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(57) ABSTRACT 

A catalyst material for carbon nanotube Synthesis includes a 
uniform dispersion of host particles on a Substrate. The host 
particles themselves include catalyst nanoparticles that are 
effective to catalyze nanotube SyntheseS reactions and pro 
vide nucleation Sites. Methods for preparing a catalyst 
material includes co-Sputtering a catalytic Species and a host 
species to directly form the catalyst material. Methods for 
Synthesizing generally aligned nanotubes are also provided. 
In these methods host particles comprise alumina and the 
catalyst nanoparticles comprise iron. Also in these methods 
nanotube Synthesis is achieved in an atmosphere including a 
carbon-containing gas and water vapor. 
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METHODS FOR PRODUCING AND USING 
CATALYTIC SUBSTRATES FOR CARBON 

NANOTUBE GROWTH 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation-in-part of U.S. 
patent application Ser. No. 10/943,321 filed Sep. 16, 2004, 
titled “Methods for Producing and Using Catalytic Sub 
strates for Carbon Nanotube Growth' which claims the 
benefit of U.S. Provisional Application No. 60/503,919 filed 
Sep. 17, 2003, titled “Method of Controlling Carbon Nano 
tube Growth. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

0002 This invention was made with United States Gov 
ernment Support under National Science Foundation Award 
No. 0422198 and under Cooperative Agreement No. 
70NANB2H3030 awarded by the Department of Com 
merce's National Institute of Standards and Technology. The 
United States has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

0003) 1. Field of the Invention 
0004. The present invention relates generally to the field 
of nanotechnology and more particularly substrates for 
catalyzing the growth of carbon nanotubes, methods for 
preparing the Substrates, and methods employing the Sub 
Strates to grow carbon nanotubes. 
0005 2. Description of the Prior Art 
0006. A nanotube is a molecule composed of carbon 
atoms formed in the shape of hollow cylinder. The unique 
Structural, mechanical, and electrical properties of nano 
tubes make them potentially useful for use in microscopic 
electrical, mechanical, and electromechanical devices. 
Nanotubes can be utilized individually or as an ensemble to 
build devices. For instance, individual nanotubes have been 
used as tips for Scanning probe microScopy and as mechani 
cal nano-tweezers. Ensembles of nanotubes have been used 
for field emission based flat-panel displays, and it has been 
Suggested that bulk quantities of nanotubes may be used as 
a high-capacity hydrogen Storage media. 

0007 Multi-walled nanotubes consist of multiple nano 
tubes of different diameters nested together, one inside 
another. For many applications, however, Single-walled car 
bon nanotubes (SWNT) are desired. For example, SWNT. 
based miniature Sensors have been shown to be Sensitive gas 
Sensors and Selective biosensors. Additionally, individual 
semiconducting SWNTs have been made into field effect 
transistors. 

0008 Carbon nanotubes are typically produced by meth 
ods Such as arc-discharge, laser ablation or chemical vapor 
deposition (CVD). The first two methods rely on evaporat 
ing carbon atoms from Solid carbon Sources at a very high 
temperature. These techniques are inherently disadvanta 
geous because Solid carbon vaporization via electric arc or 
laser apparatus is both costly and difficult to operate on 
commercial or industrial scales. The CVD process involves 
heating a catalyst material to a high temperature in a reactor 
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and flowing a hydrocarbon gas through the reactor for a 
period of time. The key parameters in nanotube CVD growth 
include the hydrocarbon Species in the gas, the catalysts, and 
the reaction temperature. 
0009 Typical catalysts for CVD nanotube growth are 
transition-metal nanoparticles, comprising elements Such as 
iron, nickel, or cobalt, formed on a host material Such as 
alumina. Notably, iron, cobalt and nickel are also the favored 
catalytic metals used in laser ablation and arc-discharge. For 
example, U.S. Pat. No. 5,500,200 discloses a method for the 
bulk production of multi-walled nanotubes using a catalyst 
prepared from iron acetylacetonate deposited on a host of 
fumed alumina particles with an average particle Size of 
about 10 nm. 

0010. In another example, U.S. Pat. No. 6,346,189 dis 
closes a CVD method that uses an island of a catalyst 
disposed on a Substrate with a carbon nanotube extending 
from the island. Also, U.S. Pat. No. 6,333,016 discloses a 
method for producing carbon nanotubes by contacting a 
carbon containing gas with metallic catalytic particles, 
where the catalytic particles contain at least one metal from 
Group VIII and at least one metal from Group VIB of the 
Periodic Table of the Elements. 

0.011) Additionally, U.S. Pat. No. 6,596,187 discloses a 
method of forming a nano-Supported Sponge catalyst on a 
Substrate. In this method a catalytic metallic element and a 
Structural metallic element are both deposited on the Sub 
strate to form a mixed metal alloy layer. The mixed metal 
alloy layer is then etched with an etchant to oxidize the 
catalytic metallic element and the Structural metallic element 
and to remove at least a portion of the Structural metallic 
element. 

