near the catalyst surface. For the glow discharge there
are more excited species involved causing an increase in the
deposition rate. This was also demonstrated for dc PECVD
by Chhowallaet al., as shown in Fig. 21.59 This plot repre-
sents almost the full range in which a dc glow discharge can
be maintained. It is worth noting that at higher pressure,
fewer ions reach the surface due to collisions, thus the etch-
ing is reduced. This work demonstrates that selecting the
proper gas flow ratio is essential for avoiding the deposition
of a carbon film which, as discussed above, can deactivate
the catalyst and inhibit growth.

c. Tip-type and base-type growth modes.As in C-TCVD,
two growth modes have been observed in PECVDsFig. 22d
in which the catalyst particle is located either at the tip of the
growing fiber or at its base. It has been suggested that the
growth mode depends on the interaction of the catalyst with
its supporting substrate.3,12 However, Melechko et al.
showed that the kinetics of the growth process also plays a

role in the selection of the growth mode and it is possible to
grow base-type or tip-type fibers on the same substrate and
using the same catalyst material by changing the gas flow
ratio.63

d. Vertical alignment.A direct correlation between the
alignment of CNFs and the growth modesbase or tipd has
been observed in a PECVD process.24 In the case of tip-type
fiber growth, the catalyst particle undergoes a process where
it lifts from the substrate, eventually detaching from it com-
pletely. Once this occurs, the particle follows the path of the
electric-field lines present in the plasma sheath. This type of
growth leads to field alignment irrespective of the density of
CNF on the substrate, i.e., without the need for crowding for
CNF to grow vertically. In contrast, it has been established
that base-type CNFs tend to grow in random orientations
unless the density of the fibers is so great that vertical align-
ment occurs due to crowding or van der Waals forcessFig.
10d.

A model to describe the alignment mechanism of tip-
type CNF growth was proposed by Merkulovet al. describ-
ing the alignment as the result of a feedback mechanism
associated with a nonuniform stressspart tensile, part com-
pressived created across the interface of the catalyst particle
with the CNF by the electrostatic forcessFig. 23d.24 The axis
of a CNF growing perpendicular to the substrate coincides
with the direction of the applied electrostatic force, resulting
in a uniform tensile stress across the entire nanofiber/catalyst
particle interface, as shown in Figs. 23sad and 23sbd. Conse-
quently, carbon uniformly precipitates across the interface

FIG. 20. Simulated distribution of the concentration of various neutral spe-
cies with distance from the cathode in a dc PECVD system using one-
dimensional kinetic model. It is for a 9-Torr, 200-W dc plasma with a
677-V negative bias using 54:200 SCCM C2H2:NH3 with a cathode at
700 °C heated solely by the plasma. Courtesy of D. B. Hashet al. See also
Ref. 88.

FIG. 21. Dependence of growth rate on total gas pressure in dc PECVD
process. Adopted with permission from Ref. 59.

FIG. 22. SEM images ofsad vertical alignment of carbon nanofibers in a
tip-type growth mode, andsbd nonaligned growth of base-type carbon
nanofibers by dc PECVD process.
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and the fiber continues to grow verticallysperpendicular to
the substrated. However, if there were a spatial fluctuation in
the carbon precipitation at the interface, CNF growth would
deviate from vertical alignment, as shown in Figs. 23scd and
23sdd. In the case of nanofibers growing from the tipscata-
lyst particle at the tipd, the electrostatic force produces a
compressive stress at the part of the particle/nanofiber inter-
face where the greater rate of growth is seenfFig. 23scdg.
Likewise, a tensile stress is produced at the part of the
particle/nanofiber interface where the lesser rate of growth is
seen. It is proposed that these opposing stresses favor subse-
quent carbon precipitation at the interface experiencing ten-
sile stress. The net result is a stable, negative feedback that
acts to equalize the growth rate around the entire periphery
of the particle/nanofiber interface, leading to vertically
aligned CNF growth. The difference in the growth rates at
the two boundaries may be caused by stress-induced
diffusion123 due to the stress gradient in the catalyst particle
and possibly by the variation in the stress-dependent sticking
of diffusing C atoms to the C side of the Ni–C interface. In
any case, the exact mechanism may be quite complex and a
detailed study of the stress-induced C diffusion and precipi-
tation in the C–Ni system is needed. When the catalyst par-
ticle is located at the base of the CNF, however, the situation
with the preferred location of carbon precipitation is differ-
ent. Since the nanofiber base is attached to the substrate, the
stress created at the particle/nanofiber interface with the
greater growth rate is tensilefFig. 23sddg and acts to continue
the increased growth rate, thus causing the CNF to bend even
further.

Understanding the e-field mechanism of tip-type nanofi-
ber alignment allows control of the orientation. Usually in a
planar geometry the field is perpendicular to a metallic sub-

strate. However, field direction can be changed by placing
the substrate close to the edges of the substrate holder, and
this effect was exploited to grow nanofibers at a variety of
angles other than perpendicular to the surfacesFig. 24d.124 To
distinguish from the alignment by using porous templates or
the crowding effect, carbon nanofibers aligned by the e-field
present in the plasma sheath of a PECVD system should be
called field aligned rather than vertically aligned. However,
because the field direction is usually perpendicular to the
substrate these nanofibers are referred to as vertically aligned
in the current literature, and we often retain this terminology
in this review.

D. Substrates and catalysts

1. Substrates

The substrate plays a crucial role in carbon nanostructure
synthesis especially in PECVD processes. The substrate not
only acts as a medium for support but it also interacts with

FIG. 23. Alignment mechanism based on stress-dependent growth rate and
stress distribution caused by interaction of nanofiber with electric field.
Adopted from Ref. 24.

FIG. 24. Control of electric field and alignment direction of carbon nanofi-
bers in a dc PECVD process.sad A schematic representation of the experi-
mental setup during the PECVD process, in which the substrate is located
close to the sample holder edge, and scanning electron microscopy images
showing the resultant CNF forests located atsbd 100 andscd 1000mm away
from the edge and aligned at 38° and 12° angles to the substrate normal,
respectively.sdd SEM image taken at a 45° tilt angle of an array of indi-
vidual CNFs grown in the vicinitys10 mmd of the substrate/the sample
holder edge. Adopted from Ref. 124.
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the catalyst and growth environment. Silicon and silicon di-
oxide are two of the most common substrates for obvious
reasons of application in silicon-based technology, however,
the choice is practically unlimited. There are several issues
that have to be considered when choosing a substrate.

In dc-PECVD systems, with the substrate as a cathode, it
is necessary to have an electrically conductive surface, so
insulating substrates such as SiO2 must be covered in a metal
layer, which can later be removed, as in Ref. 84. Further-
more, substrates also contribute to the radical species in the
plasma. During PECVD growth on Si substrates silicon spe-
cies can be etched, sputtered, and redeposited onto the side-
walls of the fibers, creating an insulating sheath,125 which
may or may not be desirable. To avoid Si incorporation into
the fiber walls, a metal overlayer can be used to cover the
substrate.

In addition, there has been some concern about deposit-
ing Ni catalyst directly onto Si substrates. Several research
groups claimed that nickel silicide formation prevents nucle-
ation of the catalyst particles from thin films and inhibits
growth.59,126 Recently, however, Niheiet al. proved the op-
posite by showing that nanotubes can be synthesized directly
from nickel silicide.127 Furthermore, there have been related
debates as to whether CNTs prefer Si or SiO2 surfaces. Some
say that CNTs will selectively grow on Si over SiO2,

128

while others affirm the opposite.126,129Due to incompatibili-
ties of substrates with catalyst materials and the growth en-
vironment, buffer layers, underlayers, and adhesion layers
have come into widespread use. Buffer layers such as Ti, W,
and SiO2 have often been used to prevent diffusion or inter-
mixing of catalyst and substrate, as in the case of nickel
silicide mentioned above. The significant effect of underlayer
materials on carbon growth is mostly attributed to wetting
and particle formation. First of all, it has been shown that
multilayered catalysts, i.e., metal underneath and sometimes
on top of the catalyst material, drastically influence the CVD
carbon nanotube growth. Aluminum, for example, is often
put underneath the Ni and Fe catalysts because it promotes
the small particle formation needed for CNT growth; in fact,
without it no growth is observed.45,46The thicknesses of both
the underlayer and catalyst are crucial to the success of nano-
tube growth.45,130 Christenet al. studied the dependence of
nanotube growth rates on thicknesses of both the catalyst and
overlayer in a trilayer system of Mo/Fe/Al.131 They used
pulsed laser deposition to create orthogonally overlapping
metal film gradients of Fe and Mo on top of 10 nm of Al on
a Si wafer. In a C-CVD process using C2H2/Ar/H2 mixture
they achieved growth rates exceeding 17mm/min for a spe-
cific thickness ratio of Fe/Mo that correspond to an atomic
ratio of 16:1. In addition, an underlayer can help to “glue”
the catalyst to the substrate and act as an adhesion layer for
base-type nanotube growth.45 An extensive list of substrate
and underlayer materials, their uses, and references can be
found in Table II.239–245

2. Catalysts

The growth of carbon nanostructures is catalytically con-
trolled, thus the choice of catalyst plays an imperative role in
determining the outcome.45,132 The catalyst particle is re-

sponsible for breaking bonds and adsorbing carbon at its
surface, then diffusing carbon through or around an interface
where the carbon reforms in graphitic planes.133 The proper-
ties of the catalyst can therefore determine the rate of each of
these steps as well as the degree of crystalline perfection and
geometric structure of the resulting carbon fiber.

A variety of metals and their alloys are catalysts for the
production of carbon nanostructures. A list of all known car-
bon catalysts, their uses, and references are compiled in
Table II. The most commonly used and studied are Fe, Ni,
and Co, whose physical properties and solubility with carbon
are shown in Table III.246–248Included in this list are several
binary or multimetal alloys, which have been shown in some
cases to provide certain advantages over single-element cata-
lysts for the growth of filamentous carbon.134 Whereas the
trusted transition metals Fe, Ni, and Co are known to be very
active in their ability to break and reform carbon–carbon
bonds, other noncatalytic metals such as Al or Cu, when
combined with a promoter catalyst, can enhance carbon dif-
fusion and reaction rates.133 In some cases, alloy catalysts
have resulted in higher activity,135 low-temperature
growth,136 and branched nanostructures.55,135,137–143

Recently there have been efforts to investigate a battery
of catalyst and substrate combinations by high throughput
methods. Nget al. came up with an efficient methodology
for evaluating underlayer material compatibility with various
catalysts for CVD nanotube growth;144 Cassellet al. pub-
lished a similar approach for exploring nanofiber PECVD
growth.145 In their experiments strips of several different
metal contact layers were deposited onto a Si wafer, then the
wafer was turned 90° and the strips of different catalysts
were deposited on top. This created an underlayer-catalyst
grid, which was then used to grow carbon nanostructures
either by CVD or PECVD. Nget al. concluded that Ti was
the best underlayer in terms of low contact resistance and
high growth density, however, Fe–Ni and Ni grew the most
vertically organized on an Al underlayer.144 Cassellet al.
found that for their growth process Ni catalyst on a Cr un-
derlayer yielded the highest-quality fibers on the basis of
growth rate, alignment, and diameter uniformity.145 It is ef-
forts like these that will lead to rapid development and
implementation of the best catalyst and substrate for a given
application.

