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CARBON NANOTUBE DIAMETER 
SELECTION BY PRETREATMENT OF 

METAL CATALYSTS ON SURFACES 

GRANT INFORMATION 

This invention was made with government support under 
Grant Number DE-FC36-05G015073, awarded by the U.S. 
Department of Energy; and Air Force Office of Scientific 
Research Grant Number F33615-01-D-5802, awarded by the 
U.S. Department of Defense. The Government has certain 
rights in the invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention generally relates to enhanced meth

ods of diameter selection for nanotube growth by pretreat
ment of the at least one catalyst particle from which the at 
least one nanotube grows. 

2. Background 
Carbon nanotubes are nanoscale high-aspect-ratio cylin

ders consisting of hexagonal rings of carbon atoms that may 
assume either a semiconducting electronic state or a conduct
ing electronic state. Semiconducting carbon nanotubes have 
been used to form hybrid devices, such as hybrid PET's. In 
particular, PET's have been fabricated using a single semi
conducting carbon nanotube as a channel region. Typically, 
ohmic contacts at opposite ends of the semiconducting car
bon nanotube extending between a source electrode and a 
drain electrode situated on the surface of a substrate. 

Accordingly, much attention has been given to the use 
nanomaterials in semiconductor devices. 

Many methods exist for forming and/or creating nanotubes 
and nanotube arrays. A conventional method of forming car
bon nanotubes utilizes a chemical vapor deposition (CVD) 
process. Specifically, the CVD process directs a flow of a 
carbonaceous reactant to a catalyst material located on the 
substrate, where the reactant is catalyzed to synthesize carbon 
nanotubes. The carbonnanotubes are capable ofbeing length
ened by insertion of activated carbon atoms at the interface 
with the catalyst material. Typically, the carbon nanotubes are 
then collected for an end use or further processing. 

2 
Single-wall carbon nanotubes have been made in a DC arc 

discharge apparatus by simultaneously evaporating carbon 
and a small percentage of Group VIIIb transition metal from 
the anode of the arc discharge apparatus. These techniques 
allow production of only a low yield of carbon nanotubes, and 
the population of carbon nanotubes exhibits significant varia
tions in structure and size. 

Another method of producing single-wall carbon nano
tubes involves laser vaporization of a graphite substrate 

10 doped with transition metal atoms (such as nickel, cobalt, or 
a mixture thereof) to produce single-wall carbon nanotubes. 
The single-wall carbon nanotubes produced by this method 
tend to be formed in clusters, termed "ropes," of about 10 to 

15 
about 1000 single-wall carbon nanotubes in parallel align
ment, held by van der Waals forces in a closely packed trian
gular lattice. Nanotubes produced by this method vary in 
structure, although one structure tends to predominate. 
Although the laser vaporization process produces an 

20 improved yield of single-wall carbon nanotubes, the product 
is still heterogeneous, and the nanotubes tend to be too 
tangled for many potential uses of these materials. In addi
tion, the laser vaporization of carbon is a high energy process. 

Another way to synthesize carbon nanotubes is by catalytic 
25 decomposition of a carbon-containing gas by nanometer

scale metal particles supported on a substrate. The carbon 
feedstock molecules decompose on the particle surface, and 
the resulting carbon atoms then precipitate as part of a nano
tube from one side of the particle. This procedure typically 

30 produces imperfect multi-walled carbon nanotubes. 
Another method for production of single-wall carbon 

nanotubes involves the disproportionation of CO to form 
single-wall carbonnanotubes and C02 on alumina-supported 

35 
transition metal particles comprising Mo, Fe, Ni, Co, or mix
tures thereof. This method uses inexpensive feedstocks in a 
moderate temperature process. However, the yield is limited 
due to rapid surrounding of the catalyst particles by a dense 
tangle of single-wall carbon nanotubes, which acts as a bar-

40 rier to diffusion of the feedstock gas to the catalyst particle 
surface, limiting further nanotube growth. 

Control of ferrocene/benzene partial pressures and addi
tion of thiophene as a catalyst promoter in an all gas phase 
process can produce single-wall carbonnanotubes. However, 

45 this method suffers from simultaneous production of multi
wall carbon nanotubes, amorphous carbon, and other prod
ucts of hydrocarbon pyrolysis under the high temperature 
conditions necessary to produce high quality single-wall car
bon nanotubes. 