0012 Ren et.al. disclose a method for producing nano 
tube arrays by first depositing a thin nickel layer onto 
mesoporous Silica by radio frequency magnetron Sputtering 
followed by plasma-enhanced hot filament CVD to synthe 
Size the nanotubes. The nanotubes produced by this method, 
however, are generally multi-walled. See Science 282, 1105 
1102 (1998), which is incorporated herein by reference. 
0013 Atomic force microscopy (AFM), a form of scan 
ning probe microScopy, has been a powerful tool for a wide 
range of fundamental research and technological applica 
tions. A critical limitation of atomic force microScopy is the 
Size and the shape of the Scanning probe tip which dictate the 
lateral resolution and fidelity of AFM images. U.S. Pat. Nos. 
6,346,189 and 6,401,526 disclose methods for providing 
AFM probe tips enhanced with carbon nanotubes. 
0014. The methods described above, however, do not 
provide a controlled method of producing a homogenous 
catalyst, nor do they provide a readily controllable yield of 
carbon nanotube growth. Therefore, what is needed are 
methods for producing homogenous catalysts and for readily 
controlling carbon nanotube growth. 

SUMMARY 

0015. A catalyst material is provided for carbon nanotube 
Synthesis. The catalyst material comprises a uniform disper 
Sion of host particles on a Substrate, where the host particles 
include catalyst nanoparticles exposed on the Surfaces of the 
host particles that are effective to catalyze nanotube Synthe 
ses reactions. The host particles are formed of a material (a 
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host species) Such as aluminum oxide, and the catalyst 
nanoparticles are formed of a material (a catalyst species) 
such as Fe or a Fe-Mo alloy. More generally, the host 
Species can include any of Al, aluminum oxide, Mg, mag 
nesium oxide, Si, Silicon oxide, or a combination thereof. 
Likewise, the catalytic Species can include any of Fe, Co, Ni, 
Mo, W, or a combination thereof, or an oxide of Fe, Co, Ni, 
Mo, W, or an oxide of a combination thereof. The catalytic 
Species can also comprise a metal from Group VIII of the 
Periodic Table and a metal from Group VIB of the Periodic 
Table. 

0016. According to an embodiment of the invention, a 
method for preparing the catalyst material comprises form 
ing a precursor layer on a Substrate by co-depositing a 
catalytic Species and a host species, and transforming the 
precursor layer, for example by annealing in air, to form a 
uniform dispersion of host particles including catalyst nano 
particles. Transforming the precursor layer, in Some embodi 
ments, includes both oxidizing and heating the precursor 
layer, while in other embodiments only heating the precursor 
layer is required. In Some embodiments, forming the pre 
cursor layer includes controlling a thickness thereof accord 
ing to a deposition time. Also, in Some embodiments, 
forming the precursor layer includes controlling a compo 
Sition thereof according to relative Surface areas for the 
catalytic and host Species on a co-Sputtering target. Also, 
forming the precursor layer can include patterning the 
precursor layer. 

0.017. In various embodiments of the invention co-depos 
iting can include co-Sputtering, co-evaporation, electro 
deposition, laser ablation, or arc evaporation. Transforming 
the precursor layer can also include oxygen plasma etching 
or a UV ozone treatment. In those embodiments in which 
transforming the precursor layer includes annealing, the 
annealing can be carried out at a temperature in the range of 
about 400° C. to about 900° C., and for a period of about 5 
minutes to about 30 minutes. 

0.018. Another exemplary embodiment of the invention is 
directed to a method for preparing a catalyst material for 
carbon nanotube Synthesis. This method comprises co-de 
positing on a Substrate a catalytic Species and a host Species 
to form a uniform dispersion of host particles including 
catalyst nanoparticles. In this method there is no need for 
forming a precursor layer followed by a transformative Step 
because the uniform dispersion of host particles including 
the catalyst nanoparticles is formed directly by the co 
deposition process. 

0.019 According to another embodiment of the invention, 
a method of Synthesizing carbon nanotubes comprises form 
ing a precursor layer on a Substrate by co-depositing a 
catalytic Species and a host Species, Such as a metal oxide, 
transforming the precursor layer at a first elevated tempera 
ture in a reactor to form a catalytic material on the Substrate, 
and passing a carbon-containing gas over the catalytic 
material on the Substrate in the reactor at a Second elevated 
temperature for a period of time. In Some instances the first 
and Second temperatures are the Same. In Some embodi 
ments transforming the precursor layer is performed in air, 
in Some the first elevated temperature is in a range of about 
400 C. to about 900 C., in some the period of time is in a 
range of about 5 minutes to about 30 minutes, and in Some 
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the carbon-containing gas includes a hydrocarbon Such as 
methane, ethylene, or acetylene. The reactor can be a tube 
reactOr. 

0020 Yet another embodiment of the invention is 
directed to a method of Synthesizing generally aligned 
carbon nanotubes. This method comprises forming a cata 
lytic material on a Substrate by co-depositing a catalytic 
Species and a host species, and growing the generally 
aligned carbon nanotubes in a direction Substantially per 
pendicular to a plane defined by the Substrate by passing a 
carbon-containing gas over the catalytic material on the 
Substrate at an elevated temperature. In Some embodiments 
the catalytic Species comprises Fe and the host Species 
comprises Al-O. The carbon-containing gas can include 
CH, and in Some embodiments can also include water 
Vapor. In embodiments of this method, growing the gener 
ally aligned carbon nanotubes can include a heating ramp 
Step followed by a growth Step, and in Some of these 
embodiments the heating ramp Step includes passing H gas 
over the Substrate. 

