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(57) ABSTRACT 
A method of controllably aligning carbon nanotubes to a 
template structure to fabricate a variety of carbon nanotube 
containing structures and devices having desired character 
istics is provided. The method alloWs simultaneous, selec 
tive groWth of both vertically and horizontally controllably 
aligned nanotubes on the template structure but not on a 
substrate in a single process step. 
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DIRECTED ASSEMBLY OF HIGHLY-ORGANIZED 
CARBON NANOTUBE ARCHITECTURES 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATIONS 

[0001] The present application is a Divisional of US. 
application Ser. No. 10/361,640, ?led Feb. 11, 2003, Which 
claims bene?t under 35 USC § 119(e) of US. provisional 
application 60/356,069, ?led Feb. 11, 2002 and 60/385,393, 
?led Jun. 3, 2002, both of Which are incorporated herein by 
reference in their entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] The US. Government may have certain rights in 
this invention pursuant to grant number N00014-00-1-2050 
from the Office of Naval Research. 

BACKGROUND OF THE INVENTION 

[0003] The present invention relates generally to carbon 
nanotubes and more particularly to selective groWth of 
carbon nanotubes on template materials. 

[0004] It is likely that future devices containing organiZed 
structures of various functional materials With neW proper 
ties Will be built from nanoscale building blocks. These 
nanoscale building blocks can be produced by a variety of 
synthesis routes. The novel properties of the nanoscale 
building blocks arising from their loW dimensions are 
knoWn for a Wide range of materials. 

[0005] Carbon nanotubes are a nanostructured material 
Which promises to have a Wide range of applications. 
HoWever, the present techniques used to controllably build 
organiZed architectures of nanotubes With predetermined 
orientations have several de?ciencies. For example, verti 
cally aligned nanotubes has been fabricated on catalyst 
printed planar substrates by chemical vapor deposition. See, 
for example, W. Z. Li, et al. Science 274, 1701 (1996); R. 
Sen, A. Govindaraj, C. N. R. Rao, Chem. Phys. Lett. 267, 
276 (1997); M. Terrones, et al. Nature 388, 52 (1997); Z. F. 
Ren, et al. Science 282, 1105 (1998); S. S. Fan, et al. Science 
283, 512 (1999); H. Kind, et al.Adv. Mater. 11, 1285 (1999); 
R. R. Schlittler, et al. Science 292, 1136 (2001) and L. Dai, 
A. W. H. Mau, J. Phys. Chem. B 104, 1891 (2000). HoWever, 
this technique requires deposition and patterning, usually in 
separate processing steps, of catalyst material, typically in 
nanoparticle assemblies or thin ?lm forms, Which compli 
cates the nanotube fabrication method. This also does not 
alloW groWth of nanotubes in more than one preselected 
orientation at different locations in a controllable fashion. 

[0006] While groWth of vertically aligned nanotubes on 
planar substrates by CVD has been reported extensively, 
obtaining nanotubes that are exclusively oriented parallel to 
the substrate in predetermined orientations has been more 
dif?cult. Suspended nanotubes across elevated structures 
have been produced recently by several different methods. 
One method involves adjusting the gas ?oW during CVD. 
See N. R. Franklin, H. Dai, Adv. Mater. 2000, 12, 890; N. R. 
Franklin, Q. Wang, T. W. Tombler, A. Javey, M. Shim, H. 
Dai, Appl. Phys. Lett. 2002, 81, 913; and Y. Homma, Y. 
Kobayashi, T. Ogino, T. Yamashita, Appl. Phys. Lett. 2002, 
81, 2261. Another method involves applying an electrical 
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?eld during CVD. See Y. Zhang, A. Chang, I. Cao, Q. Wang, 
W. Kim, Y. Li, N. Morris, E. YenilmeZ, J. Kong, H. Dai, 
Appl. Phys. Lett. 2001, 79, 3155; andA. Ural, Y. Li, H. Dai, 
Appl. Phys. Lett. 2002, 81, 3464. HoWever, these 
approaches require pre-deposition and pre-patteming of 
nanoscale catalyst particle assemblies. Also, the probability 
of nanotubes bridging across different catalyst islands is 
dif?cult to predict and control. Several articles also note that 
nanotubes can be aligned in horizontal con?gurations 
through electric ?elds or micro?uidic forces. See A. Star, et 
al., AngeWandte Chem. International Edition 40, 1721 
(2001) and T. Rueckes, et al., Science 289, 94 (2000). 
HoWever, these methods are also complicated, and are 
dif?cult to scale (e. g., create them reproducibly on an 8 inch 
Si Wafer) and to control, for developing devices for appli 
cations. Moreover, in these cases the nanotubes are not 
rooted to the substrate (i.e. they are just lying on them, and 
hence not very robust). 

