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(57) ABSTRACT 
An apparatus and method for forming catalyst particles to 
grow nanotubes is disclosed. In addition, an apparatus and 
method for forming nanotubes using the catalytic particles is 
also disclosed. The particles formed may have different 
diameters depending upon how they are formed. Once 
formed, the particles are deposited on a Substrate. Once 
deposited, the mobility of the particles is restricted and 
nanotubes and/or nanotube portions are grown on the par 
ticles. Nanotube portions having different diameters may be 
formed and the portions may be connected to form nano 
tubes with different diameters along the length of the nano 
tube. 
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NANOTUBE GROWTH AND DEVICE FORMATION 

BACKGROUND 

0001) 1. Field 
0002 Nanotubes and circuit devices. 
0003 2. Background 
0004 Nanotubes are generally seamless tubes of graphite 
sheets with full fullerene caps which were first discovered as 
multilayer concentric tubes or multi-walled carbon nano 
tubes and Subsequently as Single-walled nanotubes in the 
presence of transition metal catalytS. Nanotubes have shown 
promising applications in nanoscale electronic devices, high 
Strength materials, electron field emission, tips for Scanning 
probe microscopy and gas Storage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0005 Various embodiments are illustrated by way of 
example and not by way of limitation in the figures of the 
accompanying drawings in which like references indicate 
Similar elements. 

0006 FIG. 1 shows one embodiment of a structure 
including Vias for growing nanotubes. 
0007 FIG. 2 shows the structure of FIG. 1 with nano 
tubes growing in the Vias. 
0008 FIG. 3 shows another embodiment of a structure 
for growing nanotubes including a first portion with catalyst 
particles deposited on a Surface of the first portion of 
Structure. 

0009 FIG. 4 shows the first portion of the structure of 
FIG. 3 prepared to be fused with a patterned second portion 
of the structure. 

0010 FIG. 5 shows the first portion and the second 
portion of the structure of FIG. 4 fused together to form the 
Structure. 

0011 FIG. 6 shows the structure of FIG. 5 following 
removal of a portion of the Second structure to define a 
number of Vias and also shows nanotubes growing the Vias. 
0012 FIG. 7 shows one embodiment of a first portion of 
a nanotube formed on a catalytic particle. 
0013 FIG. 8 shows the first portion of a nanotube in 
FIG. 7 connected to a second portion of a nanotube, the 
Second portion grown on a Second particle. 
0.014 FIG. 9 shows the first portion and second portion 
of nanotubes shown in FIG. 8 connected to a third portion 
of a nanotube, the third portion grown on a third particle. 
0.015 FIG. 10 shows the first portion, second portion and 
third portion of nanotubes shown in FIG. 9 forming a 
composite nanotube Structure. 
0016 FIG. 11 shows one embodiment of a heterojunc 
tion device containing the composite nanotube Structure of 
FIG 10. 

DETAILED DESCRIPTION 

0.017. One technique for forming catalytic metal particles 
is through a chemically-induced oxidation-reduction 
(REDOX) reaction, also referred to herein as an electroless 
plating. 
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0018. In one embodiment a substrate is placed into a bath 
containing one or more metalions to be plated or introduced 
onto the Substrate; and one or more reducing agents to 
reduce the oxidation number of the metal ions. In one 
embodiment, the metal particles Suitable as catalysts for 
nanotube formation are formed by an electroless process on 
a desired Substrate. Representatively, Suitable electroleSS 
metal particles may be generated using refractory, noble 
and/or transition metals introduced in an ionic State with a 
positive oxidation number. Since the metals are in an ionic 
State having a positive oxidation number, they are in a Sense, 
nanotube catalyst material precursors. 

0019. One technique generates metal particles in a solu 
tion by mixing metal ions from Group VIII (e.g., Co, Ni, Rh, 
Ru, Pd, Ir, Pt, Fe, Os) and metal ions from Group VI (e.g., 
Cr, Mo, W). In one embodiment, the nanotube catalyst 
material includes an alloy of cobalt or nickel. Suitable cobalt 
or nickel alloys include, but are not limited to cobalt (Co), 
nickel (Ni), cobalt-ruthenium (CoRu), cobalt-rhodium 
(CoRh), nickel-palladium (NiPd), nickel-chromium (NiCr), 
colbalt-molybdenum (CoMo), cobalt-iridium (CoIr), cobalt 
rhenium (CoRe), and cobalt-tungsten(CoW). The use of 
ternary alloys is also contemplated. 