3. Methods of catalyst preparation

There are numerous ways to prepare catalyst particles
for CNF growth including physical vapor depositionsPVDd,
electro- and electroless plating, and coprecipitation methods.
The most common approach is to deposit a thin film of cata-
lyst and then sinter it into discrete nanoparticles. In this ap-
proach, a thin film is deposited by electroplating, electroless
plating, or most commonly by PVD. PVD can be accom-
plished either by sputtering or evaporating techniques, each
of which has its pros and cons. A sputtered atom typically
has tens of eV arriving at the substrate surface, in compari-
son to thermal energies of evaporated films, which are on the
order of tens of eV. Thus sputtering leads to better mixing at
the interface and adhesion relative to evaporated films. In
addition, substrate heating and substrate bias capabilitiy can
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TABLE II. Catalysts and substrates.

Catalyst
Underlayer

and substrate
Growth
method

Carbon
structure References

Al–Fe, Cu–Fe,
Fe–Ni–Al

Quartz tube CVD CNF, MWCNT 239

Alumina–Ni,
Alumina–Ni–Cu

Quartz tube CVD CNF,
multidirectional

142

Co Al oxide Corona discharge PECVD CNT 117
Co MgO CVD y-junction CNF 140
Co Nanochannel

alumina
CVD CNT, y-

junction CNT
65 and 240

Co Si M-PECVD CNF 61
Co, Co–Cu
alloy

Si PECVD
CVD

VACNF
CNF

241

Co, Co–Cu
alloy powder

Ceramic boat CVD CNF,
multidirectional

138

Co, Co–Ni
alloy, Fe, Fe–Ni
alloy, Ni

Cr, Ir, Ta, Ti,
and W on Si

PECVD VACNF 145

Co, Fe, Fe–Ni
alloy, Ni

ITO, Ir, Al, Ti,
Ta, and W on Si

CVD CNT 144

Co, Fe, Ni Si M-PECVD VACNF 111
Co, Fe, Ni Si ECR-PECVD VACNF 113
Co, Ni SiO2 on Si PECVD VACNF 59
Co, Ni W wires PECVD VACNF 82
Cu–Ni alloy Quartz tube CVD CNF 135
Cu–Ni alloy SiO2 CVD CNF,

multidirectional
141

Cu–Ni alloy, Ni
powder

Quartz tube CVD CNF,
multidirectional

133

Cu–Ni, Fe–Ni,
Pd–Se alloys

Si CVD CNF 136

Fe Al2O3 HCGD CNF 115
Fe Alumina M-PECVD CNF 101
Fe Fe foil CVD CNF 53
Fe Mesoporous Si CVD VA-MWCNT 42
Fe Porous Si CVD VA-MWCNT 60
Fe Porous Si CVD CNF 62
Fe Si CVD CNF 129
Fe Si, quartz,

ceramic
M-PECVD CNF 108

Fe SiC on Si CVD CNT 201
Fe SiO2 CVD CNF 129
Fe SiO2 on Si M-PECVD VACNF 106
Fe
Ni

SiO2 on Si
Si

CVD
PECVD

CNT
VACNF

77

Fe, Fe–Ni alloy,
Fe–Tb alloy, Ni

Silica, alumina CVD CNF, MWCNT 134

Fe, Mo/Fe-
layered film

Ir, Al, Nb, and
Ti on Si

CVD SWCNT 130

Fe, Ni Al on Si, fused
quartz, mica,

HOPG

CVD MWCNT 219

Fe, Ni Si M-PECVD CNF 99
Fe–Mo, Mo
powder

Alumina CVD SWCNT 242

Fe–Ni alloy Cr, Ti, Ta, and
W on Si

HF CVD CNF 92

Fe–Ni alloy Si CVD
rf PECVD

CNF
VACNF

95

Fe–Ni alloy SiO2 on Si CVD SWCNT 128
Fe–Ni–Cr, Ni Si M-PECVD CNF 112
Mo/Fe-layered
film

Al on Si ICP PECVD MWCNT 22
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have a profound effect on the film properties such as crystal
structure, orientation, density, and grain size. Choiet al. re-
ported on the controlling of the grain size of sputtered Ni
films by varying the rf power, which in turn affected the
diameter, length, and purity of the CNTs grown from the
film.109 Sputtering also allows for alloy depositions from an
alloy target, whereas alloys cannot be directly evaporated
accurately due to differences in the vapor pressure of each
element. Evaporation does have its advantages, though,
mostly attributed to its highly directional deposition, which
enables patterns to be easily transferred to the substrate by
resist lift-off methods outlined below.

If catalyst patterning is required, it can be done before or
after the catalyst film is deposited. Commonly, the pattern is
defined beforehand and a lift-off process is employed. First,
the resist is applied to the substrate and the desired catalyst
pattern is exposed and developed. A PVD method is then

used to deposit the catalyst material onto the substrate. Fol-
lowing the deposition, the substrate is immersed in a solvent
capable of dissolving the resist, causing the metal to be re-
moved from the remaining resist-covered areas. Conversely,
the film can also be patterned following catalyst deposition
by coating it with a resist suitable for either photo or e-beam
lithography. The pattern is then exposed and developed such
that resist remains in the areas where catalyst is desired. The
exposed metal is then removed by wet etching,146 ion-beam
sputtering, or reactive ion etching.

In order to grow carbon nanotubes or nanofibers from a
thin-film catalyst, the film must first be sintered into islands
or discrete nanoparticles.45 While the sintering temperature is
typically well below the bulk melting temperature for the
catalyst metal, the reflow of metal indicates that surface dif-
fusion is at work.147 The formation of catalyst nanodroplets
can also be explained by a stress buildup in the film due to

TABLE II. sContinued.d

Catalyst
Underlayer

and substrate
Growth
method

Carbon
structure References

Mo/Fe-layered
film

Al on Si CVD VA-MWCNT 46

Ni Al ICP PECVD VACNF 68

Ni Brass, bronze ICP PECVD VACNF 154
Ni Cr on glass M-PECVD CNF 104
Ni Cr on Si PECVD VACNF 189
Ni Cr on SiO2 on

Si
PECVD VACNF 193

Ni Glass PECVD, HF
PECVD

VACNF 90

Ni Glass, Si HF PECVD VACNF 8 and 10
Ni Graphite, Si,

plastic
rf PECVD CNF 69

Ni MgAl 2O4 CVD CNF 58
Ni Ni wafer PECVD CNF 86
Ni Pt crucible CVD CNT, CNF 97
Ni CVD CNF 50
Ni Si PECVD CNF 126
Ni Si CVD

PECVD
CNT

VACNF
91

Ni Si M-PECVD VACNF ropes 94
Ni Si ICP PECVD VACNF 67
Ni Si M-PECVD MWCNT 109 and

110
Ni Si M-PECVD VACNF ropes 94
Ni Si, PDMS CVD MWCNT 243
Ni SiO2 on Si, Cr

on polyimide
foil

PECVD VACNF 70

Ni Ti on Si PECVD VACNF 121
Ni W–Ti alloy and

Ti on Si
ICP PECVD VACNF 98

Ni silicide Si PECVD CNF 127
Pd Quartz tube CVD CNF 231
Pd powder Quartz tube CVD CNF 244
Pt Si M-PECVD Carbon

nanostructures
107

Ru Silica, alumina CVD CNF 245
titania multidirectional
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different expansion coefficients from the substrate.9 In some
cases, though, heat alone is not enough to break up the cata-
lyst film and additional techniques are required. As was men-
tioned in the substrate section, underlayers are often used to
increase surface roughness or wetting capabilities.45 Nano-
particle creation can also be encouraged by pretreatment of
the catalyst film with an etchant gas or ion bombardment in
a plasma environment. For example, the research group at
Cambridge heats the substrate in H2 for 15 min at 750 °C
sRef. 59d before initiating PECVD growth. Leeet al. found
that they could control the diameter of Fe particles for CVD
growth by adjusting the condition of ammonia pre-
treatment.129 Oak Ridge does a combination of heating in an
ammonia environment and then initiating an ammonia
plasma for up to 2 min before introducing the carbon source
gas.121 In any case the outcome is the same, the catalyst thin
film breaks into nanoparticles, which grow fibers when the
carbon source gas is introduced.

The size of the catalyst particles is ultimately determined
by the thickness of the film, in addition to the wetting prop-
erties of the catalyst and substrate materials as well as the
method of catalyst preparation and pretreatment. Since nano-
tubes are of such small dimensions, the size and uniformity
of the nanoparticles become increasingly important. Chhow-
alla et al. and Weiet al. reported a direct correlation of Ni
nanoparticle size increasing with the thickness of the original
film.59,77 However, Chhowallaet al. only observed this phe-
nomenon on SiO2 substrates and found that the Ni film failed
to sinter on clean Si substrates, which they attributed to
nickel silicide formation. Cobalt, on the other hand, has been
found to wet well on both Si and SiO2 substrates, showing
the same correlation of particle size to original film
thickness.59,61 Bower et al. also verified that thinner Co
films, leading to smaller particles, determined the diameter
and length of the resulting nanotubes.61 Wei et al. found that
for Fe films there was a critical thickness over which no
nanotubes would grow. In addition, below this critical film
thickness, there appeared to be no correlation between film
thickness and CNT diameters, which may be a characteristic
of CVD systems.77 It can generally be said that for PECVD
growth, thinner films lead to smaller particles, which in turn
lead to denser arrays of smaller diameter fibers.