[0007] Several methods have also been suggested for 
controlled placement of carbon nanotubes onto electrode 
pairs, including AC bias-enhanced deposition and chemi 
cally modi?ed adsorption. See L. A. Nagahara, I. Amiani, J. 
LeWenstein, R. K. Tsui, Appi. Phys. Lett. 2002, 80, 3826 and 
M. Burgard, G. Buesberg, G. Philipp, J. Muster, S. Roth, 
Adv. Mater. 1998, 10, 584. 

[0008] Some of the present inventors have also previously 
suggested to selectively groW carbon nanotubes on silica 
templates located on a silicon substrate Without groWing the 
nanotubes on the silicon substrate. See Z. J. Zhang, B. Q. 
Wei, G. Ramanath, P. M. Ajayan, Appl. Phys. Lett. 77, 3764 
(2000). The use of this template structure is advantageous in 
that it does not require the deposition and patterning of the 
catalyst material. HoWever, as can be seen in FIG. 4 of the 
Z. J. Zhang et al. article, While roughly vertical and hori 
Zontal nanotubes Were simultaneously groWn on the tem 
plate structures, it Was not possible to controllably align 
nanotubes during groWth in a direction perpendicular to the 
silica template structure surfaces. For example, as shoWn in 
the insert in FIG. 4 of this article, the nanotubes Were not 
aligned precisely and controllably. 

SUMMARY OF THE INVENTION 

[0009] A preferred embodiment of the invention provides 
a method of making carbon nanotubes, comprising provid 
ing a substrate containing a template structure having at least 
tWo surfaces and providing a nanotube source gas onto the 
template structure. The nanotube source gas preferably 
comprises a mixture of nanotube forming precursor gas, 
such as xylenes, and a catalyst gas, such as ferrocene. 
HoWever, other suitable gases or a single source gas may be 
used instead. The method further provides for selectively 
and simultaneously groWing the carbon nanotubes on the at 
least tWo surfaces of the template structure but not on 
exposed portions of the substrate (i.e., in exclusion to the 
substrate material Which supports the template structure). 
The groWn carbon nanotubes are controllably aligned in a 
direction perpendicular to the respective surfaces of the 
template structure. 

[0010] Another preferred embodiment of the invention 
provides a structure, comprising a substrate and a template 
structure located on the substrate, Wherein the template 
structure comprises at least tWo surfaces. The structure also 
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comprises a ?rst plurality of carbon nanotubes disposed on 
a ?rst surface of the template structure, Wherein the ?rst 
plurality of carbon nanotubes are controllably aligned in a 
?rst direction perpendicular to the ?rst surface of the tem 
plate structure, and a second plurality of carbon nanotubes 
disposed on a second surface of the template structure, 
Wherein the second plurality of carbon nanotubes are con 
trollably aligned in a second direction perpendicular to the 
second surface of the template structure, such that the ?rst 
direction is different than the second direction. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIGS. 1A-B, 2A-D, 4A-C, 5, 6A-G, 8A-F, 9C, 
11A-B and 12C are SEM images of carbon nanotube struc 
tures according to preferred embodiments of the present 
invention. 

[0012] FIGS. 1C, 4D, 6H, 11C and 12A-B are three 
dimensional schematics of carbon nanotube structures 
according to preferred embodiments of the present inven 
tion. The distance betWeen the nanotubes in FIG. 1C is 
shoWn by the arroWs marked “d”. 

[0013] FIGS. 3A-3C are SEM images of porous carbon 
nanotube ?lms according to a preferred embodiment of the 
present invention. 

[0014] FIGS. 7A-B are side cross sectional schematic 
vieWs of a method of making carbon nanotube structures 
according to a preferred embodiment of the present inven 
tion. 

[0015] FIG. 9A is a plot of carbon nanotube length as a 
function of gold masking material coverage on a SiO2 
template structure according to a preferred embodiment of 
the present invention. 

[0016] FIG. 9B is an SEM image ofgold masking material 
islands on a surface of a SiO2 template structure according 
to a preferred embodiment of the present invention. 

[0017] FIG. 10A is side cross sectional schematic vieW of 
carbon nanotube structures according to a preferred embodi 
ment of the present invention. 

