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Figure 1: SEM image, at 15,000x, of silica product without particles added. 
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Figure 2: SEM image, at 15,000x , of product of LPD silica reaction with fullerene added 

to reaction mixture. 



U.S. Patent Nov. 22, 2011 Sheet 3 of29 US 8,062, 702 B2 

Figure 3: SEM image, at 15,000x , of product of LPD silica reaction with fullerenol 

added to reaction mixture. 
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Figure 4: SEM image, at SO,OOOx, of product of LPD silica reaction with fullerenol 
added to reaction mixture. 
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Figure 5: SEM image, at 50,000x, of product of LPD silica reaction with fullerenol 

added to reaction mixture. 
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Figure 6: SEM image, at 5,000x, of product of LPD silica reaction with fullerenol added 

to reaction mixture. 
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Figure 7: SEM image, at lOO,OOOx, of product of LPD silica reaction with fullerenol 

added to reaction mixture. 
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Figure 8: SEM image, at 6500x, of a silicon chip coated with silica-coated fullerenols. 
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Figure 9: SEM image, at 35,000x. of a silicon chip coated with silica-coated fullerenols. 
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Figure 10: SEM image, at 15,000x, of twice-coated silicon chip. 
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Figure 11: SEM image, at 35,000x, of twice-coated silicon chip. 
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Figure 12: SEM image, at SOx, of glass slide coated with silica coated fullerenols. 
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Figure 13: SEM image, at 15,000x, of the product of the reaction of SDS with the LPD 
silica solution. 
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Figure 14: SEM image, at 50,000x, of the product of the reaction of SDS with the LPD 

silica solution. 
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Figure 15: SEM image, at 15,000x, of the product of the reaction of SDS dispersed 
SWNTs with the LPD silica solution. 
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Figure 16: SEM image, at 120,000x, of the product of the reaction of SDS dispersed 

SWNTs with the LPD silica solution. 
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Figure 17: SEM image, at 25,000x, of the product of the reaction of SDS dispersed 

SWNTs with the LPD silica solution. 
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Figure 18: SEM image, at 120,000x, of the product of the reaction of SDS dispersed 
SWNTs with the LPD silica solution. 
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Figure 19: SEM image, at 20,000x, of the product of the reaction of SDS dispersed 

SWNTs with the LPD silica solution. 
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Figure 20: SEM image, at 150,000x, of the product of the reaction of SDS dispersed 
SWNTs with the LPD silica solution. 
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Figure 21: SEM image, at 25,000x, of the product of the reaction of SDS dispersed 

SWNTs with the LPD silica solution. 
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Figure 22: SEM image, at 200,000x, of the product of the reaction of SDS dispersed 

SWNTs with the LPD silica solution. 
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Figure 23: SEM image, at 50,000x, of a selectively etched silica coated SWNT. 
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Figure 24: SEM image, at 25,000x, of a selectively etched silica coated SWNT. 



U.S. Patent Nov. 22, 2011 Sheet 25 of 29 US 8,062, 702 B2 

Figure 25: SEM image, at 20,000x, of the product of the reaction of DT AB dispersed 

SWNTs with the LPD silica solution. 
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Figure 26: SEM image, at 12,000x, of the product of the reaction of DT AB dispersed 

SWNTs with the LPD silica solution. 
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Figure 27: TEM image, at 200,000x, of the product of the reaction of DT AB dispersed 

SWNTs with the LPD silica solution. 
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Figure 28: SEM image, at 65,000x, of the product of the reaction of DTAB dispersed 

SWNTs with the LPD silica solution. 
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Figure 29: Thin silica-SWNT paper formed by light etching of coated nanotubes. 
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COATED FULLERENES, COMPOSITES AND 
DIELECTRICS MADE THEREFROM 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Not applicable. 

FIELD OF THE INVENTION 

2 
tube contact. This bundling perturbs the electronic structure 
of the tubes and precludes the separationofSWNTs by size or 
type. 