In defining the size and conformation of single-wall carbon 
nanotubes, the system of nomenclature described by Dressel
haus et a!., Science of Fullerenes and Carbon Nanotubes, 
1996, San Diego: Academic Press, Ch. 19, is commonly used. 
Single-wall tubular fullerenes are distinguished from each 
other by a double index (n, m), where nandm are integers that 50 

describe how to cut a single strip of hexagonal graphite such 
that its edges join seamlessly when the strip is wrapped onto 
the surface of a cylinder. When n=m, the resultant tube is said 

A method for producing single-wall carbon nanotubes has 
been reported that uses high pressure CO as the carbon feed
stock and a gaseous transition metal catalyst precursor as the 
catalyst. ("Gas Phase Nucleation and Growth of Single-Wall 
Carbon Nanotubes from High Pressure Carbon Monoxide," to be of the "arm-chair" or (n, n) type, since when the tube is 

cut perpendicularly to the tube axis, only the sides of the 
hexagons are exposed and their pattern around the periphery 
of the tube edge resembles the arm and seat of an arm chair 
repeated n times. When m=O, the resultant tube is said to be of 
the "zig zag" or (n,O) type, since when the tube is cut perpen
dicular to the tube axis, the edge is a zig zag pattern. Where 
n>'m and m>'O, the resulting tube has chirality. The electronic 
properties are dependent on the conformation, for example, 
arm -chair tubes are metallic and have extremely high electri-
cal conductivity. Other tube types are metallic, semi-metals or 
semi-conductors, depending on their conformation. Regard
less of tube type, all single-wall nanotubes have extremely 
high thermal conductivity and tensile strength. 

55 International Pat. Pub!. WO 00/26138, published May 11, 
2000, incorporated by reference herein in its entirety). This 
method possesses many advantages over other earlier meth
ods. For example, the method can be done continuously, and 
it has the potential for scale-up to produce commercial quan-

60 tities of single-wall carbon nanotubes. Another significant 
advantage of this method is its effectiveness in making single
wall carbon nanotubes without simultaneously making multi
wall nanotubes. Furthermore, the method produces single
wall carbon nanotubes in high purity, such that less than about 

65 10 wt % of the carbon in the solid product is attributable to 
other carbon-containing species, which includes both gra
phitic and amorphous carbon. 
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As grown nanotubes, particularly carbon nanotubes, typi
cally range from a few to tens of nm in diameter, and are as 
long as a few nanometers in length. Because of its one
dimensional electronic properties due to this shape anisot
ropy, the carbon nanotube characteristically has a maximum 
current density allowing the flowing of current without dis
connection of 1,000,000 A per square centimeter, which is 
1 00 times or more as high as that of a copper interconnect. 
Further, with respect to heat conduction, the carbon nanotube 
is ten times as high in conductivity as copper. 10 

In terms of electric resistance, it has been reported that 
transportation without scattering due to impurities or lattice 
vibration (phonon) can be realized with respect to electrons 
flowing through the carbon nanotube. It is known that resis
tance per carbon nanotube, in various instances, is approxi- 15 

mately 6.45 kQ. However, other resistances are contemplated 
in various embodiments of the present invention. 

4 
However, in the prior art, a process requiring and/or desir

ing a nanotube of diameter less than 1 nm would use a catalyst 
particle, such as a metal catalyst particle, with a diameter less 
than 1 nm. In this manner, a design characteristic for the 
grown nanotube is the diameter and/or size of the catalyst 
particle and process and/or product can be varied by varying 
catalyst particle size. In fact, in the prior art, the diameter of 
the catalyst particles is a limiting factor on the growth of a 
nanotube. 

Accordingly, the art field is in search of improved methods 
of manufacturing semiconductor devices out of nanotube 
material, such as carbon nanotubes, especially improved 
methods of growth and/or production of size controlled and/ 
or selected arrays and/or forests ofnanotubes. 

SUMMARY OF THE INVENTION 

Further desirable attributes of a carbon nanotube electrode 
material include such factors as high surface area for the 
accumulation of charge at the electrode/electrolyte interface, 
good intra- and interparticle conductivity in the porous matri
ces, good electrolyte accessibility to the intrapore surface 
area, chemical stability and high electrical conductivity. 
Commonly used carbonaceous material used for the con
struction of carbon nanotubes include such materials as acti
vated carbon, carbon black, carbon fiber cloth, highly ori
ented pyrolytic graphite, graphite powder, graphite cloth, 
glassy carbon, carbon aerogel, and/or the like. 

These and other features and advantages of the invention 

20 will be apparent to those skilled in the art from the following 
detailed description of various embodiments, taken together 
with the accompanying figures and claims, in which: 

Various embodiments of the present invention comprise 
processes for fabrication and, more particularly, to methods 

25 of producing at least one vertical nanotube and/or an array of 
such nanotubes. In an embodiment, the array of nanotubes is 
a vertical array. Such methods of production provide for at 
least one of decreased nanotube diameter, increased process 

Typically, nanotubes can be classified into horizontal 
architectures and vertical architectures. Horizontal nanotubes 30 

exhibit carrier flow from source to drain in a direction parallel 

control, and/or the like. 

to the horizontal plane of the substrate on which they are 
formed. Vertical nanotubes exhibit carrier flow from source to 
drain in a direction vertical to the horizontal plane of the 
substrate on which they are formed. 

