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(57) ABSTRACT 

Provided is a carbon nanotube structure of homogeneous 
characteristics Which is composed of at least a carbon 
nanotube structure layer Where plural carbon nanotubes are 
cross-linked to one another to form a mesh structure on a 

surface of a base body. Also provided is a method of 
manufacturing the carbon nanotube structure Which 
includes: an application step of applying a liquid solution 
that contains carbon nanotubes having functional groups and 
an additive for forming chemical bonds betWeen the func 
tional groups to a surface of a base body; and a cross-linking 
step for forming a carbon nanotube structure layer that has 
a mesh structure composed of the plural carbon nanotubes 
that are cross-linked to one another by chemical bonds 
formed among the functional groups. 
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CARBON NANOTUBE STRUCTURE, METHOD OF 
MANUFACTURING THE SAME, CARBON 

NANOTUBE TRANSFER BODY, AND LIQUID 
SOLUTION 

FIELD OF THE INVENTION AND RELATED 
ART STATEMENT 

[0001] The present invention relates to a carbon nanotube 
structure With homogeneous characteristics, a method of 
manufacturing the carbon nanotube structure, a liquid solu 
tion for manufacturing the carbon nanotube structure, and a 
carbon nanotube transfer body Which facilitates utilization 
of the obtained carbon nanotube structure. 

[0002] Carbon nanotubes (CNTs), With their unique shape 
and characteristics, are being considered for various appli 
cations. Carbon nanotubes have a tubular shape of one 
dimensional nature Which is obtained by rolling one or more 
graphene sheets composed of six-membered rings of carbon 
atoms into a tube. Those that are formed from one graphene 
sheet are called single-Wall nanotubes (SWNTs) While those 
that are formed from graphene sheet layers are called 
multi-Wall nanotubes (MWNTs). SWNTs are about 1 nm in 
diameter Whereas multi-Wall carbon nanotubes measure 
several tens nm in diameter, and both are far thinner than 
their predecessors, Which are called carbon ?bers. 

[0003] One of the characteristics of carbon nanotubes 
resides in that the aspect ratio of length to diameter is very 
large since the length of carbon nanotubes is on the order of 
micrometers. Carbon nanotubes are unique in their 
extremely rare nature of being both metallic and semi 
conductive, oWing to the fact that six-membered rings of 
carbon atoms in carbon nanotubes are arranged into a spiral. 
In addition, the electric conductivity of carbon nanotubes is 
very high and alloWs a current How of 100 MA/cm2 or more 
in terms of current density. 

[0004] Carbon nanotubes excel not only in electrical char 
acteristics but also in mechanical characteristics: distinct 
toughness, as attested by their Young’s modulus exceeding 
1 TPa, Which belies their extreme lightness resulting from 
being formed solely of carbon atoms, and high elasticity and 
resiliency resulting from their cage structure. Having such 
various and excellent characteristics, carbon nanotubes are 
very appealing as industrial materials. 

[0005] Applied researches that exploit the excellent char 
acteristics of carbon nanotubes have been made extensively. 
To give a feW examples, carbon nanotubes are added as a 
resin reinforcer or as a conductive composite material While 
another research utiliZes carbon nanotubes as a probe of a 
scanning probe microscope. Carbon nanotubes have also 
been utiliZed as minute electron sources, ?eld emission 
electronic devices, and ?at displays. An application that is 
being developed is to use carbon nanotubes as a container 
for hydrogen storage. 

[0006] Of those various applications of carbon nanotubes, 
applications as electronic materials and electronic devices 
are particularly attracting attention. Diodes, transistors, and 
other electronic devices that use carbon nanotubes have 
already been manufactured experimentally, and are expected 
to replace existing silicon semiconductor electronic devices. 
A handling technique on the order of nanometers is neces 
sary to realiZe devices that use carbon nanotubes, as the ones 
mentioned in the above, ?t for practical use. 
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[0007] It is very dif?cult in practice to position carbon 
nanotubes. Several techniques have hitherto been tried in an 
attempt to align carbon nanotubes successfully. 

[0008] One of those techniques is to use a manipulator in 
a scanning electron microscope to pick up one or several 
carbon nanotubes and place the carbon nanotubes at desired 
positions. A modi?cation of this technique uses a probe 
microscope to position a carbon nanotube. This technique is 
?ne for basic research but takes too much time and labor to 
provide a practical solution. 

[0009] Another technique that has been put into trial is to 
use electrophoresis to orient carbon nanotubes in a certain 
direction. The method is capable of aligning carbon nano 
tubes in one direction, but aligning carbon nanotubes in 
more than one direction by this technique is dif?cult and is 
not realistic. 

[0010] Still another technique uses chemical vapor depo 
sition (CVD) CVD is a method of forming a carbon nano 
tube by a chemical decomposition reaction of such material 
gas as acetylene gas, methane gas, or the like that contains 
carbon. 

[0011] A method of aligning carbon nanotubes in a hori 
Zontal direction With respect to a substrate has been dis 
closed in J. Am. Chem. Soc. 121 (1996), on pages 7975 to 
7976 by A. Cassell, N. Franklin, T. Tombler, E. Chan, J. Han, 
and H. Dai. The method uses a technique of forming Si 
pillars on a substrate, putting an additive on top of the 
pillars, and bridging the gaps betWeen the pillars by carbon 
nanotubes by ?oWing methane gas. The method using this 
technique enables horiZontal alignment of carbon nanotubes. 
HoWever, the success rate of cross-linking With the method 
is very loW and it is still dif?cult With this method to position 
carbon nanotubes as desired. 

[0012] As described above, a technique capable of align 
ing one or more carbon nanotubes at a time satisfactorily is 
yet to be developed. 

[0013] MeanWhile, methods of forming a carbon nanotube 
into a ?lm to be Wired or patterned are actually being 
developed. For instance, forming a carbon nanotube pattern 
by screen printing or photolithography has already been 
carried out. Those techniques (screen printing and photoli 
thography) are superior in patterning a Wide area at once, 
and are employed in patterning of electron sources of ?eld 
emission displays (FEDs). HoWever, carbon nanotubes 
obtained by those methods have been found lacking in their 
performance including mechanical strength and electric con 
ductivity since, in those methods, carbon nanotubes are 
simply dispersed in a solvent to be applied or mixed With a 
binder before being applied. It is therefore difficult to use the 
resultant carbon nanotubes as they are for an electrode or an 
electric circuit. 

[0014] JP 2002-503204 A describes that it is possible to 
form carbon nanotubes having a three-dimensional structure 
from functionaliZed carbon nanotubes. Disclosed in the 
document are: carbon nanotubes Where functional groups 
are bonded for separation adsorption of porous passing 
materials and Which are deposited on a metal mesh to obtain 
porousness suitable for being used simply as a How cell 
electrode in chromatography; and carbon nanotubes bonded 
to one another by using as a cross-linking agent such as 
alkoxide of aluminum or of silica (the alkoxide itself serves 
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as an insulator). However, alkoXide is cross-linked With 
itself, With the result that several tens of remaining alkoXide 
groups form a chain randomly in cross-linked sites in the 
obtained carbon nanotube structure. This causes the gap 
betWeen carbon nanotubes and chemical structure to vary 
from one cross-linked site to another, making it difficult to 
obtain the intended characteristics and limiting the range of 
application of the carbon nanotube structure. 

SUMMARY OF THE INVENTION 

[0015] The present invention has been made to solve the 
problems described above, and provides a homogeneous, 
mesh-like carbon nanotube structure Whose application 
range is Widened by reducing ?uctuation in gap betWeen 
carbon nanotubes, and a method and material for manufac 
turing the homogeneous carbon nanotube structure With 
accuracy. 

[0016] In order to solve the above-mentioned problems, 
according to the present invention, there is provided a 
carbon nanotube structure characteriZed by including: plural 
carbon nanotubes; and cross-linked sites formed from plural 
chemical bonds betWeen functional groups, each of the 
functional groups bonded to different carbon nanotubes of 
the plural carbon nanotubes at least on one end, in Which the 
plural carbon nanotubes constitute a mesh structure. 

[0017] This carbon nanotube structure has a mesh struc 
ture composed of carbon nanotubes that are bonded to one 
another through cross-linked sites that are formed by chemi 
cal bonding of functional groups each of Which is connected 
to another functional group and to one of the carbon nano 
tubes. Accordingly, the cross-linked sites Where the carbon 
nanotubes are connected to one another can have a ?xed siZe 

if appropriate functional groups are chosen to be bonded. 
Carbon nanotubes have a very stable chemical structure, and 
thus it is not often that a functional group other than the one 
intended for modi?cation is bonded to a carbon nanotube. 
Therefore, cross-linked sites structured as designed can be 
obtained through chemical bonding betWeen the functional 
groups, and the carbon nanotube structure can be made 
homogeneous. 

[0018] Furthermore, the chemical bonding betWeen the 
functional groups alloWs the length of the cross-linked sites 
betWeen carbon nanotubes shorter than When a cross-linking 
agent is used to cross-link the functional groups to one 
another. As a result, a denser carbon nanotube structure is 
obtained and effects unique to carbon nanotubes are eXerted 
more prominently. 

[0019] In addition, the carbon nanotube structure of the 
present invention in Which plural carbon nanotubes form a 
mesh structure through plural cross-linked sites can make 
good use of the eXcellent characteristics of carbon nanotubes 
stably, unlike such materials as a carbon nanotube dispersion 
?lm and a resin dispersion ?lm Where carbon nanotubes are 
contingently brought into contact With one another but 
actually are isolated from one another. 

[0020] Preferably, each of the chemical bonds betWeen 
plural functional groups is at least one chemical bond 
selected from the group consisting of —COOCO—, —O—, 
—NHCO—, —COO—, and —NCH— in the case of a 
condensation reaction, or at least one chemical bond selected 
from the group consisting of —NH—, —S—, and —O— in 

Jun. 16, 2005 

the case of a substitution reaction, or —NHCOO— in the 
case of an addition reaction, or —S—S— in the case of an 
oXidative reaction. 

[0021] Examples of the functional groups to be bonded to 
carbon nanotubes before reaction include —OH, —COOH, 
—COOR (R is a substituted or unsubstituted hydrocarbon 
group), —X, —COX (X is a halogen atom), —SH, —CHO, 
—OSO2CH3, —OSO2 (C6H4) CH3—NH2, and —NCO. 
Preferably, at least one of the functional groups is selected 
from the group consisting of the above. 

[0022] Particularly desirable as the functional groups is 
—COOH since it is relatively easy to introduce a carboXyl 
group into a carbon nanotube. In addition, the resultant 
substance (carbon nanotube carboXylic acid) has high reac 
tivity. When a dehydration condensation agent such as 
N-ethyl-N‘-(3-dimethylaminopropyl) carbodiimide is used, 
—COOH readily starts a condensation reaction, Which 
makes this functional group suitable for forming a ?lm by 
application. 
[0023] Further, a method of manufacturing a carbon nano 
tube structure according to the present invention is charac 
teriZed by including: supplying a base body With a liquid 
solution containing carbon nanotubes that have functional 
groups (a supplying step); and cross-linking the plural 
carbon nanotubes to one another by causing the functional 
groups to form chemical bonds among themselves to thereby 
form a mesh structure of the carbon nanotube structure (a 
cross-linking step). 
[0024] Conventionally, a structure in Which carbon nano 
tubes are gathered and brought into contact With one another 
so as to obtain effects of interaction among the carbon 
nanotubes cannot be patterned, unless sealed With resin or 
the like, since the gathered carbon nanotubes are scattered 
upon patterning. In addition, even if the structure is sealed 
With resin, application of resin causes the carbon nanotubes 
to ?oat around before patterning is started and to lose contact 
With one another as the resin ?oW breaks the connection 
betWeen the carbon nanotubes. The carbon nanotubes are 
thus isolated from one another in a sea of resin, making it 
impossible for the structure to utiliZe the eXcellent charac 
teristics of carbon nanotubes. 

