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I. Introduction

Carbon nanotubes (CNTs) and carbon nanofibres { recently

have become industrial goods. They serve a basis for and

are components of various novel materials. Production and

application of CNTs and materials based on them is an

industry and the design of such systems has become a

particular branch of materials science. There are two groups

of materials designed in the last 10 ± 15 years:1, 2

Ð materials containing CNTs (nanocomposites) and

Ð materials made of CNTs.

The first group includes diverse nanocomposites based

on industrial polymers. There is considerable literature on

the topic, including more than 1000 publications. This

group also includes composites based on metals and alloys,

ceramics, concrete, glasses, biocomposites and hybrid mate-

rials. The content of fillers in them is at most 3 mass%±

5 mass%; often, the mechanical, transport or some other

properties of the matrix can be improved by introducing

much smaller amounts of additives.

The second group includes materials made of CNTs

containing small amounts of binders (at most 3 mass%±

5 mass%) or no binders at all. It also includes nanopaper

(nano-felt), i.e., mats made of entangled CNTs, thin CNT

coatings, CNT fibres and CNT aerogels.

This review is devoted to a material from the second

group, viz., the CNT forest in which nanotubes are aligned

normal to the substrate surface, similarly to silicon and

other semiconductor nanowires fabricated by the VLS

(vapor ± liquid ± solid) process. The properties of CNT for-

ests are versatile, methods of synthesis are easier than the

VLS process; this offers great prospects for applications of

this unique material.

Vertically aligned carbon nanotubes are comprehen-

sively considered in a review 3 which includes sections

devoted to the synthesis of vertically aligned multi-walled

and single-walled CNTs, to micropatterning of vertically

aligned multi-walled CNTs and to modification of vertically

aligned CNTs. The template and template-free methods of

synthesis of multi-walled CNTs and the supergrowth tech-

nique are considered. The emphasis is placed on micro-

patterning of CNT arrays using various lithographic

techniques and multicomponent micropatterns.{ Informa-

tion on the physical properties and applications of aligned

CNTs was also generalized 4 (see }). A comprehensive

review 5 on mass production of CNTs also touched the

synthesis of vertically aligned CNT arrays. A difficult-to-

access study,6 a number of sections in a review 7 and a

report 8 are now out of date.

The author of this review tried to cover as many recent

publications as possible because of increasing interest in

CNT forests.
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II. Themorphology and density of carbon nanotube
forest

Various kinds of CNT forest differ in, e.g., diameter and

number of graphene layers in CNTs, CNT size distribution,

as well as in length and surface density of CNTs. Carbon

nanotube forests may include `regular',3 bamboo-like,9 ± 11

helical 12, 13 and branched structures (see below). Often, the

top of a CNT forest differs from its base part and represents

a network of entangled CNTs. In some case, CNT forests

may contain small CNT bundles comprising at most ten

CNTs 14, 15 or having the average diameter smaller than

16 nm.16 Plasma-activated pyrolysis on a Ni7Mo catalyst

results in cone-shaped CNT bundles whose mass (n) and

surface (r) densities are interrelated 17

n! r73/2

A CNT forest-on-forest can be grown. The number of

layers in such a system can vary from one (see, e.g., Refs 18

and 19) to two,20 four,21 eight 22 and even forty.23 Layered

structures are usually obtained by floating catalyst pyrol-

ysis 24, 25 (see below), but they can also be synthesized with

immobilized catalyst using pulsed delivery of the feedstock

gas or by substrate cooling between the deposition

cycles.26, 27 It is noteworthy that each new layer can be

formed under the preceding layer, thus lifting it.22, 27, 28

Second- and third-order CNT forest structures with

branched `stems' (Fig. 1) were reported.29 Second-order

CNTs were grown by the pyrolytic method on the catalyst

deposited on pre-grown first-order CNTs. Third-order

CNTs were grown analogously. Under particular condi-

tions, the floating catalyst synthesis gives a specific texture

of the CNT forest, where the CNT tops are packed more

densely than the bases and form honeycomb structures.30

Nanotubes in CNT forests are not perfectly aligned to

one another. Depending on the height of CNT forest (film

thickness), growth conditions, the CNT diameter and sur-

face density, most CNTs are to some extent tortuous.31 ± 37

Therefore, the length of some CNTs can exceed the height

of the CNT forest. Moreover, different CNTs in the same

nanotube forest often differ in length and tortuosity.

Carbon nanotube-array double helices 38 and conical

structures 39 arranged normal to the substrate surface can

also be treated as related to CNT forest.

The layer number distribution of CNTs can be deter-

mined by X-ray diffraction from the character of the (002)

reflection in diffraction patterns.40

The diameters (d ) and surface densities of CNTs

reported in different studies are presented below.

Ref. 41 42 43 44 45 46

d /nm 90 50 44 24 10 <5

r /cm72 1010 76108 361010 1012 1.5361010 1012

The lowest surface density is close to 56108 cm72 (see

Ref. 47) and even to 1067108 cm72 in the case of electro-

chemical deposited catalyst (see Refs 48 and 49). Even lower

surface density of CNT forest can be attained using photo-

lithographic methods.50 Yet another procedure for obtain-

ing a low-surface-density CNT forest involves its transfer

from one substrate to another.51 Carbon nanotube forests

with r>1012 cm72 are difficult to grow.

Figure 2 presents the surface density of CNTs in nano-

tube forests plotted vs. CNT diameter.52 ± 57 High surface

density was attained 52, 55 by step-by-step deposition of

catalyst, viz., deposition of a Fe film was followed by

thermal annealing to form nanoparticles and subsequent

oxidation of the nanoparticles; then, these steps were

repeated. Aluminium deposition can be used instead of

iron oxidation. Iron oxide was reduced prior to growing a

CNT forest. A method of multistep growth to obtain CNT

arrays with high surface density was developed.53 In this

case, the volume occupancy of multi-walled CNTs can be as

high as 30%± 40% of the total volume, being nearly half the

theoretically possible value.

a b

c

Figure 1. A scheme of successive growth of branched CNT
forest.29

First-order (a), second-order (b) and third-order (c) CNTs.
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Figure 2. Surface density of CNTs in carbon nanotube forest
plotted vs. CNT diameter.
Maximum (1) and typical (2) surface density; numbers near open
circles are the numbers of references.
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Carbon nanotubes grown on aluminium sublayer on

silica, tantalum and titanium with Fe films as catalysts

have higher surface density and smaller diameters; this was

explained by mixing of iron and aluminium.58

The bulk occupation of CNTs in a nanotube forest is

usually *1%± 2%, being at most 10%.57, 59, 60 The appa-

rent density of single-walled CNTs in nanotube forest is

1.2 cm73; it increases upon heating in air or in CO2

atmosphere and can reach a value of 2.2 g cm73.61 The

density of a single-walled CNT forest grown by the super-

growth method (see below) is 0.037 g cm73, its surface

density is 5.261011 cm72 and CNTs occupy 3.6% of the

substrate surface area.62 The density of double-walled CNT

forests can be low, namely, 0.015 g cm73 (Ref. 63) or even

0.009 g cm73.64 High density of a nanotube forest

(0.06 ± 0.07 g cm73) was also reported.54

Oxidative annealing favours uncapping of CNTs

(removal of `caps' at nanotube ends) and an increase in

their specific surface area from 650 to 1900 m2 g71.

Changes in selected parameters of CNTs upon thermal

annealing are illustrated in Fig. 3.

The surface of nanotube forests is often covered with a

`crust' formed by entangled CNTs.65 ± 67 It is typical of both

individual CNTs and CNT micropillars grown from catalyst

islands lithographically patterned on the substrate surface

(Fig. 4). If the surface density of CNT micropillars is low,

the `crust' layer is formed in the initial stages of growth.

Regularities of growth of CNT pillars were documented.67

Horizontal cross-sections of CNT forest exhibit different

interlayer distances in multi-walled CNTs, as well as differ-

ent number of layers and degree of ordering.68

Lithographic patterning of catalysts makes it possible to

grow various configurations of CNT forests (see, e.g.,

Refs 69 ± 73). In particular, cylindrical pillars 2, 5 or

10 mm in diameter arranged in ordered manner can be

formed.74 Polymers can also be used for catalyst pattern-

ing.75 The morphology of structures formed from CNT

forests is affected by the geometry-related gas mixture

flow.76

Arrays of identically bent CNTs and zigzag-shaped

CNTs were reported.77 A method for determination of the

surface density of CNTs in a carbon nanotube forest was

proposed.78

III. Methods of synthesis of carbon nanotube
forests

A CNT forest can be grown in different manner, viz., by

catalytic pyrolysis on supported catalysts; using various

versions of the CVD method (see, e.g., Refs 21, 28, 79 and

80); by the template method with Al2O3 membranes; by

graphite sputtering (this technique is used much more

rarely),11 by electrophoresis or dielectrophoresis of CNTs

from dispersions 81, 82 and by chemical grafting of CNTs

onto substrates.83 ± 87 The last-mentioned method (see a

review 86) is much more labour-consuming and leads to

structures whose properties differ from those of pyrolyti-

cally grown CNT forests. Attempts to synthesize a nano-

tube forest by the molecular beam technique led to success

only when acetylene diluted with hydrogen and helium was

used, although a total of 12 hydrocarbons were tested.88

Pyrolysis using unpatterned catalyst has the following

advantages over the synthesis using powder or floating

catalysts:89

Ð much higher purity of CNTs (this excludes purifica-

tion steps);

Ð simpler control of CNT diameter;

Ð the possibility of fabrication of diverse structures

from CNT arrays for immediate utilization in various

devices; this makes the technological chain much shorter.

The pioneering study on a CNT forest grown sponta-

neously normal to the substrate surface was reported in

1997.90 That work as well as Refs 91 ± 96 started a long

chain of similar and improved research. It was established

that CNTs most often grow from the base, i.e., catalyst

particles remain on the substrate surface and alignment of

CNTs normal to this surface is due to restrictions imposed
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Figure 3. IG/ID Raman mode intensity ratio plotted vs. change in
mass: heating in air at 723 (1) and 823K (2); heating in CO2 at
1223K (3).61

Insets: unrolled CNTs with estimated pore sizes. The IG/ID ratio
characterizes the degree of disordering of carbon nanotubes in
CNT forest.
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Figure 4. Formation of surface `crust' from individual CNTs (a)
and CNT pillars (b).67

540 E G Rakov Russ. Chem. Rev. 82 (6) 538 ± 566 (2013)



on CNT growth along other directions by adjacent CNTs;

van der Waals interactions between carbon nanotubes

impart high rigidity to CNT arrays.7, 97

A superaligned CNT forest was synthesized in 2002;98

CNT forests on 4- and 8-inch silicon wafers were grown in

2005 99 and 2008,100 respectively.

Carbon nanotube forests were synthesized using cata-

lysts of different compositions (mostly containing Fe, Co,

Ni) including bimetallic 101 ± 103 and unusual catalysts such

as Fe7V7O nanoparticles 104 or magnetic alloys

Fe19Mn80 , CoCrPt, etc.105 The authors of many studies

utilized layered catalysts (see, e.g., Refs 106 and 107 and a

review 108). Catalysts were prepared using atomic layer

deposition,109 by abrasion of substrate 110 and by local

oxidation of substrate using an atomic force microscope

probe.111

The longest CNTs (1 mm and longer) were obtained

using Fe catalysts only. At 450 8C, iron particles on amor-

phous carbon surface are transformed to Fe3C and then

become coated with a number of graphite layers.112 A TEM

study revealed that graphite layers are formed on carbide

edges, propagate across them and then penetrate the CNT

cap.113 The particle becomes highly deformed and `ejects'

the CNT. It is assumed that high catalytic activity of iron in

the CNT growth is associated with the unfilled d-orbital,

which favours cleavage of bonds in the starting hydro-

carbon and formation of unstable carbide. The latter acts

as carbon-transfer agent and deposits it in the form of

CNTs.114 A similar carbide cycle mechanism was earlier

proposed and studied by researchers from the scientific

school headed by the Corresponding Member of the Rus-

sian Academy of Sciences R A Buyanov (Novosibirsk,

Russian Federation).

The substrate can be coated with the catalyst both prior

to depositing CNTs and during the deposition. The latter

case is known as the floating catalyst approach. Here, the

catalyst is formed by thermal decomposition of, e.g., ferro-

cene,115 ± 117 nickelocene, iron carbonyls or iron phthalocya-

nine.23, 118 Catalyst precursors are vaporized individually or

used as solutions in benzene, toluene, xylene or other

organic solvents. The floating catalyst techniques are uti-

lized to fabricate structures based on CNT forests (includ-

ing CNT forests of different height) on patterned

substrates.119

When using supported catalysts, the CNT diameter and

number of CNT layers and the morphology of the CNT

forest are determined by the thickness of the deposited

catalyst layer,54, 60, 120 ± 128 by the catalyst particle size 129

and by the character of pretreatment of the catalyst. Some

trends are illustrated in Fig. 5.

The CNT diameter does not necessarily depend on the

thickness of the deposited catalyst layer, namely, three- and

double-walled CNTs were obtained at a Fe film thickness of

0.8 and 0.4 nm, respectively; no single-walled CNTs were

synthesized at an iron layer thickness of 0.2 nm.123 The

authors cited reported the effect of orientation of MgO

single-crystalline substrate on the growth of CNTs, namely,

under identical conditions, CNTs grown on the (110) plane

were 20% and 55% longer than those grown on the (100)

and (111) planes, respectively. This can be due to different

binding energies of iron to the MgO surface of different

orientation.
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Figure 5. Structural properties of CNT forest (a) and capillary densified CNT forest (b) plotted vs. Fe film thickness (DFe).60
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Taking a Mo/Fe/Al catalyst as an example, it was shown

that the morphology and growth rate of CNT forest are

determined by the metal ratio in the catalyst.130, 131

To increase the surface density of CNTs, it was pro-

posed to utilize an Al2O3/Fe/Al2O3 layered catalyst with

layers 0.5, 0.5 and >5 nm thick, respectively.54, 106 A

method was developed to determine the forest density

depending on the growth conditions.132 The morphology

of a CNT forest grown on silicon is affected by the

aluminium buffer film a few nanometres thick.133 Under

optimum conditions, the growth rate of almost perfectly

aligned CNTs reaches a value of 87 mm min71.

Contrary to this, a weak dependence of CNT forest

height on the Al2O3 film thickness was reported.125 It was

proposed to deposit a thin Al2O3 film to make the proper-

ties of the coating more reproducible.134 At low surface

concentrations of catalyst particles, a random network of

CNTs parallel to the substrate surface (`grass') is formed

instead of a CNT forest.101

The number of layers, their total height, diameter and

the character of CNT alignment depend on the duration of

preliminary reduction of catalyst in hydrogen stream. In

optimal conditions, a double-walled CNT forest of height

9 mm was grown in 10 h.135 Treatment of a Fe/Al film in

NH3 atmosphere leads to its transformation to nanoclus-

ters; this makes it possible to grow CNT forests at

350 ± 500 8C.136 Etching of Ni-catalyst with NH3 plasma

influences the growth of CNT forest similarly.137

By varying the conditions of catalyst pre-treatment with

hydrogen, the average CNT diameter can be doubled (from

7.4 to 13.6 nm), the surface density can be increased by an

order of magnitude from 3.96109 cm72 to 4.961010 and

the growth rate can be increased from 32 to 154 mm
min71.138 Pre-treatment of a deposited catalyst with acety-

lene at low partial pressure of the hydrocarbon (12 Pa)

causes the catalyst particle size to decrease and the CNT

surface density to increase.139 Catalyst patterning for

plasma-assisted growth of CNT forests can be performed

using polystyrene-block-poly(methyl methacrylate) tem-

plates.140 A photothermal method for growth of a CNT

forest with an outer CNT diameter of *10 nm and an inner

diameter of 5 ± 6 nm at 370 8C was proposed.141

In addition to catalyst deposition, immersion 142 ± 149 and

spin-coating followed by drying and reduction of oxides are

used. The immersion technique was, in particular, utilized

to coat a polished quartz substrate with a catalyst in a

solution of cobalt and tungsten acetates (their concentra-

tions were 0.01 mass%) 142 and to coat a silicon substrate

by immersion into a dispersion of centrifugally classified

Fe80V20 particles.145 Spin-coating was done with a magnetic

liquid, namely, stabilized dispersion of iron oxides.150 A

single-walled CNT forest was grown using a catalyst whose

particles were produced by deposition from a colloid

solution.151, 152 The number of deposited iron nanoparticles

was exactly controlled.151

Catalyst particles necessary to grow double-walled

CNTs were deposited by laser ablation and using a pulsed

arc deposition system.153

Co-deposition of titanium and cobalt onto a silicon

substrate excludes the formation of the surface oxide layer

because titanium precludes the formation of cobalt sili-

cide.130

Various configurations of CNT forests are obtained

using photolithography (see, e.g., Ref. 154), by masking of

substrates,155 by coating of substrates with layers of self-

assembling microspheres,50 by local hydrophobization and

subsequent silver plating of the surface,156 by creation of

hydrophobic and hydrophilic regions on the substrate sur-

face148 and by catalyst printing with polysiloxane stamps.157

The CNT diameter also depends on the gas feed rate.158

Carbon nanotube forests can be grown on substrates of

different shape and composition, e.g., single-crystalline

silicon 89, 159, 160 including silicon wafers;99, 100, 161 ± 164

porous silicon,161, 165, 166 aluminium,167 alumina-coated sil-

icon or quartz,168 rolled aluminium foil,169 on nickel,170

foamed nickel, chromium,161 copper,105, 171 metallic foil and

wires (no metal was specified),172 ± 175 Inconel 600

alloy,118, 173 stainless steel foil,176 stainless steel mesh,177

bronze cantilevers,178 foamed FeCrAlY alloy,179 tita-

nium,180 CoSi2 ,181 single-crystalline MgO,123, 182, 183

glass,91 quartz and Al2O3 ,184 (see also Refs 185 ± 187),

graphite,188 carbon fibres and carbon fabrics,189 ± 194 carbon

paper,195, 196 glassy carbon,197, 198 quartz fibres,109, 199 SiC

fibres,200 ceramic fibres and fabrics,201 ± 203 Si3N4,161

ceramic spheres,199, 204 ± 208 sapphire,123 GaAs,105 etc. How-

ever, no CNT forest was grown on Al2O3 or ZrO2 ,204 as

well as on SrTiO3 , LaAlO3 or stabilized ZrO2 .123 Most

often, CNT forests grow on silicon coated with a thin Al2O3

film due to very low surface diffusion coefficients of Al2O3

and iron.209

Carbon nanotube growth on various metals and alloys

was studied.210 Noteworthy are publications concerned with

the synthesis and properties of CNT forest ±multilayered

graphene 211 and CNT forest ± shape memory alloy 212 flex-

ible hybrid films. The method for growth of a CNT forest

on a pyrolyzed photoresist film can be regarded as versa-

tile.197 A poorly ordered CNT forest was grown on meso-

porous SiO2.213 A study on floating catalyst synthesis of

CNT forest from hexane (with ferrocene as catalyst) at

770 ± 790 8C revealed selective influence of the substrate,

viz., growth was observed only on the oxidized silicon or

silica rather than single-crystalline silicon.78

A large number of studies devoted to plasma-enhanced

synthesis of nanotube forest have been reviewed.214 Also, by

specifically orienting the substrate in the plasma discharge

zone one can fabricate a tilted CNT forest.215

So-called odako (big serpent in Japanese) growth of a

CNT forest involves deposition of a Fe film 1 nm thick on

grafoil (material fabricated from exfoliated graphite) or on

carbon fibres followed by the deposition of an Al2O3 film

5 nm thick and subsequent pyrolysis of a mixture of C2H2 ,

H2 and water vapour at a reduced total pressure.216 Carbon

nanotube forest grows between the substrate and the Al2O3

film which thus becomes separated into individual folded

fragments.

The CNT forest morphology depends on the substrate

properties.186, 217 In the case of strong interaction between

catalyst particles (e.g., Fe/Al2O3) and substrate, the par-

ticles are immobilized and favour the base growth of CNT

forest. Here, catalyst particles remain on the substrate and

the nanotube ends are free. If the interaction is weak (SiO2

substrate), catalyst particles diffuse across the surface; this

leads to formation of `grass' and to tip growth of CNTs at

which catalyst particles move with the tip of the growing

CNTs.218 Some substrates (TiN, SrTiO3 , LaAlO3 and

stabilized ZrO2) are unsuitable for growing CNT forests of

high surface density. The situation can be changed by

oxidative or reductive pre-treatment of the catalyst.
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Base growth of a CNT forest is possible only for thin

CNTs.24, 56, 159 This was proved by tracer analysis.219 Rela-

tively thick multi-walled CNTs can form a nanotube forest

by the tip growth of mixed growth mechanisms.220, 221

Under particular conditions, catalyst particles adopt cylin-

drical shape and draw into the nanotube cavity.

The CNT ± substrate adhesion strength was estimated as

1 to 10 pJ per nanotube.222 It depends strongly on the

character of interactions between the CNT, catalyst par-

ticles and substrate.

A carbon nanotube forest was also grown on polymeric

substrates, in particular, on a Cr-coated polyimide film.170

Floating catalyst synthesis of a CNT forest from xylene

on partially oxidized silicon surface with ferrocene as

catalyst at 800 8C occurs selectively, viz., only SiO2 is

covered.182 This is similar to published results.78

The growth of a CNT forest from a mixture of C2H4 and

H2 is strongly influenced by the pressure at which the

deposited catalyst film is annealed.123

A breakthrough in the synthesis of CNT forests is

associated with the elaboration of methods for continuous

CNT growth and increasing the growth rate. Catalyst

poisoning was prevented by adding small amounts of

water vapour to the mixture of C2H4 and

H2.56, 62, 63, 163, 186, 223 ± 227 Minor additives of water vapour

added during CNT growth from ethanol vapours had a

positive effect; a mechanism involving the formation of

unstable iron oxides was proposed.228

This process was named supergrowth. Studies in this

field offered prospects for the synthesis of relatively long

CNT arrays. In particular, fine tuning of conditions allowed

the CNT length to gradually increase from a previously

record high value of 2.5 mm (see}).229 ± 233

The effect of the thickness of the deposited iron layer on

the growth conditions was studied by the combinatorial

masked deposition method.234

The efficiency of catalysts in the supergrowth regime is

much higher than in other processes, namely, cf. a value of

50 000% (up to 500 g of CNTs per gramme of catalyst) vs.

nearly 100% (1 g of CNTs per gramme of catalyst) for the

floating catalyst approach, 300% for the HiPco method,

500% for the laser ablation technique which is also of

limited use, or 800% for CNT synthesis from ethanol.