[0018] FIG. 10B is a plot of measured resistance versus a 
number of carbon nanotube bridges according to a preferred 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0019] The present inventors have developed a method of 
controllably aligning carbon nanotubes to a template struc 
ture to fabricate a variety of carbon nanotube containing 
structures and devices having desired characteristics. For 
example, by selecting a template structure With a suf?cient 
thickness alloWs a simultaneous groWth of both vertically 
and horizontally controllably aligned nanotubes in a single 
process step. In fact, the nanotubes may be aligned in any set 
of in-plane and/or out of plane orientations and groWn in a 
single process step. The level of control provided by this 
method provides construction of complex, nanotube based, 
highly organiZed l-to-3-D architectures for building or use 
in nanotube based devices and systems in a scalable fashion. 

[0020] A template structure, pattern or material is a struc 
ture, pattern or material Which alloWs selective groWth of 
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carbon nanotubes on it Without groWing any detectable 
amount of carbon nanotubes on exposed portions of the 
substrate Which supports the template. Nanotubes groW 
normal to, and selectively on the template structure, inher 
iting the topography of the template structure. Thus, the 
nanotubes are controllably aligned in a direction perpen 
dicular to the surface of the template structure from Which 
they groW such that all the nanotubes Which groW from a 
particular template structure surface are oriented in the same 
direction. The precise control of nanotube orientation alloWs 
the fabrication of a Wide variety of organiZed architectures 
of differing complexities, shapes, densities, dimensions and 
orientation. The bottom-up fabrication approach is easy, 
scalable, and compatible With silicon microfabrication tech 
niques and processes. 

[0021] In a preferred aspect of the present invention, the 
template structure comprises a silicon dioxide structure 
located on a silicon substrate. HoWever, other suitable 
template and substrate materials may be used instead. For 
example, other silicon oxide and metal oxide template 
structures materials, such as silicon oxynitride, magnesium 
oxide, aluminum oxide or indium tin oxide, may be used 
instead. Thus, a carbon nanotube groWth catalyst material, 
such as a metal nanoparticle layer, is not necessary to 
selectively groW carbon nanotubes, and is preferably omit 
ted to simplify processing. In alternative aspects of the 
present invention, a metal that does not catalyZe nanotube 
groWth, such as gold or copper, can also be used to mask part 
of the template structure material on the substrate. The 
substrate material can be any material that does not catalyZe 
nanotube groWth. Examples of preferred substrate materials 
are a single crystal silicon Wafer, epitaxial silicon and 
polysilicon layers. Furthermore, other semiconductor mate 
rials, such as II-VI and III-V semiconductor materials, and 
non-semiconductor materials, such as ceramics, metals, 
glasses and plastics that do not catalyZe nanotube groWth 
may be used as a substrate by appropriately selecting the 
template material Which alloWs selective groWth of carbon 
nanotubes. 

[0022] In another alternative aspect of the present inven 
tion, the substrate may be omitted entirely, and the nano 
tubes may be fabricated on free standing template structures. 
For example carbon nanotubes may be formed on the 
surfaces of oxide particles, such as silica, alumina, MgO and 
other silicon and metal oxide particles. Preferably, the 
particles are substantially spherical oxide particles, such as 
spherical, oval and roughly spherical (i.e., spherical particles 
With chiseled surfaces) particles. The particles may be micro 
siZed (preferably 1 to 1,000 micron diameter) or macro siZed 
(preferably 1,000 microns to 1 cm diameter). The carbon 
nanotubes are aligned perpendicular to the oxide particle 
surfaces. 

[0023] In preferred embodiments of the present invention, 
controllably aligned multiWalled carbon nanotubes are 
selectively and simultaneously groWn in patterns and in 
multiple directions on lithographically patterned silica tem 
plates in a single process. This process is preferably carried 
out through a CVD method that delivers the nanotube 
forming precursor and the catalyst material (in compound or 
elemental form) from the gas phase either simultaneously or 
sequentially. 
[0024] The speci?c examples of nanotube structures of the 
present invention shoWn are illustrated in SEM images in the 
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Figures. However, the present invention should not be 
considered limited by the structures and methods of the 
speci?c examples, Which are provided for illustration of the 
present invention. 