[0025] An alternative method is to apply a dispersion 
liquid in Which carbon nanotubes are dispersed in advance 
in a resin liquid solution. HoWever, this method also presents 
a problem even before patterning is started since the carbon 
nanotube concentration in the liquid has to be considerably 
high in order to achieve a stable connection betWeen carbon 
nanotubes that are brought into contact With one another. 

[0026] Forming a mesh-like carbon nanotube structure 
using a cross-linking agent that is cross-linked With itself as 
disclosed in JP 2002-503204 A is another insuf?cient 
method because cross-linked sites are greatly varied in 
length, Which makes it dif?cult to obtain a homogeneous 
carbon nanotube structure. 

[0027] According to the present invention, in the ?rst step 
of supplying a base body With a liquid solution that contains 
carbon nanotubes having functional groups (hereinafter also 
referred to as cross-linking application liquid), the liquid 
solution is poured onto the entire surface of or a part of a 
surface of the base body, or poured into the base body if the 
base body is a mold having a desired shape. In the subse 
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quent cross-linking step, the applied liquid solution is cured 
to form a carbon nanotube structure in Which the carbon 
nanotubes are cross-linked to one another building a mesh 
structure. Through these tWo steps, the carbon nanotube 
structure is structurally stabilized on the base body. 

[0028] The liquid solution may be applied to a substrate. 
In this case, a mesh-like carbon nanotube structure in the 
form of a layer can be obtained and the obtained carbon 
nanotube structure is easy to pattern into a desired shape as 
described later. 

[0029] Desirably, the liquid solution contains an additive 
that prompts chemical bonding betWeen the functional 
groups. The additive is indispensable particularly When a 
condensation reaction or a substitution reaction is to be 
utiliZed. When utiliZing an oXidative reaction, an oXidative 
reaction accelerator is desirably added. No reaction accel 
erator or the like is particularly needed in the case of 
utiliZing an addition reaction. 

[0030] The carbon nanotube structure manufacturing 
method of the present invention preferably includes a pat 
terning step in Which the carbon nanotube structure layer is 
patterned into a desired shape. The carbon nanotube struc 
ture layer has already been stabiliZed structurally in the 
above cross-linking step and, patterned in this state, the 
carbon nanotube structure layer can be shaped into a desired 
pattern Without the fear of letting carbon nanotubes scatter 
during the patterning step. In addition, With the carbon 
nanotube structure layer itself structuriZed, connection 
betWeen carbon nanotubes is ensured and the characteristics 
of carbon nanotubes are fully utiliZed in the resultant carbon 
nanotube structure. 

[0031] Furthermore, the-cross-linked sites are homoge 
neous in the resultant carbon nanotube structure layer, thus 
presenting uniform characteristics throughout the layer. 
When the carbon nanotube structure layer is patterned and 
broken into minute pieces in the patterning step, this uni 
formity makes it possible to greatly reduce ?uctuation in 
characteristics betWeen the pieces of the patterned carbon 
nanotube layer. 

[0032] Different types of functional groups may be 
employed as long as the employed functional groups form 
chemical bonds among themselves and bridge gaps betWeen 
carbon nanotubes. In this case also, gaps betWeen carbon 
nanotubes can be controlled and therefore a similarly homo 
geneous structure is obtained. After the reaction is com 
pleted, the carbon nanotubes constituting the skeleton of the 
mesh structure are set at a controlled distance from one 

another. For that reason, the mesh structure can be increased 
in density by using a cross-linking agent to cross-link 
functional groups that do not react among themselves, or to 
cross-link some of bonds formed from the functional groups 
that have ?nished reacting. The cross-linking agent to be 
used after the skeleton of the mesh structure is formed is 
either a self-polymerization cross-linking agent, Which is 
cross-linked With itself, or a cross-linking agent that does not 
alloW self-polymerization. 

[0033] The patterning step has tWo modes: Mode A and 
Mode B. 

[0034] In Mode A, dry etching is performed on other 
regions of the carbon nanotube structure layer on the base 
body surface than the region to be patterned into a desired 
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shape, thus removing the carbon nanotube structure layer 
from those regions and patterning the carbon nanotube 
structure layer into a pattern of the desired shape. 

[0035] The patterning step of Mode Amay be divided into 
tWo steps: a resist layer forming step and a removal step. In 
the resist layer forming step, a resist layer (preferably a resin 
layer) is formed on the region of the carbon nanotube 
structure layer on the base body surface that is to be 
patterned into a desired shape. In the removal step, the 
eXposed portions of the carbon nanotube structure layer that 
are not covered With the resist layer are removed by dry 
etching (preferably through irradiation of oxygen molecule 
radicals, Which are generated by irradiating oxygen mol 
ecules With an ultraviolet ray). The removal step may be 
folloWed by a resist layer peeling step in Which the resist 
layer formed in the resist layer forming step is peeled off, 
thereby eXposing the patterned carbon nanotube structure 
layer. 

[0036] Alternatively, the patterning step of Mode A may 
employ selective irradiation of ion beams. In the selective 
ion beam irradiation, regions of the carbon nanotube struc 
ture layer on the base body surface other than the region to 
be patterned into a desired shape are irradiated With ion 
beams of gas molecule ions, thus removing the carbon 
nanotube structure layer from the irradiated regions and 
patterning the carbon nanotube structure layer into a desired 
shape. 

[0037] The patterning step (Mode B) includes: a resist 
layer forming step for forming a resist layer on a region of 
the carbon nanotube structure layer on the base body surface 
that is to be patterned into the desired shape; and a removal 
step for bringing an etchant into contact With a side of the 
base body Where the carbon nanotube structure layer and the 
resist layer are layered, thereby removing the carbon nano 
tube structure layer from the eXposed regions that are not 
covered With the resist layer. 

[0038] In the carbon nanotube structure manufacturing 
method of the present invention, preferably, each of the 
functional groups is at least one functional group selected 
from the group consisting of —COOR (R is a substituted or 
unsubstituted hydrocarbon group), —COOH, —COX (X is 
a halogen atom), —OH, —CHO, and —NH2 in the case of 
a condensation reaction, or at least one functional group 
selected from the group consisting of —NH2, —X (X is a 
halogen atom), —SH, —OH, —OSO2CH3, and 
—OSO2(C6H4)CH3 in the case of a substitution reaction, or 
—OH and/or —NCO in the case of an addition reaction, or 
—SH in the case of an oXidative reaction. 

[0039] Particularly in the carbon nanotube structure manu 
facturing method of the present invention, molecules that 
contain the functional groups listed in the above may be 
bonded to carbon nanotubes to form cross-linking sites from 
chemical bonds betWeen the functional groups contained. 

[0040] Of the functional groups for a condensation reac 
tion, —COOH is especially desirable since it is relatively 
easy to introduce a carboXyl group into a carbon nanotube. 
In addition, the resultant substance (carbon nanotube car 
boXylic acid) has high reactivity. When —COOH is selected 
as functional groups for forming the mesh structure, the 
functional groups can be introduced to plural portions of one 
carbon nanotube With ease. Furthermore, the functional 
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group —COOH readily starts a condensation reaction, 
Which makes this functional group suitable for forming a 
?lm by application. 

[0041] As has been mentioned in the description of the 
carbon nanotube structure of the present invention, the base 
body may be one that has plasticity or ?exibility in the 
carbon nanotube structure manufacturing method of the 
present invention. When the base body has plasticity or 
?exibility, the shape of the base body can be changed in 
accordance With the use of the obtained carbon nanotube 
structure. 

[0042] Examples of a useful application example of the 
method of manufacturing a carbon nanotube structure 
according to the present invention includes: applying a 
liquid solution containing carbon nanotubes that have func 
tional groups to a surface of a temporary substrate (an 
application step); cross-linking the plural carbon nanotubes 
to one another by causing the functional groups to form 
chemical bonds among themselves to thereby form a mesh 
structure of a carbon nanotube structure layer (a cross 
linking step); patterning the carbon nanotube structure layer 
into a desired shape (a patterning step); and transferring the 
patterned carbon nanotube structure layer to a base body (a 
transfer step). 

[0043] In this application example, the base body in the 
carbon nanotube structure manufacturing method that has 
been described in the above is replaced by a temporary 
substrate. The carbon nanotube structure layer is patterned 
on a surface of the temporary substrate and then transferred 
to a desired base body, Which is the ?nal stop for the 
patterned carbon nanotube structure layer. 

[0044] The term base body is used in this speci?cation to 
represent an object Where a patterned carbon nanotube 
structure layer is formed. Accordingly, an object Where a 
patterned nanotube structure layer is temporarily formed is 
referred to as ‘temporary substrate’ as in the above appli 
cation example. 

[0045] The above transfer step may be modi?ed and, 
instead of transferring the patterned carbon nanotube struc 
ture layer from the temporary substrate directly to the base 
body, the patterned nanotube structure layer may be trans 
ferred from the temporary substrate onto a surface of an 
intermediate transfer body, from Which the patterned carbon 
nanotube structure layer is further transferred to the base 
body. 

[0046] The carbon nanotube structure manufacturing 
method of the application example is particularly effective 
When a rigid substrate is used as the temporary substrate and 
a plastic or ?exible substrate is used as the base body. 
Alternatively, in the transfer step, the patterned carbon 
nanotube structure layer may be transferred to a plastic or 
?exible transfer body serving as an intermediate transfer 
body and then onto a base body that has a desired surface 
shape or that can change its shape (by its plasticity or 
elasticity, or by being bent). 

[0047] The above application example of the present 
invention is effective When the cross-linking step includes a 
step of heating the carbon nanotube structure layer that is 
formed on the temporary substrate surface at a temperature 
loWer than the melting point of the temporary substrate and 
equal to or higher than the melting point of the base body (or 
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an intermediate transfer body, if one is used), or equal to or 
higher than the glass transition temperature of the base body 
(or the intermediate transfer body), in order to cure the 
applied liquid solution. This means that, according to the 
application example of the present invention, the carbon 
nanotube structure of the present invention can be manu 
factured appropriately even When a base body Where a 
carbon nanotube structure layer is to be formed is made from 
a material that has loW melting point or glass transition 
temperature as long as the temporary substrate has high 
melting point because then it is possible to heat the carbon 
nanotube structure layer in the cross-linking step at a tem 
perature loWer than the melting point of the temporary 
substrate and equal to or higher than the melting point or 
glass transition temperature of the base body. 

[0048] In the above application example, as the patterning 
step, a step can be adopted in Which dry etching is performed 
on other regions of the carbon nanotube structure layer on 
the base body surface than a region to be patterned into the 
desired shape, thus removing the carbon nanotube structure 
layer from those regions and patterning the carbon nanotube 
structure layer into the desired shape. 

[0049] This makes the above application example of the 
present invention particularly effective for the case Where 
the base body (or an intermediate transfer body, if one is 
used) does not have resistance to radicals or ions of gas 
molecules radiated in the patterning step Whereas the tem 
porary substrate is resistant to the radicals or ions. This 
means that, according to the application example of the 
present invention, the carbon nanotube structure of the 
present invention can be manufactured appropriately even 
When a base body Where a carbon nanotube structure layer 
is to be formed is made from a material that has no resistance 
to dry etching performed in the patterning step as long as the 
temporary substrate is formed from a material that is resis 
tant to the dry etching because then it is possible to carry out 
the dry etching operation Without a problem. 