0020. In terms of introducing metal ions of cobalt, metal 
ions (nanotube catalyst precursors) Such as cobalt Supplied 
by cobalt chloride, cobalt Sulfate, etc., are introduced in a 
concentration range, in one embodiment, of about 10 grams 
per liter (g/l) to about 70 g/l, alone or with the addition of 
compound containing metal ions of a desired alloy constitu 
ent (e.g., Ni, Co, Cr, W., etc.). One example of a Suitable 
additional compound is ammonium tungstate (for alloying 
with W). A suitable concentration range for the additional 
compound is about 0.1 g/l to about 10 g/l. 

0021. To introduce the metal particles onto a surface, 
Such as a refractory material, exposed to the bath, the 
oxidation number of the introduced metalions is reduced. To 
reduce the oxidation number of the metal ions, one or more 
reducing agents are included in the bath. In one embodi 
ment, the reducing agents are Selected to be alkaline metal 
free reducing agents Such as ammonium hypophosphite, 
dimethylamine borate (DMAB), borohydride, hydrazine, 
and/or glyoxylic acid in a concentration range of about two 
g/l to about 30 g/l. The bath may also include one or more 
alkaline metal-free chelating agents Such as citric acid, malic 
acid, Succinic acid, ammonium chloride, glycine, acetic 
acid, and/or malonic acid in the concentration range of about 
five g/l to about 70 g/l for, in one respect, complexing cobalt 
or a Group VIII metal. An alkaline metal-free pH adjuster 
such as ammonium hydroxide (NHOH), tetramethyl 
ammonium hydroxide (TMAH), tetraethyl ammonium 
hydroxide (TEAH), tetrapropyl ammonium hydroxide 
(TPAH), and/or tetrabutyl ammonium hydroxide (TBAH), 
may further be included in the bath to achieve a suitable pH 
range, Such as a pH range of about three to about 14. A 
representative process temperature for an electroless plating 
bath such as described is on the order of about 40 C. to 
about 100° C. 

0022. As described, the chemically-induced REDOX 
reaction or electroless process introduces the nanotube cata 
lyst particles on a Surface of a Substrate. In addition, the 
particles may be generated in the bulk of electroless plating 
bath. 
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0023. In this embodiment, a desired substrate (e.g., SiO, 
Al-O, carbon-doped (CDO), etc. with a porous or flat 
Surface) is immersed into the electroless Solution. Metal 
particles Suitable as catalysts will deposited on a Surface of 
the Substrate. In one embodiment, the Substrate may be 
rinsed and/or dried after the Substrate is removed from the 
Solution. 

0024. Another embodiment includes dispensing an elec 
troless bath with metal particles on the Surface of a Support 
Substrate. In one embodiment, the Substrate is rinsed and/or 
dried following dispensing of the electroleSS bath. Another 
embodiment includes extracting particles from the electro 
less bath by filtering the metal particles from the bath. In 
another embodiment, metal particles are extracted from the 
bath by centrifugation. Another technique for extracting the 
metal particles from an electroleSS bath includes evaporating 
the bath So that the metal particles remain. 
0.025 In one embodiment, after a particle has been 
extracted, the particle is dispensed in a Volatile liquid. In one 
embodiment, the volatile liquid is methanol or ethanol. The 
particle, in one embodiment, may optionally be exposed to 
a Surfactant (e.g., Triton X-100) following being dispensed 
in the volatile liquid. 
0026. Another technique to remove a metal particle from 
a bath includes removing the particle using mechanical 
agitation. For example, mechanical agitation includes, but is 
not limited to, a megaSonic technique, and an ultrasonic 
technique, a Scrub in non-corrosive liquid media technique 
or any other mechanical agitation technique capable of 
removing a metal particle from the bath. 
0027. Another embodiment includes enhancing the affin 
ity of the electroleSS particles to a Substrate Surface by 
pre-treating the Surface to form a hydrophobic Surface. 
Representatively, a hydrophobic Surface of a refactory mate 
rial may be created using a plasma or wet chemical treatment 
using a dilute acid (e.g., HSO, citric acid, nitric acid) and 
a TMAH-based alkaline cleaning solution. 
0028. Once metal particles are formed using any of the 
above-discussed methods, the particles may then, in one 
embodiment, have a nanotube formed on them. In addition, 
it is contemplated that the particles may be deposited on any 
Substance and/or in any environment appropriate for nano 
tube formation on the particles. 
0029 FIG. 1 illustrates a cross-sectional, schematic side 
View of a portion of a structure including Vias for growing 
nanotubes. Structure 100 includes substrate 120. Represen 
tatively, substrate 120 is a refractory material formed to a 
desired thickness, Such that Vias of a desired length, capable 
of growing a desired length of nanotube, may be etched into 
Substrate 120. 