The present invention relates to coated fullerenes compris
ing a layer of at least one inorganic material covering at least 
a portion of at least one surface of a fullerene and methods for 
making. The present invention further relates to composites 
comprising the coated fullerenes of the present invention and 15 

further comprising polymers, ceramics and/or inorganic 
oxides. A coated fullerene interconnect device wherein at 
least two fullerenes are contacting each other to form a span
taneous interconnect is also disclosed as well as methods of 

SWNT-based composites can provide excellent electronic 
and/or mechanical properties upon incorporation into a suit
able matrix. Carbon nanotubes are excellent candidates for 
the fabrication of robust composites, and conducting poly
mers, due to their fascinating electronic and mechanical prop
erties. Unfortunately, two issues must be overcome prior to 

10 development of large-scale applications. First, the SWNTs 
must be stable within a desired matrix. Second, the aggrega
tion ofSWNTs into ropes and bundles requires high loading 
that is uneconomic and represents a waste of materials. 

making. In addition, dielectric films comprising the coated 20 

fullerenes of the present invention and methods of making are 
further disclosed. 

BACKGROUND OF THE INVENTION 

The first of these issues requires that the SWNTs be pro-
tected from subsequent processing, e.g., oxidation. In addi
tion, the formation of a stable tube/matrix interface is critical 
for composite applications. Surface treatments are required to 
ensure efficient tube-matrix interactions. Unfortunately, 
these treatments can result in the degradation of the tubes. The 
second of these issues requires that individual SWNTs (rather 
than bundles) be employed to maximize the impact of the 
SWNTs at the lowest possible loading. 

It has been shown that individual SWNTs may be obtained 

Fullerenes are broadly defined as the third form of the 
element carbon after diamond and graphite. Fullerenes are 
molecular solids that consist offused six-membered and five-

25 encased in a cylindrical micelle, by ultrasonically agitating an 
aqueous dispersion of raw SWNTs in the presence of a suit
able surfactant. See, O'Connell eta!., Science 2002, vol. 297, 
pp. 593-596, incorporated herein by reference. Upon drying 

membered rings. Two general types of fullerenes may be 
described: Buckyballs and carbon nanotubes. Buckyballs 30 

have spherical structures and are typified by C60 . Other 
spherical fullerenes include C70 and higher oligomers. Single 
walled carbon nanotubes (S WNTs) are elongated members of 
the fullerene family. 

The interior cavity of a fullerene can accomodate an atom, 35 

molecule, or particle, depending on the volume circum
scribed by the structure of the fullerene, to provide so-called 
doped fullerenes. Furthermore, fullerenes may be chemically 
functionalized by reacting the surface under suitable condi
tions to form either covalent, van der Waals or dipolar inter- 40 

actions with a chemical substituent. 

the micellular solution, however, bundles re-form. SWNTs 
have been encased in a wide range of organic materials. It 
would be desirable to fabricate individually coated SWNTs 
where the coating is retained in solution and the solid state. Of 
particular interest are dielectric materials such as silica, 
which may also be compatible with composite matrix mate
rials. Silica is an example of an inorganic oxide. 

Coating of Si02 on multiwalled carbon nanotubes 
(MWNTs) has been reported. See Seeger eta!., Chern. Phys. 
Lett. 2001, vol. 339, pp. 41-46, incorporated herein by refer
ence. However, these coatings required a sol-gel type of reac
tion and extremely long reaction times on the order of 150 
hours. Coatings have also been reported on SWNTs, but these 
require isolation of the tubes on a surface prior to reaction. It 
would be advantageous ifthere was a method by which indi-