It is commonly understood that vertical nanotubes provide 
and/or allow for a shorter switching time because channel 
length for vertical nanotubes does not depend on the smallest 
feature size resolvable by, for example, lithographic equip
ment and methods. Therefore, vertical nanotubes possess a 40 

higher power handling capacity than typical horizontal nano
tubes. 

More particularly, various embodiments of the present 
invention comprise methods for the diameter controlled 
growth of at least one nanotube. In an embodiment, at least 
one catalyst particle placed on a nanotube growth substrate is 
treated to at least partially control the diameter of the nano-

35 tube. In an embodiment, the diameter of the at least one 
catalyst particle is increased by treatment. In an alternate 
embodiment, the diameter of the at least one catalysts particle 
is decreased by treatment. 

Various method of treatment are available with embodi-
ments of the present invention. In general, any method of 
modifYing the diameter of the at least one catalyst particle can 
be used. In an embodiment, the method of modifYing is cho
sen from the group comprising of chemical treatment, tem-

45 perature treatment, ion bombardment treatment, and/or the 
like. 

Previous studies have shown that carpets (forests) of 
single-walled carbon nanotubes can be readily grown at 
atmospheric pressures with controlled mixtures containing 
various hydrocarbons and also in the presence of hydrogen 
and various hydrocarbons at sub-atmospheric pressures with 
activation of gas mixtures via plasma formation by micro
wave or RF discharges. In all cases, however, production of 
small diameter SWNT was not optimized with the use of 50 

substrate heating in the presence of an activated gas. Previous 
studies have also shown that hot filament activation of gas 
mixtures of hydrogen and hydrocarbons activates the growth 
of multi-walled carbon nanotubes in the presence of metal 
catalyst particles. Hata, et a!., Science 2004, 306, 1362; 55 

Gyula, eta!., J. Phys. Chern. B 2005, 109, 16684; Zhang, et 
a!., PNAS 2005, 102, 16141; Iwasaki, eta!., J. Phys. Chern. B 
2005, 109, 19556; Zhong, eta!, J.Appl. Phys, 2005,44, 1558; 
Maruyama, et a!., I 12005, 403, 320; Huang et a!., J. Am 
Chern. Soc. 2003, 125, 5636. 60 

Recent studies have shown that small diameter carbon 
nanotubes (1-2 nm in diameter) can be grown from metal 
catalyst particles deposited on surfaces. (1) This is accom
plished by causing nanotube nucleation to occur at tempera
tures where catalyst particles are immobile. This permits the 65 

nucleation of nanotubes whose diameters are as small as the 
original metal catalyst particles. 

Once the at least one catalyst particle is modified, various 
embodiments of the present invention are capable of being 
combined with any nanotube growth method utilizing a cata
lyst particle. Accordingly, various embodiments of the 
present invention are capable of use as an early stage growth 
process wherein the foundation of at least one nanotube is 
fabricated. 

More particularly, generally, embodiments of the present 
invention comprise a method for producing at least one nano
tube comprising then steps of: 

1. Placing at least one catalyst particle on a suitable nano-
tube growth substrate; 

2. ModifYing the at least one catalyst particle; 
3. Growing the at least one nanotube. 
In an alternate embodiment, an array of nanotubes 1s 

grown. 
In various embodiments, the at least one nanotube grows at 

about 2.5 f.11ll per minute. 
The nanotubes produced according to embodiments of the 

present invention can be used in any of a number of semicon
ductor devices, as is known in the art. 
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Further embodiments disclose a method of reducing the 
heat generated from an integrated circuit comprising the step 
of replacing the integrated circuit's silicon with a carbon 
nanotube formation as herein disclosed. 

In various further embodiments, a semiconductor device is 
fabricated from the at least one nanotube. In further embodi
ments, an array of devices if fabricated. 

DETAILED DESCRIPTION OF THE INVENTION 
10 

6 
capable of being defined by walls or other boundaries, but 
also is capable of comprising a zone or other unrestricted 
area. 

As used herein, the term "semiconductor device" means 
and refers at least one device used in or with a formation of 
transistors, capacitors, interconnections, batteries, superca
pacitors, and/or the like, particularly various memory 
devices, such as, but not limited to DRAM, SRAM, SCRAM, 
EDRAM, VDRAM, NVSRAM, NVDRAM, DPSRAM, 

The particulars shown herein are by way of example and 
for purposes of illustrative discussion of the various embodi
ments of the present invention only and are presented in the 
cause of providing what is believed to be the most useful and 

15 
readily understood description of the principles and concep
tual aspects of various embodiments of the invention. In this 
regard, no attempt is made to show structural details of the 
invention in more detail than is necessary for the fundamental 
understanding of the invention, the description makes appar- 20 
ent to those skilled in the art how the several forms of the 

PSDRAM, transistor/capacitor cell devices, vias or intercon
nects, and vertical stacks of logic gates. However, other 
devices utilizing transistors, capacitors, interconnections, 
and/or the like are to be included within this definition. 