0030. In one embodiment, vias 130 are formed in sub 
strate 120 by photolithography and etching. Vias 130, in one 
embodiment, may be formed to a diameter Such that nano 
tubes of a desired diameter may be formed therein. In one 
embodiment, an aspect ratio of a via is Selected to avoid 
molten metal out-diffusion via capillary effects and to have 
considerable dimensions for carbon nanotube nucleation and 
growth. A Suitable aspect ratio, in one embodiment, is on the 
order of about 10:1 to about 10,000:1. 
0.031 Representatively, a mask, such as a photoresist 
mask, may be used to define an area (e.g., a cross-sectional 
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area) for via openings and then, in one embodiment, Vias 130 
may be etched with a suitable chemistry. In one embodi 
ment, the mask may then be removed (such as by oxygen 
plasma to remove photoresist). 
0032. In one embodiment, vias 130 are formed using 
highly spatially resolved etching techniques. For example, 
vias 130 may be formed in alumina by an anodic oxidation 
of aluminum in acids, Such as Sulfuric acid (HSO), phos 
phoric acid (H3PO), Oxalic acid (H2CO) or any other acid 
capable of forming vias 130 in alumina. 
0033 FIG. 1 also shows particles 140 in vias 130 (rep 
resentatively, a particle at a base of each via). In one 
embodiment, vias 130 are each filled with a single particle 
140. Vias 130, in another embodiment, may contain a 
plurality of particles 140. 

0034 Particles 140 are a material suitable as a catalyst for 
nanotube (e.g., carbon nanotube) growth. Representatively, 
particles 140 may be formed of any of the metals or alloys 
discussed above. Also, Since nanotube diameter is generally 
dependant upon the Size of the particle upon which the 
nanotube is formed (e.g., nanotubes with large diameters 
grow on large particles and nanotubes with Small diameters 
grow on Small particles), particles 140 may be formed to a 
desired size, Such that nanotubes of a desired diameter may 
be formed on particles 140. 
0035) In one embodiment, particles 140 become depos 
ited in vias 130 by immersing structure 100 into a bath 
containing particles 140. For example, an electroleSS plating 
of cobalt-tungsten (CoW) can be used in a Solution contain 
ing Co ions; W ions, a complexing agent Such as, for 
example, citric acid; a reducing agent Such as, for example, 
hypophosphite, a buffer Such as, for example, ammonium 
chloride; and a pH adjuster such as, for example, TMAH 
with a pH of about eight to about ten and at a temperature 
of about 50 C to about 90 C. Structure 100 is then, in one 
embodiment, immersed into this bath and particles 140 
come to rest in vias 130. 

0036) Another technique for depositing particles 140 in 
vias 130 is to pour a bath containing particles 140 over 
structure 100, causing particles 140 to become deposited in 
vias 130. In another embodiment, particles 140 are deposited 
in vias 130 by using a pipette to place particles 140 into vias 
130. 

0037. In another embodiment, particles 140 are deposited 
in vias 130 using a physical vapor deposition (PVD) tech 
nique. PVD techniques suitable for depositing particles 140 
in vias 130 include, but are not limited to, vacuum evapo 
ration, Sputtering, molecular beam epitaxy or any other PVD 
process suitable for depositing particles 140 into vias 130. 

0038 Particles 140, in another embodiment, are depos 
ited in vias 130 using a chemical vapor deposition (CVD) 
technique. Suitable CVD processes for depositing particles 
140 into vias 130 include, but are not limited to atmospheric 
pressure CVD, low pressure CVD, plasma enhanced CVD 
or any other CVD process capable of depositing particles 
140 into vias 130. 

0039. In one embodiment, to avoid having surface, 
instead of Via, nanotube nucleation, any overlying metal is 
removed by polishing (e.g., chemical-mechanical polishing) 
the Surface of Substrate 120. In another embodiment, Surface 
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nucleation is avoided by depositing particles 140 on a 
patterned Surface and exposing particles 140 to a high heat 
treatment of about 700° C. to about 1200° C. until each via 
130 is filled by surface diffusion. Another technique for 
avoiding Surface nucleation includes depositing particles by 
a PVD process followed by etching of the surface. This 
technique removes any particles 140 from the surface of 
substrate 120, while particles 140 within vias 130 remain. 
0040 FIG. 2 shows structure 100 having nanotubes 
formed within vias 130. When particles 140 are deposited in 
ViaS 130, they are capable of Serving as catalysts in the 
formation of nanotubes 150. Depositing particles 140 in vias 
130 constrains particles 140 to a confined space. Being 
confined within vias 130 prevents surface diffusion and 
agglomeration of particles 140 at the temperatures required 
in the formation of nanotubes 150. 