A single-walled CNT forest fabricated by the super-

growth method contained more than 99.5 mass % CNTs

and the carbon content was 99.98%.235 The average CNT

diameter was unusually large (2.5 nm).62

The degree of utilization of the gaseous source of carbon

depends on the gas supply method and reaches a value of

32% for gas delivery from the top; this is noticeably higher

than for other methods of CNT synthesis.236

Pioneering publications devoted to supergrowth of

CNTs gave a powerful impetus to studies of ethylene

pyrolysis. Not only water vapours capable of removing

carbon coatings on catalyst particles (and thus slow down

its poisoning),237 but also ethanol can be used as additive to

C2H4; this led to threefold increase in the catalyst lifetime

and a fivefold increase in the yield with respect to carbon.238

The addition of oxygen,239 air,232 carbon dioxide 102, 240, 241

and other vapourized oxygen-containing substances give

identical results.242 It was also established that an increase

in the concentration of CO2 mixed with C2H4 causes the

number of layers and the CNT diameter to decrease.240

Therefore, the CNT diameter can be controlled by varying

not only the thickness of the catalyst layer, but also the

composition of the initial gas mixture.

Seven additives to three main sources of carbon (C2H2 ,

CH4 and CO) were tested and general conditions for

accelerated growth of CNTs were formulated.242 The key

requirements include the oxidation and gasification of non-

tubular carbon residue on the catalyst surface.

Carbon impurities can be removed using some organic

compounds. For instance, oxygen-containing aromatics

(methyl benzoate, benzaldehyde; *0.02%) mixed with

C2H4 act in different manner compared to water vapour

and not only accelerate the growth, but also significantly

increase the average CNT diameter in CNT forests.243 The

addition of cyclohexane to CH4 favours growth of a CNT

forest,244 although this is hardly related to the removal of

carbon coating on the catalyst particles. Most probably,

cyclohexane participates in a complex chain of gas-phase

reactions.

Pure ethanol can be utilized as source of car-

bon.126, 127, 142, 143, 245 ± 260 These studies are not related to

supergrowth, but also showed that the addition of minor

amounts of acetylene to ethanol causes a tenfold acceler-

ation of the process.261

Parameters of pyrolysis at 1500 and 1700 8C and the

morphology of single-walled CNTs in nanotube arrays are

influenced by the composition of alcohol (methanol, etha-

nol, propan-2-ol).262 The higher the molecular mass of the

alcohol the lower the initial growth rate. Pyrolysis of

methanol is accompanied by changes in CNT diameter and

the process accomplishes with etching of carbon nanotubes.

Acetylene was used to grow CNT arrays.26, 139, 161, 241

Supergrowth of CNT forests from acetylene diluted with

argon is possible.263, 264 There exist optimal acetylene feed

rate at constant argon feed rate and the argon feed rate at

constant overall gas feed rate. For a horizontal reactor 5 cm

in diameter, these are 200 cm3 min71 for C2H2 and

500 cm3 min71 for C2H2+Ar provided that water vapours

are saturated with argon at 60 8C and a pyrolysis temper-

ature of 810 8C is attained after heating for 1 min.

In the case of acetylene pyrolysis, the height of the CNT

array is proportional to t 0.5 (t is the duration of the

process).265 The addition of water vapour enhances the

operating life of Fe/Al2O3 catalyst.265 Detailed analysis of

the kinetics of the CNT forest growth from acetylene on a

Fe catalyst was reported.266 The reaction order with respect

to C2H2 is 0.6 at partial pressures ranging from *1075 to

102 mbar and the activation energy lies between 0.92 and

0.98 eV (less than 100 kJ mol71). The reaction is limited by

carbon diffusion into the catalyst which is preceded by `pre-

equilibrium' dissociation of acetylene on the catalyst sur-

face.

High growth rates of single-walled CNT forest from

acetylene were attained by finely tuning the synthesis con-

ditions; no oxygen-containing additives were used.267 A key

to success was utilizing a low partial pressure of acetylene.

The authors of that study believe that water vapours

increase the catalyst lifetime in the presence of excess

acetylene, but deactivate the smallest catalyst particles and

reduce the quality of CNTs. As the process developed, the

} In 2007, it was reported on the Internet that researchers from the

University of Cincinnati (USA) V Shanov and M J Schulz obtained

18 mm long CNTs; however, no publication in scientific journals is

available so far.
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CNTs diameter increased even with no additives. At a

deposited iron layer thickness of 0.70 nm, acetylene con-

centration in argon of 0.30 vol.% and a temperature of

800 8C, the CNT forest height reached 1.3 ± 1.4 mm after

14 min. Specific features of the growth of a CNT forest

under pulsed acetylene delivery was studied.268

A relatively high growth rate of a CNT forest compris-

ing nanotubes 5 ± 7 nm in diameter, namely, 0.6 mm after

3 min, was attained when acetylene was diluted with hydro-

gen and nitrogen at 650 and 700 8C, respectively.269 It is

believed that the duration of CNT forest growth is governed

by the degree of CNT ordering in the initial steps of the

process. Studies 49, 91, 270 ± 276 are mainly devoted to plasma-

enhanced growth of CNT forest from acetylene ±NH3

mixture. Activated nitrogen compounds influence the mech-

anism of the process. External magnetic field causes the

degree of ordering of CNT forest to increase and the

defectness of carbon nanofibres to decrease;277 however,

practical value of this method for the synthesis of CNT

forest is doubtful.

Pioneering studies on plasma-enhanced synthesis of

CNT forests from CH4 at a pressure of 15 mTorr were

carried out in 1999 ± 2001.95, 278 ± 280

Carbon nanotube forests can be synthesized from ethyl-

enediamine,13 poly(ethylene terephthalate),281 acetoni-

trile,282 acetylene with acetonitrile and pyridine

additives,283 as well as from a solution of ferrocene in

turpentine oil.284 A CNT forest was obtained by thermal

disproportionation of carbon monoxide on Co ±Mo-cata-

lyst,101 from C3H8 using EPR technique,285 as well from

polyethylene, polypropylene and poly(vinyl chloride) by the

pyrolytic method.199

The aim of many studies was to decrease the temper-

ature at which CNTs grow. To this end, Fe catalyst layer of

subnanometre thickness 121 and various plasma-activated

techniques were used (in addition to the studies mentioned

above, see Refs 50, 102, 120, 159, 170, 286 ± 300).

At a substrate temperature of 6008C under plasma

activation, the growth rate was 270 mm h71.290 The lowest

substrate temperature (200 8C) was attained by Lee et al.290

287. It is assumed that plasma activation favours alignment

of CNTs perpendicular to the substrate surface;46 this make

it possible to synthesize less tortuous CNTs compared to

those grown by pyrolytic methods.159 However, plasma

induces defect formation and subsequent reduction of

CNT conductivity. Using floating catalyst CVD in alternat-

ing electric field, the substrate temperature was decreased to

280 8C.301

A more promising method for increasing CNT growth

rate consists in overheating of initial gas mixture to temper-

atures above the substrate temperature (so-called parameter

decoupling). A C2H4+H2+CO gas mixture for catalytic

pyrolysis was heated to 1000 8C prior to contacting the

catalyst.225 The average growth rate at a substrate temper-

ature of 810 8C was 7 mm min71, which is 15 times higher

than without thermal activation of gases. One can assume

that the decisive role is played by two parameters, the

temperature and the duration of contact of the starting

hydrocarbons in the hot zone. The technique was improved

more recently.174, 302, 303 Arrhenius plots of the CNT growth

rate under overheating and with no overheating of gases are

shown in Fig. 6. As can be seen, in the former case the CNT

growth rate increased appreciably at a relatively low sub-

strate temperature (475 8C). However, variation of the

temperature of gases at constant catalyst temperature

leads to changes in CNT morphology.303 It should be

noted that other authors 302, 303 observed the same regular-

ities of the growth of CNT forest (from changes in CNT

length) as those mentioned above { in the formation of

CNTs on powder catalysts (based on results of gravimetric

measurements): the higher the temperature the higher the

rate of formation of CNTs and the shorter the operating life

of the catalyst and the shorter the growth time (Fig. 7). This

suggests the same mechanism in both cases.

On overheating, alkynes appear in the gas phase; they

accelerate the CNT growth.305 In the case of synthesis from

a C2H4+H2 mixture on Fe/Al2O3 catalyst, the most pro-

nounced acceleration effect came from acetylene, methyla-

cetylene and vinylacetylene; in all cases, a concerted

0.1
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u /nm s71
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Figure 6. Arrhenius plots of CNT forest growth rate under gas
overheating at a substrate temperature of 475 8C (1) and with no
gas overheating at different substrate temperatures (2).174

Activation energy /eV: 0.9 (1) and 0.1 (2).
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Figure 7. CNT height-vs.-time plots at different reactant gas
mixture temperatures: 1120 (1), 1070 (2), 1040 (3), 1020 (4),
1000 (5) and 980 8C (6).302

The substrate temperature is 825 8C.

{ See Fig. 109 in Ref. 304.
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acceleration mechanism was revealed. Changes in the CNT

forest growth rate upon pre-heating of gases and upon

introduction of small (less than 1 vol.%) alkyne additives

with no heating are illustrated in Fig. 8. Under particular

conditions, the yield of CNTs increased 15-fold. The addi-

tion of C6H6 and CH4 did not accelerate the process.

Among more than 40 products formed in the gas phase

upon heating of C2H4+H2 mixture, some can slow down

the growth of CNTs.306

Overheating of gases was used in another study.307 The

growth rate of multi-walled CNTs from a C2H4+H2+Ar

mixture was 71 mm min71 at a substrate temperature of

750 8C.
The growth rate of CNT forests was measured in differ-

ent studies (Refs 9, 32, 121, 123, 223, 225, 229, 235, 246,

251, 256, 265, 266 and 308 ± 317) (only the measuring

technique was reported in Ref. 312). The growth rate of a

CNT forest synthesized from C2H4 diluted with hydrogen

and argon at 750 8C was as high as 140 mm min71.314 It

gradually decreased with time in accordance with the

equation for the height of the CNT forest

h(t)= bt0(17eÿt=t0 ),

where t is the duration of growth, b is the initial growth rate

and t0 is the catalyst lifetime. The maximal height is given

by 223

hmax= bt0

According to this equation, the growth is not accompanied

by an increase in the surface density of CNTs. An analogous

equation was reported in another publication.256 At the

same time, more recent results 235 point to an increase in the

surface density and density of CNTs during the process

(Fig. 9).

Pyrolysis of a mixture of C2H4 with hydrogen and small

amount of water vapour at a particular Fe film thickness

makes it possible to conduct selective growth of double-

walled CNTs.124 Selective growth of vertically aligned

single-, double- and triple-walled CNT arrays under radia-

tion heating is possible only at a particular surface density

of catalyst particles.19 Also, the larger the number of layers

in CNT walls the longer the lifetime of the catalyst. Under

identical conditions, the growth rate decreases in the order:

single-walled>double-walled>multi-walled CNTs.60

Conclusions on the regime of the growth are contra-

dictory. It was shown that the CNT forest growth rate is

determined by the Knudsen diffusion of gases and the

diffusion coefficient is of the order of 1074 cm2 s71.217

Diffusion of reactants during the growth of CNT forest was

also studied.149 In addition,229 the growth rate is limited by

the process on the catalyst surface rather than by diffusion

to the catalyst in the gas phase (as was stated in Ref. 217), a

decrease in catalyst activity 223, 255, 318, 319 or catalyst poison-

ing.313 A concerted mechanism of growth and deceleration

of growth was proposed 33 and the influence of catalyst

morphology on the forest growth mechanism was

proved.196 Microscopy studies revealed that water vapours

do favour removal of graphene from catalyst particles.237

However, some authors reported an abrupt cessation of the

growth of CNT forest, but none of them proposed an

unambiguous explanation for this fact.32

Synchrotron radiation measurements of the growth rate

of a CNT forest disclosed that the growth of CNTs is

preceded by the formation of carbide (cementite) Fe3C;320

this is consistent with the results obtained in other stud-

ies.112 ± 114
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Figure 8. Effect of the composition of the additives to the
C2H47H2 mixture and process conditions on CNT growth
kinetics.305

With preheating without additives (I ); without preheating without
additives (II); in the presence of acetylene (1), methylacetylene (2),
vinylacetylene (3), buta-1,3-diene (4), methane (5), ethane or
propene (6) without preheating.
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Figure 9. Growth dynamics of CNT forest.235

(a) changes in CNT height (1) and surface density (2); (b) changes in
CNT density, (c) changes in the intensity ratio of the G and D
modes in Raman spectra; intense CNT growth (I) and deceleration
of CNT growth (II).
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A dimensionless criterion for the determination of the

diffusion mechanism of CNT growth deceleration was

proposed.255 The mechanism of plasma-activated process

differs from the mechanism of conventional thermal process

owing to the presence of highly reactive atoms and ions.321

The rate and duration of CNT growth at optimal value

of the [C2H4]/[water vapour] ratio depends on two param-

eters, viz., the residence time of gases in the hot zone (t) and

the carbon flux (FC).322 The former is given by

t � 273Al

FT
,

where A is the nozzle cross-section for top gas delivery, l is

the length of the gas heating zone, F is the total inlet gas

flow and T is the furnace temperature. The equation for the

carbon flux has the form

FC �
f

11:2A
,

where f is the C2H4 flow.

At t=7 s, the growth rate of single-walled CNTs was

620 mm min71; the yield with respect to carbon increased to

*15% as t increased to 15 s; the activation energy (E0) of

CNT growth was independent of t, being equal to

2.83 ± 2.84 eV. The activation energy of CNT synthesis

from C2H4+H2+He mixture is 2.6, 2.8 and 2.4 eV for

Fe,323 Ni and Co catalyst, respectively.

When using ethanol, the initial growth rate is maximum

and then exponentially decreases with time; therefore, the

duration of the process should not exceed 15 ± 20 min.251

The growth rate and morphology of CNT forests depend

strongly on the rate and geometry of gas mixture flow.260 A

model for diffusion-limited CNT growth was reported.324

To increase the growth rate, a method was proposed,

consisting in very fast heating and subsequent rapid cooling

of the substrate coated with the catalyst.325 At a pressure of

10 mm Hg in the reactor, the growth rate was 50 mm min71

at 900 8C.
Conditions for transformation from the growth of

entangled CNTs to the growth of a CNT forest were

studied.326 For pyrolysis of C2H4 on Fe/Al2O3 catalyst at

atmospheric pressure and a temperature of 750 8C, such a

transformation was attained by pre-heating of the catalyst

in an H2 ±Ar mixture and by changing the gas flow

distribution. The dependence of some properties of the

process on the surface area of the sample was pointed out.

By adding NH3 one can introduce nitrogen into CNTs in

directed manner.327

To attain high adhesion of CNTs to substrates, rapid

cooling of CNT forest in the reaction gas atmosphere was

recommended.34 This does not ensure good Ohmic contact

of CNTs with substrates because electrical resistance of

CNT arrays is usually 4 ± 6 orders of magnitude higher than

that of individual CNTs.328 The formation of an Ohmic

contact is a complicated task. To solve it, utilization of

titanium electrodes (substrate) was recommended.329 Cool-

ing in a helium stream makes it possible to remove CNT

forests from substrates. To enhance forest ± substrate adhe-

sion, it was recommended to use a 10 nm thick Fe-catalyst

film and high concentration of C2H4 during the synthesis.330

Catalyst patterning was also done using nanostructured

polysiloxane stamps; here, `ink' was prepared in reverse

micelles.157 Under particular conditions, catalyst can be

regenerated upon removal of CNT forests.331

By deposition on nickel strips 20 ± 30 mm wide on silicon

substrate and subsequent pyrolysis (no conditions were

reported) was grown a CNT forest underneath the Ni

layers.182 It is believed that this can ensure using CNTs

electric contact between the substrate and lifted-off nickel

strips.

A mechanochemical model for growth termination of

CNT forests was proposed.332

Studies on high-performance growth of CNT forests are

carried out. A reactor was designed for simultaneous

growth of CNT forests on fifty 150-mm wafers.333 A break-

through became continuous growth of CNT forest on a

moving substrate.334 At a velocity of a substrate with

catalyst in the horizontal plane 0.2 ± 1.0 mm s71, the aver-

age CNT length was *0.9 mm and decreased as this

velocity increased. A protopype of a continuous-operation

setup for growth of CNT forest was reported.335 Continu-

ous growth of CNT forests on recirculating substrates was

developed.230 Before the publication of these studies and

Ref. 336, it was assumed that continuous growth of CNT

forests is only possible using the floating catalyst

approach.115

A continuous process of the growth of CNT forest

uses 107, 337, 338 natural vermiculite as catalyst. Vermiculite

particles ground to 100 ± 500 mm in size were preliminarily

stratified, exposed to ion exchange with iron and tungsten

salts, dried and reduced with hydrogen. A mixture of C2H4

with hydrogen was the source of CNTs. Pyrolysis led to an

increase in the volume of catalyst particles due to the

growth of CNT forest between vermiculite layers. Using a

fluidized bed reactor, a CNT forest was grown with CNTs

6 ± 10 nm in diameter and 5 ± 7 mm long. The yield of CNTs

was 3.8 g per gramme of catalyst.

Overall production of aligned and agglomerated CNTs

is estimated at tonnes annually.4 In most cases, they are

synthesized in fluidized bed reactors. Among the reactors

used to grow CNT forests, vessels with moving beds (mov-

ing substrates) are most often used. A similar reactor was

also developed in Russia.339

In 2011, the first pilot plant for production of CNT

forests with an overall production capacity to 10 t annually

(from 100 to 500 g h71) utilizing supergrowth on substrates

0.560.5 m in size was put into operation in Japan.340 A

scheme of the process is shown in Fig. 10.

It is assumed that by 2014, a plant with a production

capacity from 10 to 50 t annually with a reactor with 20 m

long and 1 m wide a conveyer belt will be put in operation.

1 5

6

4
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Fe

Figure 10. Supergrowth: a schematic.340

Metallic foil (1), iron salt and Al2O3 (2), catalyst levelling (3), CNT
forest (4), conveyer for continuous CVD growth (5) and foil
recycling (6).
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Technological advantages of this process are such that the

expected prime cost of pure CNTs will abruptly decrease to

nearly $12 per kg, thus ousting not only archaic electric arc

and laser-thermal methods, but also thermal decomposition

of carbon oxide as well as inefficient pyrolytic processes

from the market.

A method for local growth of CNT forest by directed

heating (no photolithography) was reported.341, 342 A sche-

matic of this process is shown in Fig. 11.

The growth of CNT forests can be stimulated by laser

radiation and in other ways.343

Carbon nanotube forests are often synthesized using

porous alumina membranes. Specific features of these

membranes are very large pore aspect ratio and relatively

regular arrangement of pores. Pioneering studies on this

method of synthesis 344 ± 350 were reported in 1998 ± 1999; a

number of reviews are also available (see, e.g., Ref. 351).

Usually, CNTs synthesized by the template method have

both ends open 352 and their diameter is somewhat smaller

than the pore diameter.353 The larger the template pore

diameter the more probable the deviation of the CNT

diameter from the pore diameter (cf. CNT diameters

50 ± 220 nm vs. pore diameters in the range 180 ±

220 nm 354). Nanotubes growing from the pore bottom

have the pore diameter, whereas those growing on the

outer surface of the membrane or from the walls have

diameters equal to the diameter of catalyst particles.

Membranes make it possible to synthesize specific kinds

of CNTs, namely, highly ordered arrays,350 CNTs joined

along their axes,355 Y-shaped CNTs (nanotubes resemble

the pore shape),348 as well as nanotubes-in-nano-

tubes.356, 357 Porous membranes can be utilized for the

synthesis of CNTs from different materials and by the

layer-by-layer method.358

The template method using alumina membranes is

suitable for silicon technology.351 A thin aluminium film is

deposited in vacuum directly on a silicon substrate and then

anodized.359, 360 Then, metal catalyst is deposited on the

bottom of the pores and CNTs grow inside nanopores.361

To equalize the CNT length (to cut CNT tips grown out

of the membrane surface), sonication in alcohol or in water

was proposed.362

A process was developed of CNT growth at specified

intertubular distances using a membrane fabricated by

nano-imprinting on aluminium film prior to electrochemical

treatment.363 In this case, etching of metal occurs at sites

where preliminary local mechanical action was done.

A template synthesis of ordered CNT array containing

nitrogen was described.364 A CNTs/Pd7Sn/CNTs hierarch-

ical structure was obtained by a relatively simple proce-

dure.365

By preliminarily coating membrane pore walls with Fe

nanoparticles one can synthesize a ferromagnetic material

representing ferromagnetic particle-doped CNTs.366

A number of studies are devoted to the synthesis of

CNTs using Al2O3 membranes and properties of CNT

arrays.38, 41, 367 ± 381 Not only Al2O3 membranes, but also

nuclear membranes,382 porous silicon 351, 383 and mesopo-

rous silicates 213 are used to grow CNT arrays. A porous

polystyrene-block-poly(methyl methacrylate) nanotemplate

was tested successfully.140

An exotic method of synthesis of CNT forest from

alcohol flame in electric field was reported.384 Aligned

forest of bamboo-like nanofibres was obtained by magnet-

ron sputtering of graphite;11 however, this technique also

remains of limited use. High-voltage electrophoretic depo-

sition 385 and filtration of CNT dispersion in a magnetic

field 386 were also reported.

Pyrolysis of a mixture of C60 fullerene with ferrocene at

1050 8C in NH3 atmosphere gave a nitrogen-containing

CNT forest.387 Such systems are formed by plasma activa-

tion of a mixture of hydrocarbons with NH3 or N2 .278, 280

IV. Properties of CNT forest

Since base growth is the main growth mechanism of CNT

forests, CNTs can exert pressure on the substrate surface.

For instance, the pressure produced by five-walled CNTs

9 nm in diameter is 0.16 nN.31 Loading of CNT forests

causes the growth rate to decrease with increasing load.

The specific surface area of CNT forest produced using

iron phthalocyanine as catalyst is not large and lies between

28 and 57 m2 g71 and the specific pore volume is from 0.05

to 0.11 cm3 g71.388

Mechanical properties of CNT forests depend on the

CNT length, diameter and surface density. The compressive

strength of *200-nm CNT mats with very high surface

density is close to 800 MPa;389 as the CNT length increases

to a few millimetres, the strength decreases to 1.8 MPa.390

The bending modulus of CNTs in CNT forest 391 and the

compression modulus of the CNT forest at CNT height of

15 ± 500 mm (*0.25 MPa) were determined. The Young

modulus of an aligned CNT array (CNTs were less than

12 nm in diameter) exceeds a value of 400 GPa.392 Mechan-

ical properties of densely packed single-walled CNTs were

reported.393 The mechanical and adhesive properties of

entangled CNT forest (CNT `turf') were studied.394

The ignition temperatures of CNT forest in air

(*525 8C) differ insignificantly from those of free-standing

CNTs and somewhat increase as CNTs become longer.395

There is a number of studies 396 ± 406 and a thesis 407

devoted to thermal conductivity of CNT forest. The thermal

conductivity coefficient of a CNT forest can reach a value of
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Figure 11. Growth of CNT pillars by local laser heating (a) and
micrographs of pillar (b).341

C2H2+H2 mixture inlet (1), CNT pillar (2), Fe film (3), aluminium
layer (4), chromium layer for heat distribution (5), quartz substrate
(7) and laser beam (7).
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70 W m71 K71,395 being higher than those of convention-

ally used solders. At the same time, the total thermal

resistance of the CNT forest surface is 15 W mm2 K71,

which is also higher than those of solders. Since samples can

differ significantly in length, diameter, defectness, tortuos-

ity and surface density of CNTs and in the character of their

bonding to substrates, these parameters may be either larger

or smaller. To improve the transport properties of CNTs,

they are coated with metals,397 their cavities are filled with

metals 398 or the CNT forest is densified.399

The conductivity of a single-walled CNT forest is

0.56 S mm71 along CNT axes, being independent of CNT

length, and a tenfold lower when measured along the

normal to CNT axes.259 The contact resistance of a

100-mm CNT forest grown on a Mo substrate is

56104 O mm2.408 Interestingly, the electrical resistance of

amorphous CNTs grown by the template method is of the

same order of magnitude as that of well-graphitized multi-

walled CNTs, although the structures of these materials are

different.409 The forest exhibits the piezoresistive effect

(reversible decrease in resistance) upon compression.410

Diffusion of gases across the surface of CNT forest

causes its compression due to the downstream deviation of

CNT tips.411 A model describing the behaviour of a CNT

forest under shear deformation was developed.