0021 Still other embodiments of the invention are 
directed to a method of fabricating an AFM probe including 
a carbon nanotube. Exemplary methods comprise forming a 
precursor layer on the AFM probe by co-depositing a 
catalytic Species and a host Species, transforming the pre 
cursor layer at a first elevated temperature to form a catalytic 
material on the AFM probe, and passing a carbon-containing 
gas over the AFM probe at a first elevated temperature for 
a period of time. In these embodiments the host species can 
include a metal oxide. 

BRIEF DESCRIPTION OF DRAWINGS 

0022 FIG. 1 is a top view of an exemplary catalyst 
material according to an embodiment of the invention. 
0023 FIG. 2 is a cross-section of the catalyst material of 
FIG. 1 taken along the line 2-2. 
0024 FIG.3 is a top view of the catalyst material of FIG. 
1 after nanotube Synthesis according to an embodiment of 
the invention. 

0025 FIG. 4 is a schematic diagram of a co-sputtering 
target according to an embodiment of the invention. 
0026 FIG. 5 is an SEM micrograph showing nanotubes 
Synthesized according to an embodiment of the invention. 
0027 FIG. 6 is an AFM image showing nanotubes syn 
thesized according to an embodiment of the invention. 
0028 FIG. 7 is the height distribution of the nanotubes 
shown in FIG. 6. 

0029 FIGS. 8(a) and 8(b) are AFM images showing 
nanotubes Synthesized on two different catalyst materials of 
the invention that differ in Fe concentration. 

0030 FIG. 8(c) is an SEM micrograph showing nano 
tubes Synthesized according to another embodiment of the 
invention. 

0.031 FIGS. 9(a) and 9(b) are AFM images showing 
nanotubes Synthesized on a catalyst material of the invention 
at two different temperatures. 
0032 FIG. 10 is an SEM micrograph showing a nano 
tube Synthesized on an AFM probe according to an embodi 
ment of the invention. 
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0.033 FIG. 11 is an SEM micrograph showing generally 
aligned nanotubes Synthesized according to another embodi 
ment of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0034. The present invention is directed to methods for 
preparing catalyst materials on Substrates, and to methods of 
using the catalyst materials to grow carbon nanotubes. An 
exemplary catalyst material includes a uniform dispersion of 
host particles having catalyst nanoparticles on the Surfaces 
thereof. AS used herein, a nanoparticle is a particle with a 
diameter of less than about 100 nm and includes particles 
with diameters below 1 nm. Exemplary methods for nano 
tube growth employ CVD in conjunction with the catalyst 
materials of the invention. In these methods the Substrate, 
including the catalyst material, is placed into a reactor and 
heated to a high temperature. A carbon-containing gas is 
then passed through the reactor for a period of time. Nano 
tube growth is catalyzed from the carbon-containing gas by 
the catalyst nanoparticles. Key parameters in CVD nanotube 
growth include the composition of the carbon-containing 
gas, the reaction temperature, and aspects of the catalyst 
material Such as the composition of the nanoparticles, the 
Size of the host particles, and the density of the host particles 
on the Substrate. 

0.035 An embodiment of a reactor for implementing 
methods of the present invention includes a heating com 
ponent and a tube reactor. The tube reactor is made of 
material, Such as quartz, that can withstand a high tempera 
ture ranging from several hundred C. to 1000 C., prefer 
ably over 1200° C., more preferably over 1500° C. The 
diameter of the tube reactor will depend on the particular 
application. For example, for Small Substrates, the diameter 
may be from less than about 1 inch to over about 2 inches. 
The diameter may be from about 4 inches to about 5 inches, 
and preferably to about 6 inches for typical wafer Substrates. 
Larger wafers and Scaled-up processes for nanotube Synthe 
sis can require tube furnaces with Still larger diameters. 
0036) Exemplary carbon-containing gases include hydro 
carbon gases Such as aliphatic hydrocarbons, both Saturated 
and unsaturated, including methane, ethane, propane, 
butane, hexane, acetylene, ethylene, and propylene. Other 
exemplary carbon-containing gases include carbon monox 
ide, Oxygenated hydrocarbons Such as acetone and metha 
nol, aromatic hydrocarbons Such as toluene, benzene and 
naphthalene, and mixtures of the above. A rate of deposition 
of carbon on the catalyst material at elevated temperatures 
will depend on factors including the partial pressures of the 
carbon-containing gases. 