0041. In one embodiment, after particles 140 are depos 
ited within vias 130, structure 100 is exposed to a carbon 
containing gas. Carbon-containing gas 160, in one embodi 
ment, is carbon monoxide (CO). Other examples of suitable 
carbon-containing gases include, but are not limited to, 
carbon dioxide (CO), methane (CH) or any other gas 
containing Sufficient amounts of carbon to encourage the 
formation of nanotubes 150 on particles 140. 
0.042 One technique to encourage nanotubes 150 to grow 
on particles 140 includes exposing particles 140 to high 
temperatures while particles 140 are exposed to carbon 
containing gas 160. In one embodiment, the temperature is 
in excess of 700 C. 

0.043 Laser ablation is another technique that can be used 
to encourage nanotubes 150 to grow on particles 140. Using 
laser ablation, pulsed light from, for example, an excimer 
laser is focused onto a Solid carbon target inside a vacuum 
chamber to “boil off a plume of energetic carbon atoms off 
the carbon material. Particles 140 are positioned to intercept 
the plume of carbon atoms and will receive a thin film 
deposit of carbon from the carbon material from which 
nanotubes 150 form. 

0044) In one embodiment, an arc discharge technique is 
used to the temperatures needed to encourage nanotubes 150 
to grow on particles 140 when exposed to carbon-containing 
gas 160. An arc discharge is a high power electrical dis 
charge characterized by high current (tens to hundreds of 
amperes) and low voltage (a few volts to tens of volts) and 
a current-voltage (I-V) curve of negative slope. Confinement 
of an arc-welding discharge current to a Small electrode 
Surface yields extremely high current density and commen 
Surately large Joule heating, producing a high temperature. 
0.045. In one embodiment, structure 100 is exposed to an 
electric field while nanotubes 150 are forming. Electric field 
170, in one embodiment, is in the range of about 10" to about 
10 volts per centimeter (V/cm). In addition, electric field 
170 may have any intensity that will affect the direction of 
growth of nanotubes. 
0.046 Electric field 170, in one embodiment, influences 
the direction of growth of nanotubes 150. As illustrated in 
FIG. 2, electric field 170, in one embodiment, is aligned 
with vias 130 so that nanotubes 150 will grow, unobstructed, 
in the direction of electric field 170 within vias 130. 

0047. In one embodiment, electric field 170 is created by 
a sustainer capacitor. In addition, electric filed 170 may be 
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created by an other device capable of forming an electric 
field with an intensity that will affect the direction of growth 
of nanotubes 150. 

0048. In one embodiment, nanotubes 150 are carbon 
nanotubes. Nanotubes 150, in one embodiment, are single 
walled carbon nanotubes. In another embodiment, nano 
tubes 150 are multi-walled carbon nanotubes. 

0049. Once formed, nanotubes 150 may be removed from 
vias 130 and, in one embodiment placed on a circuit device 
as a portion of a device. In another embodiment, nanotubes 
150 may form an interconnect on a circuit device. It is 
contemplated that nanotubes 150 are appropriate for any 
nanotube application. 
0050 FIGS. 3-6 show another embodiment of forming 
nanotubes. FIG. 3 shows a first portion of a structure having 
nanotube catalyst particles deposited thereon. Particles 310 
may be deposited on first portion 300 of the structure using 
any of the techniques discussed above with reference to 
FIG. 1 regarding forming particles in vias 130 of structure 
100. In addition, particles 310 may be any of the embodi 
ments of particle 140 discussed above. 
0051 FIG. 4 shows the first portion of the structure of 
FIG. 3 prepared to be fused with a patterned second portion 
of the structure. Second portion 400 includes a plurality of 
vias 420. Second portion 400 may be formed similar to any 
of the embodiments of Substrate 120 discussed above. 