Axial compression of CNTs leads to their bending,

buckling 412 and fracture,13 the behaviour being governed

by loading conditions and by the number of loading

cycles.413 At the same time, an array of vertically aligned

CNTs *40 nm in diameter exhibits very high elasticity on

compression and tension. The compressive strength is

15 GPa. Compression is almost reversible (Fig. 12). A

CNT forest study 414 revealed an average buckling period

of 12 mm. Compression caused the film thickness (CNT

forest height) to decrease to 15% of the initial value. After

1000 compression ± recovery cycles, the film thickness was

*85% (cf. *80% after 10 000 cycles). The film behaves

analogously to an elastic sponge with open pores which is

characterized by very high compressibility. Also, it exhibits

high shape recovery rate (>2000 mm s71) and is mechan-

ically stable.

Yet another study on cyclic compression is available.415

The authors compared the properties of a CNT forest with

those of other materials (Table 1). As can be seen, the CNT

forest exhibits rather high but not record-high properties.

Mention was also made that compression causes the CNT

conductivity to increase to some extent, the new values

being reproducible at a number of compression ± recovery

cycles of 150 000.

The deformation mechanism of CNT pillars 50 mm in

diameter involves periodic buckle nucleation, sequential

bottom-to-top buckling process, gradual compression of

the entire structure and formation of a periodic structure

(Fig. 13).416

It is believed that by coating a CNT forest with an

amorphous diamond film one can obtain a hybrid material

with very high elastic properties, with the damping proper-

ties being dependent on the surface density of CNTs.417

Experiments showed that the maximal energy reversibly

stored on tension is 500 kJ m73 or 7 kJ kg71 for 6 mm long

multi-walled CNTs.418 The former number is tenfold larger

than the corresponding value for a steel spring, the latter is

half the energy density of a steel spring.

Analysis of the morphology of a helical CNT forest

showed that impact causes no plastic deformation and is

characterized by full shape recovery.13 The behaviour of

this forest is noticeably different from that of structures

1

2

3

Figure 12. Cyclic compression and recovery of CNT forest.414

Initial height of CNT forest (1), compressed CNT forest (2) and
unloaded CNT forest (3).

Table 1. Comparison of compression data.415

Material Load Defor- Deforma- Num-
/MPa mation tion rate ber of

(%) /s71 cycles

Human skeletal muscles 0.35 >40 5 >109

Polymer PVF a 3 0.1 >1 >106

(piezoelectric)

Polyanil (conductive 180 >2 >1 >105

polymer)

PVA-PAA gel b 0.3 >40 0.1 >105

Multi-walled CNT forest >2 >35 >0.75 >106

a Poly(vinylidene fluoride). b Polyvinyl alcohol ± polyacrylamide.

20 mm

Figure 13. Micrograph of compressed CNT forest.416
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comprising free-standing nanotubes (see also Refs 419 and

420).

A carbon nanotube forest is not stable to shear defor-

mation and can be readily laid down on the substrate.417

Carbon nanotube forests can be grafted onto flexible

substrates by partially embedding CNTs.421 A quasi-static

indentation and impact-induced embedding of CNT forest

into a polydimethylsiloxane thin film was studied.422 The

load-displacement curves show three regions related to

densification, bending and buckling of CNTs. The degree

of elastic shape recovery depends on the indenter immersion

depth and varies between 10% and 25%. When using a

punch *30 mm in diameter with a flat working surface, the

Young modulus is close to 0.4 MPa (cf. a value of about

50 MPa determined for uniform compression of free-stand-

ing CNT forest).414 At an impact load equivalent to that

experienced by a dropped cell phone, the CNT forest

embedded into the polymer at the base behaved as impact-

energy absorbing and dissipating material with much better

properties compared to the polymer and CNT forest on

silicon substrate.

Many properties of CNT forest depend on the morphol-

ogy and surface density of CNTs.60 For instance, the high-

est conductivity and current density was exhibited by a

multi-walled CNT forest, while the highest thermal con-

ductivity was determined for a single-walled CNT forest.

The advantages of CNT forests consist not only in its

anisotropic properties (in particular, increased thermal and

electrical conductivity along CNT axes), but also in CNT

purity and in simplification of manipulations aimed at

obtaining individual CNTs, fibres and films.

The interaction of a CNT forest with IR radiation was

studied.370 Also, a CNT forest is characterized by record-

high ability to absorb incident light, being close to a black

body.189 The integrated reflectance of a CNT forest with the

density 0.01 ± 0.02 g cm73 is 0.045%, being three times

lower than those of known materials. The record 189 was

cut in a short time, and a CNT forest with a reflectance of

0.01% in a wider spectral range was synthesized.423

The properties of CNT forest as a black body manifest

themselves at particular film thickness which should be

greater than 10 mm. The refractive index of the material

equal to 1.07 indicates that the optical properties are

determined by the presence of atmospheric air.424 The

extinction coefficient of the CNT forest in the visible region

(0.038) is lower than that of metals and silicon. Structuring

of the CNT forest makes it iridescent, which may be used in

practice.424 The optical properties of a low-density CNT

forest were studied.425

High-intensity visible light causes electron emission

from CNT arrays.426 This was observed upon laser irradi-

ation at 532 and 488 nm; the emission current increased

pseudo-exponentially with increasing irradiation power (see

also Ref. 427).

Carbon nanotube forests exhibit superhydrophobic and

superlyophobic properties.428 For water droplets, the con-

tact angle increases from 1008 for single-walled CNTs to

1208 for double-walled CNTs and to 1508 for multi-walled

CNTs.53 A CNT forest comprised of carbon nanotubes

coated with polytetrafluoroethylene thin film is also a

superhydrophobic material.429

The friction coefficient of a CNT forest with 6-mm CNTs

is independent of moisture and ranges from 0.6 to 1.3.430

V. Modification of CNT forest

Modification implies changes in the shape or composition

of primary CNT forest and can be achieved using mechan-

ical, physicochemical, chemical, electrochemical or com-

bined techniques.

Mechanical methods include microstamps, alignment of

CNT forests on substrates by shear deformation, a decrease

in the surface density of CNTs by mechanical `thinning',

mechanical formations of particular configurations of CNT

forests, namely, pillars, ribbons, cones, etc. A two-step

process of mechanical dispersion of CNT forests to give

transparent coatings was developed.431

Physicochemical methods are based on capillary effect.

Wetting of CNTs followed by evaporation of solvent leads

to densification of the CNTs, their laying down on the

substrate or formation of 3D systems of complex shape

(screw-like, star-shaped, etc.).

Chemical methods include grafting of chemical groups,

monomers that can then be polymerized, and polymers to

the surface of CNTs, chemical etching, decoration of CNTs

with nanoparticles, uncapping of CNTs and filling their

cavities with various substances, formation of composites

by filling the intertubular space or coating of CNT tips with

some compounds. Electrochemical methods include, in

particular, electropolymerization 432 and decoration.433

Combined methods include electro- and photochemical

modification of CNT forests, as well as plasma and laser

treatment.

A particular type of operation is represented by transfer

of CNT forests from primary substrates to some other

substrates.

The simplest way to reinforce electrodes based on forests

is to fill the intertubular space with silica gel by chemical

vapour deposition of tetraethylorthosilicate.434

To fabricate membranes, to increase the surface area of

(i) electrodes of supercapacitors and (ii) catalyst supports as

well as to reach many other goals, open CNTs are required.

Nanotubes in CNT forests can be uncapped by slow

oxidation by anhydrous air or by oxygen at a low heating

rate.435, 436 If CNTs have additional `windows' on lateral

surfaces, the specific surface area can be increased to

2240 m2 g71 (heating to 500 8C at a rate of

1 K min71).436 Another method to obtain vertically aligned

arrays of open CNTs is as follows: a CNT forest grown on a

substrate is flipped, CNT tips are immersed into a solder

and then the substrate is dissolved.437

Hydrophobic properties of CNT forests can be con-

trolled by functionalization in plasma 438 and by UV irradi-

ation in ozone atmosphere.439 The surface of CNTs can be

modified by photochemical addition of perfluoroaryl

azides.330

Organization of CNT forests as hierarchical 2D and 3D

structures is possible (see, e.g., Refs 45 and 440). Carbon

nanotube forest can be structured by embossing into micro-

patterns (resolution to 10 mm) or by chemical etching

(resolution to 5 mm).45 Methods for micro-electromechan-

ical processing of CNT forest by a rotating electrode were

developed.441

Wetting of CNT arrays with acetone, toluene, ethanol,

isopropyl alcohol, water and subsequent evaporation of the

liquid leads to densification of the CNT arrays.16, 59, 442 ± 448

Capillary forces arising during the evaporation of liquids

from CNT forests cause changes in the morphology and
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assembling of adjacent `cells' to form a 2D `foam'

(Fig. 14).442, 443, 449 Isotropic compression 59, 445 and adhe-

sion to substrate 450 was reported for assemblies of CNT

forest microstructures. A detailed study of the influence of

capillary effect on various configurations of CNT forests

allowed one to reveal and classify specific changes in their

microarchitectures.451 These changes were most pro-

nounced for CNTs arrays occupying less than 400 mm2 on

the surface at CNT aspect ratio of >3. Examples of changes

are given in Fig. 15.

Depending on the CNT length, cross-section shape and

the nature of the wetting liquid, its evaporation can lead to

connection of CNT tips and formation of conical (pyrami-

dal) structures 444, 449 or CNT bundles joint along the CNT

axes except base regions.448 Using a dielectric liquid oil, the

volume of the CNT forest was reduced by almost 80%.441

Densification of long single-walled CNTs was carried

out with partial detachment of the CNTs from the sub-

strate.59 The CNT forest properties before and after densi-

fication are listed in Table 2 where the corresponding

properties calculated for ideal dense bundles of CNTs

2.8 nm in diameter are given for comparison.

a b

c d

Figure 14. Formation of cellular structure in CNT forest film.442

Initial CNT forest film (a), crack formation during the evaporation
of liquid (b), bending of CNTs and association of their tips (c) and
the final cellular structure (d ).

a c

b
d

20 mm500 mm
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100 mm
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Figure 15. Micrographs of different forms of CNT forests created by capillary compression.451

Concentric cylinders and cones, radially oriented CNT films surrounding a vertical needle (a), `blooming flowers' of radially-oriented
bending CNT structures (b), CNT micro-helices with variable diameter and pitch (c) and complex lattice structures formed from CNT
forests with patterned internal voids (d ).
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By varying catalysts one can induce the formation of

cellular or island structure of CNT forests, namely, CNTs

move from their initial positions and leave some area on the

substrate surface unoccupied.452 The distance travelled by

the CNT bases increases with increasing the height of CNT

forest.

The influence of different solvents on the mechanical

properties of densified CNT fibres and pillars and CNT

forest (3-mm height) was studied.413 It was shown that the

maximal compression energy density of a CNT array is

7.86106 kJ m73. Densification of a template-grown CNT

forest was reported.453 The electrocapillary effect was uti-

lized to densify a CNT forest 454 and to lay down the CNT

ribbons on the substrate.455 A CNT forest can be densified

mechanically; here, the volume occupied by all CNTs is

decreased by 1%± 20%.456

Carbon nanotube forests were mechanically aligned to

fabricate dense flexible ribbons.34, 230, 328, 329 Namely, paral-

lel ribbons of CNT forest (1 ± 2 mm high and 20 or 100 mm
wide) with spacings equal to the CNT height were grown

and aligned to the substrate surface. The schematic of the

process is shown in Fig. 16. The stronger the alignment

force the smaller the film thickness and the higher the

density of CNT alignment. The relative density of CNT

alignment was determined as the ratio of the surface density

of CNTs in the CNT forest to the theoretical surface density

calculated for densified CNTs of a specified diameter (in

this case, *10 nm). It increased from an initial value of 0.02

corresponding to the CNT forest to the maximal value of

0.25 for the film. Further capillary densification caused the

relative density of alignment to increase to a value of nearly

0.6. The average resistivity of films thus obtained with a

volume occupation of 0.42 was 1 mO cm; they could be

transferred onto various substrates and use as, e.g., contacts

in micro-electromechanical systems.{

Ribbons from densified vertically-aligned CNT arrays

were fabricated from a CNT forest grown in the form of

square pillars by transfer onto another substrate.458 A

simpler way of horizontal alignment of CNT forest strips

is to wet them with isopropyl alcohol and then to dry.450

Aligned CNT forest can be transferred from one substrate

to another by dry contact printing technique.459

Nanotubes in CNT forests can be modified, namely,

decorated with, e.g., Pt nanoparticles,460 bear continuous

coatings or contain metals (in particular, nickel 461) in the

inner cavity. Decoration of CNT forest with metal or oxide

nanoparticles differs from the decoration of free-standing

CNTs because top-to-base diffusion is hampered and a

continuous coating can form on the surface of the CNT

forest. The interaction of deposited metals (Au, Al, Ti, Pd)

with the array comprising CNTs with an average diameter

of 1.9 nm at different temperatures (25 and 3008C) and

deposition rates (0.05, 0.20 and 0.40 nm s71) is accompa-

nied by the formation of either continuous film or individ-

ual metal nanoparticles.462 Deposition of platinum,

ruthenium and silver proceeds with the formation of clus-

ters at the top of CNTs; however, thermal annealing leads

to migration of metals towards the base area of the CNT

forest.463 Metal nanoparticles can be deposited by electro-

static 464 and electrolytic 465 techniques.

Chemical modification of CNT forests can be achieved

in different manner using, e.g., perfluoroarylazides 330 or

nucleic acids.466 Chemical method allows individual CNTs

to be cross-linked, thus improving the performance of

actuators.467

To avoid collapse of CNT forests upon opening and

chemical functionalization of CNTs, it was proposed to fill

the intertubular space with spin-on glass.466 Then, acid

functionalization of CNT open ends and further trans-

formations of grafted carboxyl groups can be done with

ease.

Both pre-functionalized and untreated CNT forests are

suitable for electrochemical modification.468, 469 Not only

metal deposition, but also electropolymerization of pyr-

role 470, 471 and plasma polymerization of a fluoropoly-

mer 472 were reported. Various configurations of CNT

forests are formed using electric microcharges.473

Carbon nanotube arrays are detached from quartz

substrates by immersion into water.249 Carbon nanotube

forests can be transferred to flexible polymeric substrates by

contact microprinting;155, 474 one can also fabricate complex

3D structures.475 Transfer to polymeric substrates can be

done with a hot plate,476 by spin-coating 416 and microwave

heating of thermoplastics.477 When using polydimethylsi-

loxane, transfer of CNT forests onto Pt-coated glossy

paper, fabrics, polymers, glass plates and metallic foil is

possible.478

A method was proposed for transfer of CNT forest to

the secondary conductive substrate coated with a solder

(Sn7Pb eutectic).437 CNT tips are immersed into the solder

while the primary substrate is removed (Fig. 17). Carbon

nanotubes on the secondary substrate have open ends. The

Table 2. Structure and properties of CNT forest.59

Property Initial Dense Perfectly
CNT CNT dense CNT
forest forest forest

Density /g cm73 0.029 0.57 0.78

Surface density of CNTs /cm72 4.361011 8.361012 1.161013

Surface area per CNT /nm2 234 11.9 8.7

Lattice constant /nm 16.4 3.7 3.2

Relative volume of CNTs (%) *2.6 52 72

Vickers hardness *0.1 7 ± 10 7

1

2

Figure 16. Rolling of vertically aligned CNT arrays into horizon-
tally aligned, densified CNT strips.328

CNT forest packing fraction: 0.02 (1) and 0.25 (2).

{Mechanical alignment was also used in another study;457 is will be

discussed in the next Section.
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secondary substrate and base regions of low-surface-density

CNTs are coated a thin layer of epoxy resin, the substrate is

removed and the CNT forest is transferred to another

substrate which can be flexible.479

VI. Applications of CNT forests

Potential application fields of CNT forest are diverse and

continuously extend. Some of them have been sur-

veyed.215, 480

Undoubtedly, supergrowth of CNT forest will be used

as high-performance method of synthesis of pure uniform

CNTs.

Numerous attempts to utilize CNT forests as material

for field emitters were made (Refs 46, 54, 56, 93, 159, 166,

170, 191, 246, 291, 293, 294, 376 ± 378, 453, 481 ± 493).

Double-walled CNTs are thought to be better than single-

walled ones (the latter undergo a relatively fast degrada-

tion).172, 487 When using a CNT forest for fabrication of

field emitters, optimization of the catalyst layer thickness is

of particular importance.488 Single-walled CNT field emit-

ters fabricated on multi-walled CNTs were reported.453 An

important problem consists in the difficulty in obtaining a

low surface density of CNTs because at high surface

density, electromagnetic fields overlap and field emission

becomes less efficient. To solve the problem, it was pro-

posed to use honeycomb configurations of CNT forests.453

Manufacturing of electrodes for supercapacitors is yet

another promising application field of CNT forest.494 The

first experiments were carried out using a CNT forest with

random alignment of CNTs, having a smaller specific sur-

face area compared to activated carbon. The CNT forest

showed a higher capacity, namely, 102 F g71 for multi-

walled CNTs 495 and 180 F g71 for single-walled CNts.496

Ready accessibility of CNT surface to electrolytes, which

ensures high capacity, is due to unique porosity of CNTs

owing to high content of mesopores.495 ± 497 Also, CNTs are

better conductors than activated carbon.498 Another advan-

tages of CNTs include the lack of edges typical of faceted

crystals as well as the ability to be aligned in directed

manner.499

The possibility of utilizing CNT forests in highly effi-

cient supercapacitors was substantiated in another study.500

Such devices show high stability on cycling.351 Patterned

configurations of CNT forests offer advantages over those

with random alignment of CNTs due to specific features of

adsorption of electrolyte particles on the CNTs.387 The

position of the supercapacitors based on CNT forests

among other small power cells is shown in Fig. 18.

Supercapacitors based on single-walled 501, 502 and

multi-walled CNTs,503 as well as on CNT/graphene sand-

wiches 504 were tested. Some of then remain stable after

200 000 charge ± discharge cycles in the temperature range

from 25 to 100 8C.505

Treatment of CNT forests to open CNT ends leads to an

increase in the surface area of electrolyte/electrode con-

tact.501 For open single-walled CNTs, the specific surface

area increases to 2200 m2 g71, the specific energy of electro-

des increases to 24.7 W h kg71, and the specific power

increases to 98.9 kW kg71 (electrolyte was a solution of

tetraethylammonium tetrafluoroborate in propylene carbo-

nate);436 the CNT forest was mechanically densified to

obtain a high specific surface area. Carbon nanotubes can

also be uncapped with plasma.

A densified CNT forest was obtained by combining

mechanical alignment to the substrate surface and wetting

with electrolyte.457 A suparcapacitor with densified CNT

electrodes operating at a voltage of 4 V was characterized

by a specific energy of electrodes of 94 W h kg71 and a

specific power of 210 kW kg71.

A number of studies are devoted to supercapacitors

based on vertically aligned arrays of CNTs decorated with

reactive transition metal oxides, viz., RuO2 ,506, 507

NiO(OH),508 Mn3O4 .509 A supercapacitor based on a forest

CNT

CNT
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Metal
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Figure 17. Schematic diagram of CNT transfer technology.437
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Figure 18. Properties of energy storage systems.
Fuel cells (1), conventional power cells (2), inertia devices (3),
supercapacitors (4), supercapacitors with single-walled CNTs (5)
and conventional capacitors (6).
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of template-grown CNTs coaxially coated with a MnO2

layer was reported.510 The results of particular studies on

supercapacitors were documented.59, 61, 414, 436, 511 ± 514

Micro-supercapacitors were fabricated,385, 515 they can

be assembled by the `origami' principle.516, 517 According to

model calculations of a supercapacitor based on CNT

forest, its capacity depends strongly on pore size.518

A Li-ion power cell based on a CNT forest coated with

amorphous silicon was proposed. Silicon can provide a very

high specific energy; however, bulk silicon undergoes irre-

versible dispersion upon intercalation with lithium. This

drawback can be eliminated using patterned silicon forest.

A CNT forest is a good support for catalysts including

the Fischer ± Tropsch catalyst.179 Prospects for utilizing

CNT forests with platinum 460 and PtRu 519 nanoparticles

dispersed on CNTs as electrocatalysts for fuel cells are

considered.

The applicability of vertically aligned arrays of CNTs

coated with a thin (5 nm) layer of In2O37SnO2 solid

solution in new-generation solar cells was studied.520

A CNT forest with redox-active molecules grafted onto

CNTs is promising for information storage.521 Carbon

nanotube forests can serve components of micro-electro-

mechanical systems385, 450, 522 and have different functions

up to being a kind of wicking for fluid delivery.523 Prospects

for application of CNT forests as electrical conductors

grown on side surfaces of electrodes are also vital.524 At

CNTs length 0.05 mm (and longer) their resistance is lower

than that of copper (Fig. 19).

Carbon nanotube forest are suitable for drawing long

thin ribbons 128, 176, 525 ± 528 and twisted yarns or fib-

res.7, 99, 134, 176, 447, 529 ± 539 Not all types of CNT forests are

appropriate for drawing purposes;537 ± 540 nevertheless,

yarns were fabricated even from a powder-containing mate-

rial.536 The thickness of CNT yarns can be varied by

varying the drawing angle.541 Conditions for manufacturing

of strong wires from CNT forests and method for improve-

ment of their tensile strength were described in Ref. 532.

The average tensile strength of polymer-free fibres reached a

value of 800 MPa while that of fibres containing 10 mass%

polystyrene was 1040 MPa.