0037 Methods of the present invention can yield either 
multi-walled or Single-walled nanotubes. For promoting 
multi-walled carbon nanotube growth, exemplary CVD 
methods employ a growth temperature typically in the range 
of 550-700 C. with ethylene or acetylene as the carbon 
containing gas. Carbon-containing gases for promoting the 
growth of Single-walled carbon nanotubes include methane, 
ethylene, acetylene and carbon monoxide. AS methane is the 
most stable of these hydrocarbons at high temperatures 
against Self-decomposition, catalytic decomposition of 
methane by transition-metal catalyst nanoparticles can be 
the dominant process in SWNT growth. 
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0038 Suitable temperatures for carbon nanotube growth 
range from about 500° C. to about 1200°C., preferably from 
about 700° C. to about 1100° C., more preferably from about 
800° C. to about 1000° C., and even more preferably from 
about 850 C. to about 950 C. Such high temperatures are 
necessary to form SWNTs that have small diameters and 
therefore high Strain energies. The Specific reaction tem 
perature will depend on the particular composition of the 
catalyst nanoparticles as well as the composition of the 
carbon-containing gas. It will be understood that the tem 
perature during carbon nanotube growth does not need to be 
held constant and can be ramped or Stepped either up or 
down during the growth process. It should also be noted that 
multi-walled nanotubes can be grown attemperatures as low 
as 150° C. by using plasma-enhanced CVD (PECVD). 
0039 The catalyst material is another factor in the opti 
mization and control of carbon nanotube growth. FIG. 1 
shows a top view of a catalyst material 100 of an embodi 
ment of the invention. FIG. 2 shows a cross-section of the 
catalyst material 100 taken along the line 2-2 in FIG. 1. As 
can be seen from FIGS. 1 and 2, the catalyst material 100 
comprises catalyst nanoparticles 102 disposed on Surfaces of 
host particles 104. The host particles 104 are themselves 
supported on a substrate 106. The substrate 106 preferably 
is a material that can withstand the operating temperatures of 
the nanotube growth reaction without decomposing, reacting 
with the components of the catalyst material 100, or reacting 
with gases in the reactor. The substrate 106 can be, for 
example, Si or silicon dioxide. It will be appreciated that 
FIGS. 1 and 2 are merely schematic representations and are 
not meant to accurately represent Scale, the density or 
distribution of the host particles 104, nor the density or 
distribution of catalyst nanoparticles 102 on the surfaces of 
the host particles 104, all of which will be described in more 
detail, below. 

0040. In use, the catalyst nanoparticles 102 both catalyze 
the growth of the carbon nanotubes and provide Sites from 
which the carbon nanotubes can grow, as shown Schemati 
cally in FIG. 3. As above, the representations in FIG. 3 are 
not to scale. The material of the catalyst nanoparticles 102 
may be chosen from the transition metals. Such as Fe, Co, Ni, 
Ru, Rh, Pd, Ir, Pt, Mo, W, Cr, alloys thereof, and oxides 
thereof. Preferred materials for the catalyst nanoparticles 
102 include Fe, Co, Ni, alloys thereof, and oxides thereof. 
Another preferred material includes an alloy of Fe and Mo. 
0041. The host particles 104 preferably possess a high 
surface area. Moreover, the host particles 104 should be 
Stable at the high operating temperatures and resist decom 
posing or Sintering. The high Surface area of the host 
particles 104 allows for a high density of catalyst nanopar 
ticles 102, which, in turn facilitates high-yield SWNT 
growth owing to the high densities of formation sites. 
Suitable materials for the host particles 104 include Al, Mg, 
Si and oxides of these elements. Preferred materials for the 
host particles 104 include Al and aluminum oxide. 

0042. As described in more detail below, in some 
embodiments of the invention the catalyst material 100 is 
formed by first forming a precursor layer by co-depositing a 
Species for the host particles 104 together with a Species for 
the catalyst nanoparticles 102. Next, the precursor layer is 
transformed by further processing to form the host particles 
104 with the catalyst nanoparticles 102 disposed thereon. 
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For instance, the precursor layer can be formed by co 
depositing Fe for the catalyst nanoparticles 102 together 
with Al for the host particles 104. The precursor layer is then 
Subjected to an oxidation reaction to oxidize the Al to form 
host particles 104 comprising aluminum oxide. It will be 
appreciated that during the oxidation reaction, therefore, the 
Al in the precursor layer reacts to aluminum oxide that 
balls-up on the Surface of the substrate 106 much as water 
beads on waxed paper. Advantageously, the host particles 
104 form evenly on the surface of the substrate 106 so that 
they are uniformly dispersed thereon. At the same time, the 
Fe in the precursor layer also coalesces into the catalyst 
nanoparticles 102, at least Some of which are exposed at the 
surface of the host particles 104. 
0043. In these embodiments, another desirable attribute 
of the materials for the precursor layer is that they posses a 
Strong metal-host interaction, meaning that the Species for 
the catalyst nanoparticles 102 and the Species for the host 
particles 104 are well mixed within a thin film of the two (the 
thin film is "homogenous'), as opposed to tending to Seg 
regate into domains or clusters. This strong metal-host 
interaction allows the oxidation reaction to yield a high 
density of catalyst nanoparticles 102 on the host material 
layer 104 and tends to also prevent the atoms of the catalyst 
Species from aggregating into undesirably large particles 
that, during nanotube growth, may induce the growth of 
undesirable graphitic particles or defective multi-walled 
nanotubes. 