45 vidual fullerenes and individual SWNTcould be coated under 

SWNTs have come under intense multidisciplinary study 
because of their unique physical and chemical properties and 
their possible applications. The electronic characteristics of 
SWNT can be described as metallic or semiconducting; such 
characteristics deriving from the helicity and diameter of the 
SWNT. More importantly, it has been shown that these elec
tronic properties are sensitive to the environment surrounding 
the SWNT. For example, it is well known that the presence of 
certain molecules, such as 0 2 or NH3 , may alter the overall 50 

conductivity of SWNTs through the donation or acceptance 
of electrons. Such properties make SWNT ideal for nanoscale 
sensing materials. Nanotube field effect transistors (PETs), 
for example, have already been demonstrated as gas sensors. 
It is thought that selectivity in nanotube sensors can be 55 

achieved through the placement of specific functional groups 
on the nanotube surface; such groups having the requisite 
ability to selectively bind specific target molecules. Working 
against this goal is the fact that functionalization changes the 
electronic properties from that of a semiconductor or conduc- 60 

tor to that of an insulator. Moreover, chemical functionaliz
tion of SWNT is not as of yet regia specific. A further major 
obstacle to such efforts has been diversity of tube diameters, 
chiral angles, and aggregation states of the tubes. Aggregation 
is particularly problematic because highly polarizable, 65 

smooth sided SWNTs readily form bundles or ropes with van 
der Waals binding energy of ca. 500 eV per micrometer of 

near ambient temperatures with reaction times on the order of 
a few hours, without the need for isolation on a surface prior 
to coating. 

The classical sol-gel process for generating thin films of an 
oxide, such as silica, on substrates can be divided into three 
steps: First, preparation of a stable dispersion of colloidal 
oxide particles in a liquid, "sol formation"; Second, aggrega
tion of the particles to encompass the liquid, "gel formation", 
and deposition of the resulting gel on the surface of the 
substrate; and Third, removal of the solvent by drying and/or 
heating. See Vossen, et a!., Adv. Mater. 2000, vol. 12, pp. 
1434-1437, incorporated herein by reference. 

In contrast, the liquid phase deposition, "LPD", of silica 
from saturated fluorosilicic acid solutions involves the reac
tion of water with silica precursors that are solvated at the 
molecular level to generate silica gels that deposit onto the 
surface of the substrate. See Yeh, eta!., J. Electrochem. Soc. 
1994, vol. 141, pp. 3177-3181, incorporated herein by refer
ence. Whereas film growth in the sol-gel method is largely 
dependent on the size of the initial colloidal particles and its 
influence on their aggregation, growth in the LPD method is 
more controlled since it continues layer by layer as more 
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molecules react on the surface of the substrate. The important 
step in LPD is to provide an active site for growth to occur on 
a surface. 

The semiconductor industry has targeted the development 

4 
inorganic material covering at least a portion of at least one 
surface of a fullerene wherein the method comprises (a) dis
persing a fullerene under suitable conditions to provide a 
dispersed fullerene; and (b) depositing at least one inorganic 
material nnder suitable conditions onto at least one surface of 
the dispersed fullerene. 

In another aspect, the present invention discloses a coated 
fullerene comprising a layer of at least one inorganic material 
covering at least a portion of at least one surface of a fullerene. 

10 The coated fullerene of the present invention is substantially 
similar to the coated fullerene described in connection with a 

of the interlayer and intrametal dielectric for the next several 
generations ofhigher density, faster computer chips, as speci
fied by the milestones set out in the International Technology 
Roadmap for Semiconductors (the ITRS). There is still no 
acceptable material or process that produces films with the 
desired values of low dielectric constant (k value) concur
rently with optimum electro- and thermo-mechanical proper
ties. Current processes are based either on sol-gel methods for 
film deposition and growth, or on low temperature chemical 
vapor deposition (CVD) of carbon or fluorine-containing sili
con dioxide films. The k values achieved by these processes 
are in the range from -2.7 to greater than 3, still well above the 15 

maximum value of 2 required by the industry in order to meet 
the chip performance milestones identified in the ITRS. 

Silicon dioxide (Si02 ) forms the basis of planar silicon 
chip technology. Insulator coatings for electronic and photo
nic devices layers are most frequently formed by thermal 20 

oxidation of silicon (Si) in the temperature range 900 to 1200° 

previous aspect of this invention. 
In yet another aspect of the present invention is disclosed a 

composite comprising a coated fullerene comprising a layer 
of at least one inorganic material covering at least a portion of 
at least one surface of a fullerene; and at least one composite 
matrix selected from the group consisting of polymers, 
ceramics and inorganic oxides. 