Carbon nanotube fibres and yarns with high conductiv-

ity due to the deposition of metals 534 can serve as micro-

electrodes for implants, light-weight conductors for aviation

and in electronics. By growing a CNT forest on both sides

of metallic foil one can simultaneously draw two yarns.176

Carbon fibres can serve sensors in composites.542

CNT-Ribbons are used to manufacture actuators.507, 543

It was proposed to utilize superaligned CNT forest and

fibres and ribbons fabricated from it as sources of polarized

light, optically transparent electrodes and filaments, flexible

and transparent membranes for loud-speakers, components

of superelastic actuators and grids for high-resolution

electron microscopes.100

To add functionality of CNT forest, one should design

composite materials belonging to the following four types:

Ð CNT forest in a polymeric or inorganic matrix (see

below);

Ð CNT forest with CNTs decorated with metal or oxide

nanoparticles;

Ð CNT forest with filled CNT cavities;

Ð CNT forest/inorganics (vermiculite,544 gra-

phene,188, 504, 545, 546 polydimethylsiloxane 547) sandwiches.

Under particular conditions, the catalyst used to grow

CNTs may to one or another degree fills their inner cavities

(see, e.g., Refs 180 and 548). Also, nanotube cavities can be

filled with fullerene molecules.549

Carbon nanotube forests are utilized as components of

polymeric nanocomposites fabricated using infiltration of

polymers,526, 550 ± 560 infiltration into densified CNT for-

est,561 ± 563 into aligned CNT forest,564 electrochemical dep-

osition,565 vapour phase deposition,429, 434, 503, 550, 566 ± 569

capillary wetting with polymers 570 and alignment in mag-

netic field.571 Studies on vacuum infiltration of CNTs

including CNT forests were reviewed.572 Composites for

self-cleaning coatings were reported.552 Problems in the

design of nanocomposites with high thermal conductivity

and the thermal conductivity mechanisms were dis-

cussed.563, 573 Application fields of polymeric composites

for solar cells were considered.574

It was proposed to use composites based on densified

CNT forests as templates (master moulds) for fabrication of

polymer microstructures.575 To this end, a CNT forest

grown on a patterned catalyst is capillary densified using

organic liquids and then impregnated with the polymer.

Intertubular space is filled with not only polymers, but

also Si, SiO2 and Si3N4 .64 Botryoidal ZnO particles were

grown by CVD on carbon nanotube forest.576 The list of

nanocomposites based on inorganic substances filled with

CNT forests is rather long.

Hybrid composites comprised of carbon, ceramic or

glass fibres in a polymeric template with reinforcing CNT

forest laminae are also promising.189, 542, 553, 577 ± 579 When

fabricating layered composites, CNT forests can be intro-

duced by direct growth on woven fabric layers,189 by trans-

fer using microprinting techniques,578 by incorporation

between layers of carbon fibre fabric 542, 553 and infiltra-

tion.580 Coating of a CNT forest with polyurethane film and

subsequent removal of substrate afforded CNT/polyur-

ethane films.559

Carbon nanotube forests are used to fabricate super-

hydrophobic coatings.330, 428, 429, 444, 581 ± 584 Such coatings
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Figure 19. Electrical resistance-vs.-interconnect length plots for a
copper (1) and a CNT-based interconnect (2).524

Regions I and II correspond to nearly equal and considerably
different electrical resistance, respectively.
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on steel meshes make it possible to separate water droplets

from organic liquids.177

Superhydrophobicity was also attained by alignment of

CNT forest as ribbons forming honeycomb structures.30 In

contrast to the CNT forest with densely packed CNTs, films

with the honeycomb structure were characterized by a

sliding angle of less than 58. The authors reported that the

honeycomb structure was obtained immediately in the

floating catalyst synthesis of CNT forest; however, usually

CNT tips are joined upon evaporation of solvent from pre-

wetted CNT forest.

A study on the influence of the pressure of a liquid on

the wetting stability revealed that the CNT forest stands

against a pressure of more than 10 kPa without changing

the wetting angle.444 To improve the hydrophobicity of

CNT forest, its surface was coarsened by laser radiation.585

The wetting angle on dense CNT forest varies depending on

the applied potential.586 It should be noted that super-

hydrophobic CNT forest coatings with relatively low sur-

face density of CNTs are of limited use.

Carbon nanotube forests are promising as components

of various sensors. Here, an important role can be played by

large specific surface area of CNT forest and by the ratio of

the surface area of CNTs to the substrate surface area

occupied by the CNT bases. In particular, gas sen-

sors,463, 568, 569 bio- and immunosensors,29, 87, 231, 466, 587 ± 598

and pressure/touch sensors 484, 599 were tested. Vertically

aligned CNT arrays coated with thin polypyrrole films can

serve as carriers of various molecules in selective chemical

sensors.432 Films of aligned CNTs on flexible substrates

were used to fabricate sensors for detection of different

types of human motion.600

Mechanical properties, in particular, high elasticity of

CNT forests allows them to be utilized as dampers and

springs.413, 414, 418, 601

Conductive properties of CNTs underlie applications of

CNT forest as electrodes,51, 87, 227, 602 flexible conductors,603

electrical brush contacts 178, 200, 445 and electromechanical

switches.200 The minimal diameter of micro-electrodes fab-

ricated from CNT forests is 2 mm.602 Engineers at `Toshiba'

(Japan) are developing integrated circuit interconnectors

based on multi-walled CNTs. They reported a CNT packing

density of 261012; the deposition into substrate pits 70 nm

in diameter was carried out by e-beam evaporation method

at 450 8C.} It was proposed to use capillary densified CNT

micropillars as electric contacts for information systems.446

The possibility of using a CNT forest as interface with living

systems was suggested.604

Thermal properties of CNTs allow CNT forests to be

used as heat sinks, in particular, for high-brightness light-

emitting diodes,605 silicon chips 162, 532, 606 and electronic

devices.134 The use of indium solder thin film increases the

thermal conduction of CNTs to *106 W m72 K71.399 The

first heat sink for semiconductor chips was announced by

`Fujitsu' (Japan) in December 2005. By 2012, this company

planned to put on the market a technology for fabrication

of CNT IC interconnectors. The properties of densified

CNT forest as thermal interface were described.607

The superconducting properties of NbC are improved

upon coating with a CNT forest.608

Many studies are devoted to fabrication of 3D CNT

forest configurations of different shape 67 ± 76 (e.g., micro-

structures from square micropillars,609 cylindrical micro-

pillars 67 or thin plates 328) and complex structures on

substrates.31, 326, 450, 451 This makes it possible to utilize

CNT forests as, e.g., stamps for microprinting (to 50

imprints can be obtained 610) or for horizontal alignment

to form ribbons.328

Carbon nanotube forests are used to manufacture vari-

ous intellectual materials,231 photoelectric conversion devi-

ces 87 and magnetic nanostructures.105 A CNT forest

modified with ferrocene is promising for information stor-

age systems.521 Patterned CNT arrays may exhibit the

properties of photonic crystals.611, 612 Coatings based on

CNT forests with low surface density of CNTs make things

invisible.613, 614 Carbon nanotube arrays on silicon and

LiTaO3 substrates act as detectors of IR radiation.615, 616

A specific potential application field of CNT forest is

fabrication of dry adhesives similar to gecko foot-

hairs.617 ± 620 Gecko lizards can run across the ceiling due

to the action of van der Waals forces (*37.5 N cm72, see

Ref. 621). Large-scale production of such adhesives (prob-

ably, for gloves that will allow humans climb any smooth

vertical surface) is expected to start in 3 ± 5 years, although

it is still unclear whether technological difficulties (maxi-

mum values attained are 29 (Ref. 622) and *100 N cm72

(Ref. 623) will allow them to compete with much more

readily available polymeric adhesives (maximum value is

nearly 3 N cm72).622

Carbon nanotube forests can be utilized as substrates

with zero adhesion to nanoscale materials fabricated on

them; this enables manipulation of such materials.624, 625 In

this respect, CNT forests are superior to fluoroplastics.

Modified CNT forest films serve substrates for growth

of biological cells.449, 470, 626, 627

Carbon nanotube forest can be used in converters of

low-potential heat to electricity.628 Studies by Strano and

co-workers 629, 630 opened new prospects for application of

CNT forest in power engineering. Ignition of thin (7 nm)

cyclotrimethylenetrinitramine coating on CNTs caused the

combustion front to propagate at a velocity of more than

2 m s71, which is more than four orders of magnitude

greater than the combustion front velocity in bulk material.

The effective thermal conductivity was 1.28 kW m71 K71

and the electric pulse generated due to the temperature

difference between the combustion front and the cold end of

such a `thermocouple' had a specific power of 7 kW kg71.

This was explained by high thermal conductivity and

electrical conductivity of CNTs and named `thermopower

waves'. Also, Strano and co-workers 629, 630 outlined pros-

pects for applications of thermopower waves.

Carbon nanotube membranes represent a macromaterial

related to CNT forest.631, 632 Thin isoporous membranes

with open-end CNTs as channels can be formed from CNT

forests without difficulties. Here, the pore size can be

rigorously controlled by choosing the CNT diameter deter-

mined by the growth conditions. The permeability of CNT

membranes can also be tuned by uniaxial compression of

the membranes.631 The sequence of operations is shown in

Fig. 20. Carbon nanotube membranes are compatible with

micro-electromechanical systems.

In addition to inner cavities of open-end CNTs (pro-

vided that intertubular space is filled), the space between

closed CNTs can serve a channel for liquids and gases. In
} http://www.toshiba.co.jp/tech/review/2011/high2011/high2011pdf/

1101.pdf
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the latter case, the nanotube ± nanotube separation can be

varied by deposition of oxides on CNTs or by electro-

polymerization of pyrrole.470, 479, 565, 634, 635 The permeabil-

ity and selectivity of polypyrrole-coated membranes can be

controlled by applying one or another electric potential.636

In spite of a very small diameter of channels (<2 nm),

the high density of channels and increased velocity of

transport through them 637 ± 641 predetermine a much higher

permeability of water and gases through CNT membranes

compared to the permeability of polycarbonate membranes.

According to calculations, CNT membranes can be utilized

for desalination of water.642 High rate of transport through

CNTs can be due to zero friction owing to mirror-sym-

metrical repulsion of molecules from inner CNT walls and

to concerted diffusion mechanism if nanotubes are less than

2 nm in diameter.637, 640, 642 ± 646

Membranes from dense aligned CNTs with unsealed

interstitial pores CNTs were fabricated.647 Here, filtration

occurs through both inner cavities of CNTs and interstitial

pores.

One of the first experimental studies that revealed a high

flow rate of liquids through CNT membranes was reported

in 2000.648 More recent studies were reviewed.632, 646, 649

The permeability of gaseous nitrogen and complex ions

[Ru(NH3)6]3+ through multi-walled CNT membranes was

measured, the possibility of electrochemical modification of

CNT membranes was shown and the possibility of separa-

tion of biological substances on CNT membranes was

assessed.650

Using conductive polymers, one can fabricate catalyti-

cally active membranes based on Pt-decorated CNT for-

est.651

A study 652 showed that no detectable quantity of CNTs,

CNT bundles or carbonaceous particles are released to the

occupational environment during the growth of a CNT

forest and subsequent handling.

* * *

Below we will outline some studies that appeared after this

review was submitted for publication.

The Fe catalyst film thickness corresponding to the

highest degree of ordering CNTs in the CNT forest was

determined.653, 654 It was shown that a FePt catalyst film of

particular thickness can be superior over the Fe catalyst in

selectivity of the growth of single-walled or double-walled

CNTs.655 New data were obtained on the kinetics of the

CNT forest growth activation and deactivation.656 A

method of synthesis of single-walled CNT forest with

relatively large CNT diameter was reported.657

Russian researchers from Nizhny Novgorod developed a

technology for the synthesis of CNTs with walls from

radially oriented multi-walled CNTs and from CNT± chro-

mium and CNT ± tungsten composites.658 Methods of

growth of CNT forest with fixed and floating catalysts

were compared.659 The properties of CNT forest for draw-

ing fibres 660 and manufacturing durable conductive fabrics

from CNT forests were described.661 Methods of laser

etching of CNT forests and its transfer to other substrates

were developed.662 A method of synthesis of CNT forest

using waste plastic from commercially available water

bottles was tested.663

A videoguide on microstructures fabricated from CNT

forests is available.664 It was shown that the degree of

densification of CNT forest using capillary effect can be

controlled by varying the duration of contact between

solvent vapours and the primary CNT forest.665

The influence of the CNT diameter and the density of

the CNT forest on its mechanical properties was studied.659

The viscoelastic behaviour of a CNT forest was studied.666

A method for attainment of abrupt changes in the optical

properties of CNT forest was reported.667

A `dry' method for coating CNTs in CNT forests

with polymers for subsequent fabrication of yarn and

strong fabrics was developed.668 Carbon nanotube

forests have high sorption capacity (35 g g71) compared

to petroleum.669 A carbon nanotube forest of doped

CNTs was as efficient electrocatalyst.670 New data are

available on application of CNT forests in solar

cells 671, 672 and fuel cells.673 A piezoresistive CNT forest

sensor was reported.674

VII. Conclusion

Arrays of vertically aligned needle-shaped systems (single

crystals or polycrystals) a few micrometres or from a few

tens to a few hundred nanometres in diameter are known

since 1964 when the VLS method was reported for the first

time 675 taking silicon as an example (see Introduction).

Since then, the technique has been used to obtain nanowires

from other semiconductors including elements (Ge), oxides

(ZnO, TiO2 , WO3 , etc.), selenides (CdSe, PbSe, In2Se , etc.),

nitrides (GaN, InGaN , etc.), phosphides (GaP, InP, etc.),

antimonides (AlSb, GaSb, InSb , etc.) and solid solutions,

as well as to fabricate heterostructures.676, 677 Arrays of

these substances grown on substrates can also be called

forests. To date, such systems have been studied in quite

detail.

There are some analogies between the mechanisms

of forest formation from these substances and the

growth mechanism of CNT forest. In particular, both

1

2

3

4

5

6

7

Figure 20. Schematic of the fabrication process of a CNT mem-
brane.633

Pit formation (1), catalyst deposition (2), CNT forest growth (3),
intertubular space filling (4), partial etching of substrate (5), partial
dissolution of the surface layer of filler (6) and CNT uncapping (7).
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methods use metal catalysts (most often, gold in the VLS

method) and the diameter of the catalyst particle specifies

the diameter of semiconductor nanowires or the CNT

diameter.

Also, there are significant differences. First, in the VLS

method the catalyst particle is always on top of the growing

nanowire, whereas in the synthesis of thin CNT forests the

catalyst most often remains on the substrate. In the VLS

method, the possibility of growth is usually related to the

fusion diagram of the catalyst ± semiconductor system. The

case of CNT forest is more complicated. For instance, it is

still unclear why the CNT length is limited to 15 or 20 mm

even under supergrowth conditions.

At the same time, none of the semiconductor forests can

compete with the relatively young material, the CNT forest,

in properties, functionality and potential fields of applica-

tion. Taking into account continuously increasing interest

in CNT forests and rapid appearance of new publications,

one can suggest that the potential of this material is far-

reaching and new application fields are anticipated. Carbon

nanotube forest synthesized by the supergrowth method

seems to offer the greatest prospects.

Forest-like microstructures were produced photolitho-

graphically and by laser etching (see, e.g., Ref. 678); how-

ever, in these cases the particle size is much larger than in

the case of CNTs. In addition, forest-like microstructures

should be much more expensive than CNT forest; as a

consequence, they seem to be of limited use eve in the

future.

Usually, a CNT forest comprises CNTs of different

diameter and chirality; a fraction of CNTs exhibit metallic

conductivity, while the remaining CNTs behave as semi-

conductors. Would the selective synthesis of a single-walled

CNT forest with specified properties be possible, it could

act as semiconductor material with tunable bandgap (the

bandgap is determined by the CNT diameter and chirality).

Solving this problem will open new application fields of

CNT forests in micro- and nanoelectronics. The possibilities

of selective synthesis of semiconductor CNT forest were

suggested 679 and reviewed.3 Although the material was

successfully used in field-effect transistors, a road to versa-

tile carbon semiconductor is still very long.

Presently, many studies on CNT forest reported

7 ± 10 years ago and some predictions concerning potential

fields of application seem to be somewhat naive; however,

they were a necessary step on the way to knowledge and in

the evolution of technology. An example of CNT field

emitters shows that the period of time from feasibility

demonstration to engineering development and industrial

application is often very long.

A severe problem is to certify CNT forests and to

fabricate reference samples. This was pointed in a study 333

whose authors developed a semi-industrial method of

growth of CNT forest on wafers 50 ± 100 mm in diameter

with simultaneous quality control.

I clearly understand that, taking into account the state

of the art of research and development in Russia, the

materials presented above can be out of demand for some

time. However, I hope that information concerning world-

recognized research will favour attempts to change the

situation for better.

References

1. E G Rakov Russ. Chem. Rev. 82 27 (2013)
2. E G Rakov Vse Materialy. Entsikloped. Spravochnik (10) 14

(2011)
3. H Chen, A Roy, J-B Baek, L Zhu, J QuMater. Sci. Eng. R 70

63 (2010)
4. Y Lan, Y Wang, Z F Ren Adv. Phys. 60 553 (2011)
5. Q Zhang, J-Q Huang, M-Q Zhao, W Z Qian, F Wei

ChemSusChem. 4 864 (2011)
6. F Wei, Q Zhang, W Z Qian, G H Xu, R Xiang, Q Wen,

Y Wang, G H Luo New Carbon Mater. 22 271 (2007)
7. E Joselevich, H Dai, J Liu, K Hata, A H Windle, in Carbon

Nanotubes Vol. 111 (Eds A Jorio, G Dresselhaus,
M S Dresselhaus) (Berlin, Heidelberg: Springer, 2008) p. 101

8. P Eklund, P Ajayan, R Blackmon, A J Hart, J Kong,
B Pradhan, A Rao, A Rinzler International Assessment on
Research andDevelopment of CarbonNanotubeManufacturing
and Application. WTEC Panel Report (Baltimore, MD:World
Technology Evaluation Center, 2007)

9. N S Kim, Y T Lee, J Park, H Ryu, H J Lee, S Y Choi,
J Choo J. Phys. Chem. B 106 9286 (2002)

10. W D Zhang, Y Wen, W C Tjiu, G Q Xu, L M Gan
Appl. Phys. A 74 419 (2002)

11. N Hayashi, S-I Honda, K Tsui, K-Y Lee, T Ikuno,
K Fujimoto, S Ohkura, M Katayama, K Oura, T Hirao
Appl. Surf. Sci. 212 ± 213 393 (2003)

12. V Bajpai, L Dai, T Ohashi J. Am. Chem. Soc. 126 5070 (2004)
13. C Daraio, V F Nesterenko, S Jin J. Appl. Phys. 100 064309

(2006)
14. E Einarsson, H Shiozawa, C Kramberger, M H Rmmmeli,

A Grmneis, T Pichler, S Maruyama J. Phys. Chem. C 111
17861 (2007)

15. E Einarsson, M Kadowaki, K Ogura, J Okawa, R Xiang,
Z Zhang, T Yamamoto, Y Ikuhara, S Maruyama J. Nanosci.
Nanotechnol. 8 1 (2008)

16. E Verploegen, A J Hart, M De Volder, S Tawfick, K-K Chia,
R E Cohen J. Appl. Phys. 109 094316 (2011)

17. Y Shimizu, T Sasaki, TKodaira,KKawaguchi, K Terashima,
N Koshizaki Chem. Phys. Lett. 370 774 (2003)

18. Y-Q Xu, E Flor, M J Kim, B Hamadani, H Schmidt,
R E Smalley, R H Hauge J. Am. Chem. Soc. 128 6560 (2006)

19. Y Taki, M Kikuchi, K Shinohara, A Tanaka Jpn. J. Appl.
Phys. 47 721 (2008)

20. A M Cassell, M Meyyappan, J Han J. Nanopart. Res. 2 387
(2000)

21. Q Zhang, W Zhou, W Qian, R Xiang, J Huang, D Wang,
F Wei J. Phys. Chem. C 111 14638 (2007)

22. X Li, A Cao, Y J Jung, R Vajtai, P M Ajayan Nano Lett. 5
1997 (2005)

23. S Huang, L Dai, A W H Mau J. Mater. Chem. 9 1221 (1999)
24. C P Deck, K S Veccio J. Phys. Chem. B 109 12353 (2005)
25. C Zhang, S Pisana, C T Wirth, A Parvez, C Ducati,

S Hofmann, J Robertson Diamond Relat. Mater. 17 1447
(2008)

26. J J Jackson, A A Puretzky, K L More, C M Rouleau,
G Eres, D B Geohegan ACS Nano 4 7573 (2010)

27. T Iwasaki, J Robertson, H KawaradaNano Lett. 8 886 (2008)
28. M Pinault, V Pichot, H Khodja, P Launois, C Reynaud,

M Mayne-L'Hermite Nano Lett. 5 2394 (2005)
29. C K Tan, K P Loh, T T L John Analyst 133 448 (2008)
30. S Li, H Li, X Wang, Y Song, Y Liu, L Jiang, D Zhu J. Phys.

Chem. B 106 9274 (2002)
31. A J Hart, A H Slocum Nano Lett. 6 1254 (2006)
32. E R Meshot, A J Hart Appl. Phys. Lett. 92 113107 (2008)
33. M Bedewy, E R Meshot, H Guo, E A Verploegen, W Lu,

A J Hart J. Phys. Chem. C 113 20576 (2009)

556 E G Rakov Russ. Chem. Rev. 82 (6) 538 ± 566 (2013)



34. C L Pint, Y-Q Xu, M Pasquali, R H Hauge ACS Nano 9 1871
(2008)

35. H Wang, Z Xu, G Eres Appl. Phys. Lett. 88 213111 (2006)
36. B NWang, R D Bennett, E Verploegen, A J Hart, R E Cohen

J. Phys. Chem. C 111 17933 (2007)
37. B NWang, R D Bennett, E Verploegen, A J Hart, R E Cohen

J. Phys. Chem. C 111 5859 (2007)
38. Q Zhang, M-Q Zhao, D-M Tang, F Li, J-Q Huang, B Liu,

W-C Zhu, Y-H Zhang, F Wei Angew. Chem., Int. Ed. 49 3642
(2010)

39. Z L Tsakadze, I Levchenko, K Ostrikov, S XuCarbon 45 2022
(2007)

40. D N Futaba, T Yamada, K Kobashi, M Yumura, K Hata
J. Am. Chem. Soc. 133 5716 (2011)

41. M Jung, H-G Kim, J-K Lee, O-S Joo, S-I Mho Electrochim.
Acta 50 857 (2004)

42. Y S Shin, J H Yang, C-Y Park, M H Kwon, J-B Yoo,
C W Yan Jpn. J. Appl. Phys. 45 1869 (2006)

43. S Wen, M Jung, O-S Joo, S-I MhoMater. Res. Soc. Symp.
Proc. 822 37 (2004)

44. X Y Zhang, L D Zhang, M J Zheng, G H Li, L X Zhao
J. Cryst. Growth 223 306 (2001)

45. A J Hart, H K Taylor, A H Slocum Int. J. Nanomanufact. 1
701 (2007)

46. Y Y Wang, S Gupta, J M Garguilo, Z J Liu, L C Qin,
R J Namanich Diamond Relat. Mater. 14 714 (2005)

47. J-H Yen, I-C Leu, M-T Wu, C-C Lin, M-H Hon Chem. Vap.
Deposition 11 219 (2005)

48. Y Tu, Y Lin, W Yantasee, Z Ren Electroanalysis 17 79 (2005)
49. Y Tu, Z P Huang, D Z Wang, J G Wen, Z F Ren Appl. Phys.