If periodic arrays of VACNFs are desired, the amount of
material deposited for each catalyst dot is crucial in deter-

mining if single or multiple fibers form. It was shown previ-
ously that catalyst film thickness relates to fiber array density
and particle size. Likewise, the diameter and thickness of a
lithographically defined catalyst dot influence whether one
droplet or thus one fiber forms from each dot. In fact, Merku-
lov et al. found that there was a critical dot size resulting in
single fiberssFig. 25d, which was dependent upon several
parameters including the choice of buffer layer, the substrate,
and the type and thickness of the catalyst used.9

4. Catalyst particle evolution

Nanoparticles formed by sintering a thin-film metal gen-
erally have a disklike hemispherical shape due to a large
contact area with the substrate before the growth is initiated.
A succession of “stop-action” images shows that after an
initial few seconds of growth, the particle is pushed upward
by the flux of carbon and becomes elongated. As growth
continues the bottom surface of the particle begins to slope
upward until it has a conical or teardrop shape, with the tip
of the cone directed toward the growing carbon nanostruc-
ture and pointing in the direction of carbon diffusion.148 This
has been found in both tip-type and base-type growths.63

Most of the characterization of catalyst particles by SEM
and TEM is performedex situonce the substrate has cooled
down. The particle in this final state can show an elongated
conical end or remain spherical. Some particles have a fac-
eted shape on top. This has been repeatedly observed for
particles involved in tip-type growth. An example of Ni par-
ticles displaying this feature is shown in Fig. 26. The face-
ting might have occurred during the cooling process, how-
ever, this cannot be stated conclusively. There are still many
mysteries regarding the behavior of the catalyst particle dur-
ing growth. One interesting phenomenon is the repeated
stretching or “lurching” behavior of the particle inside the
body of the growing nanostructure. Thanks to recent techno-
logical advances, there have been a few accounts that capture
the catalyst’s evolution and the growth phenomenonin
situ.58,149The invoked stretching-retracting mechanism of the
catalyst nanoparticle could explain the periodic formation of
horizontal graphene planes characteristic of a bamboo struc-
ture.

Another interesting phenomenon is the decrease and
subsequent exhaustion of the catalyst material during

TABLE III. Physical properties of Fe, Ni, and Co.sbcc refers to body-centered-cubic structure, hcp refers to
hexagonal close-packed structure, and fcc refers to face-centered-cubic structure.d

Element
Atomic
number

Density of
solid at
20 °C

sg/cm3d
Melt temp

s°Cd
Eutectic with
carbons°Cd

Crystal
structure

Lattice
spacingsAd

Electronic
configuration

Fe 26 7.87
sRef. 169d

1538
sRef. 169d

727 sRef. 169d sad
bcc

2.8 665 866
sRef. 246d

fArg3d64s2

Co 27 8.90sRef. 169d 1495 sRef. 169d 1320 sRef. 247d hcp 2.5071
4.0 696 514

4.105
sRef. 248d

fArg3d74s2

Ni 28 8.91sRef. 169d 1455 sRef. 169d 1326.5sRef. 247d fcc 3.524 540
sRef. 246d

fArg3d84s2
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growth. It has been reported that the size of the catalyst
particle decreases continually during the PECVD synthesis
process.30 The diminishing of the catalyst material could be
due to ion-beam sputtering or by loss of Ni along the nanofi-
ber body. Since particle size correlates to fiber diameter,9

with the particle size reduction the fiber diameter also re-
duces. This trend can be used to sharpen the tips of the
nanofibers for use in such applications as field emission and
intracellular probes. However, this size reduction simulta-
neously creates a limitation on the maximum obtainable
length of the freestanding isolated nanofiber due to the loss
of catalyst material. In order to achieve a desired final length
the amount of metal contained in the catalyst particle must
be sufficient to last the duration of the growth process. This
is stipulated by the role the catalyst particle plays in protect-
ing the core of the growing nanostructure from physical and
chemical etchings. In other words, the nanoparticle functions
as an etch mask. Should the nanoparticle disappear before

the nanofiber achieves the targeted length, the fiber core
would no longer be masked and would be etched back.

III. PROPERTIES

A. Structure

Carbon-based materials have unique mechanical, electri-
cal, and chemical properties that relate to the various bond-
ing arrangements or possible electronic configurations that a
carbon atom can form with its nearest-neighbor carbon
atoms.150 Each carbon atom has six electrons which occupy
1s2, 2s2, and 2p2 atomic orbitals. The 1s2 orbital contains
two strongly bound core electrons. Four more weakly bound
electrons occupy the 2s22p2 valence orbitals for the free-
carbon atom. In the crystalline phase, the valence electrons
give rise to 2s, 2px, 2py, and 2pz-orbitals which are important
in forming covalent bonds in carbon materials. Since the
energy difference between the higher-energy 2p levels and
the lower-energy 2s level in carbon is small compared with
the binding energy of the chemical bonds, the electronic
wave functions for these four valence electrons can readily
mix with each othershybridized, thereby changing the occu-
pation of the 2s and three 2p atomic orbitals so as to enhance
the binding energy of the carbon atom with its neighboring

FIG. 25. Formation of multiplesad, sbd, and singlescd Ni droplets on the
patterned evaporated dotss15 nm Ni/10 nm Ti on Sid and subsequent
growth of multiplesdd, sed, and singlesfd VACNFs. The Ni droplets were
formed during NH3/He plasma preetching and heating up to 600–700 °C.
The SEM images were taken at 15 kV and 0° tiltsad–scd and at 50° tilt
sdd–sfd. Adopted from Ref. 9.

FIG. 26. An example of one of the possible faceting of Ni catalyst nano-
particles on the tips of VACNFs grown by PECVD.sad TEM image of a
VACNF at 400 kV,sbd electron diffraction pattern from the Ni nanoparticle,
and zone axisf0 0 1g. Adopted with permission from Ref. 155.
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atoms. Three possible hybridizations occur in carbon:sp,
sp2, andsp3. The various bonding states are associated with
certain structural arrangements, so thatsp bonding gives rise
to chain structures,sp2 bonding to planar structures, andsp3

bonding to tetrahedral structures. The major bulk phases of
carbon aresp2-bonded graphitefFig. 27sbdg andsp3-bonded
diamond fFig. 27sadg. The existence of nanostructured
phases, all based on thesp2-bonded hexagonal network of
atoms sgraphene sheetsd—such as fullerenesfFig. 27scdg,
nanotubesfFig. 27sddg, and nanofibersfFig. 27sedg—is attrib-
uted to the energetically favored elimination of dangling
bonds, even at the expense of increasing strain energy,
thereby promoting the formation of closed cage structures.

There is an abundance of literature devoted to the struc-
ture of carbon nanotubes and a full description will not be
repeated here. In addition to the definitions given in the in-
troduction it is worth noting that a nanotube can be formed
by rolling a graphene sheet into a cylinder and merging its
opposite edges. The open edge structure—a scroll—has also
been observed and has been confirmed by unrolling them in
an electric explosion.151 One of the distinctions of nanofibers
from nanotubes is that for nanofibers the edges of different

graphene sheets end at the sidewalls, for example, as shown
by Chenet al. sFig. 28d.152 The annealing experiments con-
ducted by Endoet al. showed that when the “stacked cup”
nanofibers are subjected to temperatures as high as 3000 °C
these open edges are removed by formation of closed-loop
structures.153

The structure of VACNFs has been studied by many
groups using TEM. However, in all cases the reported struc-
ture was from either the middle of the nanofiber or from its
tip. Recently Cuiet al. concentrated on the base of the
VACNF.148 They showed that the area in the vicinity of the
nanofiber-substrate interface is a telltale of the initial stages
of its growth. Figure 29 shows TEM images of the area near
the base of the nanofiber. It can be seen that at first the
graphene layers are formed parallel to the substrate and sub-
sequent layer edges bend upward as the nanoparticle bottom
changes its shape from a flat surface to a conelike structure.
This fact has serious implications for electrical and mechani-

FIG. 27. Carbon structures:sad diamond, sbd graphite, scd buckminster
fullerene,sdd single-walled carbon nanotube, andsed stacked cone carbon
nanofibersAdopted with permission from Ref. 20.d

FIG. 28. TEM image of an edge of a nanofiber, displaying the free
graphene-sheet endssindicated by arrowsd.

FIG. 29. Transverse TEM images of a VACNF after 5-min growth:sad
complete TEM image of the VACNF on the silicon substrate;sbd high-
resolution transmission electron microscopysHRTEMd image of the inter-
face between the VACNF and the silicon substrate;scd interface images of
the left edge of the VACNF, silicon substrate, and amorphous resin;sdd of
the right edge;sed a void in the sidewalls; andsfd a void between the cup
bottoms. Note thatsed and sfd are taken from a different VACNF fromsad.
Due to sputtering during the VACNF growth, the silicon substrate around
the VACNF is etched, producing the protruding appearance of the silicon
substrate immediately under the VACNF insad. The dotted lines indicate
how the wall angle is measured with the assistance of the voids in the
sidewalls. To guide the reader’s eyes, circular dots are used to mark the
transition between the cup bottoms and cup walls.sbd shows a clear bound-
ary between the VACNF and the silicon substrate with an interface layer of
only two graphitic planes. The interface layer that appears insad is thus
caused by these graphitic planes. Adopted with permission from Ref. 148.
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cal properties of the VACNFs. For example, this explains
why when lateral force is exerted on nanofibers they typi-
cally break at their bases by a horizontal shear along graphite
planessFig. 30d.

Catalyst particle crystallographic orientation and shape
have been identified as two of the factors that govern the
structure of carbon nanofibers. Recently, Kiselevet al. have
reported on their studies of the relation of the structure of
VACNFs to the orientation and faceting of Ni catalyst
particles.154 VACNFs were grown in acetylene/ammonia at-
mosphere by ICP PECVD from Ni 10-mm-thick film electro-
plated onto bronze plates. TEM and diffraction observations
showed that Ni catalyst particles are faceted single crystals.
They found thath100j facets preferentially decompose car-
bon while h031j facets deposit carbon. Kuanget al. showed
that the axial direction of the VACNFs grown by dc PECVD
on Ni wafers is mainly parallel to thek110l andk042l direc-
tions of Ni.155 The graphene cone angle varied around 30°
which they concluded to be not matchingh110j planes and
thus corresponding to high-index crystal planes of Ni. From
these experiments it appears that the graphene cone angle is
not completely governed by the nanoparticle shape and ori-
entation. At the same time, thein situ video recordings by
Helveget al. clearly show the formation of graphene layers
on the step edge of af111g surface of Ni. It is interesting to
note that in their work two different types of nanofibers are
presented that are herringbone and bamboo in our definitions
are possibly the result of different orientations of Ni nano-
particles. Another set of observations that might connect the
nanofiber structure with the crystallography of catalyst nano-
particles is the difference in the nanofiber structure produced
by different catalysts. Fe, Ni, and Co have different crystal

structuressTable IIId. Donget al., for example, showed that
at the same CVD conditions Fe and Co produced nanotubes,
while Ni resulted in herringbone nanofibers.156 It is not clear
at the moment how to control the catalyst nanoparticle ori-
entation and shape but it might be a key factor to be able to
control the structure of the nanofibers. However, catalyst
control alone might be not sufficient for that because the
growth conditions influence structure formation as well. No-
lan et al., based on their observations, asserted that the cone
angle is controlled by the amount of atomic hydrogen present
during CVD process.97 Specifically, the cone angle increases
with the increase of atomic hydrogen concentration.