[0050] Further, in the above application example of the 
present invention, the patterning step may include: a resist 
layer forming step for forming a resist layer on a region of 
the carbon nanotube structure layer on the temporary sub 
strate surface that is to be patterned into the desired shape; 
and a removal step for bringing an etchant into contact With 
a side of the temporary substrate Where the carbon nanotube 
structure layer and the resist layer are layered, thereby 
removing the carbon nanotube structure layer from the 
exposed regions that are not covered With the resist layer. 

[0051] This makes the above application example of the 
present invention particularly effective for the case Where 
the base body (or an intermediate transfer body, if one is 
used) does not have resistance to the etchant used in the 
patterning step Whereas the temporary substrate is resistant 
to the etchant. This means that, according to the application 
example of the present invention, the carbon nanotube 
structure of the present invention can be manufactured 
appropriately even When a base body Where a carbon 
nanotube structure layer is to be formed is made from a 
material that has no resistance to the etchant used in the 
patterning step as long as the temporary substrate is formed 
from a material that is resistant to the etchant because then 
it is possible to use the etchant Without a problem. 

[0052] Further, a carbon nanotube transfer body according 
to the present invention to be used in the above application 
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example of the present invention is characterized by includ 
ing: a temporary substrate; and a carbon nanotube structure 
layer carried on a surface of the temporary substrate, the 
carbon nanotube structure layer constituting a mesh struc 
ture by cross-linking plural carbon nanotubes to one another 
through cross-linked sites formed from chemical bonds 
betWeen plural functional groups that are bonded, at least on 
one end, to different carbon nanotubes out of the plural 
carbon nanotubes, the carbon nanotube structure layer hav 
ing a desired shape to be transferred to a base body, in Which 
the temporary substrate is removed from the base body as 
the carbon nanotube structure layer is transferred to the base 
body. 

[0053] To utiliZe the carbon nanotube transfer body of the 
present invention in manufacture of a carbon nanotube 
structure, a carbon nanotube structure layer With a mesh 
structure Which has been formed on a temporary substrate 
surface and patterned to suit a desired device, is transferred 
onto a base body that constitutes a part of the device and then 
the temporary substrate is removed. By utiliZing the carbon 
nanotube transfer body, a carbon nanotube structure can 
readily be manufactured Without a cross-linking reaction on 
the base body surface. If this is not the case, utiliZing the 
carbon nanotube transfer body is still advantageous because 
carbon nanotubes are carried on a temporary substrate While 
being cross-linked, Which makes the carbon nanotubes very 
easy to handle. 

[0054] Examples of methods of removing the temporary 
substrate include mechanical peeling, chemical decomposi 
tion, burn-off, melting, sublimation, and dissolution. 

[0055] In an application example of the present invention, 
it is preferable for a step of patterning a carbon nanotube 
structure layer into a desired shape to include pre-patterning 
on a temporary substrate by the etching or other method 
described above in the case Where ?ne patterning is required. 
Alternatively, a carbon nanotube structure layer may be cut 
into a desired shape along With a temporary substrate, Which 
is removed after the carbon nanotube structure layer is 
attached to a base body. Whichever method is employed, 
carbon nanotubes that are cross-linked to one another con 
stitute a mesh structure ensuring mutual connection, Which 
is Well maintained through transfer of the mesh structure to 
a surface of a base body because carbon nanotubes’ tough 
but pliable nature loWers the risk of breaking the connection 
irrespective of the surface shape of the base body. 

[0056] When manufacturing the carbon nanotube transfer 
body, a carbon nanotube structure layer is formed either by 
a cross-linking reaction on a temporary substrate or by a 
cross-linking reaction on a different substrate and a subse 
quent transfer to an intermediate transfer body, Which can be 
seen as a temporary substrate thus making the transferred 
carbon nanotube structure layer and the intermediate transfer 
body as a Whole into the carbon nanotube transfer body. 

[0057] The transfer body of the present invention makes it 
possible to transfer a pattern of a carbon nanotube structure 
to a base body that has a complicated surface shape as long 
as a temporary substrate is a substrate that has plasticity or 
?exibility. 

[0058] Aliquid solution for manufacturing a carbon nano 
tube structure of the present invention is characteriZed by 
containing plural carbon nanotubes each of Which has a 
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functional group and an additive for bonding the functional 
group of one of the carbon nanotubes to the functional group 
of another of the carbon nanotubes. 

[0059] Using the liquid solution of the present invention 
makes it possible to manufacture a homogeneous, mesh-like 
carbon nanotube structure Without having any difficulty at 
all in terms of handling. 

[0060] The additive is a condensing agent When a con 
densation reaction is to be utiliZed, and has to include abase 
if a substitution reaction is to be used. In the case of using 
an oxidative reaction, the additive is desirably an oxidative 
reaction accelerator. No reaction accelerator or the like is 
particularly needed in the case of utiliZing an addition 
reaction. The additive may be mixed in the liquid solution in 
advance or immediately before use. 

[0061] According to the present invention, a carbon nano 
tube structure having homogeneous characteristics is 
obtained making it possible to stably manufacture a device 
or the like that uses carbon nanotubes. When the obtained 
carbon nanotube structure is broken into minute pieces by 
patterning, cutting or the like, ?uctuation in characteristic 
betWeen patterns or betWeen regions is small and therefore 
a homogeneous device can be manufactured. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0062] FIG. 1(a) is a schematic sectional vieW of a base 
body surface to illustrate an example of a carbon nanotube 
structure manufacturing method of the present invention 
Which shoWs the state of the base body before being sub 
jected to a patterning step; 

[0063] FIG. 1(b) is a schematic sectional vieW of a base 
body surface to illustrate an example of a carbon nanotube 
structure manufacturing method of the present invention in 
Which a resist layer is formed on the entire surface of the 
base body Where a carbon nanotube structure layer has been 
formed; 

[0064] FIG. 1(a) is a schematic sectional vieW of a base 
body surface to illustrate an example of a carbon nanotube 
structure manufacturing method of the present invention 
Which shoWs the surface state of the base body after a resist 
layer forming step; 

[0065] FIG. 1(d) is a schematic sectional vieW of a base 
body surface to illustrate an example of a carbon nanotube 
structure manufacturing method of the present invention 
Which shoWs the surface state of the base body after a 
removal step; 

[0066] FIG. 1(6) is a schematic sectional vieW of a base 
body surface to illustrate an example of a carbon nanotube 
structure manufacturing method of the present invention 
Which shoWs the surface state of the base body after a resist 
layer peeling step; 

[0067] FIG. 2 is a reaction scheme for synthesis of carbon 
nanotube carboxylic acid in (Addition Step) in Example 1; 
and 

[0068] FIG. 3 is a reaction scheme for cross-linking by a 
dehydration condensation reaction in (Curing Step) in 
Example 1. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0069] Detailed descriptions Will be given below on a 
carbon nanotube structure of the present invention and a 
method of manufacturing the same, separately. 

[0070] [Carbon Nanotube Structure] 
[0071] A carbon nanotube structure of the present inven 
tion is characterized in that plural carbon nanotubes consti 
tute a mesh structure by being cross-linked to one another 
through cross-linked sites formed from chemical bonds 
betWeen plural functional groups that are bonded, at least on 
one end, to different carbon nanotubes out of the plural 
carbon nanotubes. 

[0072] When the carbon nanotube structure is in the form 
of a layer, other layers than the carbon nanotube structure 
layer may be formed on a surface of a base body. Other 
electric Wires and electronic parts or the like may also be 
added. 

[0073] <Base Body> 

[0074] In the present invention, the term base body means 
an object Where a carbon nanotube structure is formed. A 
base body is a member supplied With a liquid solution in 
Which carbon nanotubes modi?ed With functional groups are 
mixed With a necessary additive in order to form a carbon 
nanotube structure. Abase body may be like a mold Which 
is separated from the carbon nanotube structure after for 
mation of the carbon nanotube structure is completed, or 
may serve as a substrate constituting a part of a device that 
uses the carbon nanotube structure. In the present invention, 
a base body is not limited to a ?at shape but can have any 
surface shape including spherical, curved, convexed or 
concaved, and amorphous. 

[0075] When forming a carbon nanotube structure into a 
layer, the shape of a base body determines a course to take. 
If the shape of a base body alloWs, a carbon nanotube 
structure layer can be patterned directly on a surface of the 
base body. If not, a base body and a patterned carbon 
nanotube structure layer carried on the base body are 
together pasted onto a second base body, or the patterned 
carbon nanotube structure layer alone is transferred to the 
second base body. (Those are examples and there are other 
courses though not described here.) 

[0076] There is no particular limitation on material of a 
base body. In addition to various materials conventionally 
used in substrates of electronic devices (such as a silicon 
Wafer or a Zinc oxide substrate), a diversity of resin materials 
and inorganic materials can be used for a base body Without 
a problem. In general, a substrate having an insulating 
surface may be selected as a base body. HoWever, a base 
body that is not insulative (a conductive or semi-conductive 
base body) may be employed depending on the function of 
a carbon nanotube structure layer to be formed. 

[0077] In particular, a carbon nanotube structure of the 
present invention can be manufactured With ease even When 
a base body is a plastic or ?exible substrate as Will be 
described later. In addition, even if this substrate is bent and 
deformed, the risk of breaking a carbon nanotube structure 
layer that is formed on a surface of the substrate is small 
because of the cross-linking structure of the carbon nanotube 
structure layer. Thus, degradation of the performance of a 
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device that uses the carbon nanotube structure due to the 
deformation is prevented. Also, chemical bonding betWeen 
functional groups in the carbon nanotube structure makes 
characteristics of the carbon nanotube structure homoge 
neous. Examples of plastic or ?exible substrates include 
substrates formed from various resins such as polyethylene, 
polypropylene, polyvinyl chloride, polyamide, and polyim 
ide. 

[0078] <Carbon Nanotube Structure Layer> 

[0079] In the present invention, the term carbon nanotube 
structure layer means a layer in Which plural carbon nano 
tubes constitute a mesh structure by being chemically 
bonded to one another through cross-linked sites formed 
from chemical bonds betWeen plural functional groups that 
are bonded, at least on one end, to different carbon nano 
tubes out of the plural carbon nanotubes. Any method can be 
employed to form a carbon nanotube structure layer as long 
as the method is capable of forming a layer of carbon 
nanotubes that constitute a mesh structure by being cross 
linked to one another through chemical bonding betWeen 
functional groups. HoWever, a carbon nanotube structure 
manufacturing method of the present invention Which is 
described later is preferable since the manufacture is easy 
With the method. This manufacturing method is also capable 
of providing at loW cost a high performance carbon nano 
tube structure Whose characteristics are easy to control and 
uniformiZe. 

[0080] The carbon nanotube structure layer manufactured 
by the carbon nanotube structure manufacturing method of 
the present invention, Which is described later, to be used as 
a carbon nanotube structure of the present invention is 
formed by curing a liquid solution (cross-linking application 
liquid) that contains carbon nanotubes having functional 
groups and, if necessary, an additive for forming chemical 
bonds betWeen the functional groups. As the liquid solution 
is cured, the functional groups of the carbon nanotubes react 
With one another to form cross-linking sites. 

[0081] The carbon nanotube structure layer in the carbon 
nanotube structure of the present invention is described 
beloW With reference to an example in Which the carbon 
nanotube structure manufacturing method of the present 
invention is employed. 

[0082] (Carbon Nanotube) 
[0083] Carbon nanotubes, Which are the main component 
in the present invention, may be single-Wall carbon nano 
tubes or multi-Wall carbon nanotubes having tWo or more 
layers. Whether one or both types of carbon nanotubes are 
used (and, if only one type is to be used, Which type is 
selected) is decided appropriately taking into consideration 
the use of the obtained carbon nanotube structure and cost. 