In still another aspect is presented a method of making a 
coated fullerene interconnect device comprising a layer of at 
least one inorganic material covering at least a portion of at 
least one surface of fullerenes wherein at least two fullerenes 
are contacting each other to form a spontaneous interconnect; 

25 and at least one suitable metal contact is found at the site of at 

C. Si02 is also deposited by chemical vapor deposition 
(CVD) techniques at lower temperatures (200 to 900° C.) on 
various substrates. The growth of insulator films at low tem
peratures is very attractive for most device applications due to 
reduced capital cost, high output and freedom from techno
logical constraints associated with the growth of dielectric 
thin films using conventional high-temperature growth/depo
sition techniques. Deposition of Si02 insulator layers from 
solution is previously known using organo-metallic solu-

30 tions. In this procedure, the insulator layer is applied onto the 
substrate either by dipping the substrate into the solution or by 
spinning the substrate after a small amount of the solution is 
applied onto the surface. In both cases the substrate is then 
placed in an oven to drive off the solvent. 

least one spontaneous interconnect wherein said method 
comprises (a) dispersing a fullerene under suitable conditions 
to provide a dispersed fullerene; (b) depositing at least one 
inorganic material under suitable conditions onto at least one 
surface of the dispersed fullerene to provide a coated 
fullerene; (c) isolating the coated fullerene; (d) removing at 
least a portion of the layer of inorganic material in a manner 
suitable for permitting at least two fullerenes to contact each 
other to provide at least one spontaneous interconnect; (e) 
optionally, separating at least one spontaneous interconnect; 
(f) optionally, allowing at least two fullerenes to contact each 
other to provide at least one new spontaneous interconnect; 
and (g) depositing a suitable metal contact at the site of at least 

Attempts to produce porous silicon dioxide have failed to 35 

produce films with isolated voids and uniform void size, 
resulting in poor process reproducibility and film quality. 
Such processes also require the use of heat to evaporate a 
solvent or other component from the film to create the voids, 
something not required by the present invention. 40 one spontaneous interconnect and/or one new spontaneous 

CVD (chemical vapor deposition) requires the pyrolysis or 
photolysis of volatile compounds to create chemical frag
ments that are deposited on the surface of a substrate. The 
temperature of substrate is sufficiently high to allow mobility 
of fragments on the growth surface. These fragments travel 45 

around the surface until they find thermodynamically stable 
sites to which they attach. In this way the quality of CVD 
films is usually high. Thus, CVD uses surface growth. If gas 
phase growth occurs, uniform films are not produced. Instead, 
nanoparticles can form, from which films form after agglom- 50 

eration. The resulting film requires further thermal processing 
in order to become uniform. Disadvantages with CVD 
include the high temperatures required and the use of volatile 
compounds or low pressures. Each of these adds to the envi
ronmentalload of the process. Sol-gel is a low temperature 55 

method. Precursor compounds are dissolved in solution and 
reacted with additional reagents (usually water or an acid) to 
give a gel. If a film or coating is required, then the gel must be 
spin-coated onto the substrate. Since most sol-gels consist of 
nanoparticles or clusters with a significant organic content, 60 

additional thermal or chemical treatments are required to 
form a true inorganic material. 

interconnect. 
In another aspect of the present invention is disclosed a 

coated fullerene interconnect device comprising a layer of at 
least one inorganic material covering at least a portion of at 
least one surface of fullerenes wherein at least two fullerenes 
are contacting each other to form a spontaneous interconnect; 
and at least one suitable metal contact is found at the site of at 
least one spontaneous interconnect. 

In one more aspect, the present invention provides dielec
tric films comprising the coated fullerenes of the present 
invention. The dielectric films of the present invention are 
particularly well suited for use as interlayer or intermetal 
dielectric on silicon-based computer chips. 