B. Electrical properties

Lee et al. have investigated the electrical characteristics
of individual nanofibers by measuring theI –V characteristics
of suspended nanofiber bridges.157 The nanofibers exhibited
linear I –V characteristics at low positive and negative ap-
plied voltages. Note that this two-contact measurement pro-
vides a resistance that is the sum of the contact and the
nanofiber resistances. For this particular section of the
nanofiber the resistance was 622V, which corresponds to
1 kV /mm of nanofiber length. Using the assumption that
conduction was through the entire cylindrical cross-sectional
area of the nanofiber, the range of resistivity was estimated to
be between 10−6 and 10−5 V m. These values compare very
well to arc discharge multiwall nanotubes,158 for which the
resistivity was calculated to be 9310−6 V m for a
350-nm-long section of a 20-nm-diameter nanotube whose
resistance was 10 kV. In general, the resisitivities of multi-
wall nanotubes are comparable to those of arc-grown graph-
ite fibers and ropes of single-wall nanotubes whose resistiv-
ities are,10−6 V m.159 Schonenbergeret al. also demon-
strated that electrical breakdown occured at current densities
of 107–108 A/cm2, which is much higher than the typical
current density of,106 A/cm2, sCRC Handbookd at which
metal wires undergo electromigration, demonstrating the ad-
vantage of covalently bonded conductors.

While two-probe measurements provide an estimate of
the resistivity of a CNF, precise measurements should be
done using a four-point probe technique to exclude the con-
tact resistance contribution. Such measurements were re-
cently performed by Zhanget al. using multiple Ti/Au
ohmic contacts patterned on top of the nanofibers using
electron-beam lithographysFig. 31d. These fibers were har-
vested from a VACNF forest and deposited onto an insulat-
ing substrate, and the contacts on individual fibers exhibited
resistances of a few kilohms.160 These four-point probe mea-
surements demonstrate that VACNFs exhibit linearI –V be-
havior at room temperature, with a resistivity of approxi-
mately 4.2310−5 V m. Zhanget al. propose that this value
is consistent with a dominant transport mechanism of elec-
trons traveling through intergraphitic planes in the VACNFs.

C. Electron field emission

Field emission involves the extraction of electrons from
a solid by tunneling through the surface-potential barrier,
typically equal to the work function of the material,f. An

FIG. 30. SEM images of VACNFs mechanically sheared from their bases.
The arrows indicate the stumps of VACNFs demonstrating that nanofibers
are weakest to lateral shearing near the substrate.
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applied electric field,E, lowers the barrier height by an
amountDf described by the following relation:

Df = S qE

4p«0
D1/2

. s1d

The emitted current depends on the local electric field at the
emitting surface,E, and onf. A model offered by Folwer
and Nordheim based on early experimental evidence, shows
that the dependence of emitted current onE andf should be
exponential,161

I =
q3E2a

8phft2syd
expF− 8ps2md1/2f3/2

3hqE
nsydG , s2d

where a is the emission site area in units of cm2, h is
Planck’s constant,m is the electron mass,y=Dw /w and tsyd
andnsyd are the Nordheim elliptic functions.

The local electric field strongly depends on the shape of
a surface and can be significantly enhanced at the apex of
sharp features. Such influence can be expressed as a geomet-
ric field-enhancement factor,b. This leads to the following
simple relation for the field at the tip,Etip, of a field-emitting
surface:

Etip = Eb. s3d

For a thin cylinder,b is roughly proportional to the height-
to-diameter ratio, or aspect ratio.162 For electron emission to
occur, the electric field at the emitting surface must be on the
order of 1–3 V/nm, which at reasonable applied voltages
requires large values ofb.

Carbon field-emission cathodes have some distinct ad-
vantages compared to other materials. It has been shown by
Bakeret al. and Lea that graphitic carbon microfibers can be
operated continuously in ambient gas pressures two decades
higher than conventional tungsten field emitters without ob-
servation of degraded performance.163,164 Graphitic carbon
also possesses the lowest sputter yield of any material. This
stems from the covalent bonding present in graphite. Conse-
quently, carbon is far more resistant to sputtering from ion-
ized residual gas molecules than conventional field-emission
cathodes composed of refractory metals.

Field emission from nanostructured graphitic materials
including single- and multiwalled CNTs and CNFs has been
an area of intense investigation in recent years. This body of
research indicates that these materials possess the environ-
mental robustness inherent to microscopic carbon fiber field
emitters while offering highb values as a consequence of
their nanoscale dimensions and intrinsically high aspect
ratios.165,166 Almost every publication on the synthesis of
carbon nanostructures contains data on electron field emis-
sion from the material that is presented. The main impetus
for this focus is the potential use of such materials in appli-
cations that involve electron field-emission sources. This
topic is discussed in detail in theApplicationssection of this
article.

There are many reports with measurements of field emis-
sion from thin films or mats of carbon nanostructures.167,168

In such arrangement it is difficult to determine the contribu-
tion of individual nanofibers or nanotubes to the observed
experimental data. Moreover, a dense arrangement of nano-
structures marginalizes the geometric field enhancement due
to the screening of the electric field by the neighboring nano-
structures. In order to determine the actual field-emission
properties of individual nanotubes or nanofibers they should
be isolated. For this purpose Merkulovet al. prepared arrays
of conical VACNFs with average base diameters of 200 nm,
average tip diameters of 25 nm, and average heights of
2 mm, spaced at 50-mm intervals onn-type Si substrates.168

Field-emission properties of individual VACNFs were mea-
sured with a movable current probe capable of positioning a
2-mm-diameter probe tip above an individual VACNF with
submicron accuracy. Field-emmissionsFEd measurements re-
vealed that isolated nanofibers are good field emitters with
emission threshold fields between 15 and 50 V/mm. Isolated
VACNFs displayed stable emission for 175 hsthe longest
test periodd of continuous 10-nA operation at vacuum levels
of 10−6 Torr. FE current versus voltagesI –Vd analysis has
shown a maximum measured FE current exceeding 5mA
without any degradation to the VACNF tip. This corresponds
to a current density of approximately 500 kA/cm2. The FE
I –V characteristics of isolated VACNFs display Fowler–
Nordheim-like tunneling behaviorsFig. 32d.

FIG. 31. Four-probe measuremnts of VACNF resistivity.sad A SEM image
of a completed VACNF structure with five metal electrodess200 nm each of
Ti/Aud contacting the nanofiber. The inset is a SEM image of the as-grown
VACNF forest.sbd I −V curves for the four-probefelectrodes 1, 2, 3, and 4
of the device insadg and two-probeselectrodes 2 and 3d measurements.
Adopted from Ref. 160.
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D. Mechanical properties

It is well known that nanoscale structures exhibit differ-
ent mechanical properties than their bulk counterparts. Fur-
thermore, an important characteristic of most materials is
that a small diameter fiber is much stronger than the bulk
material169 due to the diminished probability of critical sur-
face flaws with decreasing specimen volume. The vast ma-
jority of engineering forms of carbon have more or less dis-
ordered graphite microstructures. The microstructure of the
crystalline layers within the fiber influences properties such
as strength, stiffness, deformation modes, fracture behavior,
and toughness.170 The literature shows great variance in the
mechanical properties of carbon forms such as carbon nano-
tubes and carbon fibers. Table IV249–259gives some general
ranges for the strength and modulus of engineering carbons.

The high volumetric density of short, strongsp3 bonds
gives diamond the highest stiffness of any known materials
sYoung’s modulus,1 TPad. Similarly, the high areal density
of short, strongsp2 bonds in the basal plane of graphite

results in a Young’s modulus that is comparable to that of
diamond.170 The sp2 graphite bond is the strongest of all
chemical bonds, but the weakness of the interplanar bonding
means that an ordinary graphite is of little value as a struc-
tural material.171 One way the great in-plane strength of
graphite can be exploited is in the development of high-
modulus carbon fibers that have basal planes preferentially
oriented along the fiber axis. Even so, we cannot neglect the
graphite’s highly anisotropic mechanical properties. Single-
crystal graphite has a Young’s modulus over 28 times higher
in the direction parallel to the basal planes than in the per-
pendicular direction.170 Thus, while there is a preferred ori-
entation of basal planes parallel to the fiber axis, this creates
poor transverse properties. Carbon fibers can also have as
high as 100 times more stiffness along the fiber axis than
perpendicular to it.170

Single-crystal carbon nanotubes have extremely large
length-to-diametersaspectd ratios, with diameters as small as
only a few nanometers. They are the strongest known mate-
rial, with a specific tensile strength as high as 100 times that
of steel.172 CNTs also have high stiffness and ductility. For
SWCNTs, tensile strengths range between 50 and 200 GPa,
Young’s modulus is on the order of 1 TPa and fracture
strains are between 5% and 20%.169 As a consequence of
their size and high degree of crystalline perfection, CNTs are
virtually flaw-free, which contributes to their exceptional
strength.169 However, in spite of their incredible mechanical
properties, SWCNTs are not utilized extensively as a rein-
forcement medium because they are expensive to produce
and purify.

On the other hand, MWCNTs are easier to produce since
they do not require as stringent catalyst particle preparation.
MWCNTs are composed of concentric graphene sheets and
have diameters on the order of tens of nanometers depending
on the number of graphite layers. One drawback is that these
layers can slide past each other easily, often failing by the

TABLE IV. Mechanical properties of carbon-based materials.

Material
Density
sg/cm3d

Tensile strength
sGPad

E Young’s modulus
sGPad

Diamond 3.52sRef. 249d
3.20–3.52sRef. 169d

0.800–1.4sRef. 169d 1054 sRef. 249d
700–1200sRef. 169d

Graphite 2.26sRef. 250d
1.71–1.78sRef. 169d

0.0138–0.069sRef. 169d
0.01–0.08sRef. 251d

1060 in planesRef. 252d
1020 parallel to basal,
36.3 perp.sRef. 250d

11 sRef. 169d
C60 1.72sRef. 253d 16 sRef. 253d
SWCNTs 50–200sRef. 169d 1000 sRef. 169d

900–1700sRef. 254d
MWCNTs 6.2–2.2sRef. 252d

11–63sRef. 173d
1800 averagesRef. 255d

690–1870sRef. 252d
270–1280sRef. 171d
270–950sRef. 173d

Graphite
whiskers

2.2 sRef. 169d 20 sRef. 169d
20 sRef. 256d

700 sRef. 169d

Carbon
fibers

1.78–2.15sRef. 169d 2–5 sRef. 257d
0.3–8sRef. 170d

1.5–4.8sRef. 169d
0.6–3.7sRef. 258d

,80–700sRef. 170d
228–724sRef. 169d

680 averagesRef. 259d

FIG. 32. Electron field emission from a VACNF.sad SEM image taken at
45° of an individual VACNF grown from an electron-beam lithography
sEBLd-patterned catalyst site.sbd Fowler–Nordheim plots of scanned-probe
FE measurements from three individual fibers. Maximum field-emission
currents exceeding 5mA were observed corresponding to a current density
of approximately 500 kA/cm2 for a nominal VACNF tip diameter of 30 nm.
Adopted from Ref. 195.
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“sword-in-sheath” mechanism.173 This failure and the in-
creased probability of defects with greater mass make
MWCNTs less desirable than SWCNTs, but their strength
still surpasses that of steel and they have a high modulus.