[0025] The nanotube structures shoWn in the SEM images 
in the Figures Were selectively groWn on non-planar patterns 
composed of SiO2 and Si surfaces. The substrates Were Si 
(100) Wafers capped With thermally groWn or plasma 
enhanced chemical vapor deposition (PECVD) deposited 
SiO2 template structures having a thickness of 100 nm to 
several microns, such as 2 to 8.5 microns. For example, thick 
silica layers (up to about 8.5 microns) Were deposited by 
PECVD to create high-aspect-ratio silica features. Patterns 
of Si/SiO2 of various shapes Were generated by photolithog 
raphy folloWed by a combination of Wet and/or dry etching. 

[0026] Patterned nanotube groWth Was achieved Without 
metal catalyst predeposition and patterning, thereby simpli 
fying the template preparation by eliminating 2 processing 
steps. Instead, CVD nanotube groWth Was stimulated by 
exposing the substrate and the template structure on the 
substrate to vapor mixtures comprising xylenes (CSHIO), a 
nanotube-forming precursor, and ferrocene (Fe(C5H5)2), a 
nanotube catalyst, at about 600 to 11000 C., preferably at 
about 800 to 900° C. HoWever, other suitable source gases 
and temperatures may be used instead. Ferrocene Was dis 
solved in xylenes (Which preferably contains different iso 
mers) at concentrations of about 0.01 g/ml, the mixture Was 
pre-heated, co-evaporated and fed into the CVD chamber. 
Ferrocene preferably comprises 0.001 to 1 percent of the 
ferrocene/xylenes mixture. Prolonged groWth in the tem 
perature range of 600-11000 C., produced ?lms of densely 
packed multiWalled carbon nanotubes on the template struc 
tures but not on the substrate. Uniform, vertically aligned 
nanotube ?lms having a thickness of a feW microns to 
several tens of microns Were produced in feW minutes at 
groWth rates of about 10 microns/minute. The nanotubes in 
the nanotube ?lms Were about 30 nm diameter multiWalled 
carbon nanotubes. No nanotube groWth Was observed on 
pristine Si surfaces, or on the native oxide layer formed on 
the silicon substrate. Aligned nanotubes greW readily on 
SiO2 templates in a direction normal to the template groWth 
surface, and the selectivity Was retained doWn to micron siZe 
SiO2 templates. 
[0027] Using the substrate-selective and normal direction 
groWth process, the nanotubes structures of various shapes 
and orientations With respect to the Si surface Were fabri 
cated on active SiO2 template surfaces. Thus, carbon nano 
tubes Were selectively groWn in desired patterns and archi 
tectures Without further photolithographic patterning. 

[0028] The method and structure of the ?rst preferred 
embodiment Will noW be described. In the ?rst preferred 
embodiment, the carbon nanotubes Were selectively groWn 
in one direction on various template structure shapes to 
produce various nanotube structure shapes having the foot 
print of the template surfaces. These nanotube structures can 
then be optionally removed from over the substrate and 
placed into a suitable device. 

[0029] FIGS. 1A-B shoW a striking example of aligned 
nanotube pillars placed on speci?c sites on the substrate 
according to one aspect of the ?rst embodiment. FIG. 1A 
illustrates an SEM image of pillars of aligned carbon nano 
tube (CNT) arrays Within trenches surrounded by a thick 
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aligned nanotube ?lm groWn vertically on the SiO2 pattern 
on a Si substrate. The nanotube ?lm Was selectively groWn 
on a SiO2 pattern or template structure. In the center of 
box-like regions de?ned by the nanotube ?lm Walls, micro 
siZed cylindrical blocks or pillars of vertically oriented 
nanotubes are groWn from the underlying template structure 
constituted by SiO2 patterns in this case. Within each block, 
the nanotubes are highly oriented and densely packed. Three 
different pillar packing densities are shoWn in FIG. 1A, 
Where the separation betWeen pillars in each group is 10 
microns (top), 5 microns (bottom) and 2 microns (center). 

[0030] FIG. 1B is an enlarged image of the middle array 
shoWn in FIG. 1A shoWing the alignment of the nanotubes 
in each of the pillars. FIG. 1C illustrates a schematic of the 
nanotube pillars on the SiO2 patterns located a Si substrate. 
Speci?cally, FIG. 1C shoWs a silicon substrate 10 containing 
cylindrical SiO2 template structures 12 on the upper surface 
of the substrate 10. Carbon nanotube pillars 14 are selec 
tively groWn and are located on the upper surfaces of the 
template structures 12. Since the height (i.e., thickness) of 
the template structures 12 is less than a cutoff thickness for 
groWth of nanotubes (such as less than 1 micron, preferably 
200 nm or less), the nanotubes do not groW from the 
sideWalls of the template structures 12. The cutoff thickness 
varies With the template material and With the nanotube 
groWth parameters. 