As used herein, the term "trace" is not intended to be 
limiting to any particular geometry or fabrication technique 
and instead is intended to broadly cover an electrically con
ductive path. 

Other than in the operating examples, or where otherwise 
indicated, all numbers expressing quantities of ingredients or 
reaction conditions used herein are to be understood as modi
fied in all instances by the term "about". invention may be embodied in practice. 

The following definitions and explanations are meant and 
intended to be controlling in any future construction unless 
clearly and unambiguously modified in the following 
examples or when application of the meaning renders any 
construction meaningless or essentially meaningless. In cases 
where the construction of the term would render it meaning
less or essentially meaningless, the definition should be taken 
from Webster's Dictionary, 3rdEdition. 

As used herein, the term "attached," or any conjugation 
thereof describes and refers the at least partial connection of 
two items. 

As used herein, the term "dielectric" means and refers to a 
substance in which an electric field may be maintained with 
zero or near-zero power dissipation, i.e., the electrical con
ductivity is zero or near zero. In various embodiments, a 
dielectric material is an electrical insulator. 

As used herein, a "fluid" is a continuous, amorphous sub
stance whose molecules move freely past one another and that 
has the tendency to assume the shape of its container, for 
example, a liquid or a gas. 

As used herein, the term "integral" means and refers to a 
non-jointed body. 

As used herein, the term "nanotube" means and refers to 
cylinder-like ring structures of atoms. In an embodiment, the 
nanotubes are carbon nanotubes. However, other nanotubes 
may be used, such as silicon. 

As used herein, the term "nanotube growth substrate" or 
"growth substrate" means and refers to a support for catalytic 
particles from which at least one nanotube grows. Commonly, 
the substrate itself is capable of affecting the growth of the 
nanotube because of possible interaction between the catalyst 
particles and the substrate. In general, any substrate is capable 
of use with varying embodiments of the present invention so 
long as at least one nanotube grows therefrom. In an embodi
ment, silicon is used. In another embodiment, a metal oxide, 
such as aluminum oxide is used. However, one skilled in the 
art is capable of determining suitable nanotube growth sub
strates. 

As used herein, the term "optical anisotropy" means and 
refers to a the property ofbeing optically directionally depen
dent. Stated another way, it is the behavior of a medium, or of 
a single molecule, whose effect on electromagnetic radiation 
depends on the direction of propagation of the radiation. 

As used herein, the term "reaction chamber" means and 
refers to a gas activation zone. The reaction chamber is 

References herein to terms such as "vertical" and "hori
zontal" are made by way of example to establish a frame of 

25 reference. The term "horizontal" as used herein is defined as 
a plane parallel to the conventional plane or surface of sub
strate. The term "vertical" refers to a direction perpendicular 
to the horizontal, as defined above. Terms, such as "on", 
"above", "below", "side" (as in "sidewall"), "higher", 

30 "lower", "over", "beneath" and "under", are defined with 
respect to the horizontal plane. 

As such, various embodiments of the present invention 
comprise novel processes for growing and/or producing 
enhanced nanotube carpets comprising vertical nanotubes 

35 with a controlled diameter as compared to the prior art. In an 
embodiment, the nanotube carpets grown according to 
embodiments of the present invention comprise nanotubes 
with diameters less than about 5 nm. In an alternate embodi
ment, the nanotube carpets grown according to embodiments 

40 of the present invention comprise nanotubes with diameters 
less than about 4 nm. In an alternate embodiment, the nano
tube carpets grown according to embodiments of the present 
invention comprise nanotubes with diameters less than about 
3 nm. In an alternate embodiment, the nanotube carpets 

45 grown according to embodiments of the present invention 
comprise nanotubes with diameters less than about 2 nm. In 
an alternate embodiment, the nanotube carpets grown accord
ing to embodiments of the present invention comprise nano
tubes with diameters less than about 1 nm. In general, various 

50 embodiments of the present invention are capable of growing 
any size nanotubes, as embodiments of the present invention 
allow and are capable of controlling a nanotube's diameter. 

Various embodiments of the present invention comprise 
processes for methods of fabrication and, more particularly, 

55 to methods of producing at least one vertical nanotube and/or 
an array of such vertical nanotubes. Such methods of produc
tion provide for at least one of decreased nanotube diameter, 
increased nanotube purity, process control, and/or the like. 