Carbon whiskers are very thin single crystals that have
high aspect ratios. As a result of their small size and crystal-
line perfection they, too, have very desirable mechanical
properties, including a Young’s modulus of 700 GPa and ten-
sile strength of 20 GPa.169 In spite of these appealing prop-
erties, again whiskers are extremely expensive to produce
and can be impractical to incorporate into a matrix.169

Carbon fibers, composed of polycrystalline and amor-
phous carbon, have diameters ranging from hundreds to
thousands of nanometers and can be grown thousands of
micrometers long. For carbon fibers, tensile strengths are
about an order of magnitude lower than for CNTs, ranging
from 1.5 to 4.8 GPa and the Young’s modulus is between
228 and 724 GPa.169 Carbon fibers retain their high tensile
modulus and strength at elevated temperatures and are not
affected by water, solvents, acids, or bases at room tempera-
ture. Even though their mechanical properties are not as as-
tounding as those of carbon nanotubes, carbon fibers are rela-
tively easy to produce as well as economical.

In order to measure the mechanical properties of indi-
vidual carbon nanofibers produced by C-CVD, Gaoet al.
observed electromechanical resonance in TEM.174 A nanofi-
ber was excited by applicaton of a periodic voltage with
respect to a counterelectrode. The bending modulus of
bamboo-type nanofibers with point defects was,30 GPa
and that of nanofibers with volume defect was 2–3 GPa. The
time-decay constant of nanotube resonance in a vacuum of
10−4 Torr was,85 ms. Suchin situTEM method provides a
powerful approach to study the mechanics of high aspect
ratio nanostructures.

One of the applications for which the mechanical prop-
erties of carbon fibers are of high importance is in composite
materials.175 Fibers have relatively low densities, making
them attractive for lightweight applications. Most impor-
tantly though, carbon fiber and composite manufacturing
processes have been developed that are relatively cost effec-
tive. In fact, carbon fibers are the most commonly used re-
inforcement in advanced polymer-matrix composites.169

Recently, Weisenbergeret al. showed that the mechani-
cal properties of polyacrylonitrile fibers could be enhanced
by creating a composite fiber reinforced with MWCNTs.
They reported a 36% initial modulus increase and a 46%
yield strength increase.176

E. Chemical properties

McCreery provides an excellent overview of both the
chemical and electrochemical properties of carbon-based ma-
terials, including “carbon fibers” that correspond to the ver-
tically aligned, catalytically synthesized fibers of this
review.177 In general, nanofibers are chemically and me-
chanically resistant to many standard microfabrication etch
and deposition processes including nitric acidsused for Ni
catalyst dissolutiond, HF and buffered HF, photoresist spin
casting, exposure and development, fluorine-based dry etch

processing, and a variety of PVD, CVD, and PECVD coating
processes, including metal, oxide, and nitride depositions.
Calcination, electrochemical oxidation, and oxygen-
containing plasma processing can be used to etch a nanofiber
material or to provide oxygen-rich moieties on the nanofiber
surface.

Carbon electrode functionalization strategies are a vast
topic in the literature, ranging, for example, from direct im-
mobilization of materials to the carbon surface to entrapment
of materials in polymer films or nucleated islands on the
surface of the electrode. Noncovalent modification has been
widely used, specifically for nanotubes for which the aro-
matic nature of the sidewalls provides for strong adsorption
of aromatic compounds.178 These noncovalent strategies are
often preferred when the nanotube’ssp2 structure is to be
preserved. Bahr and Tour provide an overview of covalent
functionalization strategies specifically for carbon nanotubes,
but all are likely applicable to nanofiber modification as
well.179 Due to lack of defect sites, covalent functionalization
of nanotubes is often preceeded by mechanical and oxidative
treatments, such as sonication in sulfuric and nitric acid,
pirhanna etchssulfuric acid and hydrogen peroxided, electro-
chemical oxidation, or exposure to air or oxygen plasmas.
Resultant defect sites are predominantly formed on the ends
of nanotubes. The sidewalls of nanotubes, due to their aro-
matic nature, are far less reactive, although several sidewall
functionalization strategies have been developed.180 In con-
trast, the edge planes of the stacked structure of nanofibers
provide convenient covalent functionalization along their en-
tire length, particularly if these surfaces are oxidatively pre-
treated.

Carbodiimide chemistries are some of the most widely
used functionalization strategies for both carbon nanotubes
and nanofibers with surfaces activated by oxidative treat-
ment. Peptide bonding, i.e., condensation of primary amines
to carboxylic acids, is perhaps one of the more commonly
employed techniques. Amine-containing materials, including
proteins and DNA, can be covalently coupled to generated
carboxylic acid sites by use of, for example, 1-ethyl-3-s3-
dimethylaminopropyld carbodiimidesEDCd which forms a
reactive intermediate at the carboxylic acid site that can
couple with available amines to form amides, or to sulf-
hydryls forming thiol ester linkages.181

N-hydroxysuccinimidesNHSd is often used to stabilize the
reactive intermediate,o-acylisourea in these reactions.

Lin et al.have demonstrated the direct immobilization of
functional enzymessglucose oxidase, GOxd on the tips of the
vertical nanostructured carbon elements for the purpose of
mediatorless electrochemical sensing of glucose.182 Here car-
boxylic acid sites were generated by electrochemical pre-
treatment in 1N NaOHs1.5 V for 90 sd. NHS-stabilized ex-
posure to EDCs2 hd was then followed by a 2-h incubation
in 2 mg/mL glucose oxidase in 100-mM phosphate- buff-
ered salinesPBSd, resulting in condensation of primary
amines of the GOx with activated sites on the carbon ele-
ments. Also, using EDC/NHS carbodiimide chemistry,
Nguyen et al. have demonstrated the immobilization of
amine- and dye-terminated single-stranded oligonucleotides
on the opened ends of the aligned forests of carbon nano-
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structures, ultimately for hybridization and detection of
DNA.183 McKnight et al. have employed EDC condensation
of whole plasmidss5031 bp pGreenlantern-1d to carboxylic
acid groups on nanofiber scaffolds and demonstrated tran-
scriptional activity of the bound DNA in nanofiber-
penetrated live cells.184 As opposed to using amine-
terminated DNA constructs, double-stranded plasmid DNA
was bound putatively at base amines on cytosine, guanine,
and adenine.

F. Electrochemical properties

Carbon materials have been used extensively as elec-
trodes in chemical production and in measurement equip-
ment. In general, carbon-based electrodes feature relatively
wide potential windows in aqueous media, are low cost, have
low chemical and electrochemical reactivity, and provide re-
producible responses following appropriate surface treat-
ments. Various conventional carbon-based electrode systems
include glassy carbon, carbon paste, highly ordered pyrolytic
graphite sHOPGd, and wax-impregnated graphites, as re-
viewed in Refs. 177 and 185. In line with the intent of this
review, we focus on the literature aimed directly at vertically
aligned carbon-based nanomaterials.

Several research groups have investigated forests of
closely packed vertical nanofibers and nanotubes as elect-
rodic material. Liet al. characterized densely packed multi-
walled nanotube towerssMWNTTd grown by thermal CVD
and aligned by the crowding effect.186 Individual nanostruc-
tured elements within the electrode matrix featured lengths
from 30 to 100mm and diameters ranging from 15 to 80 nm
at a densely packed spacing of 100–200 nm. Compared to
“paper-film” electrodes prepared from laser ablation synthe-
sized and acid-treated SWCNT in the same study, the three-
dimensional MWNTT matrix featured lower volumetric ca-
pacitances2.0 F/cm3 vs 6.25 F/cm3d but a redox response to
the FesCNd6

3−/4− couple that scaled with the thickness of the
MWNTT film. Heat treatment of 450 °C in air for 10 h was
found to increase the volumetric capacitance to 4.7 F/cm3,
perhaps due to removal of amorphous carbon within the
three-dimensional matrix. This scaling of redox with the
thicknessslengthsd of the vertical electrode material demon-
strated that electron transfer was occurring within the matrix
along the lengths of the nanostructured elements. Peak sepa-
ration of the FesCNd6

3−/4− couple was larger than for the pre-
pared SWCNT materials170 mV vs 100 mVd and increased
with heat treatment to 230 mV.

Murphy et al. studied the electrochemical behavior of
less aligned, more crowded nanostructured carbon, grown
also by thermal CVD using Fe2O3 as catalyst.187 For the
RusNH3d2+/3+ couple, slightly wider peak separation was ob-
served than that obtained with a conventional glassy carbon
electrode, with some peak separation being attributed to the
resistive drop in the electrode material. It was recognized
that volumetric redox of analyte within the nanotube matrix
was occurring. In the same study, oxidation of hydroquinone
resulted in significantly higher charge transfer than that ex-
pected from the material within the electrode matrix and this
was attributed to strong adsorption. Thorough rinsing of the

electrode in 1-M phosphate buffer did not remove the ad-
sorbed hydroquinone-benzoquinone analyte, but 30-min
soaking in ethanol could remove these materials.

McKnight et al. characterized the electrochemical prop-
erties of as-grown as well as treated VACNF forest elec-
trodes of different dimensions, which were grown using dc-
PECVD and nickel catalyst.188 Various electrode configur-
ations were evaluated using a variety of outer sphere, qua-
sireversible analytes including FesCNd6

3−/4− and
RusNH3d6

2+/3+ at 0.5-, 1-, and 5-mM concentrations in 100
-mM KCl. Figures 33sad and 33sbd provide representative
cyclic voltammogramssCV: 100 mV/sd for a large surface
areas5-mm diameterd VACNF forest corrected for resistive
drop of the electrode, interconnects, and solution. For these
as-grown electrodes, which can be described as stacked
funnel-type carbon nanofibers, the quasireversible couples
exhibited rapid electron-transfer kinetics, with cathodic and
anodic peak separations at sweep rates of 100 mV/s very
near the ideal 59 mV for a single electron-transfer reaction,
and the anodic/cathodic peak ratio near unity. As with the Li
and Murphy study, the CVs in Fig. 33 indicate the diffusion-

FIG. 33. Cyclic voltammogramms of VACNF forests. Responses of
5-mm-diameter nanofiber forest electrodes to varying concentrations ofsad
ruthenium hexamine trichloride andsbd potassium ferrocyanide. These
voltammograms are IR compensated to account for resistive losses in the
interconnect/fiber-substrate junction/solution, which are pronounced due to
the relatively large currents from the high-concentration analytes. All sub-
sequent voltammograms are not IR compensated. Reprinted with permission
from Ref. 191, Copyright 2003 American Chemical Society.
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limited electrode responses with peak currents of 10%–15%
greater than those expected from a 5-mm-diameter planar
electrode where analyte access is limited to the electrode
surface by semi-infinite planar diffusion. The additional
charge transferred can be explained by redox of the analyte
adsorbed to and within the free volume of the porous elec-
trode matrix.186

Tu et al. reported on the use of sparse arrays of vertical
nanostructured carbon as electrode material.189 Low site-
density arrays were grown by PECVD from randomly elec-
trodeposited Ni on a Cr-coated silicon substrate. Magnetron-
sputtered SiO2, followed by thick layers of a two-component
solvent-thinned epoxysM-Bond 610d, were used to insulate
and fill the substrate and interfiber spaces. The potted struc-
ture was then polished to expose sparse nanofiber tips in a
planar format on the electrode surface. This sparse array of
electrodes acted effectively as the sum of manys106/cm2d
individual ultramicroelectrodes, providing a redox response
to the FesCNd6

3−/4− couple that indicated radial diffusive
transport to the active nanofiber sites. Liet al. generated
polished planarized electrodes of Ni-catalyzed PECVD-
grown nanofibers insulated and tip exposed from thick layers
of tetraethoxysilane CVD SiO2.