[0084] Carbon nanotubes in the present invention include 
ones that are not exactly shaped like a tube, such as a carbon 
nanohorn (a horn-shaped carbon nanotube Whose diameter is 
continuously increased from one end toWard the other end) 
Which is a variant of a single-Wall carbon nanotube, a carbon 
nanocoil (a coil-shaped carbon nanotube forming a spiral 
When vieWed in entirety), a carbon nanobead (a spherical 
bead made of amorphous carbon or the like With its center 
pierced by a tube), a cup-stacked nanotube, and a carbon 
nanotube With its circumference covered With a carbon 
nanohorn or amorphous carbon. 



US 2005/0127030 A1 

[0085] Furthermore, carbon nanotubes in the present 
invention may be ones that contain some substance inside, 
such as a metal-containing nanotube Which is a carbon 
nanotube containing metal or the like, and a peapod nano 
tube Which is a carbon nanotube containing a fullerene or a 
metal-containing fullerene. 

[0086] As described above, the present invention can 
employ carbon nanotubes of any mode, including common 
carbon nanotubes, variants of common carbon nanotubes, 
and carbon nanotubes With various modi?cations, Without a 
problem in terms of reactivity. Therefore, the concept of 
carbon nanotube in the present invention encompasses all of 
the above. 

[0087] These carbon nanotubes are conventionally synthe 
siZed by a knoWn method, such as arc discharge, laser 
ablation, and CVD, and the present invention can employ 
any of the methods. HoWever, arc discharge in a magnetic 
?eld is preferable from the vieWpoint of synthesiZing a 
highly pure carbon nanotube. 

[0088] Carbon nanotubes used in the present invention are 
preferably equal to and more than 0.3 nm and equal to or less 
than 100 nm in diameter. If the diameter of the carbon 
nanotubes exceeds this upper limit, the synthesis becomes 
dif?cult and costly. A more desirable upper limit of the 
diameter of the carbon nanotubes is 30 nm or less. 

[0089] In general, the loWer limit of carbon nanotube 
diameter is about 0.3 nm from a structural standpoint. 
HoWever, too thin a diameter could loWer the synthesis 
yield. It is therefore desirable to set the loWer limit of carbon 
nanotube diameter to 1 nm or more, more desirably 10 nm 
or more. 

[0090] The length of carbon nanotubes used in the present 
invention is preferably equal to or more than 0.1 pm and 
equal to or less than 100 pm. If the length of the carbon 
nanotubes exceeds this upper limit, the synthesis becomes 
dif?cult or requires a special method raising cost. On the 
other hand, if the length of the carbon nanotubes falls short 
of this loWer limit, the number of cross-link bonding points 
per carbon nanotube is reduced, Which is undesirable. A 
more desirable upper limit of carbon nanotube length is 10 
pm or less and a more desirable loWer limit of carbon 
nanotube length is 1 pm or more. 

[0091] The appropriate carbon nanotube content in the 
cross-linking application liquid is varied depending on the 
length and thickness of carbon nanotubes, Whether single 
Wall carbon nanotubes or multi-Wall carbon nanotubes are 
used, the type and amount of functional groups in the carbon 
nanotubes, the type and amount of a condensing agent, 
Whether there is a solvent or other additive used and, if one 
is used, the type and amount of the solvent or additive, etc. 
The carbon nanotube concentration in the liquid solution 
should be high enough to form an excellent ?lm by appli 
cation and curing but not too high to make it dif?cult to 
apply the liquid. 

[0092] Speci?cally, the ratio of carbon nanotubes to the 
entire application liquid excluding the mass of the functional 
groups is 0.01 to 10 g/l, desirably 0.1 to 5 g/l, and more 
desirably 0.5 to 1.5 g/l, although, as mentioned above, the 
ranges could be different if the parameters are different. 

[0093] If the purity of carbon nanotubes to be used is not 
high enough, it is desirable to raise the purity by re?ning the 
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carbon nanotubes prior to preparation of the cross-linking 
application liquid. In the present invention, the higher the 
carbon nanotube purity, the better the result can be. Speci? 
cally, the purity is desirably 90% or higher, more desirably, 
95% or higher. When the purity is loW, bonds are formed 
among carboxylic acid or other functional groups bonded to 
carbon products such as amorphous carbon and tar, Which 
are impurities. This could change the cross-linking distance 
betWeen carbon nanotubes, leading to a failure in obtaining 
desired characteristics. No particular limitation is put on 
hoW carbon nanotubes are re?ned, and any knoWn re?ning 
method can be employed. 

[0094] (Functional Group) 
[0095] In the present invention, carbon nanotubes can 
have any functional group as long as functional groups 
chosen can be added to the carbon nanotubes chemically and 
can react among themselves With the help of some additive. 
Speci?c examples of such functional groups include 
—COOR, —COX, —MgX, —X (X represents halogen), 
—OR, —NR1R2, —NCO, —NCS, —COOH, —OH, 
—NH2, —SH, —SO3H, —R‘CHOH, —CHO, —CN, 
—COSH, —SR, —SiR‘3 (R, R1, R2, and R‘ each represent 
a substituted or unsubstituted hydrocarbon group). Note that 
employable functional groups are not limited to those 
examples. 
[0096] Preferably, each of the chemical bonds betWeen the 
plural functional groups is at least one chemical bond 
selected from the group consisting of —COOR (R is a 
substituted or unsubstituted hydrocarbon group), —COOH, 
—COX (X is a halogen atom), —OH, —CHO, and —NH2 
in the case of a condensation reaction, or at least one 
chemical bond selected from the group consisting of —NH2, 
—X (X is a halogen atom), and —SH, —OH, —OSOZCH3 
and —OSO2(C6H4CH3) in the case of a substitution reac 
tion, or —OH and/or —NCO in the case of an addition 
reaction, or —SH in the case of an oxidative reaction. 

[0097] Alternatively, molecules containing as a part of 
their components the preferable functional groups listed 
above may be bonded to carbon nanotubes to form chemical 
bonds betWeen those functional groups. In this case also, the 
length of cross-linked sites can be controlled since the large 
molecular Weight functional groups bonded to carbon nano 
tubes form bonds as intended. 

[0098] The appropriate amount of functional groups intro 
duced varies depending on the length and thickness of 
carbon nanotubes, Whether single-Wall carbon nanotubes or 
multi-Wall carbon nanotubes are used, the type of functional 
groups, the use of the carbon nanotube structure obtained, 
etc. From the vieWpoint of the strength of the bridge 
obtained, namely, the strength of the ?lm formed by appli 
cation, a preferable amount of functional groups introduced 
is large enough to add tWo or more functional groups to each 
carbon nanotube. HoW functional groups are introduced into 
carbon nanotubes Will be explained in a section beloW titled 
“Method of Manufacturing a Carbon Nanotube Structure”. 

[0099] (Additive) 
[0100] Any additive that is capable of making the func 
tional groups of the carbon nanotubes react to one another 
can be mixed in the cross-linking application liquid. In other 
Words, the types of additives that can be chosen are limited 
to a certain degree by the types of the functional groups and 
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the reaction type. Also, the condition of curing (heating, UV 
irradiation, irradiation of visible light, natural curing, etc.) as 
a result of the reaction is naturally determined by the 
combination of those parameters. 

[0101] (Condensing Agent) 

[0102] To give speci?c examples of preferable additives, 
an acid catalyst or a dehydration condensation agent, for 
example, sulfuric acid, N-ethyl-N‘-(3-dirnethyl arninopro 
pyl) carbodiirnide, and dicycloheXyl carbodiirnide, is pre 
ferred as a condensing agent. Desirably, at least one con 
densing agent may be selected from the group consisting of 
the above. The functional groups chosen have to react to one 
another With the help of the selected condensing agent. 

[0103] (Base) 
[0104] When a substitution reaction is to be utiliZed, a 
base is an indispensable component of the cross-linking 
application liquid. An arbitrary base may be selected based 
on the degree of acidity of hydroXyl groups. 

[0105] Preferably, the base may be at least one selected 
from the group consisting of sodium hydroXide, potassium 
hydroxide, pyridine, and sodium ethoXide. A substitution 
reaction is to take place among the functional groups With 
the help of the selected base. 

[0106] It is particularly desirable to select a combination 
of functional groups such that at least tWo functional groups 
from each of the example groups that are given above as 
examples of preferable functional groups react to each other. 
Listed in Table 1 are functional groups of carbon nanotubes 
and names of the corresponding reactions. 

[0107] An addition reaction does not necessarily need an 
additive. In an oXidative reaction, an additive is not neces 
sarily needed but adding an oXidative reaction accelerator is 
preferable. A speci?c example of the accelerator is iodine. 

TABLE 1 

Functional groups Functional groups 
of the carbon of the carbon 
nanotubes (A) nanotubes (B) Binding site Reaction 

—COOCO— —COOH — Dehydration 

condensation 
reaction 
OXidative 
reaction 

Dehydration 
condensation 

reaction 
Dehydration 
condensation 

reaction 
Dehydration 
condensation 

reaction 
Dehydration 
condensation 

reaction 
Dehydration 
condensation 

reaction 
Dehydration 
condensation 

reaction 
Substitution 

reaction 
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TABLE l-continued 

Functional groups Functional groups 
of the carbon of the carbon 

Binding site nanotubes (A) nanotubes (B) Reaction 

—S— —SH —X Substitution 
reaction 

—O— —OH —X Substitution 
reaction 

—O— —OH —OSOZCH3 Substitution 
reaction 

—O— —OH —OSO2(C6H4)CH3 Substitution 
reaction 

—NH—COO— —OH —NICIO Addition 
reaction 

*R is a substituted or unsubstituted hydrocarbon group. 
X is a halogen. 

[0108] The appropriate additive content in the cross-link 
ing application liquid is varied depending on the type of the 
additive, the length and thickness of carbon nanotubes, 
Whether single-Wall carbon nanotubes or rnulti-Wall carbon 
nanotubes are used, the type and amount of functional 
groups in the carbon nanotubes, Whether there is a solvent or 
other additive used and, if one is used, the type and amount 
of the solvent or additive, etc. 

[0109] (Other Additive) 
[0110] The cross-linking application liquid may contain 
various additives including a solvent, a viscosity adjuster, a 
dispersant, and a cross-linking accelerator. Any solvent can 
be appropriately ernployed Without particular limitation as 
long as it is suitable for the additive used. Speci?c examples 
of ernployable solvents include: organic solvents such as 
methanol, ethanol, isopropanol, n-propanol, butanol, methyl 
ethyl ketone, toluene, benZene, acetone, chloroforrn, rneth 
ylene chloride, acetonitrile, diethyl ether, tetrahydrofuran 
(THF), and dirnethylforrnarnide; Water; aqueous solutions of 
acids; and alkaline aqueous solutions. A solvent as such is 
added in an amount that is not particularly limited but 
deterrnined appropriately by taking into consideration the 
ease of applying the cross-linking application liquid. 