Further, various embodiments of the present invention are 
60 capable of being combined with conventional nanotube 

growth methods where the an embodiment of the present 
invention is capable of being used to modify a nanotubes 
diameter followed by growing of the nanotube under suitable 
growth environments. Accordingly, various embodiments of 

65 the present invention are capable of use as an early stage 
growth process wherein the foundation of at least one nano
tube is fabricated. 



US 8,124,503 B2 
7 

More particularly, generally, embodiments of the present 
invention comprise a method for producing at least one nano
tube comprising then steps of: 

1. Placing at least one catalyst particle on a suitable nano-
tube growth substrate; 

2. ModifYing the at least one catalyst particle; 
3. Growing the at least one nanotube. 
In an alternate embodiment, an array of nanotubes 1s 

8 
Further embodiments disclose a method of reducing the 

heat generated from an integrated circuit comprising the step 
of replacing the integrated circuit's silicon with a carbon 
nanotube formation as herein disclosed. 

Further embodiments disclose a method of increasing the 
operating speed of a semiconductor device comprising the 
step of replacing the integrated circuit's silicon with a carbon 
nanotube formation as herein disclosed. 

grown. 
In an embodiment, the step of placing a catalyst particle on 

a suitable nanotube growth substrate is performed by any 
suitable method, such as physically, deposition, injection, 
pouring, and/or the like. 

In various further embodiments, a semiconductor device is 
10 fabricated from the at least one nanotube. In an embodiments, 

a semiconductor device of various embodiments of the 
present invention is selected from at least one of transistors, 
capacitors, interconnections, batteries, supercapacitors, and/ 
or the like, particularly various memory devices, such as, but 
not limited to DRAM, SRAM, SCRAM, ED RAM, VDRAM, 
NVSRAM, NVDRAM, DPSRAM, PSDRAM, transistor/ca
pacitor cell devices, vias or interconnects, and vertical stacks 
of logic gates. Further, other devices utilizing transistors, 

Various further embodiments of the present invention com-
15 

prise a step of patterning at least one catalyst particle on a 
suitable nanotube growth substrate. In this mam~er, patterned 
islands and/or carpets of nanotubes can be grown. In an 
embodiment, the catalyst particles are patterned for eventual 
placement on a semiconductor device. 

In an embodiment, the step of modifying the at least one 
catalyst particle is modifYing the diameter of the catalyst 
particle. In an alternate embodiment, the step of modifying 
the at least one catalyst particle is modifying the mass of the 
catalyst particle. In an alternate embodiment, the step of 25 

modifYing the at least one catalyst particle is modifying the 
height of the catalyst particle off the substrate. In an alternate 
embodiment, the step of modifYing the at least one catalyst 
particle is modifYing the number of reaction sites of the 
catalyst particle. In an alternate embodiment, the step of 30 

modifYing the at least one catalyst particle is modifying the 
charge of the catalyst particle. In general, any modification to 
the catalyst particle can be made that alters, changes, and/or 
enhances the character of the eventually grown nanotube. 

20 capacitors, interconnections, and/or the like are to be 
included within this definition. In further embodiments, an 
array of devices is fabricated. 

In an embodiment it is desired to use a lower temperature to 
prevent and/or hinder nanotube aggregation. It has been expe
rienced at increased temperatures that growing nanotubes 
tend to aggregate. 

In an embodiment, the placement of the catalyst particle is 
achieved by a CVD procedure as is common in the art. In an 
embodiment, the CVD process is an alcohol-CVD technique 
as disclosed in Maruyama, eta!., Chern. Phys. Lett. 2002, 360, 
229 and Murakami eta!., Chern. Phys. Lett. 2003, 377, 49. 

In an embodiment, formation of metal catalyst particles 
comprises a coating process that at least partially mimics 
various commercial coating technologies. Embodiments of 
this technology permit large scale coating of metal foil (sub
strate) with a SWNT growth catalyst particle. The growth 
catalyst particle is then modified according to the present 
invention. The growth catalyst particle layer is typically con-

In various embodiments wherein the size of the catalyst is 35 

modified, a decrease in the diameter of the catalyst particle 
produces a decrease in the diameter of the eventually grown 
nanotube. In various embodiments wherein the size of the 
catalyst is modified, an increase in the diameter of the catalyst 
particle produces an increase in the diameter of the eventually 
grown nanotube. 

40 structed of a 10 nm thick aluminum oxide film which is over 
coated with about a 0.5 to about 1.0 nm thickness of iron. The 

Various methods are possible for modifying the diameter 
of at least one catalyst particle. In an embodiment, the diam
eter of the at least one catalyst particle is modified by chemi
cally treating the at least one catalyst particle. In an alternate 45 

embodiment, the diameter of the at least one catalyst particle 
is modified by temperature treating the at least one catalyst 
particle, such as by cold or heat. In an alternate embodiment, 
the diameter of the at least one catalyst particle is modified by 
ion bombardment treatment to the at least one catalyst par- 50 

ticle. In various other embodiments, other methods of modi
fying the diameter of the at least one catalyst particle are used. 