Possible applications for this invention include, but are not 
limited to, the following: 

(1) Growth of insulating layers for nano-based chips. A 
new generation of nanotube or nanowire chips is being devel
oped. At present these are 2D devices. However, in order for 
vertical integration to be developed a technology oflow tem
perature insulator growth is require. A low k dielectric is not 
a requirement at present; oxide and silica films are therefore 
of potential interest for early generation devices. 

SUMMARY OF THE INVENTION 

The present invention discloses, in one aspect, a method of 
making a coated fullerene comprising a layer of at least one 

(2) Growth of low k dielectric layers for advanced semi
conductor chip fabrication. Insulating oxides (especially 

65 silica) are used as insulation layers in present chip technol
ogy. These are presently prepared by thermal oxidation, 
CVD, and sol gel techniques and have only limited success in 
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achieving low k dielectric films. Additionally, a room tem
perature, or near room temperature, solution process would 
be cost effective. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more detailed description of the preferred embodi
ments of the present invention, reference will be made to the 
accompanying drawings, wherein: 

6 
FIG. 25: SEM image, at 20,000x, of the product of the 

reaction of dodecyltrimethyl ammonium bromide (DTAB) 
dispersed SWNTs with the LPD silica solution. 

FIG. 26: SEM image, at 12,000x, of the product of the 
5 reaction of DTAB dispersed SWNTs with the LPD silica 

solution. 
FIG. 27: TEM image, at 200,000x, of the product of the 

reaction of DTAB dispersed SWNTs with the LPD silica 
solution. 

FIG. 1: Scanning electron microscope (SEM) image, at 10 

15,000x, of silica product without particles added. 
FIG. 28: SEM image, at 65,000x, of the product of the 

reaction of DTAB dispersed SWNTs with the LPD silica 
solution. FIG. 2: SEM image, at 15,000x, of product ofliquid phase 

deposition (LPD) silica reaction with fullerene added to reac-
tion mixture. 

FIG. 29: Thin silica-SWNT paper formed by light etching 
of coated nanotubes. 

15 
FIG. 3: SEM image, at 15,000x, of product ofLPD silica 

DETAILED DESCRIPTION OF THE INVENTION 
reaction with fullerenol added to reaction mixture. 

FIG. 4: SEM image, at 50,000x, of product ofLPD silica 
reaction with fullerenol added to reaction mixture. 

FIG. 5: SEM image, at 50,000x, of product ofLPD silica 20 
reaction with fullerenol added to reaction mixture. 

This invention discloses the use of liquid phase deposition 
to prepare coated fullerenes. Such coated fullerenes may be 
spherical, such as C60 , or single walled nanotubes (SWNT). 
The present invention applies specifically to coating 
fullerenes with an inorganic material, such as, for example, an 
inorganic oxide typified by silica The present invention also 
discloses a method for growing films of inorganic oxides 

FIG. 6: SEM image, at 5,000x, of product of LPD silica 
reaction with fullerenol added to reaction mixture. 

FIG. 7: SEM image, at lOO,OOOx, of product ofLPD silica 
reaction with fullerenol added to reaction mixture. 

FIG. 8: SEM image, at 6500x, of a silicon chip coated with 
silica-coated fullerenols. 

FIG. 9: SEM image, at 35,000x, of a silicon chip coated 
with silica-coated fullerenols. 

25 comprising fullerenes in a manner suitable for providing 
porous inorganic oxide films possessing desirable electronic 
and mechanical properties. 

Method of Making a Coated Fullerene 
FIG. 10: SEM image, at 15,000x, of twice-coated silicon 30 

chip. The present invention discloses, in one aspect, a method of 
making a coated fullerene comprising a layer of at least one 
inorganic material covering at least a portion of at least one 
surface of a fullerene wherein the method comprises (a) dis-

FIG. 11: SEM image, at 35,000x, of twice-coated silicon 
chip. 

FIG. 12: SEM image, at SOx, of glass slide coated with 
silica coated fullerenols. 