Lett. 80 4018 (2002)
50. Y Wang, J Rybczynski, D Z Wang, K Kempa, Z F Ren

Appl. Phys. Lett. 85 4741 (2004)
51. L Qu, Y Zhao, Y Hu, H Zhang, Y Li, W Guo, H Luo, L Dai

J. Mater. Chem. 20 3595 (2010)
52. S Esconjauregui, M Fouquet, B C Bayer, C Ducati,

R Smaida, S Hofmann, J Robertson ACS Nano 4 7431 (2010)
53. Y Yamazaki, M Katagiri, N Sakuma, M Suzuki, S Sato,

M Nihei, M Wada, N Matsunaga, T Sakai, Y Awano Appl.
Phys. Exp. 3 55002 (2010)

54. G F Zhong, T Iwasaki, H Kawarada Carbon 44 2009 (2006)
55. S Esconjauregui, M Fouquet, B C Bayer, C Ducati,

J Robertson Phys. Status Solidi, B 248 2528 (2011)
56. K Hata, D N Futaba, K Mizuno, T Namai, M Yumura,

S Iijima Science 306 1362 (2004)
57. D Yokoyama, T Iwasaki, K Ishimaru, S Sato, T Hyakushima,

M Nihei, Y Awano, H Kawarada Appl. Phys. Lett. 91 263101
(2007)

58. K-Y Lee, S-i Honda, M Katayama, T Miyake, K Himuro,
K Oura, J-G Lee, H Mori, T Hirao J. Vac. Sci. Technol., B 23
1450 (2005)

59. D N Futaba, K Hata, T Yamada, T Hiraoka, Y Hayamizu,
Y Kakudate, O Tanaike, H Hatori, M Yumura, S Iijima Nat.
Mater. 5 987 (2006)

60. B Zhao, D N Futaba, S Yasuda, M Akoshima, T Yamada,
K Hata ACS Nano 3 108 (2009)

61. Y Yamada, O Kimizuka, K Machida, S Suematsu,
K Tamamitsu, S Saeki, Y Yamada, N Yoshizawa, O Tanaike,
J Yamashita, D Futaba, K Hata, H Hatori Energy Fuels 24
3373 (2010)

62. D N Futaba, K Hata, T Namai, T Yamada, K Mizuno,
Y Hayamizu, M Yumura, S Iijima J. Phys. Chem. B 110 8035
(2006)

63. L J Ci, R Vajtai, P M Ajayan J. Phys. Chem. C 111 9077 (2007)
64. D N Hutchison, Bachelor Thesis, Department of Physics and

Astronomy, Brigham Young University, Provo, UT, 2008
65. L Zhang, Z Li, Y Tan, G Lolli, N Sakulchaicharoen,

F G Requejo, B S Mun, D E Resasco Chem. Mater. 18 5624
(2006)

66. P Moodley, J Loos, J W Niemantsverdriet, P C ThuÈ ne
Carbon 47 2002 (2009)

67. M De Volder, S H Tawfick, S J Park, D Copic, Z Zhao,
W Lu, A J HartMicroelectron. Eng. 87 1233 (2010)

68. H Furuta, T Karaharamura, M Furuta, K Kawabata,
T Hirao, T Komikai, K Yoshihara, Y Shimomoto, T Oguchi
Appl. Phys. Exp. 3 105101 (2010)

69. A Cao, B Wei, Y Jung, R,Vajtai, P M Ajayan, G Ramanath
Appl. Phys. Lett. 81 1297 (2002)

70. A S Huang, L Dai, A Mau Physica B 323 333 (2002)
71. Z Pan, H Zhu, Z Zhang, H-j Im, S Dai, D B Beach,

D H Lowndes J. Phys. Chem., D: Appl. Phys. 107 1338 (2003)
72. A P Mousinho, R D MansanoProg. Org. Coat. 70 326 (2010)
73. W-D Zhang, F Yang, P-Y GuNanotechnology 16 2442 (2005)
74. B Q Wei, R Vajtai, Y Jung, J Ward, R Zhang, G Ramanath,

P M Ajayan Nature (London) 416 495 (2002)
75. W Zhou, C Rutherglen, P H Burke Nano Res. 1 158 (2008)
76. H Kim, K S Kim, J Kang, Y C Park, K-Y Chun, J-H Boo,

Y-J Kim, B H Hong, J-B Choi Nanotechnology 22 095303
(2011)

77. J F AuBuchon, L-H Chen, A I Gapin, D-W Kim, C Daraio,
S Jin Nano Lett. 4 1781 (2004)

78. Z Liu, S H Lee, N Bajwa, L Ci, S Kar, P M Ajayan, J-Q Lu,
in International Interconnect Technology Conference IEEE,
New York, 2007 p. 201

79. R Xiang, G Luo, Z Yang, Q Zhang, W Qian, F Wei
Nanotechnology 18 415703 (2007)

80. Z Yang, H Nie, X Zhou, Z Yao, S Huang, X Chen Nano 6
343 (2011)

81. C Du, N Pan Nanotechnology 17 5314 (2006)
82. S Shekhar, P Stokes, Sl Khondaker ACS Nano 5 1739 (2011)
83. P Diao, Z Liu, B Wu, X Nan, J Zhang, Z Wei

ChemPhysChem 10 898 (2002)
84. M -S Jung, S-O Jung, D-H Jung, Y K Ko, Y W Jin, J Kim,

H-T Jung J. Phys. Chem. B 109 10584 (2005)
85. J Yu, J G Shapter, J S Quinton, M R Johnson, D A Beattie

Phys. Chem. Chem. Phys. 9 510 (2007)
86. W Lin, Y Xiu, L Zhu, K-S Moon, C P Wong, in IEEE

Proceedings of the 58th Electronic Components and Technology
Conference, Orlando, FL, 2008 p. 421

87. P Diao, Z Li Adv. Mater. 22 1430 (2010)
88. G Eres, A A Kinkhabwala, H Cui, D B Geohegan,

A A Puretzky, D H Lowndes J. Phys. Chem. B 109 16684
(2005)

89. V Shanov, Y-H Yun, M J Schulz J. Univ. Chem. Technol.
Met. 41 377 (2006)

90. M Terrones, N Grobert, J Olivares, J P Zhang, H Terrones,
K Kordatos Nature (London) 388 52 (1997)

91. Z F Ren, Z P Huang, J W Xu, J H Wang, P Bush,
M P Siegal, P N Provencio Science 282 1105 (1998)

92. Z P Huang, J W Xu, Z F Ren, J H Wang Appl. Phys. Lett.
73 3845 (1998)

93. S Fan, M G Chapline, N R Franklin, T W Tombler,
A M Cassell, H Dai Science 283 512 (1999)

94. H Dai, J Kong, C Zhou, N Franklin, T Tombler, A Cassell,
S Fan, M Chapline J. Phys. Chem. 103 11246 (1999)

95. Y C Choi, Y M Shin, Y H Lee, B S Lee, G-S Park,
W B Choi, N S Lee, J M Kim Appl. Phys. Lett. 76 2367
(2000)

96. H Cui, O Zhou, B R Stonera J. Appl. Phys. 88 6072 (2000)
97. H Dai Surf. Sci. 500 218 (2002)
98. K L Jiang, Q Q Li, S S Fan Nature (London) 419 801 (2002)
99. X Zhang, K Jiang, C Feng, P Liu, L Zhang, J Kong,

T Zhang, Q Li, S Fan Adv. Mater. 18 1505 (2006)
100. K Jiang, J Wang, Q Li, L Liu, C Liu, S Fan Adv. Mater. 23

1154 (2011)
101. L Zhang, Y Tan, D E Resasco Chem. Phys. Lett. 422 198

(2006).

E G Rakov Russ. Chem. Rev. 82 (6) 538 ± 566 (2013) 557



102. C L Pint, N Nicholas, S T Pheasant, J G Duque,
A N G Parra-Vasques, G Eres, M Pasquali, R H Hauge
J. Phys. Chem. C 112 14041 (2008)

103. B H Choi, Y M Kim, Y B Kim, J H Lee, D C Shin
J. Nanosci. Nanotechnol. 10 3543 (2010)

104. I Gunjishima, T Inoue, S Yamamuro, K Sumiyama,
A Okamoto Carbon 45 1193 (2007)

105. Y Wu, P Qiao, J Qiu, T Chong, T-S Low Nano Lett. 2 161
(2002)

106. G Zhong, T Iwasaki, K Honda, Y Furukawa, I Ohdomari,
H Kawarada Chem. Vap. Deposition 11 127 (2005)

107. QZhang,M-QZhao, J-QHuang,Y Liu, Y Wang,W-Z Qian,
F Wei Carbon 47 2600 (2009)

108. E G Rakov Russ. Chem. Rev. 76 1 (2007)
109. K Zhou, J-Q Huang, Q Zhang, F Wei Nanoscale Res. Lett. 5

1555 (2010)
110. N T Alvarez, C L Pint, R H Hauge, J M Tour J. Am. Chem.

Soc. 131 15041 (2009)
111. H-NLin, Y-HChang, J-H Yen, J-H Hsu, I-C Leu,M-H Hon

Chem. Phys. Lett. 399 422 (2004)
112. R Anton Carbon 47 856 (2009)
113. H Yoshida, S Takeda, T Uchiyama, H Kohno, Y Homma

Nano Lett. 8 2082 (2008)
114. S Esconjauregui, C M Whelan, K Maex Carbon 47 659

(2009)
115. R Andrews, D Jacques, A M Rao, F Derbyshire, D Qian,

X Fan, E C Dickey, J Chen Chem. Phys. Lett. 303 467 (1999)
116. C Singh, M Shaffer, I Kinloch, A Windle Physica B 323 339

(2002)
117. V Pichot, P Launois, M Pinault, M Maayne-L'Hermite,

C Reynaud Appl. Phys. Lett. 85 473 (2004)
118. L Gao, A Peng, Z Y Wang, H Zhang, Z Shi, Z Gu, G Cao,

B Ding Solid State Commun. 146 380 (2008)
119. S Huang Chem. Phys. Lett. 374 157 (2003)
120. SHofmann,M Cantoro, B Kleisorge, C Casiraghi, A Parvez,

J Robertson, C Ducati J. Appl. Phys. 98 034308 (2005)
121. M Cantoro, S Hofmann, S Pisana, C Ducati, A Parvez,

A C Ferrari, J Robertson Diamond Relat. Mater. 15 1029
(2006)

122. S P Patole, P S Alegaonkar, H C Shin, J B Yoo J. Phys. D:
Appl. Phys. 41 155311 (2008)

123. G Y Xiong, D Z Wang, Z F Ren Carbon 44 969 (2006)
124. T Yamada, T Namai, K Hata, D N Futaba, K Mizuno,

J Fan, M Yudasaka, M Yumura, S Iijima Nat. Nanotechnol.
1 131 (2006)

125. S Chakrabarti, H Kume, L J Pan, T Nagasaka,
Y Nakayama J. Phys. Chem. C 111 1929 (2007)

126. K Kakehi, S Noda, S Maruyama, Y Yamaguchi Appl. Surf.
Sci. 254 6710 (2008)

127. K Kakehi, S Noda, S Maruyama, Y Yamaguchi Jpn. J. Appl.
Phys. 47 1961 (2008)

128. K Liu, Y H Sun, L Chen, C Feng, X F Feng, K L Jiang,
Y G Zhao, S S Fan Nano Lett. 8 700 (2008)

129. M Hiramatsu, T Deguchi, H Nagao, M Hori Jpn. J. Appl.
Phys. 46 L303 (2007)

130. H Cui, G Eres, J Y Howe, A Puretzky, M Varela,
D B Geohegan, D N Lowndes Chem. Phys. Lett. 374 222
(2003)

131. H M Christen, A A Puretzky,H Cui, K Belay, P H Fleming,
D B Geohegan, D H Lowndes Nano Lett. 4 1939 (2004)

132. M Bedewy, E R Meshot, M J Reinker, A J Hart ACS Nano
5 8974 (2011)

133. B H Choi, H Yoo, Y B Kim, J H LeeMicroelectron. Eng. 87
1500 (2010)

134. W Lin, R Zhang, K-S Moon, C P Wong Adv. Packaging,
IEEE Trans. 33 370 (2010)

135. H Kim, J Kang, Y Kim, B H Hong, J Choi, S Iijima
J. Nanosci. Nanotechnol. 11 470 (2011)

136. R D Bennett, A J Hart, R E Cohen Adv. Mater. 18 2274
(2006)

137. S-G Kim, S-Y Kim, H-W Lee Trans. Nonferrous Met. Soc.
China 21 130 (2011)

138. G D Nessim, A I Hart, J S Kim, D Acquaviva, J Oh,
C D Morgan, M Seita, J S Leib, C V Thompson Nano Lett.
8 3587 (2008)

139. K Yoshihara, S-I Honda, J-G Lee, H Mori Jpn. J. Appl.
Phys. 47 1941 (2008)

140. D-H Lee, D-O Shin, W-J Lee, S O Kim J. Nanosci.
Nanotechnol. 8 5571 (2008)

141. N G Shang, Y Y Tan, V Stolojan, P Papakonstantinou,
S R P Silva Nanotechnology 21 505604 (2010)

142. Y Murakami, Y Miyashi, S Chiashi, S Maruyama Chem.
Phys. Lett. 377 49 (2003)

143. Y Murakami, S Chiashi, Y Miyashi, M Hu, M Ogura,
T Okubo, S Maruyama Chem. Phys. Lett. 385 298 (2004)

144. M Hu, Y Murakami, M Ogura, S Maruyama, T Okuba
J. Catal. 225 230 (2004)

145. T Inoue, I Gunjishima, A Okamoto Carbon 45 2164 (2007)
146. N Yoshikawa, T Asari, N Kishi, S Hayashi, T Sugai,

H Shinohara Nanotechnology 19 245607 (2008)
147. S DoÈ rfler, M Hagen, H Althies, J TuÈ bke, S Kaskel,

M J Hofmann Chem. Commun. 48 4097 (2012)
148. R Xiang, T Wu, E Einarsson, Y Suzuki, Y Murakami,

J Shiomi, S Maruyama J. Am. Chem. Soc. 131 10344 (2009)
149. R Xiang, E Einarsson, H Okabe, S Chiashi, J Shiome,

S Maruyama Jpn. J. Appl. Phys. 49 02BA03 (2010)
150. Y-S Cho, G-S Choi, S-Y Hong, D Kim J. Cryst. Growth 243

224 (2002)
151. H Nishino, S Yasuda, T Namai, D N Futaba, T Yamada,

M Yumura, S Iijima, K Hata J. Phys. Chem. C 111 17961
(2007)

152. V B Golovko, H W Li, B Kleinsorge, S Hofmann, J Geng,
M Cantoro, Z Yang, D A Jefferson, B F G Johnson,
W T S Huck, J Robertson Nanotechnology 16 1636 (2005)

153. M Hiramatsu, M Nori, in Carbon Nanotubes Ð Synthesis,
Characterization, Applications (Ed. S Yellampalli) (InTech,
2011) p. 191

154. L Qu, L Dai J. Mater. Chem. 17 3401 (2007)
155. S Huang, L Dai, A W H Mau J. Phys. Chem. B 103 4223

(1999)
156. S Huang, A W H Mau J. Phys. Chem. B 107 3455 (2003)
157. V B Golovko, M Cantoro, S Hofmann, B Kleinsorge,

J Geng, D Jefferson, A C Ferrari, J Robertson,
B F G Johnson Diamond Relat. Mater. 15 1023 (2006)

158. M G Hahm,Y-K Kwon, E Lee, C W Ahn, Y J Jung J. Phys.
Chem. C 112 17143 (2008)

159. T Iwasaki, G Zhong, T Aikawa, T Yoshida, H Kawarada
J. Phys. Chem. B 109 19556 (2005)

160. J Yu, D Losic, M Marshall, T BoÈ cking, J J Gooding,
J G Shapter Soft Matter 2 1081 (2006)

161. J I Sohn, C Nam, S Lee Appl. Surf. Sci. 197 ± 198 568 (2002)
162. Y Awano, S Sato, D Kondo, M Ohfuti, A Kawabata,

M Nihei, N Yokoyama Phys. Status Solidi A 203 3611 (2006)
163. H-C Lee, P S Alegaonkar, D-Y Kim, J-H Lee, S P Patole,

J-B Yoo Electron Mater. Lett. 3 47 (2007)
164. B Corzilius, K-P Dinse, K Hatab Phys. Chem. Chem. Phys. 9

6063 (2007)
165. S Fan, W Liang, H Dang, N Franklin, T Tombler,

M Chapline, H Dai Physica E 8 179 (2000)
166. R Seelaboyina, S Boddepalli, K Noh, M Jeon, W Choi

Nanotechnology 19 065605 (2008)
167. Ch Emmenegger, P Mauron, A ZuÈ ttel, Ch NuÈ tzenadel,

A Schneuwly, R Gallay, L Schlapbach Appl. Surf. Sci.
162 ± 163 452 (2000)

168. H Wang, Q Cai, C-L Chen, D Wang, Z Ren J. Exp. Nanosci.
6 464 (2011)

558 E G Rakov Russ. Chem. Rev. 82 (6) 538 ± 566 (2013)



169. Q Wen, T Tian, W Z Qian, L Hu, S Yun, A Y Cao, F Wei
J. Electrochem. Soc. 155K180 (2008)

170. S Hofmann, C Ducati, B Kleinsorge, J Robertson Appl.
Phys. Lett. 83 4661 (2003)

171. G Atthipalli, R Epur, P N Kumta,M Yang J. Phys. Chem. C
115 3534 (2011)

172. T Hiraoka, T Yamada, K Hata, D N Futaba, H Kurachi,
S Uemura, M Yumura, S Iijima J. Am. Chem. Soc. 128 13338
(2006)

173. S Talapatra, S Kar, S K Pal, R Vajtai, L Ci, P Victor,
M M Shaijumon, S Kaur, O Nalamasu, P M Ajayan
Nat. Nanotechnol. 1 112 (2006)

174. GDNessim,MSeita, KD O'Brien, A JHart, RKBonaparte,
R R Mitchell, C V Thompson Nano Lett. 9 3398 (2009)

175. R Shah, X F Zhang, S Talapatra Nanotechnology 20 395202
(2009)

176. X LeproÂ , M D Lima, R H Baughman Carbon 48 3621 (2010)
177. C H Lee, N Johnson, J Drelich, Y K Yap Carbon 49 669

(2011)
178. GToth, JMiklin, NHalonen, J Palosaari, J Juuti, H Jantunen,

K Kordas, W G Sawyer, R Vajtai, P M Ajayan Adv. Mater.
21 1 (2009)

179. Y-h Chin, J Hu, C Cao, Y Gao, Y WangCatal. Today 110 47
(2005)

180. Y Gao, J Liu, M Shi, S H Elder, J W Virden Appl. Phys.
Lett. 74 3642 (1999)

181. B C Bayer, C Zhang, R Blume, F Yan, M Fouquet,
C T Wirth, R S Weatherup, L Lin, C Baehtz, R A Oliver,
A Knop-Gericke, R SchlooÈ gl, S Hofmann, J Robertson
J. Appl. Phys. 109 114314 (2011)

182. R Vajtai, B Q Wei, Z J Zhang, Y Jung, G Ramanath,
P M Ajayan Smart Mater. Struct. 11 691 (2002)

183. C Pint, S Pheasant, N Nolan, C Horton, R Hauge Nanosci.
Nanotechnol. 8 6158 (2008)

184. E Terrado,M Redrado, E MunÄ oz,W K Maser, A M Benito,
M T MartõÂ nez Diamond Relat. Mater. 15 1059 (2006)

185. N T Alvarez, C E Hamilton, C L Pint, A Orbaek, J Yao,
A L Frosini, A R Barron, J M Tour, R H Hauge ACS Appl.
Mater. Interfaces 2 1851 (2010)

186. P B Amama, C L Pint, S M Kim, L McJilton, K G Eyink,
E A Stach, R H Hauge, B MaruyamaACSNano 4 895 (2010)

187. H Ohno, D Takagi, K Yamada, S Chiashi, A Tokura,
Y Homma Jpn. J. Appl. Phys. 47 1956 (2008)

188. V A Labunov, B G Shulitski, A L Prudnikava, Y S Shaman,
A S BasaevSemicond. Phys. Quant. Electron. Optoelectron. 13
137 (2010)

189. V P Veedu, A Cao, X Li, K Ma, C Soldano, S Kar,
P M Ajayan,M N Ghasemi-NeihadNat. Mater. 5 457 (2006)

190. Q-J Gong, H-J Li, X Wang, Q-G Fu, Z-w Wang, K-Z Li
Compos. Sci. Technol. 67 2986 (2007)

191. R B Rakhi, K Sethupathi, S Ramaprabhu Carbon 46 1656
(2008)

192. K Suzuki, H Matsumoto, M Minagawa, A Tanioka,
Y Hayashi, K Fukuzono, G A J Amaratunga Appl. Phys.
Lett. 93 053107 (2008)

193. A R Suraya, S M Z S Mazrah, R Yunus, I N Azowa J. Eng.
Sci. Technol. 4 400 (2009)

194. V G de Resende, E F Antunes, A D Lobo, D A L Oliveira,
V J Trava-Airoldi, E J Corat Carbon 48 3655 (2010)

195. M S Saha, R Li, X Sun, S Ye Electrochem. Commun. 11 438
(2009)

196. B Kim, H Chung, W Kim J. Phys. Chem. C 114 15223 (2010)
197. X Liu, K H R Baronian, A J Downard Carbon 47 500 (2009)
198. S Park, D-W Park, C-S Yang, K-R Kim, J-H Kwak,

H-M So, C W Ahn, B S Kim, H Chang, J-O Lee ACS Nano
5 7061 (2011)

199. Z Yang, Q Zhang, G Luo, J-Q Huang, M-Q Zhao, F Wei
Appl. Phys. A 100 533 (2010)

200. A Cao, V P Veedu, X S Li, Z L Yao,
M N Ghasemi-Nejahd, P M AjayanNat. Mater. 4 540 (2005)

201. E J Garcia, A J Hart, B L Wardle AIAA J. 46 1405 (2008)
202. N Yamamoto, A J Hart, E J Garcia, S S Wicks,

H M Duong, A H Slocum, B L WardleCarbon 47 551 (2009)
203. L M Manocha, R Pande J. Nanosci. Nanotechnol. 10 3822

(2010)
204. R Xiang, G Luo, W Qian, Y Wang, F Wei Q Li Chem. Vap.