In an embodiment, a method for producing at least one 
single walled nanotube, the method comprising the step of 
placing at least one catalyst particle on a nanotube growth 55 

substrate surface; modifYing the at least one catalyst particle; 
contacting the substrate with a gas mixture comprising hydro
gen and a carbon containing species in a reaction chamber; 
heating the substrate and the activated gas; and, activating the 
gas mixture, wherein at least one vertical small diameter 60 

nanotube is produced at or about the at least one catalyst 
particle on the nanotube growth substrate. 

Alternate embodiments further comprise the step of further 
growing the at least one nanotube by a conventional growth 
process. 

In various embodiments, the at least one nanotube grows at 
about 2.5 f.11ll per minute. 

65 

iron is not a continuous layer and exists as small islands. 
These islands coalesce into nanometal particles of the order 
of 1 nm when the substrate is heated and nucleate a SWNT 
with a diameter set by the size of the metal island. 

The growth of SWNT carpets on silicon substrates and 
recently on metal foils has opened up the possibilities for 
creation of new materials such as electrically and thermally 
non-isotropic neat and composite fibers, tapes, conductive 
films, nanopore membranes, and/or the like. Coupling that 
technology with the diameter controlled processes of the 
present invention are capable of providing enhanced fibers, 
tapes, conductive films, nanopore membranes, and/or the 
like. 

As such, in an embodiment, a method of the present inven
tion generally comprises: 

placing at least one catalyst particle on a substrate surfaces 
by vapor deposition methods or as preformed metal clusters 
or as metal atoms or clusters on metal oxides such as alumina, 
silica and magnesia; 

modifying the at least one catalyst particle by at least one of 
chemically treating, heat treating, ion bombardment treating; 
and/or the like; and, 

growing at least one nanotube. 
As such, in an embodiment, a method of the present inven

tion generally comprises: 
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placing at least one catalyst particle on a substrate surfaces 
by vapor deposition methods or as preformed metal clusters 
or as metal atoms or clusters on metal oxides such as alumina, 
silica and magnesia; 

modifying the at least one catalyst particle by at least one of 
chemically treating, heat treating, ion bombardment treating; 
and/or the like; 

contacting the substrate with a gas mixture comprising 

10 
However, in an alternate embodiment, a SWNT can be 

grown onto metal films with thin insulator layers and still 
retain some conductivity. Talapatrala, et a!., "Direct Growth 
of aligned carbon nanotubes on bulk metals," Department of 
Material Science & Engineering, Rensselaer Poytechnic 
Institute, 22 Oct. 2006. Further, a MWNT is capable of being 
grown directly onto metal substrates and have conductivity 
through the structure 

In various embodiments, synthesized carbon nanotubes hydrogen and a carbon containing species; 
activating the gas mixture; and, 
heating the substrate with the activated gas. 
Important characteristics of nanotubes produced according 

10 randomly form in a mixture or collection of conducting and 
semiconducting electronic states when grown by conven
tional synthesis processes. In such cases, it is desirable to 
separate the two components. In fact, in various embodi-

to embodiments of this method are that they are at least one of 
ultra long, of uniform length, highly aligned to each other, 

15 
capable ofbeing a desired diameter, and/or the like. In various 
embodiments, the built in alignment permits ready dispersion 
into liquids as aligned domains and liquid phase processing 
into fibers, tapes, membranes and conductive thin films. 
Alternatively, vacuum infiltration of carpets by various poly- 20 

mers, ceramics and coating with metals creates SWNT tapes 
useful for structural, electrical and thermal applications. 

In a further embodiment, methods of the present invention 
are used as a two stage growth procedure wherein at least 
partial growth of a nanotube is performed with a method 25 

comprising placing at least one catalyst particle on a substrate 
surfaces; modifying the at least one catalyst particle by at 
least one of chemically treating, heat treating, ion bombard
ment treating; and/or the like; contacting the substrate with a 
gas mixture comprising hydrogen and a carbon containing 30 

species; activating the gas mixture; and, heating the substrate 
with the activated gas, and further wherein a conventional 
growth method is conducted. 

In various embodiments, nanotubes produced according to 
35 

embodiments of the present invention provide semiconductor 
devices, wherein the devices include a nanotube, for example 
a carbon nanotube. Also provided are methods for fabrication 
of carbon nanotube semiconductor devices. The present 
invention need not be limited to the particular semiconductor 40 

devices illustrated in the figures nor the particular embodi
ments of the same. Other semiconductor devices or embodi
ments of the semiconductor devices illustrated in the draw
ings may be formed using the methods of the present 
invention. For example, the devices and methods provided 45 

herein may include individual carbon nanotubes or collec
tions/arrays of carbon nanotubes. 

ments, the inability or failure to effectively separate nano
tubes of different electronic states has hindered the matura
tion of carbon nanotube hybrid device structures. Any method 
common in the art can be used to separate the semiconducting 
carbon nanotubes and conducting carbon nanotubes. 