FIG. 13: SEM image, at 15,000x, of the product of the 
reaction of SDS with the LPD silica solution. 

FIG. 14: SEM image, at 50,000x, of the product of the 
reaction of SDS with the LPD silica solution. 

35 persing a fullerene under suitable conditions to provide a 
dispersed fullerene; and (b) depositing at least one inorganic 
material nnder suitable conditions onto at least one surface of 
the dispersed fullerene. 

FIG. 15: SEM image, at 15,000x, of the product of the 40 

reaction of SDS dispersed single-walled carbon nanotubes 
(SWNTs) with the LPD silica solution. 

As used herein, fullerene is any carbonaceous material 
wherein the structure is a regular, three dimensional network 
of fused carbon rings arranged in any one of a number of 
possible structures including, but not limited to, cylindrical, 
spherical, ovoid, oblate or oblong. Common fullerenes 
include the cylindrical carbon nanotube and the icosahedral 

FIG. 16: SEM image, at 120,000x, of the product of the 
reaction of SDS dispersed SWNTs with the LPD silica solu
tion. 

FIG. 17: SEM image, at 25,000x, of the product of the 
reaction of SDS dispersed SWNTs with the LPD silica solu
tion. 

45 C60 carbon molecules. In particular, the fullerene is prefer
ably selected from the group consisting ofC60, C72 , C84, C96 , 

C108, C120, single-walled carbon nanotubes (SWNT) and 
multi-walled carbon nanotubes (MWNT). In one preferred 

FIG. 18: SEM image, at 120,000x, of the product of the 
reaction of SDS dispersed SWNTs with the LPD silica solu- 50 

embodiment of the process, the fullerene is C60 . In another 
preferred embodiment of the process, the fullerene is a single 
walled carbon nanotube (SWNT). Single-walled carbon tion. 

FIG. 19: SEM image, at 20,000x, of the product of the 
reaction of SDS dispersed SWNTs with the LPD silica solu
tion. 

FIG. 20: SEM image, at 150,000x, of the product of the 55 

reaction of SDS dispersed SWNTs with the LPD silica solu-

nanotubes differ from multi-walled carbon nanotubes based 
on the number of concentric tubes present; single-walled 
carbon nanotubes comprise only one tube about a given cen
ter whereas multi-walled carbon nanotubes have at least two, 
and often more, nested tubes about a common center. 

tion. 
FIG. 21: SEM image, at 25,000x, of the product of the 

reaction of SDS dispersed SWNTs with the LPD silica solu
tion. 

FIG. 22: SEM image, at 200,000x, of the product of the 
reaction of SDS dispersed SWNTs with the LPD silica solu
tion. 

FIG. 23:.SEM image, at 50,000x, of selectively etched 
silica coated SWNT. 

FIG. 24: SEM image, at 25,000x, of selectively etched 
silica coated SWNT. 

All carbon nanotubes tend to agglomerate into ropes and 
bundles of many carbon nanotubes and it is ordinarily quite 
difficult to obtain individual, dispersed carbon nanotubes. In 

60 one embodiment of the present process using single-walled 
carbon nanotubes (SWNT), either aggregated or individually 
dispersed tubes may be used. Special techniques are usually 
required to obtain individually dispersed carbon nanotubes 
and the methods used in the present invention will be dis-

65 cussed hereinbelow. In a particularly preferred embodiment 
of the present process, the fullerene is an individual single
walled carbon nanotube (SWNT). 
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The coated fullerene of the present method comprises a 
layer of at least one inorganic material. As defined here, an 
inorganic oxide will be any material comprising at least one 
inorganic element and oxygen; the oxide may additionally 
comprise other elements including, but not limited to, for 
example, hydrogen and fluorine. Although any one of anum
ber of inorganic materials may be suitable for use in the 
present method, a preferred inorganic material is an inorganic 
oxide. In particular, although any one of a number of inor
ganic oxides could suffice in the present method, a preferred 10 

oxide is the oxide of silicon. The refractive index of the silica 
coatings used so far may be altered within a modest range. 