Deposition 13 533 (2007)
205. Q Zhang, J Q Huang, F Wei, G H Xu, Y Wang, W Z Qian,

D Z Wang Chin. Sci. Bull. 52 2896 (2007)
206. Q Zhang, J-Q Huang, M-Q Zhao, W-Z Qian, Y Wang,

F Wei Carbon 46 1152 (2008)
207. R Xiang, G Luo, Z Yang, Q Zhang, W Qian, F WeiMater.

Lett. 63 84 (2009)
208. D Y Kim, H Sugime, K Hasegawa, T Osawa, S Noda

Carbon 49 1972 (2011)
209. Q Li, X Zhang, R F DePaula, L Zheng, Y Zhao, L Stan,

T G Holesinger, P N Arendt, D E Peterson, Y T Zhu Adv.
Mater. 18 3160 (2006)

210. N Zhao, J Kang, in Carbon Nanotubes Ð Synthesis,
Characterization, Applications (Ed. S Yellampalli)
(InTech, 2011) p. 99

211. D H Lee, J E Kim, T H Han, J W Hwang, S Jeon, S-Y Choi,
S H Hong, W J Lee, R S,Ruoff, S O Kim Adv. Mater. 22
1247 (2010)

212. B C Bayer, S Sanjabi, C Baehtz, C T Wirth, S Esconjauregui,
R S Weatherup, Z H Barber, S Hofmann, J Robertson Thin
Solid Films 519 6126 (2010)

213. S Morgan, R Mokaya J. Phys. Chem. C 112 15157 (2008)
214. AVMelechko, V IMerkulov, T E McKnight,M A Guillorn,

K L Klein, D N Lowndes, M L Simpson J. Appl. Phys. 97
041301 (2005)

215. C C Lin, I C Leu, J H Yen, M H Hon Nanotechnology 15
176 (2004)

216. C L Pint, N T Alvarez, R H Hauge Nano Res. 2 526 (2009)
217. L Zhu, D W Hess, C-P Wong J. Phys. Chem. B 110 5445

(2006)
218. S Esconjauregui, M Forquet, B C Bayer, S Eslava,

S Khachadorian, S Hofmann, J Robertson J. Appl. Phys. 109
044303 (2011)

219. R Xiang, Z Zhang, K Ogura, J Okawa, E Einarson,
Y Miyauchi, J Shiomi, S Maruyama Jpn. J. Appl. Phys. 47
1971 (2008)

220. C H Hsu, C H Lin, H J Lai, C T Kuo Thin Solid Films 471
140 (2005)

221. Y Song, J Choi Appl. Phys. Lett. 88 173108 (2006)
222. I Lahiri, D Lahiri, S Jin, A Agarwal, W Choi ACS Nano 5

780 (2011)
223. D N Futaba, K Hata, T Yamada, K Mizuno, M Yumura,

S Iijima Phys. Rev. Lett. 95 056104 (2005)
224. B Zhao, L Zhang, Y Liang, H Qiu Appl. Phys. A:Mater. Sci.

Proc. 108 351 (2012)
225. A J Hart, L van Laake, A H Slocum Small 3 772 (2007)
226. S Noda, K Hasegawa, H Sugime, K Kakehi, Z Zhang,

S Maruyama, Y Yamaguchi Jpn. J. Appl. Phys. 46 L399
(2007)

227. T Gong, S Chakrabarti, L Dai Angew. Chem., Int. Ed. 47
5446 (2008)

228. D Shi, WDTennyson, J CKeay, E S Sanchez,M B Johnson,
D E Resasko Chem. Phys. Lett. 525 ± 526 82 (2012)

229. E R Meshot, M Bedewy, K M Lyons, A R Wolf,
K A Juggernauth, S Tawfic, A J HartNanoscale 2 896 (2010)

230. A J Hart, S Tawfick, E Meshot, E Polsen Trans. NAMRI/
SME 38 663 (2010)

231. Y H Yun, A Bange, V N Shanov, W R Heineman,
H B Harsall, S K Pixley, M Behbehani, Z Dong,
M J Schulz, Y Tu, S Yarmolenko, S NerallaProc. SPIE 6172
617205 (2006)

E G Rakov Russ. Chem. Rev. 82 (6) 538 ± 566 (2013) 559



232. Y H Yun, V Shanov, Y Tu, S Subramanian, M J Schulz
J. Phys. Chem. B 110 23920 (2006)

233. X Li, X Zhang, L Ci, R Shah, C Wolfe, S Kar, S Talapatra,
P M Ajayan Nanotechnology 19 455609 (2008)

234. S Noda, H Sugime, K Hasegawa, K Kakehi, Y Shiratori
Jpn. J. Appl. Phys. 49 02BA02 (2010)

235. S Yasuda, T Hiraoka, D N Futaba, T Yamada, M Yumura,
K Hata Nano Lett. 9 769 (2009)

236. S Yasuda, D N Futaba, T Yamada, J Satou, A Shibuya,
H Takai, K Arakawa, M Yumura, K HataACSNano 3 4164
(2009)

237. TYamada, AMaigne,MYudasaka, KMizuno, D N Futaba,
M Yumura, S Iijima, K Hata Nano Lett. 8 4288 (2008)

238. Y Zhang, J M Gregoire, R B van Dover, A J Hart J. Phys.
Chem. C 114 6389 (2010)

239. G Zhang, D Mann, L Zhang, A Javey, Y Li, E Yenilmez,
Y M Li, E Yenilmez, G Wang, J P McVittie, Y Nishi,
J Gobbons, H J Kai Proc. Natl. Acad. Sci. USA 102 16141
(2005)

240. J Huang, Q Zhang, M Zhao, F Wei Nano Res. 2 872 (2009)
241. C L Pint, S T Pheasant, A N G Parra-Vasquez, C Horton,

Y Xu, R H Hauge J. Phys. Chem. C 113 4125 (2009)
242. D N Futaba, J Goto, S Yasuda, T Yamada, M Yumura,

K Hata Adv. Mater. 21 4811 (2009)
243. D N Futaba, J Goto, S Yasuda, T Yamada, M Yumura,

K Hata J. Am. Chem. Soc. 131 15992 (2009)
244. PAyala, A GruÈ neis, D Grimm, C Kramberger, R Engelhard,

M RuÈ mmeli, J Schumann, R Kaltofen, B BuÈ chner,
C Schaman, H Kuzmany, T Gemming, A Barreiro, T Pichler
Chem. Phys. Lett. 454 332 (2008)

245. S Maruyama, R Kojima, Y Miyashi, S Chiashi, M Kohno
Chem. Phys. Lett. 360 229 (2002)

246. S Maruyama, E Einarsson, Y Murakami, T Edamura Chem.
Phys. Lett. 403 320 (2005)

247. Y Murakami, E Einarsson, T Edamura, S Maruyama Phys.
Rev. Lett. 94 087402 (2005)

248. Y Murakami, E Einarsson, T Edamura, S Maruyama
Carbon 43 2664 (2005)

249. Y Murakami, S Maruyama Chem. Phys. Lett. 422 575 (2006)
250. SNoda, H Sugime, TOsawa, YTsui, S Chiashi, Y Murakami,

S Maruyama Carbon 44 1414 (2006)
251. E Einarsson, Y Murakami, M Kadowaki, S Maruyama

Carbon 46 923 (2008)
252. R Xiang, G H Luo, W Z Qian, Q Zhang, Y Wang, F Wei,

Q Li, A Y Cao Adv. Mater. 19 2360 (2007)
253. Y Zhao, D Huang, Y SaitoNanotechnology 18 445608 (2007)
254. H Oshima, Y Suzuki, T Shimazu, S Maruyama Jpn. J. Appl.

Phys. 47 1982 (2008)
255. R Xiang, Z Yang, Q Zhang, G Luo, W Qian, F Wei,

M Kadowaki, E Einarsson, S Maruyama J. Phys. Chem. C
112 4892 (2008)

256. S Maruyama, R Xiang, in Proceedings of MNHMT 2009,
ASME 2009 2nd Micro/Nanoscale Heat and Mass Transfer
International Conference, Shanghai, China, 2009

257. H Sugime, S Noda, S Maruyama, Y Yamaguchi Carbon 47
234 (2009)

258. H Sugime, S Noda Carbon 48 2203 (2010)
259. C-T Lin, C-Y Lee, T-S Chin, R Xiang, K Ishikawa,

J Shiomi, S Maruyama Carbon 49 1446 (2011)
260. R Xiang, E Einarsson, J Okawa, T Thurakitseree,

Y Murakami, J Shiomi, Y Ohno, S Maruyama J. Nanosci.
Nanotechnol. 10 3901 (2010)

261. R Xiang, E Einarsson, J Okawa, Y Miyauchi, S Maruyama
J. Phys. Chem. C 113 7511 (2009)

262. S Oida, A Sakai, O Nakatsuka, M Ogawa, S Zaima Appl.
Surf. Sci. 254 7697 (2008)

263. S P Patole, P S Alegaonkar, H C Lee, J B Yoo Carbon 46
1987 (2008)

264. S P Patole, P S Alegaonkar, J H Lee, J B Yoo Europhys.
Lett. 81 38002 (2008)

265. S P Patole, J H Park, T Y Lee, J H Lee, A S Patole,
J B Yoo Appl. Phys. Lett. 93 114101 (2008)

266. C T Wirth, C Zhang, G Zhong, S Hofmann, J Robertson
ACS Nano 3 3560 (2009)

267. K Hasegawa, S Noda ACS Nano 5 975 (2011)
268. D B Geohegan, A A Puretzky, J J Jackson, C M Rouleau,

G Eres, K L More ACS Nano 5 8311 (2011)
269. Y Hayashi, T Iijima, M Miyake, M Satoh, N L Rupesinghe,

K B K Teo, M Tanemura Diamond Relat. Mater. 20 859
(2011)

270. Z F Ren, Z P Huang, D Z Wang, J G Wen, J W Xu,
J H Wang, L E Calvet, J Chen, J F Klemic,M A ReedAppl.
Phys. Lett. 75 1086 (1999)

271. H Cui, X Yang, M L Simpson, D H Lowndes Appl. Phys.
Lett. 84 4077 (2004)

272. C J Lee Appl. Phys. Lett. 77 3397 (2000)
273. J I Sohn, S Lee Appl. Phys. Lett. 78 901 (2001)
274. M Jung, K Y Eun, Y-J Baik, K-R Lee, J-K Shin, S-T Kim

Thin Solid Films 398 ± 399 150 (2001)
275. M Jung, K Y Eun, J-K Lee, Y-J Baik, K-R Lee, J W Park

Diamond Relat. Mater. 10 1235 (2001)
276. G S Choi, Y S Cho, S Y Hong, J B Park, K H Son,

D J Kim J. Appl. Phys. 91 3847 (2002)
277. L F Sun, Z Q Liu, X C Ma, D S Tang, W Y Zhou,

X P Zou, Y B Li, J Y Lin, K L Tan, S S Xie Chem. Phys.
Lett. 336 392 (2001)

278. X Ma, E Wang, W Zhou, D A Jefferson, J Chen, S Deng,
N Xu, J Yuan Appl. Phys. Lett. 75 3105 (1999)

279. D Zhong, S Li, G Zhang, E G Wang J. Appl. Phys. 89 5939
(2001)

280. C Bower, O Zhou, W Zhu, D J Werder, S Jin Appl. Phys.
Lett. 77 2767 (2000)

281. E Oh, J Lee, S-H Jung, S Cho, H-J Kim, S-H Lee, K-H Lee,
K-H Song, C-H Choi, D S Han Sci. Technol. Adv. Mater. 13
025004 (2012)

282. F G Kudashov, A G Kurenya, A V Okotrub,
A V Gusel'nikov, V S Danilovich, L G Bulusheva
Zhurn. tekhn. fiziki 77 (12) 96 (2007)

283. C L Pint, Z Sun, S Moghazy, Y-Q Xu, J M Tour,
R H Hauge ACS Nano 5 6925 (2011)

284. R A Afre, T Soga, T Jimbo, M Kumar, Y Ando, M Sharon
Chem. Phys. Lett. 414 6 (2005)

285. W-T Wu, K-H Chen, C-M Hsu Nanotechnology 17 4542
(2006)

286. M Chhowalla, K B K Teo, C Ducati, N L Rupesinghe,
G A J Amaratunga, A C Ferrari, D Roy, J Robertson,
W I Milne J. Appl. Phys. 90 5308 (2001)

287. K-Y Lee, M Katayama, S-i Honda, T Kuzuoka, T Miyake,
Y Terao, J-G Lee, H Mori T Hirao Jpn. J. Appl. Phys. 42
L804 (2003)

288. J Menda, B Ulmen, L K Vanga, V K Kayastha, I N Ivanov,
A A Puretzky, D B Geohegan Appl. Phys. Lett. 87 173106
(2005)

289. M Meyyappan, L Delzeit, A Cassell, D HashPlasma Sources
Sci. Technol. 12 205 (2003)

290. G Zhong, T Iwasaki, K Honda, Y Furukawa, I Ohdomari,
H Kawarada Jpn. J. Appl. Phys. 44 1558 (2005)

291. Z Chen, P K Bachmann, D der Engelsen, I Koehler,
D U Wiechert Carbon 44 225 (2006)

292. M R Maschmann, P B Amama, A Goyal, Z Iqbal,
T S Fisher Carbon 44 2758 (2006)

293. W I Milne,K B K Teo, E Minoux, O Groening, L Gangloff,
L Hudanski, J-P Schnell, D Dieumegard, F Peauger,
I Y Y Bu, M S Bell, P Legagneux, G Hasko,
G A J Amaratunga J. Vac. Sci. Technol., B 24 345 (2006)

560 E G Rakov Russ. Chem. Rev. 82 (6) 538 ± 566 (2013)



294. W I Milne, K B K Teo, G A J Amaratunga, R Lacerda,
P Legagneux, G Pirio, V Semet, V T BinhCurr. Appl. Phys. 4
513 (2004)

295. Y Wang, S H Yo, S Chen, D Z Wang, Z F Ren
Nanotechnology 17 501 (2006)

296. K S Kim, J H Ryu, C S Lee, J Jang, K C ParkMater. Sci.:
Mater. Electron. 20 S120 (2009)

297. D Kondo, S Sato, A Kawabata, Y Awano Nanotechnology
19 435601 (2008)

298. F Ahmadzade, S Safa, P Balashabady Arab. J. Sci. Eng. 35
(1C) 29 (2010)

299. Y Hayashi, Y Watanabe, K Ueda, S Nishino Jpn. J. Appl.
Phys. 44 1549 (2005)

300. S Kishimoto, Y Kojima, Y Ohno, T Sugai, H Shinohara,
T Mizutani Jpn. J. Appl. Phys. 44 1554 (2005)

301. X-Y Dou, Z-P Zhou, P-H Tan, J-J Zhou, L Song, L-F Sun,
P Jiang, L-F Liu, X-W Zhao, S-D Luo, Z-X Zhang,
D-F Liu, J-X Wang, Y Gao, W-Y Zhou, G Wang Chin.
Phys. 14 2068 (2005)

302. ERMeshot, DLPlata, S Tawfick, YZhang, E A Verploegen,
A J Hart ACS Nano 3 2477 (2009)

303. G D Nessim, M Seita, D L Plata, K P O'Brien, A J Hart,
E R Meshot, C M Reddy, P M Gschwend, C V Thompson
Carbon 49 804 (2011)

304. E G Rakov Nanotrubki i Fullereny (Nanotubes and
Fullerenes) (Moscow: Logos, Universitetskaya Kniga, 2006)

305. D L Plata, E R Meshot, C M Reddy, A J Hart,
P M Gschwend ACS Nano 4 7185 (2010)

306. D L Plata, A J Hart, C M Reddy, P M Gschwend Environ.
Sci. Technol. 43 8367 (2009)

307. T-S Wu, S-H Chang Curr. Appl. Phys. 9 1117 (2009)
308. H J Jeong, Y M Shin, S Y Jeong, Y C Choi, Y S Park,

S C Lim,G-S Park, I-T Han, J M Kim,Y H LeeChem. Vap.
Depositon 8 11 (2002)

309. D-H Kim, H-S Jang, C-D Kim, D-S Cho, H-S Yang,
H-D Kang, B-K Min, H-R Lee Nano Lett. 3 863 (2003)

310. L M Dell'Aqua-Bellavitis, J D Ballard, P M Ajayan,
R W Siegel Nano Lett. 4 1613 (2004)

311. S Chiashi, M Kohno, Y Takata, S Maruyama J. Phys., Conf.
Ser. 59 155 (2007)

312. A Puretzky, G Eres, CMRouleau, I N Ivanov, D BGeohegan
Nanotechnology 19 055605 (2008)

313. A Puretzky, D Geohegan, S Jesse, I Ivanov, G Eres Appl.
Phys. A: Mater. Sci. Process. 81 223 (2005)

314. L Zhu, J Xu, Y Xiu, D W Hess, C P Wong J. Electron.
Mater. 35 (1) 195 (2006)

315. E R Meshot, M Bedewy, S Tawfick, K A Juggernauth,
E Verploegen, Y Zhang, M De Volder, A J Hart CHESS
News Magaz. 67 (2009)

316. M Picher, E Anglaret, R Arenal, V JourdainNano Lett. 9 542
(2009)

317. S Yasuda, D N Futaba, M Yumura, S Iijima, K Hata Appl.
Phys. Lett. 93 143115 (2008)

318. R Xiang, E Einarsson, J Shiomi, S Maruyama InProceedings
of MNHMT 2009, ASME 2009 2nd Micro/Nanoscale Heat
and Mass Transfer International Conference, Shanghai, China,
2009

319. S M Kim, C L Pint, P B Amama, D D Zakharov,
R H Hauge, B Maruyama, E A Stach J. Phys. Chem. Lett. 1
918 (2010)

320. P Landois, S RouzieÂ re, M Pinault, D Porterat, C Mocuta,
E Elkaim, M Mayne-L'Hermite, P Launois Phys. Status
Solidi, B 248 2449 (2011)

321. C S Cojocaru, A Senger, F Le Normand J. Nanosci.
Nanotechnol. 6 1331 (2006)

322. S Yasuda, D N Futaba, T Yamada, M Yumura, K Hata
Nano Lett. 11 3617 (2011)

323. J B In, C P Grigoropoulos, A A Chernov, A NoyACSNano
5 9602 (2011)

324. O A Louchev, T Laude, Y Sato, H Kanda J. Chem. Phys.
118 7622 (2003)

325. C-C Chiu, T-Y Tsai, N-H Tai, C-Y Lee Surf. Coat. Technol.
200 3215 (2006)

326. A J Hart, A H Slocum J. Phys. Chem. B 110 8250 (2006)
327. S H Lee, D H Lee, W J Lee, S O Kim Adv. Funct. Mater. 21

1338 (2011)
328. S Tawfick, K O'Brian, A J Hart Small 5 2467 (2009)
329. M Nihei, M Horibo, A Kawabata, Y Awano Jpn. J. Appl.

Phys. 43 1856 (2004)
330. S J Pastine, D Okawa, B Kessler, M Rolandi, M Liorente,

A Zettl, J M FreÂ chet J. Am. Chem. Soc. 130 4238 (2008)
331. C L Pint, N Nicholas, J G Duque, A N G Parra-Vasquez,

M Pasquali, R Hauge Chem. Mater. 21 1550 (2009)
332. J-H Han, R A Graff, B Welch, C P Marsh, R Frank,

M S Strano ACS Nano 2 53 (2008)
333. L Dai, P Wang, K Bosnick J. Vac. Sci. Technol., A 27 1071

(2009)
334. R GuzmaÂ n de Villoria, S L Figueredo, A J Hart,

S A Steiner III, A H Slocum, B L WardleNanotechnology 20
405611 (2009)

335. R GuzmaÂ n de Villoria, A J Hart, B L Wardle ACS Nano 5
4850 (2011)

336. K Kwok, W K S Chiu Carbon 43 2571 (2005)
337. Q Zhang, M-Q Zhao, J-Q Huang, F Wei Powder Technol.

198 285 (2010)
338. Q Zhang, M-Q Zhao, J-Q Huang, J-Q Nie, F Wei Carbon 48

1196 (2010)
339. E G Rakov, I V Baronin, I V Anoshkin Catal. Ind. 2 26

(2010)
340. K Hata AIST Today (41) 9 (2011)
341. J B Park, S H Jeong, M S Jeong, S C Lim, I H Lee,

Y H Lee Nanotechnology 20 185604 (2009)
342. B D Sosnowchik, L Lin, O Englander J. Appl. Phys. 107

051101 (2010)
343. KZimmer, RBoÈ hme,DRuthe, ThRudolph, BRauschenbach

J. Phys., Conf. Ser. 59 318 (2007)
344. A P Li, F MuÈ ller, A Birner, K Nielsch, U Glsele Appl. Phys.

Lett. 74 6023 (1998)
345. G Che, B B Lakshmi, C R Martin, E R FisherChem.Mater.

10 260 (1998)
346. D N Davidov, P A Sattari, D AlMawalawi, A Osika,

T L Haslett, M Moskovits J. Appl. Phys. 86 3983 (1999)
347. G L Horniak, A C Dillon, P A Parilla, J J Schneider,

N Czap, K M Jones, F S Fasoon, A Mason, M J Heben
Nanostruct. Mater. 12 83 (1999)

348. T Iwasaki, T Motoi, T Den Appl. Phys. Lett. 75 2044 (1999)
349. J Li, C Papadopoulos, J M Xu, M Moskovits Appl. Phys.

Lett. 75 367 (1999)
350. J S Suh, J S Lee Appl. Phys. Lett. 75 2047 (1999)
351. M HernaÂ ndez-VeÂ lez Thin Solid Films 495 51 (2006)
352. Q-L Chen, K-H Xue, W Shen, F-F Tao, S-Y Yin, W Xi

Electrochim. Acta 49 4157 (2004)
353. P Gu, J-h Zhao, G-h Li, M Gong J.Wuhan Univ. Technol. 18

(7 ± 8) 24 (2003)
354. M K Kushwaha, A Sil, S Ray Nanotechnology 8 4152 (2008)
355. J S Suh, J S Lee, H Kim Synth. Met. 123 381 (2001)
356. J S Lee, G H Gu, H Kim, K S Jeong, J Bae, J S Suh Chem.

Mater. 13 2387 (2001)
357. L Kim, S M Yoon, J Kim, J S Suh Synth. Met. 140 135

(2004)
358. S Hou, C C Hartel, L Trofin, P Kohli, C R Martin J. Am.