[0111] Aviscosity adjuster is added When the condensing 
agent alone is not enough to make the cross-linking appli 
cation liquid easy to apply. Any viscosity adjuster can be 
appropriately ernployed Without any limitation as long as it 
is suitable for the additive used. Speci?c examples of 
ernployable viscosity adjusters include methanol, ethanol, 
isopropanol, n-propanol, butanol, methyl ethyl ketone, tolu 
ene, benZene, acetone, chloroforrn, methylene chloride, 
acetonitrile, diethyl ether, and THF. 
[0112] Some of those viscosity adjusters obtain the func 
tion of a solvent When added in a certain amount, and it is 
meaningless to apparently discrirninate viscosity adjusters 
frorn solvents. A viscosity adjuster as such is added in an 
amount that is not particularly limited but determined by 
taking into consideration the ease of applying the cross 
linking application liquid. 
[0113] A dispersant is added to the cross-linking applica 
tion liquid in order to maintain the dispersion stability of the 
carbon nanotubes or the additive in the application liquid. 
Various knoWn surface-active agents, Water-soluble organic 
solvents, Water, aqueous solutions of acids, alkaline aqueous 
solutions, etc. can be employed as a dispersant. HoWever, a 
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dispersant is not always necessary since components of the 
coating material (cross-linking application liquid) of the 
present invention have high dispersion stability by them 
selves. In addition, depending on the use of the coat formed 
by applying the cross-linking application liquid, the pres 
ence of a dispersant and like other impurities in the coat may 
not be desirable. In such case, a dispersant is not added at all, 
or is added in a very small amount. 

[0114] (Method of Preparing the Cross-linking Applica 
tion Liquid) 

[0115] A method of preparing the cross-linking applica 
tion liquid is described next. 

[0116] The cross-linking application liquid is prepared by 
mixing carbon nanotubes that have functional groups With 
an additive that causes the functional groups to form chemi 
cal bonds among themselves (Mixing Step). The mixing step 
may be preceded by an addition step in Which the functional 
groups are introduced into the carbon nanotubes. 

[0117] If carbon nanotubes having functional groups are 
starting material, the preparation starts With the mixing step. 
If normal carbon nanotubes themselves are starting material, 
the preparation starts With the addition step. 

[0118] The addition step is a step for introducing func 
tional groups into carbon nanotubes. HoW functional groups 
are introduced is varied depending on the type of functional 
group. One method is to add a desired functional group 
directly, and another method is to introduce a functional 
group that is easy to attach and then substitute the Whole 
functional groups or a part thereof or attach a different 
functional group to the former functional group in order to 
obtain the objective functional group. 

[0119] Still another method is to apply a mechanochemical 
force to a carbon nanotube to break or alter only a small 
portion of a graphene sheet on the surface of the carbon 
nanotube and introduce various functional groups from the 
broken or altered portion. 

[0120] Cup-stacked carbon nanotubes, Which have many 
defects on the surface upon manufacture, and carbon nano 
tubes that are formed by vapor phase groWth are relatively 
easy to introduce functional groups. On the other hand, 
carbon nanotubes that have a perfect graphene sheet struc 
ture exert the carbon nanotube characteristics more effec 
tively and are easier to control the characteristics. Conse 
quently, it is particularly desirable to use a multi-Wall carbon 
nanotube so that defects formed as many as appropriate on 
its outermost layer are used to bond functional groups for 
cross-linking While the inner layers having less structural 
defects exert the carbon nanotube characteristics. 

[0121] There is no particular limitation put on the addition 
step and any knoWn method can be employed. Various 
addition methods disclosed in JP2002-503204 A maybe 
employed in the present invention depending on the pur 
pose. 

[0122] A description is given on a method of introducing 
—COOH, a particularly desirable functional group among 
the functional groups listed in the above. 

[0123] To introduce carboxyl groups into carbon nano 
tubes, carboxyl groups are re?uxed together With an acid 
having an oxidiZing effect. This operation is relatively easy 

Jun. 16, 2005 

and is preferable since carboxyl groups Which are rich in 
reactivity are attached to carbon nanotubes. Abrief descrip 
tion of the operation is given beloW. 

[0124] An acid having an oxidiZing effect is, for example, 
concentrated nitric acid, hydrogen peroxide Water, a mixture 
of sulfuric acid and nitric acid, or aqua regia. When con 
centrated nitric acid is used, in particular, the concentration 
is desirably 5% by mass or higher, more desirably, 60% by 
mass or higher. 

[0125] A normal re?ux method can be employed. The 
temperature is preferably set to a level near the boiling point 
of the acid used. When concentrated nitric acid is used, for 
instance, the temperature is preferably set to 120 to 130° C. 
The re?ux desirably lasts 30 minutes to 20 hours, more 
desirably, 1 hour to 8 hours. 

[0126] Carbon nanotubes to Which carboxyl groups are 
attached (carbon nanotube carboxylic acid) are generated in 
the reaction liquid after the re?ux. The reaction liquid is 
cooled doWn to room temperature and then receives a 
separation operation or Washing as necessary, thereby 
obtaining the objective carbon nanotube carboxylic acid 
(carbon nanotubes having —COOH as functional groups). 

[0127] A mixing step is a step of preparing the cross 
linking application liquid by mixing carbon nanotubes that 
have functional groups (—COOH) With a condensing agent 
that causes dehydration condensation among the functional 
groups. In addition to carbon nanotubes that have functional 
groups and a condensing agent, the components described in 
the above section [Carbon Nanotube Structure] are also 
mixed in the mixing step. Preferably, the ease of application 
of the cross-linking application liquid is adjusted by con 
trolling the amount of the solvent or viscosity adjuster 
added, and noW the cross-linking application liquid is ready 
to be applied. 

[0128] To mix all the ingredients together, the ingredients 
may be simply stirred With a spatula, a stirring machine 
having a stirring blade, a magnetic stirrer, or an agitation 
pump. A more poWerful approach may be taken to disperse 
the carbon nanotubes by using an ultrasound dispersing 
machine or a homogeniZer. In this case, the carbon nano 
tubes can be dispersed more evenly to enhance storage 
stability and build a mesh structure from the cross-linked 
carbon nanotubes all over the place. Note that, When using 
a homogeniZer and like other stirring machine that has a 
strong shearing force, the machine is operated for a very 
short period of time in order to avoid cutting or damaging of 
the carbon nanotubes in the application liquid. 

[0129] The cross-linking application liquid described 
above is supplied or applied to a surface of the base body and 
cured on the surface to form a carbon nanotube structure 
layer. Details of hoW the liquid is applied and cured Will be 
described in the section beloW titled “Method of Manufac 
turing a Carbon Nanotube Structure”. 

[0130] A carbon nanotube structure layer in the present 
invention is a netWork of carbon nanotubes that are con 
nected to one another through cross-linked sites formed 
from chemical bonds betWeen plural functional groups that 
are bonded, at least on one end, to different carbon nano 
tubes out of the plural carbon nanotubes. To elaborate, the 
carbon nanotube structure layer has a matrix shape obtained 
by condensation and, With the carbon nanotubes connected 
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to one another through the cross-linked sites, can fully exert 
such carbon nanotube characteristics as high carrier (elec 
trons and holes) transportation ability. In short, the carbon 
nanotube structure layer makes it possible to utiliZe the 
inherent characteristics of carbon nanotubes since the carbon 
nanotube structure layer is practically composed of carbon 
nanotubes alone With its carbon nanotubes closely knitted 
together via no other bonding agent or the like. 

[0131] The carbon nanotube structure layer in the present 
invention has a Wide range of thickness from very thin to 
rather thick to suit the use. If the carbon nanotube content in 
the cross-linking application liquid is reduced (a simple Way 
to achieve this is to thin the liquid and loWer the viscosity) 
and applied and spread thin, a very thin coat is obtained. On 
the other hand, a thick coat is obtained by increasing the 
carbon nanotube content. A thicker coat can be obtained by 
repeated application. The thinnest coat is about 10 nm 
Whereas application can be repeated until a coat as thick as 
desired is obtained. The thickest ?lm that can be formed in 
one coating is about 2 pm. It is also possible to give the 
carbon nanotube structure a desired shape by adjusting the 
carbon nanotube content in the cross-linking application 
liquid, pouring the application liquid into a mold, and letting 
the carbon nanotubes bond. 

[0132] In the carbon nanotube structure layer, the sites 
Where the carbon nanotubes are cross-linked to one another, 
namely, the cross-linked sites formed by a reaction among 
the functional groups of the carbon nanotubes, have a 
cross-linking structure in Which bonds resulting from the 
reaction among the functional groups are linked. 

[0133] The cross-linked sites are formed by a reaction 
among the functional groups, thus enhancing the actual 
carbon nanotube density of the carbon nanotube structure. If 
the functional groups are reduced in siZe, the carbon nano 
tubes can be brought very close to one another both elec 
trically and physically, and this makes it easier to exploit 
characteristics of each carbon nanotube. Since the cross 
linked sites Where carbon nanotubes in the nanotube struc 
ture layer are cross-linked to one another are chemical bonds 
betWeen functional groups, the carbon nanotube structure 
mainly has the same cross-linking structure. Here, the phrase 
mainly having the same structure means that all cross-linked 
sites have an identical cross-linking structure, or not all but 
most of the cross-linked sites are chemical bonds betWeen 
functional groups. 

[0134] In such carbon nanotube structure layer Where 
cross-linked sites bridging gaps betWeen carbon nanotubes 
mainly have the same cross-linking structure, a uniform 
netWork of carbon nanotubes can be brought into a desired 
state. Therefore, electric and physical carbon nanotube char 
acteristics that are homogeneous and excellent can be 
obtained. Furthermore, the exact characteristics expected 
from carbon nanotubes, or close to the expected level, can be 
obtained. 

[0135] As has been described, a carbon nanotube structure 
of the present invention in Which a carbon nanotube struc 
ture layer has a mesh structure that is composed of plural 
carbon nanotubes connected to one another through plural 
cross-linked sites. Thus, contact or arrangement of carbon 
nanotubes is not disturbed, unlike a mere carbon nanotube 
dispersion ?lm, thereby realiZing a carbon tube structure 
having homogeneous characteristics. Furthermore, the car 
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bon nanotube structure layer can be patterned fairly freely, 
giving the carbon nanotube structure various shapes and 
accordingly various uses. 

[0136] Aprotective layer or other various functional layers 
may be put on the patterned carbon nanotube structure layer. 
When provided With a protective layer, the carbon nanotube 
structure layer, Which is a netWork of cross-linked carbon 
nanotubes, can be kept more solidly to the base body surface 
and protected from external forces. A resist layer to be 
described in the section [Method of Manufacturing a Carbon 
Nanotube Structure] may be utiliZed as the protective layer 
if the resist layer is left instead of being removed. It is also 
effective to neWly form a protective layer that covers the 
entire surface including regions of the carbon nanotube 
structure layer that are to be removed and not to form a 
pattern of desired shape. Various knoWn resin materials and 
inorganic materials can be employed, Without a problem, to 
form a protective ?lm that suits the purpose. 

[0137] The carbon nanotube structure layer and another 
such carbon nanotube structure layer may be layered With 
some functional layer interposed betWeen the tWo layers. If 
the functional layer is an insulating layer and the carbon 
nanotube structure layers are shaped into an appropriate 
pattern and connected to each other at the interlayer, a highly 
integrated device can be manufactured. For the interlayer 
connection, a still another carbon structure layer may be 
provided, or a neW carbon nanotube may be used for Wiring, 
or a metal ?lm or other measure may be taken for Wiring. 

[0138] As already mentioned, the base body may be a 
substrate that has plasticity or ?exibility. With a plastic or 
?exible substrate serving as the base body, the entire carbon 
nanotube structure is improved in ?exibility, and options of 
places to install the carbon nanotube structure (environments 
in Which the carbon nanotube structure can be used) are 
increased greatly. 

[0139] In addition, When constituting a device, a carbon 
nanotube structure that uses a plastic or ?exible substrate 
can be adapted to various arrangements in the device and can 
take various shapes, Which give the carbon nanotube struc 
ture high mountability. 