Accordingly, various embodiments of the present inven
tion disclose a method for producing at least one vertical 
single walled nanotube, the method comprising the step of: 
placing at least one catalyst particle on a nanotube growth 
substrate surface; modifYing the catalyst particle; contacting 
the substrate with a gas mixture comprising hydrogen and a 
carbon containing species in a reaction chamber; heating the 
substrate and the activated gas; and, activating the gas mix-
ture, wherein at least one vertical small diameter nanotube is 
produced at the at least one catalyst particle on the nanotube 
growth substrate. 

The invention may be embodied in other specific forms 
without departing from its spirit or essential characteristics. 
The described embodiments are to be considered in all 
respects only as illustrative and not restrictive. The scope of 
the invention is, therefore, indicated by the appended claims 
rather than by the foregoing description. Further understand
ing of the invention may be had with reference to the follow-
ing examples. As well, all changes to the claims which come 
within the meaning and range of equivalency of the claims are 
to be embraced within their scope. Further, all published 
documents, patents, and applications mentioned herein are 
hereby incorporated by reference, as if presented in their 
entirety. 

EXAMPLES 

Developments in the art field coupled with the novel and 
non-obvious additions of this disclosure illustrate enablement 
of the appended claims. Namely, Applicants have discovered 
improved methods of production of at least one diameter 

In various embodiments, the prepared nanotube and/or 
array of nanotubes exhibits optical anisotropy due to the 
alignment of the nanotubes. 50 controlled nanotube. 

In various embodiments, the resistance of a nanotube, and/ 
or nanotube carpet, of an embodiment of the present invention 

It has been shown that carpets (forests) of vertically aligned 
single walled nanotubes of approximately uniform height can 
be grown onto substrates (generally alumina). See Hata eta!., 
"Water-Assisted Highly Efficient Synthesis oflmpurity-Free 

is between about 0.1 kQ and about 10.0 kQ. In an alternate 
embodiment, the resistance of a nanotube of an embodiment 
of the present invention is between about 2.0 kQ and about 8.0 
kQ. In an alternate embodiment, the resistance of a nanotube 
of an embodiment of the present invention is between about 
3.0 kQ and about 7.0 kQ. In general, any resistance can be 
chosen to function with the desired process. 

55 Single-Walled Carbon Nanotubes," Science 2004, 306, 1362-
1364; Murakami eta!., "Growth of vertically aligned single
walled carbon nanotube films on quartz substrates and their 
optical anisotropy," Chemical Physics Letters 2004, 385, 
298-303; Xu eta!., "Vertical Array GrowthofSmall Diameter 

60 Single-Walled Carbon Nanotubes," Jam Chern Soc 2006, 128, 
6560-6561. 

In various embodiments, composition of the carpets with 
respect to tube type is controlled, such that metallics are 
eliminated from the carpet. The removal of metallics may be 
accomplished by any method common in the art and any
where within the process of fabricating/growing the carpet. 
Exemplary, non-limiting embodiments include, but are not 65 

limited to wet chemical selective functionalization, high cur
rent metallic tube burnout, and/or the like. 

Growth 
Typically, in order to grow selected diameter nanotubes, it 

is necessary to choose a catalyst particle with a particular size. 
If one is able to alter the average size of surface catalyst 
particle one can select the average diameter of single wall 
carbon nanotubes that are grown with the catalyst particle. 
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Metal catalyst particles or islands on an oxide or other 
refractory surfaces are used as sites to nucleate and grow 
carbon nanotubes. Metal islands can be formed by metal 
deposition onto a surface or preformed metal particles can be 
deposited onto a surface. In either case, the diameter of the 
newly grown carbon nanotubes will reflect their respective 
SIZeS. 

12 
as do much larger amounts of fast neutrals. The result is a 
rapid annealing of the surface. Surface annealing this manner 
has been shown to increase nanotube diameters by a factor of 
five after conditioning the surface in this manner. The rate of 
metal cluster growth will also depend on the nature of the gas 
used in the discharge. The mobility of the surface metal 
clusters will depend on the chemical state of the cluster, i.e., 
oxide, nitride, carbide or metallic, which is determined by the 
gas or gas mixtures that are used. The chemical nature of the 

As described herein, the metal size may be modified by 
chemical means, surface ion bombardment, thermal anneal
ing and/or the like. This alters the size of the metal island or 
particle and thus the size of the resulting carbon nanotubes 
that are grown. 