0052. In one embodiment, vias 420 of second portion 400 
are aligned with particles 310 such that particles 310 are 
reasonably centered within vias 420. When vias 420 and 
particles 310 are properly aligned, in one embodiment, 
portion 400 is fused to first portion 300 such that particles 
310 are wholly encompassed by vias 420. Similar to above, 
particles 310, once encompassed by vias 420, have a 
restricted mobility. 
0053 FIG. 5 shows the first portion and the second 
portion of the structure FIG. 4 fused together to form the 
structure. Portion 300 and portion 400, in one embodiment, 
are fused together by a heat treatment in the range of about 
100° C. to about 700° C. to form structure 500. In addition, 
portions 300 and 400 may be fused together using any 
technique know in the art. 
0054 FIG. 6 shows the structure of FIG. 5 following 
removal of a portion of second portion 400 to define a 
number of Vias for growing nanotubes. The portion of 
portion 400, in one embodiment, may be removed using any 
technique (e.g., mechanical polishing) known in the art. 
When the portion of portion 400 is removed, vias 420 are 
prepared for the formation of nanotubes. 
0055. In one embodiment, after the portion of portion 400 
has been removed, Substrate 500 is exposed to a carbon 
containing gas to encourage the growth of nanotubeS 340 on 
particles 310. Carbon-containing gas 350 may be any of the 
embodiments of carbon-containing gas 160 discussed above. 
0056. One technique to encourage nanotubes 340 to grow 
on particles 310 includes exposing particles 310 to high 
temperatures while particles 310 are exposed to carbon 
containing gas 350. In one embodiment, the temperature is 
in the range of about 200° C. to about 1000° C. One 
technique exposes particles 310 to a temperature in excess of 
1OOO C. 
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0057 Another technique that may be used to encourage 
nanotubes 340 to grow on particles 310 is a laser ablation 
technique similar to the laser ablation technique discussed 
above. In one embodiment, an arc discharge technique 
Similar to the arc discharge technique discussed above may 
be used to encourage nanotubeS 340 to grow on particles 
310. 

0058. In addition, similar to above, structure 500 may 
also be exposed to electric field 360 to affect the direction 
nanotubes 340 grow. Electric field 360 may be applied using 
any of methods discussed above with respect to electric field 
170. In addition, electric field 360 may be any of the 
intensities discussed above with respect to electric field 170. 
0059. In one embodiment, nanotubes 340 are carbon 
nanotubes. Nanotubes 340, in one embodiment, are single 
walled carbon nanotubes. In another embodiment, nano 
tubes 340 are multi-walled carbon nanotubes. 

0060 Once formed, nanotubes 340 may be removed from 
ViaS 420 and, in one embodiment placed on a circuit device 
as a portion of a device. In another embodiment, nanotubes 
340 may form an interconnect on a circuit device. It is 
contemplated that nanotubeS 340 are appropriate for any 
nanotube application. 
0061 FIG. 7 shows one embodiment of a first portion of 
a nanotube formed on a catalytic particle. Particle 710 may 
be formed of any of the materials discussed in the metal 
catalyst particle embodiments discussed above. In addition, 
particle 710 may be placed on a substrate using any of the 
embodiments discussed above. 

0.062. In addition, since the diameter of particle 710 
determines the diameter of nanotube portion 720, the size of 
particle 710 should be of a pre-determined size depending 
upon the desired dimensions of a composite nanotube Struc 
ture. Moreover, appropriate modifications to the above 
discussed Vias (e.g., diameter and depth) should also be 
made to Support the growth of a nanotube having a desired 
diameter Size and length. 
0063 Portion 720 may be formed in particle 710 using 
any of the techniques for forming a nanotube discussed 
above. In one embodiment, once portion 720 is formed, 
particle 710 is dissolved using an acid. The acid, in one 
embodiment, is citric acid although any acid (e.g., HCl, 
HSO, etc.) capable of dissolving particle 710 while leav 
ing portion 720 in tact may be used. 
0064. In one embodiment, once particle 710 is dissolved, 
particle 720 is given a Surface charge. The Surface charge is 
created on portion 720 by exposing portion 720 to either a 
carboxyl (COOH) functional group or an amine (NH") 
functional group. 
0065 Portion 720, in one embodiment, is then connected 
to particle 810 through a coulomb interaction (i.e., when 
carboxyl functional group molecules bond with amine func 
tional group molecules). Using this technique, particle 810 
is given a Surface charge opposite of portion 720 by expos 
ing particle 810 to either a carboxyl (COOH) functional 
group or an amine (NH) functional group. For example, if 
portion 720 is exposed to a carboxyl functional group 
creating a negative Surface charge on portion 720, particle 
810 should be exposed to an amine functional group to 
create a positive Surface charge on particle 810, or Vice 
WCS. 
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0.066 Once portion 720 and particle 810 are attached, in 
one embodiment, portion 720 and particle 810 are deposited 
into a Via. The Via, in one embodiment, constrains the 
movement of portion 720 and particle 810 and portion 720 
and particle 810 are exposed to a carbon nanotube formation 
process Similar to any of the embodiments discussed above 
to encourage growth of a Second nanotube portion. 
0067. In another embodiment, once portion 720 and 
particle 810 are attached, portion 720 and particle 810 are 
placed on a Surface of a Substrate to constrain the movement 
of portion 720 and particle 810. After deposition on the 
substrate, portion 720 and particle 810 are exposed to a 
carbon nanotube formation proceSS Similar to any of the 
embodiments discussed above to encourage growth of a 
Second nanotube portion. 
0068 The carbon-containing gas, in one embodiment, is 
carbon monoxide (CO). Other examples of suitable carbon 
containing gases include, but are not limited to, carbon 
dioxide (CO2), methane (CH) or any other gas containing 
Sufficient amounts of carbon to encourage the formation of 
a second nanotube on particle 810. 
0069. In one embodiment, portion 720 and particle 810 
are exposed to a temperature in the range of about 400 C. 
to about 1200° C. while also being exposed to the carbon 
containing gas. One technique exposes portion 720 and 
particle 810 to a temperature in excess of 1200° C. while 
being eXposed to the carbon-containing gas. 