[0140] Speci?cs of the above-described carbon nanotube 
structure of the present invention including its shape and the 
like Will be made clear in the folloWing [Method of Manu 
facturing a Carbon Nanotube Structure] section and 
Example. Note that the descriptions beloW shoW merely 
examples and are not to limit speci?c modes of the carbon 
nanotube structure of the present invention. [Method of 
Manufacturing a Carbon Nanotube Structure] A carbon 
nanotube manufacturing method of the present invention is 
a method suitable for manufacture of the above-described 
carbon nanotube structure of the present invention. Speci? 
cally, the carbon nanotube manufacturing method of the 
present invention includes (A) a supplying step of supplying 
a surface of a base body With a liquid solution (cross-linking 
application liquid) that contains carbon nanotubes having 
functional groups and, if necessary, an additive that causes 
the functional groups to bond among themselves and (B) a 
cross-linking step of forming a carbon nanotube structure 
layer that has a mesh structure composed of the plural 
carbon nanotubes that are cross-linked to one another by 
bonds formed among the functional groups. 
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[0141] The carbon nanotube manufacturing method of the 
present invention may include additional steps such as (C) a 
patterning step of patterning the carbon nanotube structure 
layer into a desired shape. 

[0142] (A) Supplying Step 
[0143] In the present invention, a supplying step is a step 
of supplying the base body surface With a liquid solution 
(cross-linking application liquid) that contains carbon nano 
tubes having functional groups and, if necessary, an additive 
that causes the functional groups to bond among themselves. 
The cross-linking application liquid has to be supplied in the 
supplying step to all regions Where the carbon nanotube 
structure layer is to be formed (desired regions) but, as long 
as those desired regions are included, there is no need to 
supply the entire base body surface With the application 
liquid. 

[0144] Any method can be applied to supply the cross 
linking application liquid and the liquid may be poured or 
dropped onto the base body surface. When a carbon nano 
tube structure in the form of a layer is to be obtained, the 
cross-linking application liquid may be applied and spread 
With a squeegee or may be applied by a common application 
method. Examples of common application methods include 
spin coating, Wire bar coating, cast coating, roll coating, 
brush coating, dip coating, spray coating, and curtain coat 
mg. 

[0145] For descriptions of the base body, the carbon 
nanotubes having functional groups, the additive, and the 
cross-linking application liquid, see the section [Carbon 
Nanotube Structure]. 

[0146] (B) Cross-Linking Step 

[0147] In the present invention, a cross-linking step is a 
step of forming a carbon nanotube structure layer that has a 
mesh structure constituted of the plural carbon nanotubes 
cross-linked With one another through curing of the applied 
cross-linking application liquid by causing the functional 
groups, Which are at least partially bonded to the carbon 
nanotubes, to form bonds among themselves. The cross 
linking application liquid has to be cured in the cross-linking 
step to form the carbon nanotube structure layer in all the 
desired regions but, as long as the desired regions are 
included, there is no need to cure all of the cross-linking 
application liquid supplied to the base body surface. 

[0148] What operation should be carried out in the cross 
linking step is naturally determined by the combination of 
the functional groups to be bonded. An example thereof is 
shoWn in Table 1. If a combination of thermally curable 
functional groups is employed, the applied liquid is heated 
by a heater or the like. If a combination of functional groups 
that are cured by ultraviolet rays is employed, the applied 
liquid is irradiated With a UV lamp or left under the sun. If 
a combination of self-curable functional groups is 
employed, it is sufficient to let the applied liquid stand still. 
Leaving the applied liquid to stand still is deemed as one of 
the operations that may be carried out in the cross-linking 
step of the present invention. 

[0149] In the case of a condensation reaction betWeen 
carbon nanotubes to Which —COOH functional groups are 
attached, the applied liquid is cured by heating (polyesteri 
?cation by a dehydration condensation reaction). As the 
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dehydration condensation reaction progresses multilaterally, 
the carbon nanotubes are cross-linked until a netWork of 
carbon nanotubes connected to one another constitutes a 
carbon nanotube structure layer. 

[0150] To give an example of conditions preferable for the 
above combination, the heating temperature is set to 50 to 
500° C., more desirably 150 to 200° C., and the heating 
period is set to 1 minute to 10 hours, more desirably 1 hour 
to 2 hours. 

[0151] (C) Patterning Step 

[0152] In the present invention, a patterning step is a step 
of patterning the carbon nanotube structure layer into a 
desired shape. FIG. 1(e) is a schematic sectional vieW 
shoWing the surface state of the base body after (C) Pat 
terning Step. 

[0153] Although no particular limitations are put on pat 
terning operations, there are tWo preferred modes of (C-A) 
and (C-B) to the patterning step. 

[0154] (C-A) 
[0155] In Mode (C-A), dry etching is performed on other 
regions of the carbon nanotube structure layer on the base 
body surface than the region to be patterned into a desired 
shape, thus removing the carbon nanotube structure layer 
from those regions and patterning the carbon nanotube 
structure layer into a pattern of the desired shape. 

[0156] Patterning the carbon nanotube structure layer into 
a desired shape by dry etching means that other regions of 
the carbon nanotube structure layer on the base body surface 
than the region to form the desired shape receive irradiation 
of radicals or the like. Methods of irradiation of radicals or 
the like include one in Which the other regions of the carbon 
nanotube structure layer than the region to form the pattern 
is directly irradiated With radicals or the like (C-A-1), and 
one in Which the other regions than the region to form the 
pattern are covered With a resist layer and then the entire 
base body surface (on the side Where the carbon nanotube 
structure layer and the resist layer are formed) is irradiated 
With radicals or the like (C-A-2). 

[0157] (C-A-l) 
[0158] Direct irradiation of the other regions of the carbon 
nanotube structure layer than the region to form the pattern 
With radicals or the like speci?cally means that regions of 
the carbon nanotube structure layer on the base body surface 
other than the region to be patterned into a desired shape are 
irradiated With ion beams of gas molecule ions, thereby 
removing the carbon nanotube structure layer from the 
irradiated regions and patterning the carbon nanotube struc 
ture layer into the desired shape. 

[0159] In the form of an ion beam, ions of gas molecules 
can be radiated selectively With precision on the order of 
several nm. This method is preferable in that the carbon 
nanotube structure layer can be patterned into a desired 
shape in one operation. 

[0160] Examples of gas species that can be selected for the 
ion beam method include oxygen, argon, nitrogen, carbon 
dioxide, and hexa?uoride oxygen is particularly desirable in 
the present invention. 
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[0161] In the ion beam method, a voltage is applied to gas 
molecules in vacuum to accelerate and ioniZe the gas 
molecules and the obtained ions are radiated in the form of 
a beam. The ion beam method is capable of etching various 
substances With varying irradiation accuracy by changing 
the type of gas used. 

[0162] (C-A-2) 
[0163] To employ Mode (C-A-2) in Which the other 
regions than the region to form the pattern are covered With 
a resist layer before the entire base body surface is irradiated 
With radicals or the like, the patterning step includes: 

[0164] Aresist layer forming step (C-A-2-1) of form 
ing a resist layer on the region of the carbon nano 
tube structure layer on the base body surface that is 
to be patterned into a desired shape; and 

[0165] A removal step (C-A-2-2) of performing dry 
etching on the side of the base body Where the carbon 
nanotube structure layer and the resist layer are 
layered, thereby removing the carbon nanotube 
structure layer from the exposed regions of that are 
not covered With the resist layer. 

[0166] The removal step in Mode (C-A-2) may be fol 
loWed by a resist layer peeling step (C-A-2-3) in Which the 
resist layer formed in the resist layer forming step is peeled 
off. 

[0167] (C-A-2-1) Resist Layer Forming Step 
[0168] In the resist layer forming step, a resist layer is 
formed on the region of the carbon nanotube structure layer 
on the base body surface that is to be patterned into a desired 
shape. This step folloWs a process generally called a pho 
tolithography process and, instead of directly forming a 
resist layer on the region of the carbon nanotube structure 
layer that is to be patterned into a desired shape, a resist layer 
16 is once formed on the entire surface of abase body 12 on 
the side Where a carbon nanotube structure layer 14 is 
formed as shoWn in FIG. 1(b). Then the region to form the 
pattern of desired shape is exposed to light and portions that 
are not exposed to light are removed through subsequent 
development. Ultimately, the resist layer is present only on 
the region of the carbon nanotube structure layer that is to 
form a desired pattern. 

[0169] FIG. 1(a) is a schematic sectional vieW shoWing 
the surface state of the base body after the resist layer 
forming step (C-A-2-1) Depending on the type of resist, a 
portion that is exposed to light is removed by development 
Whereas a portion that is not exposed to light remains. 

[0170] A knoWn method can be employed to form the 
resist layer. Speci?cally, the resist layer is formed by apply 
ing a resist agent to the substrate With a spin coater or the 
like and then heating the applied agent. 

[0171] There is no particular limitation on the material 
(resist agent) used to form the resist layer 16, and various 
knoWn resist materials can be employed Without any modi 
?cation. Employing resin (forming a resin layer as the resist 
layer 16) is particularly desirable. The carbon nanotube 
structure layer 14 has a mesh-like netWork of carbon nano 
tubes and is a porous structure. Accordingly, if the resist 
layer 16 is formed from a metal evaporation ?lm or like 
other material that forms a ?lm on the very surface and does 
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not in?ltrate deep into the holes of the mesh, carbon nano 
tubes cannot be sealed satisfactorily against radiation of 
plasma or the like (insufficient sealing means exposure to 
plasma or the like). As a result, plasma or the like enters 
from the holes and corrodes the carbon nanotube layer 14 
under the resist layer 16, reducing the contour of the carbon 
nanotube structure layer 14 and leaving only a small portion 
of the carbon nanotube structure layer 14‘. Although it is 
possible to give the resist layer 16 a larger contour (area) 
than the pattern of desired shape taking into account this 
reduction in siZe, this method requires a Wide gap betWeen 
patterns and therefore makes it impossible to form patterns 
close together. 

[0172] In contrast, When resin is used to form the resist 
layer 16, the resin enters the spaces inside the holes and 
reduces the number of carbon nanotubes that are exposed to 
plasma or the like. As a result, high density patterning of the 
carbon nanotube structure layer 14 is made possible. 

[0173] Examples of the resin material that mainly consti 
tutes the resin layer include, novolac resin, polymethyl 
methacrylate, and a mixture of the tWo, but not limited 
thereto. 

[0174] The resist material for forming the resist layer is a 
mixture of one of the above resin materials, or a precursor 
thereof, and a photosensitive material or the like. The 
present invention can employ any knoWn resist material. For 
instance, OFPR 800, a product of TOKYO OHKA KOGYO 
CO., LTD. and NPR 9710, a product of NAGASE & CO., 
LTD. can be employed. 

[0175] Appropriate operations or conditions to expose the 
resist layer 16 to light (heating if the resist material used is 
thermally curable, a different exposure method may be 
selected for a different type of resist material) and to develop 
are selected in accordance With the resist material used. 
(Examples of exposure and development operations or con 
ditions include the light source Wavelength, the intensity of 
exposure light, the exposure time, the exposure amount, 
environmental conditions during exposure, the development 
method, the type and concentration of developer, the devel 
opment time, and What pre-treatment or post-treatment is to 
be employed.) When a commercially available resist mate 
rial is used, expose and develop folloWing the instruction 
manual for the product. In general, a UV-curable resist 
material may be selected for conveniences of handling and 
exposed to ultraviolet rays draWing the pattern of desired 
shape. Thereafter, the ?lm is developed using an alkaline 
developer, Which is then Washed off With Water, and is let dry 
to complete the photolithography process. 