10 discharge gas also affects the chemical state of the substrate 
which also affects the surface mobility of the resident metal 
clusters. 

Chemical Modification 
Chemical modification can produce smaller particles and 

islands with controlled chemical reduction of the catalyst 15 

particle. An example is the slow reaction of a halogen acid to 
produce the metal halide which is removed as a soluble or 
volatile product. This provides a means for controlled reduc
tion of the metal particle of island size. 

Concerning the pretreatment of formed catalyst particles 20 

with species such as halogen acids, it should be noted that the 
control of this rate may be done with the catalyst particle in 
the oxide form (which may be reduced to metallic catalyst 
particle later). It has been found that for liquid solutions 
having an oxidized catalyst particle is highly beneficial. How- 25 

ever an oxide is not required for all such pretreatments. 
Temperature Treatment: 

The heating of a substrate to a temperature sufficiently high 
to cause migration of the particles or islands provides a means 
for increasing the size of surface metal catalyst particles. This 30 

may be accomplished by inserting the substrate into a heated 
furnace for a short period or by flash heating the surface with 
a pulsed light source.\ 
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placing at least one catalyst particle on a nanotube growth 
substrate surface; 

modifying said at least one catalyst particle; and 
growing said at least one nanotube, 
wherein said step of modifYing said at least one catalyst 

particle comprises modifYing the diameter of said at 
least one catalyst particle, by chemically treating, 
wherein the chemically treating comprises reducing 

with a liquid solution. 
2. The method of claim 1, wherein said method further 

comprises the steps of: 
contacting said substrate with a gas mixture in a reaction 

chamber, wherein hydrogen and a carbon containing 
species comprise said gas mixture; 

heating said substrate; and 
activating said gas mixture, wherein at least one nanotube 

is produced at said at least one catalyst particle on said 
nanotube growth substrate. 

3. The method of claim 2, wherein said gas mixture is 
preheated prior to introduction to said reaction chamber. 

4. The method of claim 2, wherein said gas mixture com
prises a hydrocarbon. 

5. The method of claim 1, wherein said at least one catalyst 
particle is placed on said substrate by a vapor deposition 
method. 

6. The method of claim 1, wherein said at least one catalyst 
particle is placed on said substrate in a pattern. 

7. The method claim 2, wherein said method further com
prises the step of further growing said at least one nanotube by 
a conventional growth process. 

8. The method of claim 2, wherein said at least one nano
tube grows at about 2.5 f.Ull per minute. 

9. The method of claim 2, wherein said heating step is 
performed with a filament. 

10. The method of claim 1, wherein said at least one nano
tube comprises substantially at least one single walled nano
tube (SWNT). 

M. Dragoman eta!., Appl. Phys. Lett., Experimental Deter
mination of Microwave Attenuation and Electrical Permit
tivity of Double-Walled Carbon Nanotubes, 2006, 88, 
153108-1-153108-3. 

11. The method of claim 2, wherein said at least one nano-
65 tube is used in a semiconductor device. 

12. The method of claim 2, wherein said gas mixture is 
activated prior to introduction to said reaction chamber. 



US 8,124,503 B2 
15 

13. The method of claim 2, wherein said gas mixture and 
said substrate are heated in said reaction chamber from about 
room temperature to a temperature sufficient to produce said 
at least one nanotube. 

14. The method of claim 2, wherein a pressure of said 
reaction chamber is at a sub-atmospheric pressure during at 
least said step of contacting. 

15. The method of claim 2, wherein a temperature to pro
duce said at least one nanotube is dependent upon a pressure. 

16. The method of claim 2, wherein a pressure is dependent 10 

upon a temperature to produce said at least one nanotube. 
17. The method of claim 1, wherein said at least one nano

tube comprises at least one vertical nanotube. 
18. The method of claim 2, wherein said at least one nano- 15 

tube comprises at least one vertical nanotube. 
19. The method of claim 2, wherein said at least one nano

tube comprises at least one small diameter nanotube. 
20. The method of claim 1, wherein the liquid solution 

comprises a halogen acid. 
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21. A method for producing at least one nanotube, said 

method comprising the steps of: 
placing at least one catalyst particle on a nanotube growth 

substrate surface; 
modifying said at least one catalyst particle; and 
growing said at least one nanotube, 
wherein said step of modifYing said at least one catalyst 

particle comprises increasing the diameter of said at 
least one catalyst particle, by heat treating in a furnace 
held at 500° C. 

22. A method for producing at least one nanotube, said 
method comprising the steps of: 

placing at least one catalyst particle on a nanotube growth 
substrate surface; 

modifying said at least one catalyst particle; and 
growing said at least one nanotube, 
wherein said step of modifYing said at least one catalyst 

particle comprises increasing the diameter of said at 
least one catalyst particle, by ion bombardment treating. 

* * * * * 