0070 Laser ablation similar to the embodiments dis 
cussed above may, in one embodiment, be used to encourage 
a second portion of nanotube to grow on particle 810. In 
another embodiment, an arc discharge technique Similar to 
the technique discussed above may be used to encourage a 
second portion of nanotube to grow on particle 810. 
0071 FIG. 8 shows a second portion of a nanotube 
formed on particle 810 and connected to first portion 720. 
While portion 720 and particle 810 are exposed to a nano 
tube formation proceSS Similar to any of the embodiments 
discussed above, second nanotube portion 820 begins to 
form on particle 810. 
0072) Second portion 820 forms between particle 810 and 
portion 720. The diameter of second portion 820 is depen 
dent upon the size of particle 810. For example, FIG. 8 
shows second portion 820 larger in diameter than portion 
720. This is true because particle 810 in the embodiment 
shown in FIG. 8 has a larger diameter than particle 710, as 
shown in FIG. 7. 

0073. In another embodiment, second portion 820 has a 
smaller diameter than portion 720. In this embodiment, 
particle 810 would have a smaller diameter than particle 
710. In another embodiment, portions 720 and 820 have the 
Same diameter. 

0074. When second portion 820 starts to form on particle 
810, second portion 820 forms between particle 810 and 
portion 720. As second portion 820 grows, portion 720 is 
“pushed” away from particle 810. 
0075. After second portion 820 reaches a desired length, 
particle 810 is dissolved using an acid. The acid, in one 
embodiment, is citric acid although any acid (e.g., HCl, 
HSO, etc.) capable of dissolving particle 810 while leav 
ing portions 720 and 820 in tact may be used. 
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0.076. In one embodiment, after particle 810 is dissolved, 
portions 720 and 820 are connected to particle 910 through 
a condensation reaction Similar to the techniques discussed 
above (e.g., through formation and reaction of COOH and 
NH' functional groups). After portions 720 and 820 are 
attached to particle 920, in one embodiment, portions 720, 
820 and particle 910 are deposited into a via using any of the 
techniques discussed above. After deposition into the Via, in 
one embodiment, portions 720, 820 and particle 910 are 
exposed to a carbon nanotube formation process Similar to 
any of the embodiments discussed above to encourage 
growth of a third nanotube portion on particle 910. 
0077. In another embodiment, once portions 720,820 and 
particle 910 are attached, portions 720, 820 and particle 910 
are placed on a Surface of a Substrate to constrain the 
movement of portions 720, 820 and particle 910. After 
deposition on the substrate, portions 720, 820 and particle 
910 are exposed to a carbon nanotube formation process 
Similar to any of the embodiments discussed above to 
encourage growth of a third nanotube portion on particle 
910. 