190 In this case, individually
addressed pads of closely packed forests of fibers presented
planar diffusion-limited redox responses to FesCNd6

3−/4−,
while lower-density nanofiber spacingsachieved via
electron-beam lithographyd produced the sigmoidal response
of radial diffusion. Using ac and differential pulse voltamme-
try, low-density electrodes provided higher sensitivitysver-
sus high densityd of response to surface-immobilized fer-
rocene.

Guillorn et al. demonstrated the ability to electrically
connect with an individually addressed nanofiber by using a
multistep microfabrication process.84 Here dc-PECVD-
synthesized nanofibers were grown from electron-beam pat-
terned nickel dots on tungsten interconnects. This work was
continued by McKnightet al. as the electrochemical proper-
ties of photolithographically defined, individually addressed
nanofiber elementsstypical lengths of 4–10mmd and nanofi-
ber tips s,250-nm-diameter semihemisphered were charac-
terized against FesCNd6

3−/4−, RusNH3d6
2+/3+, and IrCl6

2−/3−.191

The redox response of electrodes was dependent on the sur-
face area of the exposed nanofiber material, thus indicating
that electron transfer occurs along the entire length of these
vertically aligned structures. Electrode interfacial capaci-
tance was evaluated at,140 mF/cm2 by performing volta-
mmetry of various length fiberss2–12mmd at multiple scan
rates in 100-mM KCl. The potential window of these elec-
trodes was evaluated in several aqueous solvents, including
100-mM KCl and phosphate-buffered salinef1.2 to −1.3 V
vs Ag/AgCls3-M KCldg, methanols1.2 to −0.6 Vd, 1-N sul-
furic acid s1.5 to −0.5 Vd, and sodium hydroxides0.8 to
−1.5 Vd. Tip exposedssemihemisphericald and electrodes
with an overall surface area,10 mm2 adhered well to clas-
sic ultramicroelectrode steady-state response. Longer elec-
trodes sfibers with lengths .10 mm and surface areas
.10 mm2d began to indicate a quasisteady-state response of
cylindrical ultramicroelectrodes, with slight diffusion-limited

peaking of the oxidation and reduction curves at scan rates of
200 mV/s for ruthenium hexamine trichloride in 100-mM
KCl.

Recent work with vertically aligned structures exploits
some of the classic electrochemical modifications performed
with other carbon-based electrode systems to provide spe-
cific modification of the electrode response. Chenet al. have
demonstrated the electrodeposition of polypyrrolespPyd
films over well-aligned vertical nanostructured carbon.192

Conformal polypyrrole films were electropolymerized onto
each individual element of vertical forests of carbon fibers
from 17.3-mM pyrrole monomer in 0.1-M LiClO4 at anodic
potentials f.0.4 V versus standard calomel electrode
sSCEdg. As an electronically conductive polymer film, pPy
can be used to immobilize redox mediators, including en-
zymes, to provide specificity to nanostructured carbon-based
electrodes. Direct immobilization of enzymes to the nanofi-
ber material has also been demonstrated by Linet al. ssee
previous sectiond to provide probing specificity to glucose.
Similarly, direct immobilization of oligonucleotides has been
demonstrated by Liet al. and Koehneet al. for detection of
hybridization of subattomole DNA targets by using
Rusbpyd3

2+-mediated guanine oxidation.190,193

G. Postsynthesis processing

There are many applications of carbon nanofibers that
require the integration of their synthesis process into the
overall device microfabrication process. Very often synthesis
is not the first or the last step, which generates an issue of
compatibility of the processes and materials. First of all, the
integration of the growth process requires use of large-scale
reactors for substrates compatible with microelectronic de-
vice manufacturing equipmentse.g., 100 mm or larger diam-
eter round Si and quartz wafersd. Second, multilevel process-
ing requires the ability to synthesize high-quality VACNF in
precisely defined locations, as subsequent fabrication pro-
cesses need to be performed in registry with defined patterns.
This can be achieved by deposition of catalyst in areas de-
fined by lithography. Third, the nanofibers must be able to
withstand the conditions to which they are exposed during
standard microfabrication processing used in the production
of integrated circuits and microelectromechanical systems
sMEMSd. Fortunately, in many cases this compatibility has
been demonstrated.26,28,30,31,33,39,190,194As in any process en-
gineering, there are still many issues that need to be resolved
for each specific application and set of materials. We briefly
describe some of the more useful processing steps below.

Perhaps the most fundamental operation is the deposi-
tion of thin films on VACNF arrays. The effect of SiO2 and
amorphous Si deposition onto VACNF using rf PECVD has
been investigated.195 The layers could be uniformly depos-
ited onto the fibers resulting in a conformal coating. Thermal
CVD using tetraethylorthosilicatesTEOSd at 700 °C in a
quartz tube furnace was also employed for conformal SiO2

coating of VACNFs.190,193 Physical vapor deposition tech-
niques including sputtering and electron-beam evaporation
have also been used successfully for this purpose, providing
a mechanism to modify the surface of the VACNF. Of par-
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ticular interest was the coating onto the VACNF of dielectric
layers that could be selectively removed from the regions of
the fiber with subsequent microfabrication processes. Figure
34 shows the VACNFs conformally coated with and subse-
quently directionally emancipated from SiO2. This provides
the ability to control the amount of the fiber body participat-
ing in electron transport independent of the aspect ratio or
geometry of the fiber. The detailed studies of controlled re-
moval of insulator coating from the tips of the nanofibers
were performed by Ikunoet al.196

Once the material has been deposited onto a substrate,
typically some sort of patterning is performed. Photolithog-
raphy has long been established as the standard workhorse
technique used in the microelectronics industry for this pur-
pose. This process involves the patterning of ultravioletsUVd
sensitive polymer layerssphotoresistsd. Photoresists are typi-
cally spin-cast onto substrates at speeds ranging from
1000 to 6000 rpm. Simple experiments involving the depo-
sition of photoresist layers between 200 nm and 2-mm thick-
ness demonstrated that even high aspect ratio VACNFs sur-
vive this processing. Not only can photoresist be applied to
substrates with VACNF on them, but it can also be exposed
and developed using well-established techniques. Moreover,
photoresist can be stripped from substrates containing fibers
by using a combination of organic solvents and ultrasonic
agitation with no damage to the structural integrity of the
VACNF. Furthermore, brief exposure to an oxygen rf plasma,
usually used to remove remains of photoresist, does not sig-
nificantly affect nanofibers. Once a pattern has been exposed
in a layer of photoresist and developed, it is transferred onto
the substrate by either the addition or removal of material,
referred to as additive or subtractive pattern transfer, respec-
tively. In the case of subtractive pattern transfer, some form
of etching is used to remove the desired layer or layers from

the patterned area. These processes include various forms of
plasma-based etching along with wet chemical etching. Ma-
terial deposited onto VACNF can be removed using several
combinations of these techniques without significantly dam-
aging the fiber. The fact that the VACNF is composed of
graphitic carbon provides it with a relatively robust body that
can withstand bombardment of ions during plasma-based
processes and any sort of chemical reaction with the excep-
tion of those designed to attack carbonaceous materials. The
tolerance of VACNFs and CNTs to HF provides an isotropic
method of SiO2 removal. This property was also used for the
removal of CNT from a SiO2 substrate for successive use or
transfer to another substrate, e.g., one that cannot withstand
CNT growth temperatures.197

The processing techniques described above have resulted
in the fabrication of several microscale structures that
exploit the unique nanoscale properties of the
VACNF.26–28,30,32,33,35,39,190,194A process for passivating the
body of the fibers with an insulating thin film while leaving
the tips electrically and electrochemically active was devel-
oped for the fabrication of electrochemical probes with high
spatial resolution. This technology was then combined with a
process for creating individually electrically addressable
VACNF on an insulating substrate to produce arrays of high
aspect ratio electrochemical probes.84 The changes in the
electrochemical activity of the carbon nanofiber-based elec-
trodes, due to exposure to different microfabrication pro-
cesses, are reviewed in Ref. 188.

Chemical mechanical polishingsCMPd is frequently
used in microelectronic circuit manufacturing to planarize
substrate morphology, and can be applied to films deposited
onto VACNF. Deep layers of SiO2 have been successfully
planarized without damaging the buried VACNF. Continua-
tion of this process has been shown to remove sections
of the VACNF at the same rate as the SiO2, leaving the
exposed fiber core coplanar with the surrounding oxide
topography.190,193This strategy has enabled the synthesis of
coplanar electrode arrays for electrochemical applications
where many fibers perform transduction in a parallel fashion.

All of the above show the ability of carbon nanostruc-
tures to withstand numerous processing conditions but meth-
ods of CNF modification or removal are also important for
device fabrication. For example, a VACNF can be used as a
sacrificial template for the creation of vertically oriented
nanofluidic devices.33,63 In this process, arrays of VACNFs
are grown on either Si or Si3N4 membranes and are coated
with a thin conformal film using PECVD or low-pressure
chemical-vapor depositionsLPCVDd. The tips of the fibers
are liberated using the process described above for the indi-
vidual electrochemical probes. Following the removal of the
remaining photoresist, the substrates are subjected to a brief
etch in concentrated nitric acid to remove the Ni catalyst
particle at the tip, and an O2 reactive ion etch is then used to
remove the body of the fiber from within the thin-film SiO2

tube encasing it. Once the body of the fiber has been entirely
removed, the bottom of the tube can be opened to create a
nanometer-sized pipe structure, or nanopipesFig. 35d.