0044 One embodiment of the present invention is 
directed to a method of preparing the catalyst material 100 
by: (1) forming the precursor layer on the substrate 106, for 
example, by co-depositing a homogenous thin film compris 
ing a catalytic Species (e.g., one or more elements or 
compounds to form the catalyst nanoparticles 102) and a 
host species (e.g., one or more elements or compounds to 
form the host particles 104); and (2) oxidizing the precursor 
layer in air to facilitate formation of the host particles 104 
together with the catalyst nanoparticles 102. 
0.045. As noted, suitable catalytic species can comprise 
more than one metallic element. For example, U.S. Pat. No. 
6,333,016, incorporated herein by reference, provides a 
bimetallic catalyst containing at least one metal from Group 
VIII of the Periodic Table, such as Co, Ni, Ru, Rh, Pd, Ir, and 
Pt, and at least one metal from Group VIB of the Periodic 
Table Such as Mo, W and Cr. AS also noted, Suitable host 
Species can comprise one or more of Al, Mg, Si and their 
oxides. A precursor layer including a catalytic Species hav 
ing two metallic elements when oxidized, for example by 
annealing in air, will provide bimetallic catalyst nanopar 
ticles 102 with the host particles 104. 
0.046 Co-deposition of the precursor layer by a sputtering 
process, in Some embodiments, can employ multiple Sput 
tering targets. In Some embodiments three Sputtering targets 
are used, one target comprising a host Species, a Second 
target comprising a first catalytic Species, and a third target 
comprising a Second catalytic Species. An alternative Sput 
tering proceSS using only a Single Sputtering target is 
described below with respect to Example 1. 
0047 More generally, the deposition of the precursor 
layer can be achieved in any number of conventional tech 
niques Such as co-Sputtering, co-evaporation, electro-depo 
Sition, laser ablation, and arc evaporation. In another exem 
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plary embodiment, Fe and Al are co-Sputtered onto the 
substrate 106 by DC sputtering. In still another exemplary 
embodiment, Fe, Mo, and Al are co-Sputtered onto the 
substrate 106 by DC Sputtering. In yet another exemplary 
embodiment, Fe and Si are co-Sputtered onto the Substrate 
106 by DC Sputtering. 

0048. Further processing of the precursor layer can 
include a chemical reaction, Such as an oxidation reaction, to 
transform the precursor layer into the host particles 104 
together with the catalyst nanoparticles 102. In an exem 
plary embodiment, the oxidation reaction is achieved by 
annealing the Substrate 106 with the precursor layer in air at 
a temperature in the range of from 400° C. to 900 C. for a 
period of time ranging from 5 to 30 minutes. In alternative 
embodiments, oxidation is accomplished by Oxygen plasma 
etching or UV OZone treatment. Although oxidation is 
described herein by way of example, the invention is not 
limited thereto and other Species can also be reacted with the 
precursor film to form host particles 104 that comprise 
compounds Such as nitrides, carbides, borides, Sulfides, 
halides, intermetallic compounds, and So forth. Further 
processing of the precursor layer can also comprise a heat 
treatment under vacuum or under an inert atmosphere Such 
as Ar or nitrogen. 

0049. In other embodiments, a precursor layer is formed 
by co-depositing one or more catalytic Species with a metal 
oxide host Species rather than a metallic host Species, e.g., Fe 
and aluminum oxide are co-sputtered onto the Substrate 106 
by RF sputtering. In some of these embodiments, the host 
particles 104 having catalyst nanoparticles 102 are formed 
directly from the RF Sputtering process, in which case the 
Subsequent oxidation Step is unnecessary. In other Such 
embodiments, the RF Sputtering process forms either host 
particles 104 having the Fe in Solid Solution, or a precursor 
film as described above. In these embodiments the Substrate 
106, with either the host particles 104 or the precursor layer, 
is heat treated to form the arrangement of host particles 104 
and catalyst nanoparticles 102. The heat treating can be 
performed, for example, in air or under vacuum. In Some of 
these embodiments, the heat treating Step is performed in a 
reactor as a first Step in the process of growing nanotubes. 
0050. It will be appreciated that aspects of the catalyst 
material 100, Such as the composition, size, and number of 
the catalyst nanoparticles 102 and the size and number of the 
host particles 104, can be varied by controlling the catalytic 
Species in the deposition proceSS and by controlling a 
thickness of the precursor layer. In turn, aspects of the 
catalyst material 100 such as these will influence the results 
of nanotube Synthesis, as discussed further below. In Some 
embodiments, the composition of the precursor layer, and its 
thickness, can be specified by controlling the Surface areas 
of the various Sputtering targets and by controlling the 
relative Sputtering rates of the targets, respectively. Sputter 
ing rates can be established with a rate monitor, for example. 
0051. The targets for the catalytic and host species in the 
deposition proceSS can have essentially any geometric 
shape, including circle, Oval, Square, rectangle, and triangle. 
The Surfaces of the targets are preferably flat So that precise 
Surface areas can be readily determined. The concentration 
of the catalytic Species relative to the host Species in the 
precursor layer is determined by the relative Surface areas of 
the targets and by the relative rates of material erosion from 
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those targets. Obtaining desired relative concentrations from 
such deposition processes is clear to one of the ordinary skill 
in the art. 