[0176] (C-A-2-2) Removal Step 

[0177] In a removal step, dry etching is performed on the 
side of the base body Where the carbon nanotube structure 
layer and the resist layer are layered, thereby removing the 
carbon nanotube structure layer from the exposed regions of 
that are not covered With the resist layer. (For the exposed 
regions, see FIG. 1(a). The carbon nanotube structure layer 
14 is exposed in regions Where the resist layer 16 is 
removed). FIG. 1(d) is a schematic sectional vieW shoWing 
the surface state of the base after the removal step (C-A-2 
2). 
[0178] The removal step employs every method that is 
generally called dry etching, including the reactive ion 
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method. The above-described ion beam method in (C-A-l) 
is one of dry etching methods. 

[0179] See the section (C-A-l) for employable gas spe 
cies, devices, operation environments, and the like. 

[0180] In the present invention, oxygen is particularly 
desirable out of examples of gas species generally usable in 
dry etching Which include oxygen, argon, and ?uorine-based 
gas (e.g., chloro?uoro carbon, SP6, and CF4). With oxygen 
radicals, carbon nanotubes in the regions of the carbon 
nanotube structure layer 14 that are to be removed are 
oxidiZed (burnt) and turned into carbon dioxide. Accord 
ingly, the residue has little adverse effect, and accurate 
patterning is achieved. 

[0181] When oxygen is selected as gas species, oxygen 
radicals are generated by irradiating oxygen molecules With 
ultraviolet rays. A device that generates oxygen radicals by 
this method is commercially available by the name of UW 
Washer, and is easy to obtain. 

[0182] (C-A-2-3) Resist Layer Peeling Step 
[0183] The carbon nanotube structure manufacturing 
method of the present invention may end With the comple 
tion of the removal step (C-A-2-2), presenting a mode of the 
carbon nanotube structure of the present invention (the mode 
shoWn in FIG. If the resist layer 16 is to be removed 
from the carbon nanotube structure of this mode, the 
removal step has to be folloWed by a resist layer peeling step 
in Which the resist layer 16 formed in the resist layer peeling 
step is peeled off. FIG. 1(e) is a schematic sectional vieW 
shoWing the surface state of the base body after the resist 
layer peeling step (C-A-2-3). 
[0184] An appropriate resist layer peeling step operation 
may be selected in accordance With the material used to form 
the resist layer 16. When a commercially available resist 
material is used, the resist layer 16 is peeled off folloWing 
the instruction manual for the product. When the resist layer 
16 is a resin layer, a common removal method is to bring the 
resin layer into contact With an organic solvent that is 
capable of dissolving the resin layer. 

[0185] (C-B) 
[0186] Mode (C-B) Patterning Step includes: 

[0187] A resist layer forming step of forming a resist 
layer on the region of the carbon nanotube structure 
layer on the base body surface that is to be patterned 
into a desired shape; and 

[0188] A removal step of bringing an etchant into 
contact With the side of the base body Where the 
carbon nanotube structure layer and the resist layer 
are layered, thereby removing the carbon nanotube 
structure layer from the exposed regions of that are 
not covered With the resist layer. 

[0189] This patterning step mode is a method commonly 
called Wet etching (a method of removing an arbitrary 
portion using chemical=etchant). 
[0190] The resist layer forming step in Mode (C-B) is 
identical With the resist layer forming step (C-A-2-1) 
described above except that a resist material resistant to 
etchant should be used in Mode (C-B) Similar to the 
patterning step in Mode (C-A), the removal step in the 
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patterning step of Mode (C-B) may be folloWed by the resist 
layer peeling step and details of this peeling step are as 
described in the resist layer peeling step (C-A-2-3). Detailed 
descriptions of those steps are therefore omitted here. 

[0191] Reference is made to FIG. 1(c). In the removal step 
in Mode (C-B), an etchant is brought into contact With the 
side of the base body 12 Where the carbon nanotube structure 
layer 14 and the resist layer 16 are layered, thereby remov 
ing the carbon nanotube structure layer 14 from the exposed 
regions of that are not covered With the resist layer 16. 

[0192] In the present invention, etchant can be brought 
into contact With the carbon nanotube structure layer by any 
method that can bring a liquid into contact With a subject, 
such as dipping, spraying, and letting a liquid flow over a 
subject. 
[0193] Etchant is in general an acid or alkali. Which 
etchant to be chosen is determined by the resist material 
constituting the resist layer 16, the structure of cross-linking 
among carbon nanotubes in the carbon nanotube structure 
layer 14, and other factors. A desirable etchant is one that 
etches the resist layer 16 as little as possible and that can 
easily remove the carbon nanotube structure layer 14. 

[0194] HoWever, the etchant that etches the resist layer 16 
may be employed if it is possible to, by appropriately 
controlling the temperature and concentration of the etchant 
and hoW long the etchant is in contact With the carbon 
nanotube structure layer, remove the exposed regions of the 
carbon nanotube structure layer 14 before the resist layer 16 
is completely etched aWay. 

[0195] (D) Other Steps 
[0196] The carbon nanotube structure of the present inven 
tion can be manufactured through the above steps. HoWever, 
the carbon nanotube structure manufacturing method of the 
present invention may include additional steps. 

[0197] For instance, it is preferable to put a surface 
treatment step for pre-treatment of the base body surface 
before the application step. The purpose of the surface 
treatment step is, for example, to enhance the absorption of 
the cross-linking application liquid to be applied, to enhance 
the adhesion betWeen the base body surface and the carbon 
nanotube structure layer to be formed thereon, to clean the 
base body surface, or to adjust the electric conductivity of 
the base body surface. 

[0198] An example of surface treatment for enhancing the 
absorption of the cross-linking application liquid is treat 
ment by a silane coupling agent (e.g., aminopropyltriethox 
ysilane or y-(2-aminoethyl) aminopropyltrimethoxysilane). 
Surface treatment by aminopropyltriethoxysilane is particu 
larly Widely employed and is preferable for the surface 
treatment step in the present invention. As documented by Y. 
L. Lyubchenko et al. in “Nucleic Acids Research vol. 21 
(1993)” on pages 1117 to 1123, for example, surface treat 
ment by aminopropyltriethoxysilane has conventionally 
been employed to treat the surface of a mica substrate for use 
in observation of AFM of DNA. 

[0199] In the case Where tWo or more carbon nanotube 
structure layers are to be layered, the operation of the carbon 
nanotube structure manufacturing method of the present 
invention is repeated tWice or more. If an intermediate layer 
such as a dielectric layer or an insulating layer is to be 
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interposed between carbon nanotube structure layers, a step 
of forming an intermediate layer is inserted in betWeen 
repeating the operation of the carbon nanotube structure 
manufacturing method of the present invention. 

[0200] If a protective layer, an electrode layer, and other 
such layers are to be formed on the carbon nanotube 
structure layer, the manufacture method has to include steps 
for forming these layers. Appropriate materials and methods 
are chosen from knoWn materials and methods, or materials 
and methods developed specially for the present invention 
are used, to form those layers. 

[0201] <Application Example of the Carbon Nanotube 
Structure Manufacturing Method of the Present Invention> 

[0202] In an effective application example of the carbon 
nanotube structure manufacturing method of the present 
invention, the carbon nanotube structure layer is patterned 
on a surface of a temporary substrate and then transferred to 
a desired base body. It is also possible to modify this transfer 
step such that the patterned carbon nanotube structure layer 
is transferred from the temporary substrate to a surface of an 
intermediate transfer body and then to a desired base body 
(second base body). 

[0203] The temporary substrate material that can be used, 
and is preferred, in this application example is the same as 
the base body material described in the section [Carbon 
Nanotube Structure]. HoWever, a temporary substrate that 
has at least one ?at surface, more desirably, one that is 
shaped like a ?at plate is preferable for transfer of the carbon 
nanotube structure layer in the transfer step. 

[0204] To be employable in this application example, a 
base body or an intermediate transfer body has to have an 
adhesive surface holding, or capable of holding, an adhe 
sive. Common tape such as Scotch tape, paper tape, cloth 
tape, or imide tape can be used in the application example. 
In addition to the tape and other materials that have plasticity 
or ?exibility, rigid materials may also be employed as a base 
body or an intermediate transfer body. In the case of a 
material that does not come With an adhesive, an adhesive is 
applied to a surface of the material that can hold an adhesive, 
and then the material can be used in a similar fashion to 
normal adhesive tape. 

[0205] According to this application example, the carbon 
nanotube structure body of the present invention can be 
manufactured With ease. 

[0206] It is also possible to manufacture a carbon nano 
tube structure by preparing a carbon nanotube structure layer 
that is carried on a surface of a base body and attaching the 
carbon nanotube structure layer along With the base body to 
a surface of a desired second body (for example, a housing) 
that constitutes a device. 

[0207] A carbon nanotube structure can be manufactured 
While skipping a cross-linking step if a carbon nanotube 
transfer body, Which is a temporary substrate (or interme 
diate transfer body) carrying on its surface a carbon nano 
tube transfer layer, is used, the carbon nanotube structure 
layer alone is transferred to a surface of a base body that 
constitutes the carbon nanotube structure, and then the 
temporary substrate (or intermediate transfer body) is 
removed. Since the process is structured as such, the inter 
mediate transfer body serves as a temporary substrate of the 
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carbon nanotube transfer body in some cases. Those cases 
are included in the present invention because there is no 
need for the carbon nanotube transfer body to discriminate 
an intermediate transfer body from a temporary substrate. 

[0208] When the carbon nanotube transfer body is 
employed, the carbon nanotube structure layer With carbon 
nanotubes cross-linked to one another is carried on the 
surface of the temporary substrate, and this makes the 
carbon nanotube structure layer very easy to handle in the 
subsequent steps. As a result, manufacture of a carbon 
nanotube structure is greatly facilitated. To remove the 
temporary substrate, an appropriate method may be selected 
from mechanical peeling, chemical decomposition, burn-off, 
melting, sublimation, dissolution, and the like. 

[0209] The carbon nanotube structure manufacturing 
method of this application example is effective particularly 
When a base body of a device has a material and/or shape 
that make it difficult to apply the carbon nanotube structure 
manufacturing method of the present invention Without 
some changes. 

[0210] For instance, the application example of the present 
invention is effective When the temperature at Which the 
applied liquid is cured in Cross-linking Step is equal to or 
higher than the melting point or glass transition temperature 
of the material that is to be used as a base body of the carbon 
nanotube structure. In this case, the heating temperature is 
set loWer than the melting point of the temporary substrate 
to ensure a heating temperature necessary for the curing, and 
thus the carbon nanotube structure of the present invention 
can be manufactured appropriately. 

[0211] To give another example, the application example 
of the present invention is effective also When Patterning 
Step takes a mode in Which dry etching is performed on 
other regions of the carbon nanotube structure layer on the 
temporary substrate surface than the region to be patterned 
into a desired shape, thus removing the carbon nanotube 
structure layer from those regions and patterning the carbon 
nanotube structure layer into a pattern of the desired shape 
While the material that is to be used as a base body of the 
carbon nanotube structure is not resistant to dry etching of 
Patterning Step. In this case, a material resistant to dry 
etching is used as the temporary substrate so that the carbon 
nanotube structure can Withstand Patterning Step on the 
temporary substrate, and thus the carbon nanotube structure 
of the present invention can be manufactured appropriately. 

[0212] Although speci?cs on resistance and material are 
varied depending on dry etching conditions including gas 
species, intensity, time, temperature, and pressure, resin 
materials have relatively loW resistance to dry etching. 
When a resin material is used as the base body, limitations 
brought by loW resistance of the resin material are lifted by 
employing this application example. Therefore, forming the 
base body from a resin material is preferable in that merits 
of this application example are brought out. On the other 
hand, inorganic materials Which have relatively high resis 
tance to dry etching are suitable for the temporary substrate. 
In general, plastic or ?exible materials have loW resistance 
to dry etching and therefore using one of such materials as 
the base body is preferable in that merits of this application 
example are brought out. 