[0031] The structures shoWn in FIGS. 1A-C Were made by 
the folloWing method. The SiO2 template structures or 
patterns 12 Were formed on a silicon substrate 10 by 
conventional photolithography. The template structures 12 
Were exposed to xylenes/ferrocene gas mixtures at tempera 
tures ranging from 600 to 11000 C., preferably 800 to 9000 
C. in a CVD tube furnace. The nanotubes 14 greW extremely 
selectively on the SiO2 patterns 12, but did not groW on the 
silicon substrate 10, leaving the exposed silicon substrate 
blank. Alignment of nanotubes can be easily identi?ed from 
the sideWalls, Which separate the micro pillar arrays of 
nanotubes. The template structures had a diameter of about 
10 microns to form cylindrical nanotube pillars having a 
diameter of about 10 microns in diameter and separations 
betWeen individual pillars 14 of 10, 5 and 2 microns for the 
top, bottom and middle pillar sets, respectively. In addition 
to the cylindrical pillars 14 and cylindrical template struc 
tures 12, other suitable pillar 14 shapes, such as polygonal 
(triangular, rectangular, trapezoidal, etc.), oval or irregular 
shapes, can be fabricated by shaping the template structures 
12 accordingly. Furthermore, While SiO2 template structures 
12 on a silicon 10 substrate Were illustrated, other suitable 
materials for the template structures 12 and the substrate 10 
may be used instead, as described herein. 

[0032] FIG. 2A is top vieW of several “sandwich” or 
rectangular block structures of platelets of aligned nanotubes 
groWn from parallel silica lines (i.e., template structures) on 
a silicon substrate according to another preferred aspect of 
the ?rst embodiment. The different sandWich structures 
shoW different nanotube platelet thickness (2-10 microns, 
decreasing from left to right in FIG. 2A) and separation 
betWeen the platelets (2-10 microns, decreasing from left to 
right). The SiO2 line patterns or template structures Were 
each 100 microns in length. They Were fabricated using 
standard photolithography. The nanotube platelets or lines 
Were selectively groWn on the template structures by the 
CVD method described above. The result shoWs the excel 
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lent control of the placement of the nanotube platelet struc 
tures at the desired locations, their thickness, height and the 
separation betWeen them (density). The height of these 
structures can be precisely controlled to Within a feW tenths 
of microns to several hundreds of microns by tuning the 
nanotube deposition time. Of course shapes other than 
rectangular platelets, template materials other than SiO2 and 
substrate materials other than silicon may be used instead. 

[0033] FIG. 2B is a higher magni?cation SEM image 
shoWing the alignment of nanotubes Within the nanotube 
platelets. The coordinated deformation and displacement of 
the individual platelets on the substrate indicate substantial 
attractive forces betWeen individual nanotubes, suggesting 
that each platelet may be manipulated individually. 

[0034] FIGS. 2C and 2D illustrate very long, ordered 
micro ?bers of aligned nanotubes groWn from silica patterns 
of tWo different shapes, resulting in tWo different ?ber 
cross-sections, according to another aspect of the ?rst 
embodiment. FIG. 2C shoWs ?bers With a circular cross 
section and FIG. 2D shoWs ?bers With a square cross 
section. Thus, the cross-sections of these nanotube ?bers are 
controlled by the shape of the underlying template patterns 
on Which they groW. Plural nanotubes Within each micro 
?ber can groW simultaneously to hundreds of micrometers, 
aligned all along the length. The template structures or 
patterns 12 used to produce these ?bers are essentially the 
same as those used for structures in FIGS. lA-C, but the 
groWth time is longer resulting in ?exible ordered ?bers, 
compared to stiffer, shorter pillars of FIGS. lA-C. The ?bers 
can have a length of 100 to 500 microns, such as 150 to 300 
microns, depending on the length of the nanotube deposition 
time. 

[0035] In all cases of the nanotube pillars shoWn in FIGS. 
lA-C, the nanotube platelets shoWn in FIGS. 2A-B and the 
nanotube ?bers shoWn in FIGS. 2C-D, the present inventors 
observed good adhesion betWeen individual nanotubes 
Within each geometrical block, and betWeen the nanotubes 
and the substrate. The nanotube blocks, hoWever, can be 
detached from the substrates by ultrasonic agitation, and can 
be manipulated individually using any suitable nanotube 
manipulation method. For example, the removed nanotube 
pillars, platelets and/or ?bers may be selectively placed into 
a desired device, such as an electronic device. 