0078 FIG. 9 shows a third portion of a nanotube formed 
on particle 910 and connected to portions 720 and 820. 
While portions 720,820 and particle 910 are exposed to any 
of the embodiments of a nanotube forming process dis 
cussed above, third carbon nanotube portion 920 begins to 
form on particle 910. 
0079. Third portion 920 forms between particle 910 and 
portion 820. The diameter of third portion 920 is dependent 
upon the size of particle 910. For example, FIG. 9 shows 
third portion 920 larger in diameter than portions 820 and 
720. This is true because particle 910 in the embodiment 
shown in FIG. 9 has a larger diameter than particles 810 and 
710, as shown in FIG. 7 and FIG. 8. 
0080. In another embodiment, third portion 920 has a 
smaller diameter than portions 820 and 720. In this embodi 
ment, particle 910 would have a smaller diameter than 
particles 810 and 710. In another embodiments the portions 
form a carbon nanotube with portion diameters of the same 
and/or different diameters arranged in any order (e.g., Small/ 
medium/large, large/Small/large, medium/medium/medium, 
etc.). 
0081) When third portion 920 starts to form on particle 
910, third portion 920 forms between particle 910 and 
second portion 820. As third portion 920 grows, portions 
820 and 720 are “pushed” away from particle 910. Other 
embodiments may repeat this process of dissolving the 
particle, attaching the composite nanotube Structure to a new 
particle, and forming a new portion of nanotube between the 
new particle and composite nanotube Structure may be 
repeated until a desired length and/or diameter Size combi 
nation is reached. 

0082 FIG. 10 shows a composite nanotube formed of the 
portion of FIG. 9. After third portion 920 reaches a desired 
length, particle 910 is dissolved using an acid. The acid, in 
one embodiment, is citric acid although any acid (e.g., HCl, 
HSO, etc.) capable of dissolving particle 910 while leav 
ing portions 720, 820 and 920 in tact may be used. After 
particle 910 is dissolved, portions 720, 820 and 920, in one 
embodiment, form composite nanotube 1000. 
0083) In one embodiment, portions 720, 820 and 920 are 
carbon nanotube portions. Portions 720,820 and 920, in one 
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embodiment, are Single walled carbon nanotube portions. In 
another embodiment, portions 720,820 and 920 are multi 
walled carbon nanotube portions. 
0084. In addition, nanotube 1000, in one embodiment, is 
a carbon nanotube. Nanotube 1000, in one embodiment, is 
a single-walled carbon nanotube. In another embodiment, 
nanotube 1000 is a multi-walled carbon nanotube. 

0085. In one embodiment, nanotube 1000 includes both 
Single-walled and multi-walled portions. In another embodi 
ment, nanotube 1000 includes a combination of single 
walled portions and multi-walled portions, in addition to a 
combination of diameter sizes. For example, nanotube may 
be formed of a large, Single-walled portion connected to a 
Small, multi-walled portion, or formed of a Small, Single 
walled portion connected to a medium, multi-walled portion 
connected to a large, Single-walled portion, etc. Alterna 
tively, each portion of a composite nanotube (e.g., nanotube 
1000) may be a single-walled portion or a multi-walled 
portion. 

0.086 Once formed, nanotube 1000 may, in one embodi 
ment, be placed on a circuit device as a portion of a device. 
In another embodiment, nanotube 1000 may form an inter 
connect on a circuit device. It is contemplated that nanotube 
1000 is appropriate for any nanotube application. 
0087. In addition, any subset of nanotube 1000 (e.g., 
portions 720 and 820, portions 920 and 820, portion 720, 
etc.) is capable of forming a portion of a circuit device or 
forming an interconnect on a circuit device. Moreover, it is 
contemplated that any subset of nanotube 1000 is also 
appropriate for any nanotube application. 
0088 FIG. 11 shows a circuit device including the nano 
tube shown in FIG. 10. Device 1100, in one embodiment, is 
heterojunction transistor. As shown in FIG. 11, device 1100 
includes nanotube 1000 forming an electrode between 
Source 1120 and drain 1130 on Substrate 1140. In another 
embodiment, device 1100 is a diode. It is contemplated that 
device 1100 may form any circuit device which is capable of 
using a nanotube. 
0089. In the foregoing specification, embodiments of the 
invention have been described with reference to specific 
embodiments thereof. It will, however, be evident that 
various modifications and changes can be made thereto 
without departing from the broader Spirit and Scope of 
embodiments of the invention as Set forth in the appended 
claims. The Specification and drawings are, accordingly, to 
be regarded in an illustrative rather than a restrictive Sense. 

We claim: 
1. A method, comprising: 

forming a metal particle of a size Suitable for use as a 
catalyst in forming a nanotube by an electrochemical 
process on a Semiconductor Substrate. 

2. The method of claim of 1, wherein the electrochemical 
process comprises an oxidation-reduction reaction. 

3. The method of claim 2, wherein the forming a metal 
particle comprises introducing an ionic precursor of the 
metal particle into a bath and reducing the ionic precursor by 
chemical reaction. 

4. The method of claim 1, wherein forming the metal 
particle comprises forming an alloy. 
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5. The method of claim 4, wherein forming the alloy 
comprises forming a Group VIII metal alloy. 