The accessibility of the catalyst particle allows for its
easy removal from the VACNF. When Ni is used as a cata-

FIG. 34. Deposition and removal of conformal PECVD SiO2 on VACNF
arrays.sad VACNF array on Si as grownsbd following the deposition of a
1-mm-thick PECVD SiO2 layer scd, sdd after 40 min of reactive ion etching
sRIEd using a CHF3/O2 plasma. All micrographs were taken in a SEM at a
45° angle. Adopted from Ref. 195.
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lyst, the catalyst particle can be removed by nitric acid etch
that is preceded by a brief oxygen plasma, as described
above. A simple purification process for the removal of iron
catalyst particles at the tip of VACNFs synthesized using
C-PECVD is reported by Nguyenet al.38 In this process, the
first step involves thermal oxidation in air, at temperatures of
200–400 °C, resulting in the physical swelling of the iron
particles due to formation of iron oxide. Subsequently, the
complete removal of the iron oxide particles is achieved with
diluted acids12% HCld. The purification process appears to
be very efficient at removing all of the iron catalyst particles.
Electron microscopy images and Raman spectroscopy data
indicate that the purification process does not damage the
graphitic structure of the nanofibers.

In addition to thermal oxidation in oxygen atmosphere
and using an oxygen plasma etch, carbon nanostructures can
be removed electrochemically. MWNTs were etched at po-
tentials more positive than 1.7 V vs Ag/AgCls3-M NaCld in
an aqueous 0.1-M KCl electrolyte solution.198 Hinds et al.
used this same method to tailor the length of CNTs.199

IV. APPLICATIONS

A. Microfabricated field-emission electron sources

The design and fabrication of vacuum microelectronic
devices based on field-emission cathodes of various types
have proven to be a fruitful area of research for many groups
over the last three decades.200 Recently, the construction of
devices using various forms of nanostructured graphitic car-
bon has received a significant amount of attention.195,201,202

Xu and Brandes presented data on the operating CNT-based
gated cathode device in 1998 by employing disordered mats
of multiwalled CNTs sMWNTd grown within electrostatic
gating structures by thermal CVD.203 Several other groups
have fabricated similar devices using a variety of different
techniques, all achieving similar results. Due to the multi-
plicity of CNTs in the cathodes of these devices, numerous
emission sites are present, yielding devices capable of deliv-
ering high emission currents at relatively low operating volt-

ages. However, it has been demonstrated that this feature
may be the source of significant device-to-device nonuni-
formity.27

Devices using mats of CNTs for the field-emission cath-
ode possess no way to precisely control the location or den-
sity of the emission sites. This significantly complicates the
construction of field-emission devices that produce well-
focused emitted electron beams. While focused beams are
not required for every application of microscale field-
emission guns, beam focusing is essential for more demand-
ing uses such as electron sources for electron-beam lithogra-
phy or electron microscopy. In these applications, VACNFs
offer some additional advantages over other nanostructured
graphitic carbon-based cathodes. In particular, the ability to
construct devices with single VACNF cathodes greatly sim-
plifies the design of integrated focusing and deflection optics
and has a significant impact on the minimum achievable
beam diameter. This stems from the fact that the location of
the VACNF can be precisely controlled within the device
structure, at least within the dimensional tolerances of the
VACNF themselves. It follows that the emission site, pre-
sumed to be at or near the tip of the VACNF, can also be
controlled with accuracy of probably a few nanometers. This
cannot be said of devices employing ensembles of nanotubes
or nanofibers, for which multiple active emission sites are
spread out over an entire micron-scale cathode.

In situ growth of VACNF into prefabricated electrostatic
gating structures was demonstrated by Guillornet al.32 While
this approach is capable of realizing device structures, there
are some disadvantages to this process. Primarily, the dc
plasma discharge used to grow the VACNFs was found to
cause charge-induced damage to the gating structure. Never-
theless, Pirioet al. have used a variant of this process to
fabricate gated cathode structures with multiple VACNF
emitters on each cathode.202 This work demonstrated that
arrays of such devices displayed field-emission characteris-
tics that agreed with the Fowler–Nordheim model with field-
emission threshold voltages as low as 10 V. However, the
presence of multiple VACNF withinin the cathode negates
the point of using VACNF for this type of device, and pro-
vides no advantage over CNT-based devices. In a later work,
the ability to fabricate devices with single, low-quality
VACNF cathodes was demonstrated using this technique.204

The operation of these devices has not been published at this
time.

A robust process for fabricating integrated field-emission
electron sources using single VACNF cathodes was demon-
strated by Guillornet al.29,195This process utilized the ability
already noted of the VACNF to withstand microfabrication
processing to synthesize functional devices in a wafer-scale
fabrication technology. Tested devices displayed behavior
consistent with the Fowler–Nordheim model161 of field emis-
sion, and operated with very high efficiency with less than
2% of the emitted current being collected by the gate elec-
trode. This process was later improved upon by forming the
gate electrode using a self-aligned process.31 This eliminated
the need for definition of the gate electrode by an aligned

FIG. 35. Nanopipes made using VACNFs as nanotemplates. Adopted from
Ref. 33.
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lithographic exposure step, thus significantly simplifying de-
vice construction without compromising the operational per-
formance.

A microfabricated electron gun structure with an inte-
grated electrostatic focusing electrode using a single VACNF
as the field-emission cathode was reported by Guillornet al.
in 2004sFig. 36d.205 This device was fabricated using a vari-
ant of the device processing techniques reported in their ear-
lier works, with the addition of an out-of-plane focusing
electrode that is aligned coaxially with the VACNF cathode
and gate electrode apertures. The performance of the inte-
grated focusing electrode was investigated by modulating the
potential on this electrode while projecting the image of the
emitted electron beam onto a phosphor screen. This was
found to have a significant impact on the beam diameter. The
observed experimental results were also in good agreement
with numerical simulations of the device performance,
thereby revealing that true refocusing of the electron beam
had occurred. Devices of this design were used to image

submicron lines in an electron-beam resist to demonstrate
their potential use in a massively parallel electron-beam li-
thography system.206

B. Microfabricated x-ray sources

X-ray sources are widely used in industrial, medical, and
scientific instruments. X rays are usually generated by bom-
bardment of a metal target with energetic electrons. The
properties of the x-ray source, such as beam size, crucially
depend on the electron source. Cold electric-field enhanced
sEFEd sources with carbon nanostructure cathodes show im-
proved performance and have lead to portable and miniature
x-ray sources for industrial and medical applications.207

Sugieet al.used carbon nanotubes grown by C-CVD on a W
wire as a primary electron source.208 They showed at a mod-
erately low pressure of 2310−7 Torr, the CNT had a stable
operation for more than 1 h and enabled the acquisition of
clear x-ray images. The intensity of the x rays passing
through a beryllium window was measured as a function of
the target potential from 10 to 60 kV at a constant current of
10−7 A. The x-ray intensity increased approximately expo-
nentially with the linear increase in the target potential:
0.005 mSv/h at 20 kV and 4 mSv/h at 50 kV.

Yue et al. fabricated a device that can readily produce
both continuous and pulsed x rays with a programmable
wave form and repetition rate.209 A total emission current of
28 mA was obtained from a 0.2-cm2-area CNT cathode. The
x-ray intensity is shown to be sufficient to image a human
extremity at 14 kVp and 180 mA s. Pulsed x-ray generation
with a repetition rate greater than 100 kHz was readily
achieved by programming the gate voltage.

The advantages of carbon nanofibers for a point x-ray
source have been demonstrated by Matsumoto and
Mimura.210 A point x-ray emission was obtained from a di-
ode configuration composed of a graphite-nanofiber cold
cathode and a conical-shaped copper metal anode. When
combined with a highly sensitive charge coupled device
sCCDd camera with a scintillator, this x-ray source was then
used to obtain x-ray transmission images of a tungsten mesh
and an x-ray test chart. The spatial resolution of this x-ray
radiography system was on the order of 10mm and the ac-
quisition time for these images was less than 10 s. This com-
bination of the point x-ray source and the sensitive detection
system offers a high-resolution x-ray radiography system.

C. Electrochemical probes

The incorporation of micro- and nanoscale carbon mate-
rials into electrodes has long served to augment electrode
performance for specific applications. Modification of carbon
paste electrodes with nanotubes is frequently employed, for
which the nanoscale structure of the incorporated nanotubes
enables improved coupling of the bulk electrode with the
redox center of, for example, immobilized redox mediating
enzymes. Bundles of nanotubes have also been incorporated
into individual microscale probing elements, and in this con-
figuration serve as a material of choice for a variety of mi-
croelectrophysiological measurements and electroanalytical
detection techniques and applications, including electro-

FIG. 36. Microfabricated structure with a single VACNF as a cathode and
integrated focusing electrode. Adopted from Ref. 205.
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chemical detection of microfluidic separations,211 scanning
electrochemical microscopy,212 and dynamic electrophysi-
ological measurements in and around excitable cells.213 Ad-
vances in the ability to incorporate vertically aligned nanos-
cale carbon electrodes into multielement devices, such as
arrays of individually addressable probing elements, should
provide unique platforms that will introduce a high level of
parallelism into these well-established electrophysiological
and electroanalytical techniquessFig. 37d.

D. Intracellular gene delivery devices

Methods to introduce genetic material into cells have
remained a central theme in molecular biology, biotechnol-
ogy, and medicine. While many methods exist, including
target-specific viral vectors, electroporation,214 liposome
fusion,215 and microprojectile bombardment,216 it is perhaps
microinjection that provides the most effective mechanism
across a broad range of cell types. In this application, indi-
vidual microscale needles are used for the direct injection
and delivery of genetic material to the intracellular domain
and to the nuclear domain of eukaryotes. Recently, a parallel
microinjection-based method termedimpalefectionhas been
demonstrated using vertical aligned arrays of carbon nanofi-
bers sFig. 38d.184,217 In this technique, arrays of nanofibers
are either coated with DNA or covalently modified with
DNA and are directly inserted into many cells simulta-
neously using a variety of techniques, including centrifuga-
tion of cells onto the nanofiber array or direct pressing of the
DNA-modified array into tissue matrices. The size scale and
morphology of the vertically aligned nanofibers provide ef-
fective penetration into cells, including into the nucleus of
mammalian cells, where the DNA is either released from the
nanofiber and expressed by the cell, or transcribed even
while tethered to the nanofiber scaffold. In either case, pen-
etrated cells can recover from the procedure, with their
plasma membranes effectively resealing around the penetrant
nanoscale structure. Proliferation of cells occurs upon the
nanofiber substrate and, often, these proliferating cells tend
to maintain intracellular residence of the penetrant nanofibers
for extended periods of timesweeksd.

In the course of impalefection experiments, the require-
ments for successful use of VACNF arrays as material deliv-
ery vectors have been identified: nanofibers are required to
be sharp, sparse, considerably tall, rigid, and able to retain
DNA during the insertion. For typical mammalian cells that
have linear dimensions on the order of 10mm it has been
determined that conical 6–10-mm-long nanofibers with tip
diameters of 100 nm or less, positioned in an array with
5-mm spacing between fibers, provide effective impalefec-
tion.