[0036] The method and structure of the second preferred 
embodiment Will noW be described. In the second preferred 
embodiment, porous carbon nanotube ?lms Were fabricated. 
These porous ?lms Were fabricated With a high degree of 
control over pore siZes, shapes and separations. This is 
illustrated in FIGS. 3A-C, Which shoW nanotube ?lms With 
regular arrays of pores. Three different pore features 
imprinted in the nanotube ?lm are shoWn in FIGS. 3A-C. 
For example, nanotube ?lms With square and rectangular 
pores arranged in a rectangular grid are shoWn in FIGS. 3A 
and 3B, respectively. Ananotube ?lm With randomly shaped 
pores arranged in a random orientation is shoWn in FIG. 3C. 
The porous carbon nanotube ?lms shoWn in FIGS. 3A-C 
include a plurality of carbon nanotubes aligned lengthWise 
in a direction aWay from the template layer and a plurality 
of ?rst pores extending through the ?lm in the same direc 
tion. The bottom ends of the carbon nanotubes are attached 
to the porous template material such that the pores in the 
nanotube ?lm have a controlled siZe and are aligned With the 
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respective pores in the template material. The carbon nano 
tubes are not disposed on portions of the substrate exposed 
through the pores. 

[0037] The porous nanotube ?lms Were obtained by using 
a porous template structure or layer formed over a substrate. 
For example, a porous silica template layer Was obtained by 
forming a silica layer on the silicon substrate and then 
photolithographically masking the layer and etching pores or 
holes in this layer. Since the pores or holes are formed by 
photolithography and etching, they have a controlled siZe. 
The pores or holes extend doWn to the silicon substrate and 
may extend into the silicon substrate if desired. Thus, 
portions of the substrate are exposed through pores in the 
porous template layer. Nanotube-forming gases or mixtures 
Were provided onto the porous template layer and the carbon 
nanotubes Were selectively groWn on the porous template 
layer. HoWever, the nanotubes Were not formed on portions 
of the substrate exposed through pores in the porous tem 
plate layer. Furthermore, the nanotubes did not form on the 
template layer pore sideWalls because the template layer 
thickness is not su?icient to alloW nanotube groWth on side 
surfaces of the pores in the template layer. For example, the 
template layer may have a thickness of less than about 200 
nm, depending on the exact processing conditions and the 
template material used, to avoid nanotube groWth on the side 
surfaces of the pores. If desired, after the nanotube ?lm is 
groWn, the substrate may be selectively removed, such as by 
polishing or by silicon selective etching, to form a free 
standing porous nanotube ?lm. In an alternative aspect of the 
second embodiment, the porous nanotube ?lm is produced 
by a different method. The template material can be selec 
tively covered by non-catalytic masking materials (e.g., 
gold) through lithography and deposition, at locations Where 
pores are desired. The template material has a plurality of 
?rst regions masked by a masking material Which does not 
catalyZe nanotubes, such as gold or copper masking mate 
rial. The ends of the nanotubes are attached to the template 
material such that the plurality of pores in the nanotube ?lm 
have a controlled siZe and are aligned With the plurality of 
?rst regions on the template material masked by the masking 
material. When the nanotubes are groWn on the masked 
template material, the nanotubes selectively groW on the 
exposed template material but not on the masked ?rst 
regions of the template material. 

[0038] Thus, the template layer may be considered to be 
the negative pattern of the one used to make free-standing 
nanotube blocks shoWn in FIGS. 1 and 2. Both the number 
of nanotubes in each block (e.g., pillar), and the lateral 
separation betWeen the blocks or pores are limited only by 
the smallest dimension of silica patterns that can be pro 
duced, and these can conceivably be made smaller by using 
electron-beam lithographed templates or templates made by 
other submicron lithography or patterning methods. 

[0039] The method and structure of the third preferred 
embodiment Will noW be described. In the third embodi 
ment, selective nanotube groWth on the template structure 
having at least one, and preferably tWo or more surfaces. The 
nanotube groWth occurs in a direction normal to the respec 
tive surfaces and hence this approach can be harnessed to 
simultaneously groW nanotubes in several predetermined 
directions. For example, nanotube groWth in mutually 
orthogonal directions may be carried out by using template 
structures comprising of deep etched trenches, drilled all the 