Chem. Soc. 126 5674 (2004)
359. O-J Lee, S-K Hwang, S-H Jeong, K-H Lee Synth. Met. 148

263 (2005)
360. S-K Hwang, J Lee, S-H Jeong, P-S Lee, K-H Lee

Nanotechnology 16 850 (2005)

E G Rakov Russ. Chem. Rev. 82 (6) 538 ± 566 (2013) 561



361. R Gras, J L Duvail, T MineÂ a, M Dubosc, P Y Tessier,
L Cagnon, P Coronel, J TorresMicroelectron. Eng. 83 2432
(2006)

362. J Xu, X Zhang, F Chen, T Li, Y Li, X Tao, Y Wang, X Wu
Appl. Surf. Sci. 239 320 (2005)

363. S A Gavrilov,N N Dzbanovsky, V V Dvorkin, E A Il'ichev,
B K Medvedev, E A Poltoratsky, G S Rychkov, N V Suetin
Proc. SPIE Ð Int. Soc. Opt. Eng. 5401 251 (2004)

364. T Maiyalagan, B VisvanathanMater. Chem. Phys. 93 291
(2005)

365. X Zhao, U-J Lee, K-H Lee J. Phys. Chem. C 112 9539 (2008)
366. E C Vermisoglou, G N Karanikolos, G Pilatos, E Devlin,

G E Romanos, C U Verizi, N K Kanellopoulos Adv. Mater.
22 473 (2010)

367. X Y Zhang, L D Zhang, G H Li, L Z Zhao Mater. Sci.
Eng., A 308 9 (2001)

368. W Y Jang, N N Kulkarni, C K Shih, Z Yao Appl. Phys.
Lett. 84 1177 (2004)

369. J Luo, J Zhu Nanotechnology 17 S262 (2006)
370. N Kouklin, M Tzolov, D Straus, A Yin, J M Xu Appl. Phys.

Lett. 85 4463 (2004)
371. H Kang, S Lee, H Lee J. Vac. Sci. Technol., B 23 563 (2005)
372. R Krishnan, H O Nguyen, C V Thompson, E K Choi,

Y L Foo Nanotechnology 16 841 (2005)
373. M R Maschmann, A D Franklin, P B Amama,

D N Zakharov, E A Stach, T D Sands, T S Fisher
Nanotechnology 17 3925 (2006)

374. M R Maschmann, A D Franklin, A Scott, D B Janes,
T D Sands, T S Fisher Nano Lett. 6 2712 (2006)

375. M R Maschmann, A D Franklin, T D Sand, T S Fisher
Carbon 45 2290 (2007)

376. C-J Yang, C Chen, J-M Shieh J. Appl. Phys. 100 104302
(2006)

377. N V Quy, N D Hoa, M An, Y Cho, D Kim Nanotechnology
18 345201 (2007)

378. H-W Cheng, T-C Yeh, Y-T Kuo, Y Li, C-C Lin, F-M Pan,
M-T Chiang, K-C Lo, C-N Mo Digest Techn. Papers Ð
SID Int. Symp. 39 66 (2008)

379. E C Vermisoglu, G Pilatos, G E Romanos, G N Karaniko-
los, N Boukos, K Mertis, N Kakizis, N K Kanellopoulos
Microporous Mesoporous Mater. 110 25 (2008)

380. AFFeil,MV da Costa, PMigowski, JDupont, S R Teixeira,
L Amaral J. Nanosci. Nanotechnol. 11 2330 (2011)

381. W J Yu, Y S Cho, G S Choi, D Kim Nanotechnology 16
S291 (2005)

382. A S Berdinsky, P S Alegaonkar, J B Joo, H C Lee, J S Jung,
J H Han, D Fink, L T Chadderton Nano 2 59 (2007)

383. Y Kemmochi, M Hu, Y Murakami, M Ogura, S Maruyama,
T Okubo Trans. Mater. Res. Soc. Jpn. 30 341 (2005)

384. Q Bao, C Pan Nanotechnology 17 1016 (2006)
385. S Santhanagopalan, F Teng, D D Meng PowerMEMS 593

(2008)
386. M J Casavant, D A Walters, J J Schmidt, R E Smalley

J. Appl. Phys. 93 2153 (2003)
387. W-Q Han, P Kohler-Redlich, T Seeger, F Ernst, M Rmhle,

N Grobert, W-K Hsu, B-H Chang, H W Kroto,
D R M Walton, M Terrones, H Terrones Appl. Phys. Lett.
77 1807 (2000)

388. D Zilli, P R Borelli, A L CukiermanNanotechnology 17 5136
(2006)

389. S Pathak, Z G Cambas, S R Kalidindi, J G Swander,
Y Gogotsi Carbon 47 1969 (2009)

390. C P Deck, J Flowers, G S B McKee, K Veccio J. Appl. Phys.
101 023512 (2007)

391. H J Qi, K B K Teo, K K S Lau, M C Boyce, W I Milne,
J Robertson, K K Gleason J. Mech. Phys. Solids 51 2213
(2003)

392. R Smaida, J C Andersen, M Duchamp, R Meunier,
S Casimirius, K Hernvdi, L Forrd, A Magrez Phys. Status
Solidi, B 246 2457 (2009)

393. Y Hayamizu, R C Davis, T Yamada, D N Futaba,
S Yasuda, M Yumura, K Hata Phys. Rev. Lett. 102 175505
(2009)

394. A Qiu, D E Bahr, A A Zbib, A Bellou, S Dj Mesarovich,
D McClain, W Hudson, J Jiao, D Kiener, M J Cordill
Nanotechnology 22 1430 (2011)

395. H M Duong, E Einarsson, J Okawa, R Xiang, S Maruyama
Jpn. J. Appl. Phys. 47 1994 (2008)

396. B A Cola, J Xu, C Cheng, X Xu, T S Fisher, H Hu J. Appl.
Phys. 101 054313 (2007)

397. M A Panzer, G Zhang, D Mann, X Hu, E Pop, H Dai,
K E Goodson J. Heat Transfer 130 052401 (2008)

398. Q Ngo, B Cruden, A Cassell, G Sims, M Meyyappan, J Li,
C Yang Nano Lett. 4 2403 (2004)

399. T Tong, Y Zhao, L Delzeit, A Kashani, M Meyyappan,
A Majumdar IEEE Trans. Comp. Packag. Technol. 30 92
(2007)

400. A E Aliev, C Guthy, M Zhang, S Fang, A A Zakhidov,
J E Fisher, R H Baughman Carbon 45 2880 (2007)

401. Q Cai, B-C Chen, Y Zhao, in Proceedings ASME Transfer
Conference, San Francisco, CA, 2009 p. 443

402. A N Nemilentsau, S V Rotkin ACS Nano 6 4298 (2012)
403. B A Cola, X Xu, T S Fisher Appl. Phys. Lett. 90 093513

(2007)
404. Y Xu, Y Zhang, E Suhir, X Wang J. Appl. Phys. 100 074302

(2006)
405. J Xu, T S Fisher IEEE Trans. Comp. Packag. Technol. 29 261

(2006)
406. I Ivanov, A Puretzky, G Eres, H Wang, Z Pan,H Cui, R Jin,

J Howe, D B Geohegan Appl. Phys. Lett. 89 223110 (2006)
407. R Cross, Master Sci. Thesis, Georgia Institute of Technology,

Atlanta, GA, 2008
408. Y Jiang, P Wang, L Lin Nanotechnology 22 365704 (2011)
409. Z D Hu, Y F Hu, Q Chen, X F Duan, L-M Peng J. Phys.

Chem. B 110 8263 (2006)
410. M M Norani, M K Lai J. Appl. Sci. 11 1386 (2011)
411. I Battiato, P R Bandaru, D M Tartakovsky Phys. Rev. Lett.

105 144504 (2010)
412. M R Falvo, G J Clary, R M Taylor, V Chi, F P Brooks,

S Washburn R Superfine Nature (London) 389 582 (1997)
413. J Suhr, P Victor, L Ci, S Sreekala, X Zhang, O Nalamasu,

P M Ajayan Nat. Nanotechnol. 2 417 (2007)
414. A Cao, P L Dickrell, W G Sawyer, M N Ghasemi-Nejhad,

P M Ajayan Science 310 1307 (2005)
415. M R Maschmann, B Dickinson, G J Ehlert, J W Braun

Smart Mater. Struct. 21 094024 (2012)
416. S B Hutchens, L J Hall, J R Greer Adv. Funct. Mater. 20

2338 (2010)
417. E H T Teo, W K P Yung, D H C Chua, B K Tay Adv.

Mater. 19 2941 (2007)
418. F A Hill, T F Havel, A J Hart, C Livermore J. Micromech.

Microeng. 19 094015 (2009)
419. C Daraio, V F Nesterenko, S Jin Appl. Phys. Lett. 85 5724

(2004)
420. C Daraio, V F Nesterenko, J Aubuchon, S Jin Nano Lett. 4

1915 (2004)
421. E B Sansom, D Rinderknecht, M Gharib Nanotechnology 19

035302 (2008)
422. A Misra, J R Greer, C Daraio Adv. Mater. 21 334 (2009)
423. K Mizuno, J Ishii, H Kisida, Y Hayamizu, S Yasuda,

D N Futaba,M Yumura, K HataProc. Natl. Acad. Sci. USA
106 6044 (2009)

424. K-C Hsieh, T-Y Tsai, D Wan, H-L Chen, N-H Tai ACS
Nano 4 1327 (2010)

425. Z-P Yang, L Ci, J A Bur, S-Y Lin, P M AjayanNano Lett. 8
446 (2008)

562 E G Rakov Russ. Chem. Rev. 82 (6) 538 ± 566 (2013)



426. P Yaghoobi, M V Moghaddam, A Nojeh, in The 23rd Inter-
national Vacuum Nanoelectronics Conference, Palo Alto, CA,
2010 p. 8.2.115; DOI 1109/IVNC.2010.5563199

427. P Yaghoobi, M V Moghaddam, M Michan, A Nojeh Vac.
Sci. Technol., B 29 02B104 (2011)

428. H Li, X Wang, Y Song, Y Liu, Q Li, L Jiang, D ZhuAngew.
Chem., Int. Ed. 40 1743 (2001)

429. K K S Lau, J Bico, K B K Teo, M Chhowalla,
G A J Amaratunga, W IMilne, G HMcKinley, K KGleason
Nano Lett. 3 1701 (2003)

430. V Turq, N Ohmae, J M Martin, J Fontaine, H Kinoshita,
J L Loubet Tribology Lett. 19 23 (2005)

431. G-H Xu, Q Zhang, J-Q Huang, M-Q Zhao, W-P Zhou,
F Wei Langmuir 26 2798 (2010)

432. C-L Choong, J S Bendall, W I Milne Biosens. Bioelectron. 25
652 (2009)

433. J-S Ye, Y Wen, W-D Zhang, H F Cui, G Q Xu, F-S Sheu
Nanotechnology 17 3994 (2006)

434. J Li, R Stevens, L Delzeit, H T Ng, A Cassell, J Han,
M Meyyappan Appl. Phys. Lett. 81 910 (2002)

435. J Fan, M Yudasaka, J Miyawaki, K Ajima, K Murata,
S Iijima J. Phys. Chem. B 110 1587 (2006)

436. T Hiraoka, A Izadi-Najafabadi, T Yamada, D N Futaba,
S Yasuda, O Tanaike, H Hatori, M Yumura, S Iijima,
K Hata Adv. Funct. Mater. 20 422 (2010)

437. L Zhu, Y Sun, D W Hess, C-P WongNano Lett. 6 243 (2006)
438. U Vohrer, J Holmes, Z Li, A S Teh, P Papakonstantinou,

M Ruether, W Blau Azojono J. Nanotechnol. Online 3
(Spec. Edit.) 1 (2007)

439. H Z Wang, Z P Huang, Q J Cai, K Kulkarni, C-L Chen,
D Carnahan, Z F Ren Carbon 48 868 (2010)

440. M De Volder, S Tawfick, S J Park, D Copic, A J Hart,
in The 16th Conference Solid-State Sensors Actuators and
Microsystems (TRANSDUCERS), Beijing, China, 2011

441. W Khalid, M S M Ali, M Darmardeh, Y Choi, P Yaghoobi,
A Nojeh, K Takahata Diamon Relat. Mater. 19 1405 (2010)

442. N Chakrapani, B Wei, A Carrillo, P M Ajayan, R S Kane
Proc. Natl. Acad. Sci. USA 101 4009 (2004)

443. H Liu, S H Li, J Zhai, H J Li, Q S Zheng, L Jiang, D B Zhu
Angew. Chem., Int. Ed. 43 1146 (2004)

444. C Journet, S Moulinet, C Ybert, S T Purcell, L Bocquet
Electrophys. Lett. 71 104 (2005)

445. DNFutaba, KMiyake, K Murata, Y Hayamizu, T Yamada,
S Sasaki, M Yumura, K Hata Nano Lett. 9 3302 (2009)

446. Z Liu, L Ci, S Kar, P M Ajayan, J-Q Lu IEEE Trans.
Nanotechol. 8 196 (2009)

447. M Musameh, M R Notivoli, M Hickey, I L Kyratzis,
Y Gao, C Huynh, S C Hawkins Adv. Mater. 23 906 (2011)

448. M F L De Volder, S H Tawfik, S J Park, A J Hart ACS
Nano 5 7310 (2011)

449. M A Correa-Duarte, N Wagner, J Rojas-Chapana,
C Morsczeck, M Thie, M Giersig Nano Lett. 4 2233 (2004)

450. YHayamizu, TYamada,KMizuno, RCDavis, D N Futaba,
M Yumura, K Hata Nat. Nanotechnol. 3 289 (2008)

451. M F L De Volder, S H Tawfick, S J Park, D Copic, Z Zhao,
W Lu, A J Hart Adv. Mater. 22 4384 (2010)

452. Q Li, R De Paula, X Zhang, L Zheng, P N Arendt,
F M Mueller, Y T Zhu, Y TuNanotechnology 17 4533 (2006)

453. H Y Jung, S M Jung, J S Suh Carbon 46 1345 (2008)
454. M F L De Volder, S J Park, S H Tawfick, D O Vidaud,

A J Hart J. Micromech. Microeng. 21 045023 (2011)
455. S Tawfick, M F L De Volder, A J Hart Langmuir 27 6389

(2011)
456. B L Wardle, D S Saito, E J GarcõÂ a, A J Hart,

R G de Villoria, E A Verploegen Adv. Mater. 20 2707 (2008)
457. A Izadi-Najafabadi, S Yasuda, K Kobashi, T Yamada,

D N Futaba, H Hatori, M Yumura, S Iijima, K Hata
Adv. Mater. 22 E235 (2010)

458. J Im, I H Lee, B Kim, J Park, W Yu, U J Kim, Y H Lee,
M J Seong, E H Lee, Y S Yin, S Hong Appl. Phys. Lett. 94
053109 (2009)

459. C L Pint, Y-Q Xu, S Moghazy, T Cherukuri, N T Alvarez,
E H Haroz, S Mahzooni, S K Doorn, J Kono, M Pasquali,
R H Hauge ACS Nano 4 1131 (2010)

460. H Tang, J H Chen, Z P Huang, D Z Wang, Z F Ren,
L H Nie, Y F Kuang, S Z Yao Carbon 42 191 (2004)

461. J Bao, Q Zhou, J Hong, Z Xu Appl. Phys. Lett. 81 4592
(2002)

462. H M Duong, K Ishikawa, J Okawa, K Ogura, E Einarsson,
J Shiomi, S Maruyama J. Phys. Chem. C 113 14230 (2009)

463. M Penza, R Rossi, M Alvisi, E Serra Nanotechnology 21
105501 (2010)

464. S Mao, G Lu, J Chen Nanotechnology 19 455610 (2008)
465. X Su, J Wu B J Hinds Carbon 49 1145 (2011)
466. C V Nguyen, L Delzeit, A M Cassell, J Li, J Han,

M Meyyappan Nano Lett. 2 1079 (2002)
467. M Biso, A Ansaldo, D N Futaba, K Hata, D Ricci Carbon

49 2253 (2011)
468. A V Melechko, T E McKnight, M A Guillorn, D W Austin,

B Ilich, V I Merkulov, M J Doktycz, D N Lowndes,
M L Simpson J. Vac. Sci. Technol., B 20 2730 (2002)

469. K M Metz, K Y Tse, S E Baker, E C Landis, R J Hamers
Chem. Mater. 18 5398 (2006)

470. T D B Nguyen-Vu, H Chen, A M Cassell, R Andrews,
M Meyyappan, J Li Small 2 89 (2006)

471. B L Fletcher, T E McKnighn, J D Fowlkes, D P Allison,
M L Simpson, M J Doktycz Synth. Met. 157 282 (2007)

472. P He, D L Shi, J Lian, L M Wang, R C Ewing, W van Ooij,
W Z Li, Z F Ren Appl. Phys. Lett. 86 043107 (2005)

473. M Dahmardeh, A Nojeh, K Takahata J. Appl. Phys. 109
093308 (2011)

474. A Mathur, S S Roy, J A McLaughlin J. R. Soc. Interface 7
1129 (2010)

475. L Qu, R A Vaia, L Dai ACS Nano 5 994 (2011)
476. T Y Tsai, C Y Lee, N H Tai, W H TuanAppl. Phys. Lett. 95

013107 (2009)
477. E Sunden, J K Moon, C P Wong, W P King, S Graham

J. Vac. Sci. Technol., B 24 1947 (2009)
478. Y Zhu, X Lim, M C Sim, C T Lim, C H Sow

Nanotechnology 19 325304 (2008)
479. B L Fletcher, T E McKnight, A V Melechko, D K Hensley,

D K Thomas, M N Ericson, M L Simpson Adv. Mater. 18
1689 (2006)

480. J M Schnorr, T M Swager Chem. Mater. 23 646 (2011)
481. J L Silan, D L Niemann, B P Ribaya, M Rahman,

M Meyyappan, C V Nguyen Appl. Phys. Lett. 95 133111
(2009)

482. Y M Liu, S S Fan Nanotechnology 15 1033 (2004)
483. N de Jonge, J-M Bonard Philos. Trans. R. Soc. London,

Ser. A 362 2239 (2004)
484. Y J Jung, S Kar, S Talapatra, C Soldano, G Viswanathan,

X S Li, Z LYao, F S Ou, A Avadhanula, R Vajtai, S Curran,
O Nalamasu, P M Ajayan Nano Lett. 6 413 (2006)

485. B Q Zeng, G Y Xiong, S Chen, W Z Wang, D Z Wang,
Z F Ren Appl. Phys. Lett. 89 223119 (2006)

486. D Kim, S H Lim, A J Guilley, C S Cojocaru, J E BoureÂ e,
L Vila, J H Ryu, K C Park, J Jang Thin Solid Films 516 706
(2008)

487. G Chen, D H Shin, T Iwasaki, H Kawarada, C J Lee
Nanotechnology 19 415703 (2008)

488. P Verma, P Kumar, S Gantam, P Chaturvedi, S Pal,
J S Rawat, PKChaudhary, Harsh, PKBasu, P K Bhatnager
Fullerenes, Nanotubes Carbon Nanostruct. 17 249 (2009)

489. Y Shiratori, H Hiraoka, Y Takeuchi, S Itoh, M Yamamoto
Appl. Phys. Lett. 82 2485 (2003)

490. M Mauger, V T Binh, A Levesque, D Guillot Appl. Phys.
Lett. 85 305 (2004)

E G Rakov Russ. Chem. Rev. 82 (6) 538 ± 566 (2013) 563



491. S C Lim, K Lee, I H Lee,Y H Lee NANO: Brief Rep. Rev. 2
69 (2007)

492. S Park, H C Kim, M H Yum, J H Yang, C Y Park,
K Chun, B Eom Nanotechnology 19 445304 (2008)

493. C Li, Y Zhang,M Mann, D Hasko,W Lei, B Wang, D Chu,
D Pribat, G A J Amaratunga,W I MilneAppl. Phys. Lett. 97
113107 (2010)

494. W Lu, L Dai, in Carbon Nanotubes (Ed. V Kordic) (InTech,
2010) p. 563

495. C Niu, E K Siche, R Hoch, D Moy, H Tennent Appl. Phys.
Lett. 70 1480 (1997)

496. K H An, W S Kim, Y S Park, J-M Moon, D J Bae,
S C Lim, Y S Lee, Y H Lee Adv. Funct. Mater. 11 387 (2001)

497. E Frackowiak, F Beguin Carbon 39 937 (2001)
498. V V N Obreja Physica E 40 2596 (2008)
499. M Inagaki, H Konno, O Tanaike J. Power Sources 195 7880

(2010)
500. R H Baughman, A A Zakhidov, W A de Heer Science 297

787 (2002)
501. S Shiraishi, H Kurihara, K Okabe, D Hulicova, A Oya

Electrochem. Commun. 4 593 (2002)
502. B Xu, F Wu, R Chen, G Gao, S Chen, G Wang, Y Yang

J. Power Sources 158 773 (2006)
503. M Kaempgen, J Ma, G Gruner, G Wee, S G Mhaisalkar

Appl. Phys. Lett. 90 264104 (2007)
504. Z Fan, J Yan, L Zhi, Q Zhang, T Wei, J Feng, M Zhang,

W Qian, F Wei Adv. Mater. 22 3723 (2010)
505. C Masarapu,H F Zeng, K H Hung, B WeiACSNano 3 2199

(2009)
506. X Qin, S Durbach, G T Wu Carbon 42 451 (2004)
507. J-S Ye, H F Cui, X Liu, T M Lim, W-D Zhang, F-S Sheu

Small 1 560 (2005)
508. Y Q Jiang, P Wang, J Zhang, W Li, L Lin, in Proceedings

IEEE MEMS Conference, Hong Kong, 2010 p. 1171
509. X Cui, F Hu, W Wei, W Chen Carbon 49 1225 (2011)
510. A L M Reddy, M M Shaijumon, S R Gowda, P M Ajayan

J. Phys. Chem. C 114 658 (2010)
511. V L Pushparaj, M M Shaijumon, A Kumar, S Murugesan,

L Ci, R Vajtai, R J Linhardt, O Nalamasu, P M Ajayan
Proc. Natl. Acad. Sci. USA 104 13574 (2007)

512. Y Q Jiang, Q Zhou, L Lin inMicroElectroMechanical Sys-
tems MEMS 2009. IEEE 22nd International Conference,
Sorrento, 2009 p. 587

513. W Lu, L Qu, K Henry, L Dai J. Power Sources 189 1270
(2009)

514. H Pan, J Li, Y P Feng Nanoscale Res. Lett. 5 654 (2010)
515. A Arun, H Le Poche, T Idda, D Acquaviva, M F-B Badia,

P Pantigny, P Salet, A M Ionescu Nanotechnology 22 025203
(2011)

516. H J In, S Kumar, Y Shao-Horn, G Barbastathis Appl. Phys.
Lett. 88 083103 (2006)

517. H J In, B Gallant, Y Shao-Horn, G Barbastathis,
in PowerMEMS 2009, Washington, 2009 p. 137

518. L Yang, B H Fishbine, A Migliori, L R Pratt J. Am. Chem.
Soc. 131 12373 (2009)

519. I Y Jang, K C Park, Y C Jung, S H Lee, S M Song,
H Muramatsu, Y J Kim, M Endo J. Nanosci. Nanotechnol.
11 675 (2011)

520. S P Turano, J D Flicker, W J Ready Carbon 46 723 (2008)
521. J Yu, J G Shapter, M R Johnson, J S Quinton, J J Gooding

Electrochim. Acta 52 6206 (2007)
522. D N Hutchison, N B Morrill, Q Alten, B W Turner,

B D Jensen, L L Howell, R R Vafleet, R C Davis
J. Microelecromech. Syst. 19 75 (2010)