0.052 Additionally, in some embodiments, the catalyst 
material 100 can be patterned onto the substrate 106. A 
simple pattern, for instance, is a checkerboard design where 
alternating squares include the catalyst material 100 while 
the substrate 106 is exposed in the remaining Squares. More 
complex patterns include electrical contact pads and the like. 
Patterning can be achieved, for example, through standard 
photolithography techniques, which will be clear to one of 
ordinary skill in the art. It will be appreciated that through 
patterning nanotube growth can be constrained to Selected 
areas on the substrate 106. Accordingly, one can reliably 
obtain SWNTs emanating from well-defined locations on a 
large Substrate. 
0053 Applications for patterning the deposition of the 
catalyst material 100 include forming devices that include 
nanotubes in specific locations. Such devices include chemi 
cal sensors, electrical components like resistors and transis 
tors, and arrays of field emitter tips to form pixels in 
displays. In these devices the nanotubes are desired only in 
well-defined locations, and patterning the catalyst material 
100 allows nanotube growth to be constrained to only those 
well-defined locations. 

0054) A yet further embodiment of the present invention 
is directed to a method of adapting SWNTs for atomic probe 
microscopy. A method of preparing a carbon nanotube on an 
AFM probe comprises co-depositing a catalytic species and 
a host species as a homogenous thin film on the AFM probe; 
oxidizing the catalytic and host species to provide a catalyst 
nanoparticle 102 on the AFM probe; heating the AFM probe 
to an elevated temperature in a reactor; passing a carbon 
containing gas at an elevated temperature for a period of 
time through the reactor; and then cooling the AFM probe to 
ambient temperature. Accordingly, a carbon nanotube will 
grow from the catalyst nanoparticle 102 on the AFM probe. 
The catalytic species can include the transition metal ele 
ments noted above, such as Fe, Co and Ni. AS also provided 
above, the host species can be one that provides a strong 
metal-host interaction, such as Al, Mg and Si, or their 
respective oxides. Where a metal oxide Such as alumina is 
used as the host species, the Subsequent oxidizing step can 
be optional. 

0055 As noted, in some instances of the invention a 
transformation step such as the oxidation step is not 
required. In further embodiments of the invention co-depos 
iting the host and catalyst species is Sufficient to produce a 
suitable catalyst material on the Substrate. In Some embodi 
ments the co-depositing step produces a uniform dispersion 
of host particles that include catalyst nanoparticles. In Some 
other embodiments the step produces a host material that is 
not necessarily particulate but can be, for example, a thin 
film. In these embodiments, the co-deposition yields a 
catalyst material that is a host material having a dispersion 
of catalyst nanoparticles thereon. Co-Sputtering a catalyst 
species together with alumina as the host species is one 
example of an embodiment of the method that does not 
require a transformation step. 
0056. The examples below are provided by way of illus 
tration only and should not be construed as limiting the 
invention. 
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EXAMPLE 1. 

0057 FIG. 4 is a schematic diagram showing a strip 400 
of an Fe foil and a strip 402 of a Mo foil disposed on top of 
an Al sputtering target 404 with an exemplary diameter of 
2.54 cm to form a co-sputtering target 406. In this example 
the strip 400 of the Fe foil has a width of about 1 mm and 
the strip 402 of the Mo foil has a width of about 0.5 mm. In 
one exemplary deposition run, DC Sputtering of the co 
sputtering target 406 deposited the precursor layer at a rate 
of 6 nm per minute. Hence, a 3 nm thick precursor layer can 
be obtained by sputtering for 30 seconds and a 20 nm thick 
precursor layer can be obtained by Sputtering for about 3 
minutes. The concentrations of Fe and Mo in the precursor 
layer are determined by the relative areas of the strips 400, 
402 of the co-sputtering target 406. 
0.058 After sputtering, the precursor layer can be 
annealed in air at a temperature in a range from about 400 
C. to about 900° C. for a period of time ranging from about 
5 to about 30 minutes in order to oxidize the Al in the 
precursor layer to form the host particles 104 and catalyst 
nanoparticles 102. The catalyst nanoparticles 102 can be a 
mixture of discrete Fe nanoparticles and discrete Mo nano 
particles, nanoparticles of an Fe-Mo Solid Solution or 
intermetallic compound, and/or nanoparticles of the oxides 
of any of these. 
0059 Catalyst materials 100 formed as described above 
in this example can be used to prepare nanotubes using 
chemical vapor deposition (CVD) in a 1-inch tube furnace 
for 10 minutes. Exemplary tube furnace operating condi 
tions include a temperature of 900° C. and 1 standard liter 
per minute (SLM) CH and 0.5 SLM H. These conditions 
can also be applied to a wafer-size Substrate 106 Supporting 
the catalyst material 100 formed as described above by using 
a 6-inch tube furnace. The concentrations of Fe and Mo in 
the precursor layer determine the density and size of the 
catalyst nanoparticles 102 in the catalyst material 100, and 
these parameters subsequently influence the yield of the 
nanotubes from the CVD process. 