E. Scanning probe microscopy tips

The atomic force microscopesAFMd has emerged as a
valuable tool for probing various surfaces in semiconductor
metrology and profilometry, imaging of biological samples,

FIG. 37. Microarrays of electrochemical nanoprobes. Scanning electron mi-
crographs of an individual chip of 40 nanofiber probing elements. At far left,
image taken following the oxide deposition step and prior to SU-8 passiva-
tion to facilitate imaging the underlying interconnect structuresfirst insetd.
At right, a four-element array is shown following device completion. Indi-
vidual fibers feature oxide and some SU-8 passivation, with only the ex-
treme tip being exposed for electrochemical activity. SU-8 on the substrate
hides the underlying interconnect structure in these images. Reprinted with
permission from Ref. 191, Copyright 2004 American Chemical Society.

FIG. 38. sColor onlined SEM images of VACNF arrays as gene delivery
devices. Electron micrographs of mammalian cellssSP2/0-AG14; mouse
myeloma13d following centrifugation at 600 G onto an indexed nanofiber
gene delivery chip and culture for 3 dayssviewing angle is 30°d. The cells
were fixed with 2% gluteraldehyde in PBS and dehydrated with methanol
prior to electron microscopy. SP2 cells were used for this image as they are
a suspension cell line and therefore do not attach and spread on the nanofi-
ber platform, thus facilitating clearer images. Nonetheless, some material
has clearly agglomerated onto the fiber surfaces, as seen in panel Csfalse
color addedd. Reprinted with permission from Ref. 217, Copyright 2004
American Chemical Society.
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and numerous other surfaces since its inception.218 Conven-
tional AFM cantilevers have a pyramidal-shaped silicon
probe, and advances in micromachining and fabrication tech-
nology allow this probe tip to be made as small as 10 nm. A
small tip diameter is important for achieving high resolution,
but a critical problem with the conventional silicon tips is
their brittleness. As the tip wears out quickly, degradation of
image resolution is unavoidable, resulting in the need to
change the probe frequently. CNT probes, due to their small
tip diameter s1–10 nmd, offer very high resolution.219,220

Their extraordinary strength and the ability to retain struc-
tural integrity during operation in contact or tapping mode
make CNT tips very robust. Figure 39 shows an example of
a CNT tip grown by thermal CVD at the end of a silicon
cantilever. The ability to functionalize carbon nanostructures
brings extended range of applications to scanning probe
techniques.221 Deterministic synthesis of vertically aligned
carbon nanofibers by C-PECVD allows large-scale produc-
tion of AFM tips on a wafer scale.35

F. Nanoelectromechanical devices „NEMS…

Nanoelectrochemical devicessNEMSd utilize geometri-
cal, electrical, and mechanical properties of carbon nano-
structures. Atomic force microscopy tips, discussed in the

previous section, can also be classified as NEMS devices. In
this case, CNTs and CNFs are parts of the AFM cantilever
microelectromechanical device. Nanotubes themselves can
be used as cantilevers as was demonstrated by Poncharalet
al. who constructed a nanobalance that can be used for
weighing nanoparticles.222 Even though manipulation of
single atoms has been demonstrated,223 manipulation of
nanoscale objects still remains a challenge. Kim and Lieber
fabricated nanotweezers constructed using carbon nanotubes
that may provide a universal means of nanomanipulation.224

The integration of nanotweezers with AFM cantilevers
brings an additional level of control over positioning and
imaging.225

G. Nanoporous membranes

Membranes are used in a multitude of applications such
as chemical separations, drug delivery, and waste water re-
mediation, and membranes with nanometer-size pores are of
special importance. Carbon nanotubes and carbon nanofibers
can be used for this purpose in geometries parallel and per-
pendicular to the transport directions. Vertically aligned car-
bon nanotubes can be incorporated into a membrane by em-
bedding into a polymer film.199 In this case transport occurs
inside the nanotubes perpendicular to the substrate. In an-
other geometry the nanotubes or nanofibers can be placed
perpendicular to the transport direction.194 In this case the
effective “pore size” is controlled by their density and size,
which depends in turn on the catalyst particle preparation.
Such membranes can be incorporated into microfluidic chan-
nels, for example, to mimic cell membrane functionality
sFig. 40d.226

H. Other applications

There are many potential applications for carbon nano-
tubes and nanofibers that the research community continues
to explore.227 Some, such as composite materials, do not rely
on deterministic synthesis.175 In this case the bulk material is
used as a filler of a polymer matrix, though directional align-
ment or alternating alignment may be needed to develop en-
hanced thermal or electrical conduction or great strength.
Composite fibers produced by spinning CNTs with polymers
can be made tougher than any natural or synthetic organic
fiber. They can be used to make superstrong and superlight
textiles.228 They can also be used to make fiber supercapaci-
tors that are suitable for weaving into textiles.

Hydrogen and energy storage are other areas in which
carbon nanofibers can be of high importance, but there is
much debate over the actual potential.229–233There is a con-
tinuous search for cleaner renewable energy sources, and
hydrogen-based alternatives are being considered as attrac-
tive candidates. One of the main challenges for use of hydro-
gen is its storage, as currently there are no efficient and safe
methods. Approaches now in use or under development in-
clude compressed hydrogen gas, liquid hydrogen, chemical
storage in hydridesse.g., metal hydridesd, and gas-on-solid
physisorption. Recently there were several reports on the
perhaps extraordinary hydrogen storage ability of carbon
nanostructured materials. For example, Chamberset al. re-

FIG. 39. VACNF as scanning probe tips synthesized on AFM cantilevers on
the wafer scale. Adopted with permission from Ref. 35, Copyright 2004
American Chemical Society.
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ported that a material consisting of carbon nanofibers is ca-
pable of sorbing and retaining in an excess of 20 LsSTPd of
hydrogen per gram of carbon when the nanofibers are ex-
posed to the gas at pressures of 120 atm at 25°C,21 which is
an order of magnitude better than with the other means of
hydrogen storage. They argued that this result, based on the
measurements of pressure drop, is due to the unique crystal-
line arrangement existing within the graphite nanofiber struc-
ture, in which the graphene planes make a system of subna-
nometer pores with only the edge sites exposed. Since the
interplanar distance within the material is 3.37 Å, sorption of
molecular hydrogen, which possesses a kinetic diameter of
2.89 Å, is a facile process owing to the short diffusion path.
Other reports with lower but still impressive values for the
specific adsorption have also appeared. However, lately
many of these results were disputed and much more moder-
ate adsorption capacities in the range 0–2.5 wt %sat low
temperatures and ambient pressuresd were quoted.sSee Ref.
234 and references within.d

VACNFs have been proposed for use in charge storage
devices.192 Ren et al. proposed to use VACNF electrodes
coated with an electrically conducting polymerssuch as
polypyrroled for electrical energy storage devices such as re-
chargeable batteries, fuel cells, and capacitors. For many
such applications, a high charge capacity is required. In order
to increase the capacity of a polymer battery without dete-
riorating the electrodic performancescharging/discharging
ratesd due to long ion diffusion time and migration length in
the thick film, high surface area is required. The VACNF
forest electrodes offer a high surface area conductive sub-
strate.

The high surface area, size, hollow geometry, and chemi-
cal inertness of carbon nanotubessCNTsd make them attrac-
tive for demanding applications in the field of gas sensing.235

To date, studies on possible applications of CNTs have been
focused either on individual single-walled carbon nanotubes
sSWNTsd as sensitive materials for O2, NO2 and NH3 sens-
ing, or on multiwalled carbon nanotubesMWNTd mats as
NH3, CO, CO2, humidity, and O2 gas sensors.

Carbon materials have important advantages for use in
catalysis including236 sid resistance to acid/base media,sii d
possibility to control, up to certain limits, the porosity and
surface chemistry, andsiii d easy recovery of precious metals
by support burning, resulting in low environment impact. In
recent years, carbon nanofibers and carbon nanotubes have
been shown to be promising candidates as catalyst supports.
The major limitation for their extensive use so far remains
high-ost and low-roduction volumes. Although a relatively
high-yield process, CVD is a batch-type process and cannot
be easily scaled up. There are many reports demonstrating
that the characteristics of CVD-grown carbon nanofibers are
promising for catalyst support. For example, Pesantet al.
recently demonstrated that CNF-supported palladium cata-
lyst showed higher conversion performance in liquid-phase
hydrogenation of nitrobenzene into aniline, compared to pal-
ladium catalyst supported on high surface area activated
charcoal.237 They explain such increase by the higher
surface-to-volume ratio of CNF material.

Another use of enhanced electron field-emission charac-
teristics of carbon nanotubes is in electric lighting devices.238

It is interesting to note that the proposed application for “car-
bon filaments” in 1889 was for a lighting device as well as
filament of an electric light bulb.1

V. FUTURE DEVELOPMENTS AND CONCLUSIONS

Significant progress has been made to achieve controlled
synthesis and directed assembly of carbon nanostructures.
However, there is still a need for a process that operates at
temperatures that can be tolerated by a larger variety of sub-
strate materials, yet provides greater control of nanostructure
properties. A better understanding of the fundamental mecha-
nisms of nanostructure nucleation and growth points the way
for future work. The key to the catalytic growth of carbon
nanofibers is in the processes that occur at the surface of or
within the catalytic particle. Plasma processing provides a
way to control these processes via interaction with the elec-
tromagnetic field. The electric field plays a crucial role in the

FIG. 40. VACNF forests as cell mimic membranes. Electron micrographs of
the cell mimic structure. Panel A illustrates the overall design of the cell
mimic device and the integrated microfluidic structure. The microfluidic
inlet and outlet channels that allow fluid flow to the array of the cell struc-
tures are 50mm wide and 10mm deep. Panels B and Cs30° viewing angled
show close-ups of a single cell and the component nanofibers, respectively.
Reprinted with permission from Ref. 226, Copyright 2004 American Chemi-
cal Society.
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alignment control of carbon nanofibers by the coupling of
mechanical force to the synthesis process. High-frequency
electromagnetic fields, augmented by field enhancement at
the tip of a nanofiber, may be the way to control the tem-
perature of the catalyst separately from the substrate. An-
other major challenge is the precise control of the nanofiber
structure. The growth of isolated single vertically aligned
carbon nanotubes, mulitwalled or singlewalled, is yet to be
demonstrated. We are just beginning to gain an understand-
ing of the processes that control the arrangement of graphene
layers of a growing nanostructure. The relation of a carbon
nanofiber structure and catalyst particle shape, crystallo-
graphic orientation, and their dynamics will eventually be
understood and an additional level of control of synthesis
will be achieved, bringing future possibilities for practical
nanoscale devices due to improved characteristics.
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