[0213] To give another example, the application example 
of the present invention is effective also When the patterning 
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step includes: a resist layer forming step of forming a resist 
layer on the region of the carbon nanotube structure layer on 
the temporary substrate surface that is to be patterned into a 
desired shape; and a removal step of bringing an etchant into 
contact With the side of the temporary substrate Where the 
carbon nanotube structure layer and the resist layer are 
layered, thereby removing the carbon nanotube structure 
layer from the exposed regions of that are not covered With 
the resist layer While the base body has no resistance to the 
etchant used in the patterning step Whereas the temporary 
substrate is resistant to the etchant. In this case, the base 
body in this application example serves as a base body of the 
carbon nanotube structure and a material resistant to the 
etchant is used as the temporary substrate so that the carbon 
nanotube structure can Withstand the patterning step on the 
temporary substrate. Thus the carbon nanotube structure of 
the present invention can be manufactured appropriately. 

[0214] Speci?cs on resistance and material are varied 
depending on etching conditions including the type, con 
centration and temperature of the etchant used, hoW long the 
etchant is in contact With the carbon nanotube structure 
layer, and the like. When an acidic etchant is used and a base 
body of the carbon nanotube structure is to be formed from 
aluminum or like other materials that do not Withstand acid, 
for example, limitations brought by loW resistance of the 
base body material are lifted by employing this application 
example and using silicon or other materials that are resis 
tant to acid as the temporary substrate. Limitations brought 
by loW resistance are also lifted by using as the base body 
a material that has loW resistance to an etchant as described 
above although depending on Whether the etchant is acidic 
or alkaline. 

[0215] The carbon nanotube structure of the present inven 
tion is made easy to handle even more if a base body that 
carries a carbon nanotube structure layer is pasted onto a 
second base body. The obtained carbon nanotube structure 
can be used to build a device. The second base body may be 
physically rigid or may be plastic or ?exible, and can take 
various shapes including a spherical shape and a concave 
convex shape. 

<EXAMPLE> 

[0216] Amore speci?c description of the present invention 
is given beloW through an example. HoWever, the present 
invention is not limited to the folloWing example. 

Example 1 

Multi-Wall Carbon Nanotube Carboxylic Acid 
Anhydride Coating Material, Synthesis of a Coat 

[0217] (Addition Step) 
[0218] Addition of Carboxyl Group . . . Synthesis of 
Carbon Nanotube Carboxylic Acid 

[0219] 30 mg of multi-layer carbon nanotube poWder 
(purity: 90%, average diameter: 30 nm, average length: 3 
pm, a product of Science Laboratory Inc.) Was added to 20 
ml of concentrated nitric acid (a 60% by mass aqueous 
solution, a product of KANTO KAGAKU) for re?ux at 120° 
C. for 20 hours to synthesiZe carbon nanotube carboxylic 
acid. Areaction scheme of the above is shoWn in FIG. 2. In 
FIG. 2, a carbon nanotube (CNT) is represented by tWo 
parallel lines. 
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[0220] The temperature of the liquid solution Was returned 
to room temperature and centrifuged at 5, 000 rpm for 15 
minutes to separate supernatant liquid from precipitate. The 
recovered precipitate Was dispersed in 10 ml of pure Water, 
and the dispersion liquid Was subjected to centrifugal sepa 
ration at 5,000 rpm for 15 minutes to separate supernatant 
liquid from precipitate. (The above process constitutes one 
Washing operation.) This Washing operation Was repeated 
?ve more times and lastly precipitate Was recovered. 

[0221] (Mixing Step) 
[0222] 10 mg of the carbon nanotube carboxylic acid 
esteri?ed in the above step Was added to 20 ml of dimeth 
ylformamide (a product of Wako Pure Chemical Industries, 
Inc.), and then 30 mg of N-ethyl-N‘-(3-dimethylaminopro 
pyl) carbodiimide (hydrochloride, a product of Aldrich 
Chemical Company, Inc.), Which is a condensing agent for 
condensation betWeen —COOH functional groups, Was 
mixed in using an ultrasound dispersing machine. 

[0223] (Application Step) 
[0224] About 0.1 ml of the thus obtained coating material 
Was dropped and applied onto an SiOZ/Si substrate using a 
Pasteur pipette. 

[0225] (Curing Step) 
[0226] The substrate to Which the coating material of this 
example had been applied as above Was heated at 200° C. for 
10 minutes to start polymeriZation by a dehydration con 
densation reaction and obtain a coat. A reaction scheme of 
this is shoWn in FIG. 3. 

[0227] [Evaluation Test (Measurement of Direct Current 
Conductivity)] 
[0228] A measurement Was made on the direct current/ 
voltage characteristics of the coat (MWNT-net (carboxylic 
acid anhydride)) of Example 1. Each coat has a thickness of 
2 pm. 

[0229] A gold electrode Was formed by evaporation on the 
coat on the SiOZ/Si substrate to measure the characteristics 
by the tWo-terminal method using a HeWlett-Packard 4140B 
picoammeter. The conductivity of the coat obtained from the 
measurement result Was 1.03 S/cm. It has been con?rmed 
from this test that a carbon nanotube structure that has 
cross-linked sites obtained by condensing functional groups 
forms a netWork structure. 

[0230] A carbon nanotube structure of the present inven 
tion can be used, for example, as a material of an electric 
element or electronic element, as a reinforcing member or a 
?lling member if the advantage of high mechanical strength 
is to be taken, as an electromagnetic Wave blocking member, 
and as an optical ?lter. Thus a carbon nanotube structure of 
the present invention provides an industrially useful material 
With Which various devices that utiliZe a diversity of carbon 
nanotube characteristics can have stable characteristics. 

What is claimed is: 
1. A carbon nanotube structure comprising: 

plural carbon nanotubes; and 

cross-linked sites formed from plural chemical bonds 
betWeen functional groups, each of the functional 
groups bonded to different carbon nanotubes of the 
plural carbon nanotubes at least on one end, 
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wherein the plural carbon nanotubes constitute a mesh 
structure. 

2. A carbon nanotube structure according to claim 1, 
Wherein each of the chemical bonds betWeen the plural 
functional groups is at least one chemical bond selected 
from the group consisting of —COOCO—, —O—, 
—NHCO—, —COO—, and —NCH—. 

3. A carbon nanotube structure according to claim 1, 
Wherein each of the chemical bonds betWeen the plural 
functional groups is at least one chemical bond selected 
from the group consisting of —NH—, —S—, and —O—. 

4. A carbon nanotube structure according to claim 1, 
Wherein each of the chemical bonds betWeen the plural 
functional groups is —NHCOO—. 

5. A carbon nanotube structure according to claim 1, 
Wherein each of the chemical bonds betWeen the plural 
functional groups is —S—S—. 

6. A carbon nanotube structure according to claim 1, 
Wherein the cross-linked sites of the carbon nanotube struc 
ture are formed from chemical bonds that are obtained by 
causing a reaction betWeen the functional groups of the 
plural carbon nanotubes having the same or different func 
tional groups. 

7. A carbon nanotube structure according to claim 6, 
Wherein the reaction is a dehydration condensation reaction. 

8. A carbon nanotube structure according to claim 7, 
Wherein each of the functional groups is at least one func 
tional group selected from the group consisting of —COOR 
(R is a substituted or unsubstituted hydrocarbon group), 
—COOH, —COX (X is a halogen atom), —OH, —CHO, 
and —NH2. 

9. A carbon nanotube structure according to claim 6, 
Wherein the reaction is a substitution reaction. 

10. A carbon nanotube structure according to claim 9, 
Wherein each of the functional groups is at least one func 
tional group selected from the group consisting of —NH2, 
—X (X is a halogen atom), —SH, —OH, —OSO2CH3, and 
—OSO2(C4H)CH3. 

11. A carbon nanotube structure according to claim 2, 
Wherein the reaction is an addition reaction. 

12. A carbon nanotube structure according to claim 11, 
Wherein each of the functional groups is at least one func 
tional group selected from the group consisting of —OH, 
and/or —NCO. 

13. A carbon nanotube structure according to claim 6, 
Wherein the reaction is an oXidative reaction. 

14. A carbon nanotube structure according to claim 13, 
Wherein each of the functional groups is —SH. 

15. A carbon nanotube structure according to claim 1, 
Wherein each of the plural carbon nanotubes is a rnulti-Wall 
carbon nanotube. 

16. A method of manufacturing a carbon nanotube struc 
ture, comprising the steps of: 

supplying a base body With a liquid solution containing 
carbon nanotubes that have functional groups; and 

cross-linking the plural carbon nanotubes to one another 
by causing the functional groups to form chemical 
bonds among themselves to thereby form a mesh 
structure of the carbon nanotube structure. 

17. A method of manufacturing a carbon nanotube struc 
ture according to claim 16, Wherein the liquid solution 
contains an additive that causes the functional groups to 
form chemical bonds among themselves. 
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18. A method of manufacturing a carbon nanotube struc 
ture according to claim 16, 

Wherein the supplying step comprises an application step 
for applying the liquid solution to the base body, and 

Wherein the carbon nanotube structure is in a form of a 
layer. 

19. A method of manufacturing a carbon nanotube struc 
ture according to claim 18, further comprising the step of 
patterning the carbon nanotube structure layer in to a desired 
shape (a patterning step). 

20. A method of manufacturing a carbon nanotube struc 
ture according to claim 19, Wherein the patterning step is a 
step of performing dry etching on other regions of the carbon 
nanotube structure layer on the base body surface than a 
region to be patterned into the desired shape, thus removing 
the carbon nanotube structure layer from those regions and 
patterning the carbon nanotube structure layer into the 
desired shape. 

21. A method of manufacturing a carbon nanotube struc 
ture according to claim 19, Wherein the patterning step 
comprises: 

a resist layer forming step of forming a resist layer on the 
region of the carbon nanotube structure layer on the 
base body surface that is to be patterned into a desired 
shape; and 

a removal step of removing the eXposed portions of the 
carbon nanotube structure layer that are not covered 
With the resist layer by dry etching. 

22. A method of manufacturing a carbon nanotube struc 
ture according to claim 21, Wherein a side of the base body 
Where the carbon nanotube structure layer and the resist 
layer are layered is irradiated With radicals of oxygen 
molecules in the removal step. 

23. A method of manufacturing a carbon nanotube struc 
ture according to claim 21, Wherein the side of the base body 
Where the carbon nanotube structure layer and the resist 
layer are layered is irradiated With oXygen radicals that are 
generated by irradiating oxygen molecules With ultraviolet 
rays. 

24. A method of manufacturing a carbon nanotube struc 
ture according to claim 21, Wherein the removal step in the 
patterning step is folloWed by a resist layer peeling step for 
peeling off the resist layer that is formed in the resist layer 
forming step. 

25. A method of manufacturing a carbon nanotube struc 
ture according to claim 21, Wherein the resist layer is a resin 
layer. 

26. A method of manufacturing a carbon nanotube struc 
ture according to claim 20, Wherein the patterning step is a 
step of performing selective irradiation With ion beams of 
gas rnolecule ions on regions of the carbon nanotube struc 
ture layer on the base body surface other than the region to 
be patterned into a desired shape thus removing the carbon 
nanotube structure layer from the irradiated regions and 
patterning the carbon nanotube structure layer into the 
desired shape. 

27. A method of manufacturing a carbon nanotube struc 
ture according to claim 17, Wherein the reaction is a dehy 
dration condensation reaction and the additive is a condens 
ing agent. 

28. A method of manufacturing a carbon nanotube struc 
ture according to claim 27, Wherein each of the functional 