EXAMPLE 2 

0060 A 20 nm thick thin film of a Al/Fe/Mo precursor 
layer was prepared by co-sputtering Al, Fe, Mo in the ratio 
of 96.1:2.6:1.3 for 3 minutes in a DC sputtering system 
operating at 50 W power and under a vacuum of 5x10 
mbar. The concentrations of Fe and Mo, 2.6% and 1.3% 
respectively, were achieved according to the relative areas of 
Fe and Mo strips 400, 402 in the co-sputtering target 406 of 
Example 1. The deposited precursor layer was then heated in 
air at 600° C. for 30 minutes to produce the catalyst material 
100. CVD growth of nanotubes under the conditions 
described in Example 1 on the catalyst material 100 was 
performed to produce nanotubes as shown in the Scanning 
electron microscope (SEM) micrograph of FIG. 5. This 
SEM micrograph shows a mat of uniformly distributed and 
interconnected nanotubes. 

EXAMPLE 3 

0061 A patterned catalyst material 100 was prepared by 
a standard photolithography procedure including spin-coat 
ing a photoresist layer on the Substrate 106, exposing the 
photoresist layer through a mask to establish a pattern, and 
developing the exposed photoresist layer to leave areas of 
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the substrate 106 exposed and other areas covered with the 
photoresist layer. Next, the catalyst material 100 was depos 
ited according to an embodiment of the invention described 
above. Finally, the remaining photoresist layer was removed 
with acetone. 

0.062 FIG. 6 shows an AFM image of nanotubes grown 
from a catalyst material 100 produced from a patterned 20 
nm thick Al/Fe/Mo precursor layer. It will be understood that 
only the right edge of the image in FIG. 6 shows an area in 
which the catalyst material 100 was patterned, while the 
remainder of the image shows an area that was protected by 
the photoresist layer during the deposition of the precursor 
layer. It can be seen that nanotubes 600 have grown from the 
catalyst material 100 into the area that was protected. An 
analysis of a nanotube height profile was performed using a 
Digital Instruments NanoScope Software package, the 
results of which are shown in FIG. 7. From the analysis of 
FIG. 7 it can be seen that a majority of the nanotubes have 
diameters ranging from about 1 nm to about 4 nm with an 
average diameter of 2 nm. The narrow diameters of the 
nanotubes Suggest that the nanotubes are mostly single 
walled carbon nanotubes. 

EXAMPLE 4 

0.063. This example demonstrates the dependence of 
nanotube growth on both the Fe concentration in the catalyst 
material 100 and the thickness of the initial precursor layer. 
To show the dependence on Fe concentration, two precursor 
layers differing only in their Fe concentrations were pre 
pared and oxidized as described above in Example 1. The 
two precursor layers were fabricated using 1 mm wide and 
0.1 mm thick strips 400 of Fe foil on an Al target 404, one 
strip 400 having a length of 1.77 cm and the other strip 400 
having a length of 2.54 cm. Both precursor layers were 
Sputtered from the co-Sputtering target for 30 Seconds to 
produce 3 nm thick Al/Fe precursor layer thin films with Fe 
concentration of 1.3% and 2.6%, respectively. The precursor 
layers were heated in air at 600 C. for 30 minutes to form 
catalyst materials 100 by oxidizing the Al and the Fe. 
Afterwards, nanotubes were synthesized by CVD growth on 
the 1.3% Fe and 2.6% Fe catalyst materials 100. AFM 
images of the nanotubes grown on the 1.3% Fe and 2.6% Fe 
catalyst materials 100 are shown in FIGS. 8(a) and 8(b), 
respectively. These results indicate that a higher yield of 
nanotubes was obtained with the higher concentration of Fe 
in the catalyst material 100. 
0064. Additionally, a 20 nm thick Al/Fe precursor layer 
was prepared by co-Sputtering Al and Fe as above, but for 
about 3 minutes rather than about 30 seconds. The precursor 
layer was oxidized, as above, to form a thicker precursor 
layer than the one used to grow the nanotubes in FIG. 8(b). 
FIG. 8(c) shows an SEM micrograph of nanotubes grown 
with the catalyst material 100 produced from the 20 nm thick 
Al/Fe precursor layer. Like the catalyst material 100 used to 
grow the nanotubes in FIG. 8(b), the Fe concentration in the 
catalyst material 100 of FIG. 8(c) is estimated to be 2.6%. 
These results indicate that a higher nanotube yield is 
achieved by Starting with the thicker precursor layer and it 
is believed that the thicker precursor layer yields a higher 
density of host particles 104 Spaced more closely together. 