6. The method of claim 4, wherein forming the alloy 
comprises forming a Group VI metal alloy. 

7. The method of claim 4, wherein forming the alloy 
comprises forming an alloy including a Group VIII metal 
and a Group VI metal. 

8. A method, comprising: 
forming a first portion of a nanotube with a first diameter; 
forming a Second portion of the nanotube with a Second 

diameter; and 
attaching the first portion to the Second portion to form the 

nanotube. 
9. The method of claim 8, wherein the diameter of the first 

portion and the Second portion are different. 
10. The method of claim 8, wherein forming the first 

portion occurs on a first metal particle of a first size. 
11. The method of claim 10, wherein forming the second 

portion occurs on a Second metal particle of a Second size. 
12. The method of claim 11, wherein the first and second 

particles are different sizes. 
13. The method of claim 11, wherein attaching the first 

portion to the Second portion comprises: 
dissolving the first particle; and 
exposing the first portion to a first one of an amine 

functional group and a carboxyl functional group. 
14. The method of claim 13, further comprising: 
exposing the Second particle to a Second one of an amine 

functional and a carboxyl functional group, the Second 
one of an amine functional and a carboxyl functional 
group being the opposite of the first one of an amine 
functional and a carboxyl functional group. 

15. A method, comprising: 
constraining movement of a metal particle Suitable for use 

as a catalyst in forming a nanotube on a Semiconductor 
Substrate. 

16. The method of claim 15, wherein constraining the 
particle comprises: 

depositing the particle into a via of the Substrate. 
17. The method of claim 15, wherein the Substrate is a first 

Substrate and constraining the particle comprises: 
depositing the particle on a Surface of the Substrate, and 
fusing a patterned Second Substrate including Vias to the 

Surface of the first Substrate to form a Structure, the ViaS 
facing the first Substrate Surface and aligned Such that 
the metal particle is encompassed within the Vias of the 
Second Substrate when the first Substrate and Second 
Substrate are fused together. 

18. The method of claim 15, further comprising: 
removing a portion of the Second Substrate to define avia. 
19. The method of claim 18, further comprising: 
forming a nanotube on the metal particle. 
20. The method of claim 19, wherein forming the nano 

tube comprises: 
one of exposing the particle to a carbon-containing gas 

and heat process, and exposing the particle to a laser 
ablation process to encourage the nanotube to grow on 
the particle. 
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21. The method of claim 20, further comprising: 

exposing the particle to an electric field to affect a 
direction of growth of the nanotube. 

22. An apparatus, comprising: 

a first nanotube portion with a first diameter; and 

a Second nanotube portion with a Second diameter, the 
Second nanotube portion coupled to the first nanotube 
portion to form a nanotube. 

23. The apparatus of claim 22, wherein the first diameter 
and the Second diameter are different. 

24. The apparatus of claim 22, wherein the first nanotube 
portion is a single-walled nanotube portion. 

25. The apparatus of claim 24, wherein the Second nano 
tube portion is a multi-walled nanotube portion. 

26. An apparatus, comprising: 

a metal particle of a Size Suitable for use as a catalyst in 
forming a nanotube formed by an electrochemical 
process on a Semiconductor Substrate. 

27. The apparatus of claim 26, wherein the metal particle 
comprises an alloy. 

28. The apparatus of claim 27, wherein the alloy com 
prises a Group VIII metal. 

29. The apparatus of claim 27, wherein the alloy com 
prises a Group VI metal. 

30. The apparatus of claim 27, wherein the alloy com 
prises a Group VIII metal and a Group VI metal. 

31. A method, comprising: 

extracting a metal particle of a size Suitable for use as a 
catalyst in forming a nanotube from an electroleSS bath; 
and 

depositing the metal particle on a Substrate. 
32. The method of claim 31, wherein extracting and 

depositing the metal particle on the Substrate comprises: 

immersing the Substrate into the bath containing the metal 
particle. 

33. The method of claim 31, wherein extracting and 
depositing the metal particle on the Substrate comprises: 

pouring the bath containing the metal particle over a 
Surface of the Substrate. 

34. The method of claim 31, wherein extracting the metal 
particle is performed by a method Selected from the group 
consisting of: 

filtering the metal particle from the bath, 
extracting the metal particle by centrifugation, 

evaporating the bath, and 

mechanically agitating the bath. 
35. The method of claim 34, further comprising: 

after extraction by centrification, eXposing the metal par 
ticle to a volatile liquid Selected from one of methanol 
and ethanol. 