523. J J Zhou, F Noca, M Gharib Nanotechnology 17 4845 (2006)
524. F Yan, C Zhang, D Cott, G Zhong, J Robertson Phys.

Status Solidi, B 247 2669 (2010)
525. L Xiao, Z Chen, C Feng, L Lu, Z-Q Bai, Y Wang, L Qian,

Y Zhang, Q Li, K Jiang, S Fan Nano Lett. 8 4539 (2008)

526. L Chen, C Liu, K Liu, C Meng, C Hu, J Wang, S Fan ACS
Nano 5 1588 (2011)

527. AAKuznetsov, AFFonseca, RHBaughman,A A Zakhidov
ACS Nano 5 985 (2011)

528. M Zhang, R Baughman, in Electronic Properties of Carbon
Nanotubes (Ed. J M Maruland) (InTech, 2011)

529. X Zhang, Q Li, Y Tu, Y Li, J Y Coulter, L Zheng, Y Zhao,
Q Jia, D E Peterson, Y Zhu Small 3 244 (2007)

530. C D Tran, W Humphries, S M Smith, C Huynh, S Lukas
Carbon 47 2662 (2009)

531. J L Abot, Y Song, M S Vatsavaya, S Medikonda, Z Kier,
C Jayasinghe, N Rooy, V N Shanov, M J Schulz Compos.
Sci. Technol. 70 1113 (2010)

532. S Fang, M Zhang, A A Zakhidov, R H Baughman J. Phys.:
Condens. Matter 22 334221 (2010)

533. K Liu, Y Sun, R Zhou, H Zhu, J Wang, L Liu, S Fan,
K Jiang Nanotechnology 21 045798 (2010)

534. L K Randeniya, A Bendavid, P J Martin, C-D Tran Small 6
1806 (2010)

535. Q Zhang, D-G Wang, J-Q Huang, W-P Zhou, G-H Luo,
W-Z Qian, F Wei Carbon 48 2855 (2010)

536. M D Lima, S Fang, X LeproÂ , C Lewis, R Ovalle-Robles,
J Carretero-GonzaÂ lez, E Castillo-Marttnez, M E Kozlov,
J Oh, N Rawat, C S Haines, M H Haque, V Aare,
S Stoughton, A A Zakhidov, R H Baughman Science 311 51
(2011)

537. X Zhang, Q Li, T G Holesinger, P A Arendt, J Huang,
P D Kirven, T G Clapp, R F DePaula, X Liao, Y Zhao,
L Zheng, D E Peterson, Y Zhu Adv. Mater. 19 4198 (2007)

538. YZhang,GZou, SKDoorn,H Htoon, L Stan,M E Hawley,
C J Sheehan, Y Zhu, Q Jia ACS Nano 3 2157 (2009)

539. J-H Kim, H-S Jang, K H Lee, L J Overzet, G S Lee Carbon
48 538 (2009)

540. T Iijima, HOshima, YHayashi, U B Suryavanshi, A Hayashi,
M Tanemura Phys. Status Solidi, A 208 2332 (2011)

541. K Liu, Y Sun, P Liu, J Wang, Q Li, S Fan, K Jiang
Nanotechnology 20 335705 (2009)

542. J L Abot, Y Song, M J Schulz, V N Shanov Compos. Sci.
Technol. 68 2755 (2008)

543. K Mukai, K Asaka, T Sugino, K Kiyohara, I Takeuchi,
N Terasawa, D N Futaba, K Hata, T Fukushima
Adv. Mater. 20 1 (2009)

544. Q Zhang, M Zhao, Y Liu, A Cao, W Qian,Y Lu, F Wei
Adv. Mater. 21 2876 (2009)

545. V Labunov, B Shulitski, A Prudnikava, A Basaev Phys.
Status Solidi, A 208 453 (2011)

546. F Du, D Yu, L Dai, S Ganguli, V Varshney, A K Roy
Chem. Mater. 23 4810 (2011)

547. A Misra, J R Raney, L De Nardo, A E Craig, C Daraio
ACS Nano 5 7713 (2011)

548. D McClain, L Dong, C Pan, J Jiao, C McCarter, D Bahr,
C RichardsMicrosc. Microanal. 11 (Suppl. 2) 1920 (2005)

549. D Takagi, Y Homma, S Suzuki, Y Kobayashi Jpn. J. Appl.
Phys. 44 1564 (2005)

550. W Fang, H-Y Chu, W-K Hsu, T-W Cheng, N-H Tai
Adv. Mater. 17 2987 (2005)

551. H Huang, C Liu, Y Wu, S Fan Adv. Mater. 17 1652 (2005)
552. W Chen, L Qu, D Chang, L Dai, S Ganguli, A Roy Chem.

Commun. 163 (2008)
553. E J Garcia, B L Wardle, A J Hart Composites, A 39 1065

(2008)
554. E J Garcia, A J Hart, B L Wardle, A H Slocum Adv. Mater.

19 2151 (2007)
555. L Ci, J Suhr, V Pushparaj, X Zhang, P M AjayanNano Lett.

8 2762 (2008)
556. H Peng, X Sun Chem. Phys. Lett. 471 103 (2009)
557. W Lin, K-S Moon, C P Wong Adv. Mater. 21 2421 (2009)
558. L Megalini, D S Saito, E J Garcia, A J Hart, B L Wardle

J. Nano Syst. Technol. 1 (1) 1 (2009)

564 E G Rakov Russ. Chem. Rev. 82 (6) 538 ± 566 (2013)



559. M K Shin, J Oh, M Lima, M E Kozlov, S J Kim,
R N Baughman Adv. Mater. 22 2663 (2010)

560. Y Yao, C Liu, S Fan Nanotechnology 17 4374 (2006)
561. H Cebeci, R G de Villoria, A J Hart, B L Wardle Compos.

Sci. Technol. 69 2649 (2009)
562. F Du, L Qu, Z Xia, L Feng, L Dai Langmuir 27 8437 (2011)
563. A M Marconnet, N Yamamoto, M A Panzer, B L Wardle,

K E Goodson ACS Nano 5 4818 (2011)
564. Y Zhang, C J Sheehan, J Zhai, G Zou, H Luo, J Xiong,

Y T Zhu, Q X Jia Adv. Mater. 22 3027 (2010)
565. J H Chen, Z P Huang, D Z Wang, S X Yang, J G Wen,

Z F Ren Appl. Phys. A 73 129 (2001)
566. S Miserendino, J Yoo, A Cassell, Y C TaiNanotechnology 17

S23 (2006)
567. A Chandrashekar, S Ramachandran, G Pollack, J -S Lee,

G S Lee, L Overzet Thin Solid Films 517 525 (2008)
568. S Vaddiraju, H Cebeci, K K Gleason, B L Wardle ACS

Appl. Mater. Interfaces 1 2565 (2009)
569. S Tawfick, X Deng, A J Hart, J Lahann Phys. Chem. Chem.

Phys. 12 4446 (2010)
570. E J Garcia, A J Hart, B L Wardle, A H Slocum

Nanotechnology 18 165602 (2007)
571. M S Mauter, M Elimelech, C O Osuji ACS Nano 4 6651

(2010)
572. Y Rachmadini, V B C Tan, T E Tay J. Reinf. Plast. Compos.

29 2782 (2010)
573. H M Duong, N Yamamoto, K Bui, D V Papavassiliou,

S Maruyama, B L Wardle J. Phys. Chem. C 114 8851 (2010)
574. M H-C Jin, L Dai In Organic Photovoltaics. Mechanisms,

Materials and Devices (Eds S-S Sun, N S Sariciftci) (Boca
Raton, CA: CRC Press, 2005) p. 595

575. D Copic, S J Park, S Tawfick, M F L De Volder, A J Hart
Lab Chip 11 1831 (2011)

576. Y-S Min, I H Lee, Y H Lee, C S Hwang Cryst. Eng.
Commun. 13 3451 (2011)

577. M Grujicic, W C Bell, S B Biggers, K I Koudela, J F Tarter,
B A Cheeseman Proc. Inst. Mech. Eng. Part L: J.Mater. Des.
Appl. 222 (1) 15 (2008)

578. J Blanco, E J Garcia, R G De Villoria, B L Wardle
J. Compos. Mater. 43 825 (2009)

579. S S Wicks, R G De Villoria, B L Wardle Compos. Sci.
Technol. 70 20 (2010)

580. Y Zeng, L Ci, B J Carey, R Vajtai, P M Ajayan ACS Nano 4
6798 (2010)

581. Q Chen, L Dai, M Gao, S Huang, A Mau J. Phys. Chem. B
105 618 (2001)

582. P Joseph, C Cottin-Bizonne, J-MBenoot, CYbert, C Journet,
P Tabeling, L Bocquet Phys. Rev. Lett. 97 156104 (2006)

583. L Zhang, D E Resasco Langmuir 25 4792 (2009)
584. Y Zhang, L Stan, P Xu, H-L Wang, S K Doorn, H Htoon,

Y Zhu, Q Jia Carbon 47 3332 (2009)
585. S H Lu, M H N Tun, Z J Mei, G H Chia, X Lim, C-H Sow

Langmuir 25 12806 (2009)
586. ZKWang, L J Ci, LChen, SNayak, PMAjayan, N Koratkar

Nano Lett. 7 697 (2007)
587. C Wei, L Dai, A Roy, T B Tolle J. Am. Chem. Soc. 128 1412

(2006)
588. V O Khavrus, H Vinzelberg, J Schumann, A Leonhardt,

S Oswald, B BuÈ chner Physica E 43 1199 (2011)
589. J J Gooding, R Wibowo, J Q Liu, W Yang, D Losic,

S Orbons, F J Mearns, J G Shapter, D B Hibbert J. Am.
Chem. Soc. 125 9006 (2003)

590. M O'Connor, S N Kim, A J Killard, R J Forster,
M R Smyth, F Papadimitrakopoulos, J F Rusling Analyst
129 1 (2004)

591. S Roy, H Vedala, W Choi Nanotechnology 17 S14 (2006)
592. Y Wang, Z Iqbal JOM J. Miner. Met. Mater. Soc. 57 (6) 27

(2006)

593. B V Chikkaveeraih, A Bhirde, R Malhotra, V Patel,
J S Gutkin, J F Rusling Anal. Chem. 81 9129 (2009)

594. Y Yu, A Cimeno, Y C Lan, J Rybczynsky, D Z Wang,
T Paudel, Z F Ren, D J Wagner, M Q Qiu, T C Chiles,
D CaiMicro Nano Lett. 4 27 (2009)

595. X Yu, S N Kim, F Papadimitrakopoulos, J F Rusling
Mol. Biosyst. 1 70 (2005)

596. B L Fletcher, T E McKnight, A V Melechko,M L Simpson,
M J Doktycz Nanotechnology 17 2032 (2006)

597. R Malhotra, V Patel, J P VaqueÂ , J S Gutkind, J F Rusling
Anal. Chem. 15 3118 (2010)

598. F Fachin, B L Wardle, G D Chen, M Toner 2010 IEEE
Sensors 47 (2010)

599. A Bsoul, M S Mohamed, K Takahata Electron. Lett. 47 807
(2011)

600. T Yamada, Y Hayamizu, Y Yamamoto, Y Yomogida,
A Izadi-Najafabadi, D N Futaba, K Hata Nat. Nanotechnol.
6 296 (2011)

601. F A Hill, T F Havel, A J Hart, C Livermore J. Micromech.
Microeng. 20 104012 (2010)

602. X Liu, K H R Baronian, A J Downard Anal. Chem. 80 8835
(2008)

603. T Sekitani, Y Noguchi, K Hata, T Fukushima, T Aida,
T Someya Science 321 1468 (2008)

604. A V Melechko, R Desikan, T E McKnight, K L Klein,
P D Rack J. Phys. D: Appl. Phys. 42 193001 (2009)

605. K Zhang, Y Chai,M M F Yuen,D G W Xiao, P C H Chan
Nanotechnology 19 215706 (2008)

606. K KordaÂ s, G TooÂ th, P Moilanen, M Kumpumiki,
J Vihikangas, A Uusimiki, R Vajtai, P M AjayanAppl. Phys.
Lett. 90 123105 (2007)

607. AHamdan, J Cho, R Johnson, J Jiao, RRichards, C Richards
Nanotechnology 21 015702 (2010)

608. G F Zou, H M Luo, S Baily, Y Y Zhang, N F Haberkorn,
J Xiong, E Bauer, T M McCleskey, A K Burrell, L Civale,
Y T Zhu, J L MacManus-Driscoll, Q X Jia Nat. Commun. 2
428 (2011)

609. T Sun, G J Wang, H Liu, L Feng, L Jiang, D B Zhu J. Am.
Chem. Soc. 125 14996 (2003)

610. A M Saleem, J Berg, V Desmaris, M S Kabir
Nanotechnology 20 375302 (2009)

611. K Kempa, B Kimball, J Rybczynski, Z P Huang, P F Wu,
D Steeves, M Sennett, M Giersig, D V G L N Rao,
D L Carnahan, D Z Wang, J Y Lao, W Z Li, Z F Ren
Nano Lett. 3 13 (2003)

612. Y Wang, X Wang, J Rybczynski, D Z Wang, K Kempa,
Z F Ren Appl. Phys. Lett. 86 153120 (2005)

613. L J Guo, H Shi, J Ok, H Baak, in APSMarch Meeting,
Dallas, TX, 2011 Abstr. D 32.010

614. H Shi, J G Ok, H W Baac, L J Guo, in Quantum Electronics
and Laser Science Conference. OSA Technical Digest (CD)
(Baltimor, ML: Optical Society of America, 2011) p. QTuG4

615. J Lehman, A Sanders, L Hanssen, B Wilthan, J Zeng,
C Jensen Nano Lett. 10 3261 (2010)

616. J H Lehman, B Lee, E N Grossman Appl. Opt. 50 4099
(2011)

617. BYurdumakan, N R Raravikar, P M Ajayan, A Dhinojwala
Chem. Commun. 3799 (2005)

618. L Ge, S Sethi, P M Ajayan, A Dhinojwala Proc. Natl. Acad.
Sci. USA 104 10792 (2007)

619. H E Jeong, K Y Suh Nano Today 9 335 (2009)
620. H Ko, Z Zhang, J C Ho, K Takei, R Kapadia, Y-L Chuen,

W Cao, B A Cruden, A Javey Small 6 22 (2010)
621. N M Pugno Nano Today. 3 35 (2008)
622. L Qu, L Dai Adv. Mater. 19 3844 (2007)
623. L Qu, L Dai, M Stone, Z Xia, Z L Wang Science 322 238

(2008)

E G Rakov Russ. Chem. Rev. 82 (6) 538 ± 566 (2013) 565



624. K Gjerde, J Kjelstrup-Hansen, C H Clausen, K B K Teo,
W I Milne, H-G Rubahn, P Bùggild Nanotechnology 17 4917
(2006)

625. K Gjerde, R T R Kumar, K N Andersen,
J Kjelstrup-Hansen, K B K Teo, W I Milne, C Persson,
K Mùlhave, H-G Rubahn, P Bùggild Soft Matter 4 392
(2008)

626. T D B Nguyen-Vu, H Chen, A M Cassell, R J Andrews,
M Meyyappan, J Li IEEETrans. Biomed. Eng. 54 1121 (2007)

627. C A Abdullah, P Asanithi, E W Brunner, I Jurewicz, C Bo,
C L Azad, R Ovalle-Robles, S Fang, M D Lima, X Lepro,
S Collins, R H Baughman, R P Sear, A B Dalton
Nanotechnology 22 205102 (2011)

628. R Hu, B A Cola, N Haram, J N Barisci, S Lee, S Stoughton,
G Wallace, C Too, M Thomas, A Gestos, M E dela Cruz,
J P Ferraris, A A Zakhidov, R H Baughman Nano Lett. 10
838 (2010)

629. W Choi, S Hong, J T Abrahamson, J-H Han, C Song,
N Nair, S Baik, M S Strano Nat. Mater. 9 423 (2010)

630. W Choi, J T Abrahamson, J M Strano, M S StranoMater.
Today 13 22 (2010)

631. X Li, G Zhu, J S Dordick, P M Ajayan Small 3 595 (2007)
632. M Majumder, P M Ajayan, in Comprehensive Membrane

Science and Engineering Vol. 1 (Eds E Drioli, L Giorno)
(Oxford: Academic Press, Elsevier, 2010) p. 291

633. J KHolt, HGPark, Y Wang,M Staderman, A B Artyukhin,
C P Grigoropoulos, A Noy, O Bakajin Science 312 1034
(2006)

634. J D Fowlkes, E D Hullander, B L Fletcher, S T Retterer,
A V Melechko, D K Hensley, M L Simpson, M J Doktycz
Nanotechnology 17 5659 (2006)

635. J D Fowlkes, B L Fletcher, E D Hullander, K L Klein,
D K Hensley, A V Melechko, M L Simpson, M J Doktycz
Nanotechnology 16 3101 (2005)

636. B L Fletcher, S T Retter, T E McKnighn, A V Melechko,
J D Fowlkes, M L Simpson, M J Doktycz ACS Nano 2 247
(2008)

637. G Hummer, J C Rasalah, J P Noworyta Nature (London)
414 188 (2001)

638. A Skoulidas, D M Ackerman, K Johnson, D S Sholl Phys.
Rev. Lett. 89 185901 (2002)

639. H Chen, J K Johnson, D S Sholl J. Phys. Chem. B 110 1971
(2006)

640. A Waghe, J C Rasaiah, G Hummer J. Chem. Phys. 117 10789
(2002)

641. A Noy, H G Park, F Fornasiero, J K Holt,
C P Grigoropoulos, O Bakajin Nano Today 2 22 (2007)

642. B Corry J. Phys. Chem. B 112 1427 (2008)
643. J Zheng, E M Lennon, H K Tsao, Y J Sheng, S Jiang

J. Chem. Phys. 122 214702 (2005)
644. A Striolo Nano Lett. 6 633 (2006)
645. S R Majumder, N Choudhury, S K Ghosh J. Chem. Phys.

127 054706 (2007)
646. K Sears, L Dumge, J Schmtz, M She, C Huynh, S Hawkins,

M Duke, S GrayMaterials 3 127 (2010)
647. M Yu, H H Funke, J L Falconer, R D Noble Nano Lett. 9

225 (2009)
648. L Sun, R M Crooks J. Am. Chem. Soc. 122 12340 (2000)
649. A F Ismail, P S Goh, S M Sanip, M Aziz Sep. Pur. Technol.

70 12 (2009)
650. B J Hinds, N Chopra, T Rantell, R Andrews, V Gavalas,

L G Bachas Science 303 62 (2004)
651. K Prehn, R Adelung, M Heinen, S P Nunes, K Schulte

J. Membr. Sci. 321 123 (2008)
652. D Bello, A J Hart, K Ahn, M Hallock, N Yamamoto,

E J Garcia, M J Ellenbecker, B L Wardle Carbon 46 974
(2008)

653. K Moulton, N B Morrill, A M Konneker, B D Jensen,
R R Vanfleet, D D Allred, R C Davis J. Micromech.
Microeng. 22 055004 (2012)

654. M Xu, D N Futaba, M Yumura, K Hata ACS Nano 6 5837
(2012)

655. S Li, P Hou, C Liu, L Gao, B Liu, L Zhang, M Song,
H-M Cheng J. Mater. Chem. 22 14149 (2012)

656. M Bedewy, E R Meshot, A J Hart Carbon 50 5106 (2012)
657. Z J Han, K Ostrikov J. Am. Chem. Soc. 134 6018 (2012)
658. 658 A I Kirillov, A M Ob'edkov, V A Egorov,

G A Domrachev, B S Kaverin, N M Semenov,
T I Lopatina, S A Gusev, A D Mansfel'd Nanotekhnika (1)
72 (2011)

659. O Yagliogly, A Cao, A J Hart, R Martens, A H Slocum
Adv. Funct. Mater. 22 5028 (2012)

660. S W Ryu, J W Hwang, S H Hong J. Nanosci. Nanotechnol.
12 5653 (2012)

661. J Di, D Hu,H Chen, Z Yong,M Chen, Z Feng, Y Zhu, Q Li
ACS Nano 6 5457 (2012)

662. J B In, D Lee, F Fornasiero, A Noy, C P Grigoropoulos
ACS Nano 6 7858 (2012)

663. E Oh, J Lee, S-H Jung, S Cho, H-J Kim, S-H Lee, K H Lee,
K-H Song, C-H Choi, D S Han Sci. Technol. Adv. Mater. 13
025004 (2012)

664. D Copic, S J Park, S Tawfik, M De Volder, A J Hart J. Vis.
Exp. (2012) [http://www.jove.com/video/3980/]

665. T Wang, D Jiang, S Chen, K Jeppson, L Ye, J LiuMater.
Lett. 78 184 (2012)

666. L Lattanzi, J R Raney, L De Nardo, A Misra, C Daraio
J. Appl. Phys. 111 074314 (2012)

667. T Saleh, M V Moghaddam, M S M Ali, M Dahmardeh,
C A Noieh, K Takahata Appl. Phys. Lett. 101 061913 (2012)

668. F Deng, N Rujisamphan, C Liu, Y Maezono, S C Hawkins,
C P Huynh, S I Shah, C Ni Appl. Phys. Lett. 100 213109
(2012)

669. 679 B Zhao, L Zhang, Y Liang,H Qiu, J YangAppl. Phys., A
108 351 (2012)

670. D Yu, Y Xue, L Dai J. Phys. Chem. Lett. 3 2863 (2012)
671. S Huang, Z Yang, L Zhang, R He, T Chen, Z Cai, Y Luo,

H Lin, H Cao, Z Zhu, H Peng J. Mater. Chem. 22 16833
(2012)

672. F Malara, M Manca, M Lanza, C HuÈ bner,
E Piperopoulos, G Gigli Energ. Environ. Sci. 5 8377 (2012)

673. J E Mink, J P Rojas, B C Logan, M M Hussain Nano Lett.
12 791 (2012)

674. A Bsoul, M Sultan Mahomet Ali, A Nojeh, K Takahata
Appl. Phys. Lett. 100 213510 (2012)

675. R S Wagner, W C Ellis Appl. Phys. Lett. 4 89 (1964)
676. E I Givargizov Rost Nitevidnykh i Plastinchatykh

Kristallov iz Para) (Growth ofWhiskers andLamellar Crystals
from Vapour) (Moscow: Nauka, 1977)

677. V P Dubrovskii, G E Tsyrlin, V M Ustinov Fiz. Tekh.
Poluprovod. 43 1585 (2009)

678. P Roach, N J Shirtcliffe, M I Newton Soft Matter 4 224
(2008)

679. L Qu, F Du, L Dai Nano Lett. 8 2682 (2008)

566 E G Rakov Russ. Chem. Rev. 82 (6) 538 ± 566 (2013)


	Introduction
	The morphology and density of carbon nanotube forest
	Methods of synthesis of carbon nanotube forests
	Properties of CNT forest
	Modification of CNT forest
	Applications of CNT forests
	Conclusion
	References