EXAMPLE 5 

0065. This example demonstrates the dependence of 
nanotube growth on temperature. A 3 nm thick Si/Fe pre 
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cursor layer was prepared by co-Sputtering Si and Fe with a 
sputtering system at a power of 50 W and a pressure of 
5x10 mbar for 30 Seconds. A co-Sputtering target was used 
that included a Si target with a 2.54 cm diameter partially 
covered by an Festrip 400 having a 2.54 cm length, 1 mm 
width, and 0.1 mm thickness. Based on the relative areas of 
the Si and Fe on the co-Sputtering target, the Fe concentra 
tion was calculated to be 1.3%. Before CVD nanotube 
growth, the Si/Fe precursor layer was heated in air at 900 
C. for 30 minutes. FIGS. 9(a) and 9(b) show, respectively, 
AFM images of nanotubes grown at 900 C. and 925 C. on 
Substrates prepared as above. Nanotubes grown on both 
Substrates were Synthesized for 10 minutes using the same 
gas flow rates of 1 SLMCH and 0.5 SLMH. It can be seen 
that nanotube yields from the Si/Fe catalyst materials are 
very sensitive to growth temperature and at 900 C., the 
yield is very low; while at 925 C. the yield is much 
improved. 

EXAMPLE 6 

0.066. A 6 nm thick Al/Fe (2.6% Fe) precursor layer thin 
film was prepared on an AFM probe by Sputtering a co 
Sputtering target comprising an Al target (2.54 cm diameter) 
and an Festrip 400 (2.54 cm length, 1 mm width, and 0.1 
mm thick coil) with a DC sputtering system at a power of 50 
W for 1 minute. The AFM probe was then heated in air at 
600 C. for 30 minutes. A carbon nanotube was grown by 
CVD in a 6-inch furnace at 900 C. for 10 minutes with gas 
flow rates of 3.375 SLMCH and 1 SLM H. FIG. 10 shows 
a single carbon nanotube prepared as described protruding 
out of the tip of the AFM probe pyramid. 

EXAMPLE 7 

0067. This example illustrates an embodiment of the 
present invention directed to growing generally aligned 
carbon nanotubes. A 20 nm thick Al/Fe precursor layer was 
fabricated on a substrate by co-sputtering Al and Fe (3% Fe) 
in a DC Sputtering System operating at a power of 50 W and 
under a vacuum of 5x10 mbar. After deposition, the 
precursor layer was heated in air at 500 C. for 30 minutes. 
0068 Carbon nanotube growth was then performed in a 
tube furnace. During a heating ramp Step, the tube furnace 
was filled with H with a gas flow rate of 400 standard 
centimeter cubic per minute (ScCm). In a growth step that 
followed the heating ramp Step the growth temperature was 
held at 750° C. for 30 minutes. During the growth step 400 
Standard centimeter cubic per minute (ScCm) of H and 100 
Sccm of CH were introduced into the tube furnace as 
reaction gases. Additionally, 100 ppm of water vapor was 
introduced into the tube furnace by a bubbler during the 
growth step. The described process produced the aligned 
carbon nanotubes shown in the SEM micrograph of FIG. 11. 
It can be seen from FIG. 11 that the generally aligned carbon 
nanotubes grew in a direction Substantially perpendicular to 
a plane defined by the Substrate. 
0069. In the foregoing specification, the invention is 
described with reference to specific embodiments thereof, 
but those skilled in the art will recognize that the invention 
is not limited thereto. Various features and aspects of the 
above-described invention may be used individually or 
jointly: Further, the invention can be utilized in any number 
of environments and applications beyond those described 
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herein without departing from the broader Spirit and Scope of 
the Specification. The Specification and drawings are, 
accordingly, to be regarded as illustrative rather than restric 
tive. It will be recognized that the terms “comprising, 

including, and “having,” as used herein, are specifically 
intended to be read as open-ended terms of art. 
What is claimed is: 

1. A method for preparing a catalyst material for carbon 
nanotube Synthesis, comprising: 

co-depositing on a Substrate a catalytic Species and a host 
Species to form a uniform dispersion of host particles 
including catalyst nanoparticles. 

2. A method for preparing a catalyst material for carbon 
nanotube Synthesis, comprising: 

co-depositing on a Substrate a catalytic Species and a host 
Species to form a dispersion of catalyst nanoparticles on 
a host material. 

3. A method of Synthesizing generally aligned carbon 
nanotubes, comprising: 

forming a catalytic material on a Substrate by co-depos 
iting a catalytic Species and a host species, and 

growing the generally aligned carbon nanotubes in a 
direction Substantially perpendicular to a plane defined 
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by the Substrate by passing a carbon-containing gas 
Over the catalytic material on the Substrate at an 
elevated temperature. 

4. The method of claim 3 wherein the catalytic species 
comprises Fe and the host Species comprises Al-O. 

5. The method of claim 3 wherein the catalytic material 
formed by the co-deposition includes a uniform dispersion 
of host particles having catalyst nanoparticles on the Sur 
faces thereof. 

6. The method of claim 3 wherein the carbon-containing 
gas includes C.H. 

7. The method of claim 3 wherein the carbon-containing 
gas also includes water vapor. 

8. The method of claim 3 wherein growing the generally 
aligned carbon nanotubes includes a heating ramp Step 
followed by a growth step. 

9. The method of claim 8 wherein the heating ramp step 
includes passing H2 gas over the Substrate. 

10. The method of claim 8 wherein the growth step 
includes passing C-H and water vapor together over the 
Substrate. 