The present method comprises dispersing a fullerene under 
suitable conditions to provide a dispersed fullerene. Though 

15 
not wishing to be bound by any particular theory, it is believed 
that the process of dispersing a fullerene serves the dual 
purpose of allowing the fullerene to be soluble thereby per
mitting for the deposition of an inorganic material around 
individual tubes; and activating the tubes for deposition of an 20 

inorganic material. Suitable conditions for dispersing a 
fullerene comprise the use of a suitable solvent; water is a 
particularly preferred solvent. Suitable conditions may fur
ther comprise a particular technique to disperse fullerenes. 
Preferred techniques include chemical functionalization and 25 

surfactant addition. 
Though not wishing to be bound by any particular theory, 

it is believed that chemical functionalization provides at least 
one, and possibly several, specific reactive site( s) that act as 
sites that initiate growth of the layer of inorganic material. In 30 

one embodiment, the fullerene is dispersed by a technique of 
chemical functionalization. As used herein, chemical func
tionalization is any chemical reaction that modifies and/or 
adds chemical groups to the surface of fullerene to leave a 

35 
reactive group at a surface of a fullerene. Although there are 
many different chemical reactions that could be useful in the 
chemical functionalization of the present invention, it has 
been discovered that hydroxylation is a particularly useful 
chemical reaction for the chemical functionalization of the 40 

present invention. 
The presence of surface hydroxylate groups on at least a 

portion of one surface of a fullerene tends to impart greater 
solubility to the fullerene in water, thereby discouraging 
aggregation. The hydroxylation allows for the fullerenes to be 45 

dispersed in aqueous solution thereby facilitating possible 
subsequent deposition. 

In an alternate embodiment, the fullerene is dispersed by a 
technique of surfactant addition. Without wishing to be bound 
by any particular theory, it is believed that the surfactant 50 

surrounds the fullerenes and provides the required solubility 
while also assisting in dispersion of individual fullerenes. In 
one preferred embodiment, a single-walled carbon nanotube 
is dispersed by surfactant addition. According to this embodi
ment, the technique of surfactant addition may comprise the 55 

addition of sodium dodecylsulfate and/or dodecyltrimethyl 
ammonium bromide. The ability to uniformly coat individual 
SWNTs rather than ropes and bundles is a consequence of 
using a surfactant that is not affected by pH. 

The present method still further comprises depositing at 60 

least one inorganic material under suitable conditions onto at 
least a portion of one surface of the dispersed fullerene. In one 
preferred embodiment, depositing at least one inorganic 
material under suitable conditions comprises contacting the 
dispersed fullerene with a solution comprising silica. Accord- 65 

ing to this embodiment, the silica is preferably at least par
tially dissolved in the solution; and more preferably the solu-

8 
tion further comprises H2 SiF 6 . It is also important to employ 
a non sol-gel approach to allow seeded growth on the surface 
of the SWNT. 

According to this embodiment, but without wishing to be 
bound by any particular theory, it is believed that fluorosilicic 
acid can react with base to produce silica, as shown in Equa
tion (1). 

(1) 

Chemically functionalized substrates, such as hydroxy
lated C60 , can react with the acid in a condensation reaction, 
in tum acting as a nucleation site to begin layer growth as 
shown in Equation (2). 

(2) 

Growth occurs at the initial silicate and reacts with addi
tional fluorosilicic acid to grow layers of silica on the particle. 

A key advantage of the present invention is that the rate of 
formation of deposition is significantly faster than that 
reported in the prior art. In addition, coating individual single
walled carbon nanotubes (SWNT) by a solution process has 
not been possible until now. According to the present method, 
depositing at least one inorganic material preferably takes 
place at a rate no less than 10 nm/hour. 

The present method may further comprise isolating the 
coated fullerene. This is most preferably done using any 
technique of centriflgation. After the coating has reached the 
desired thickness, the coating reaction is quenched and the 
coated fullerenes may be isolated by centrifuge. The superna
tant liquid is disposed of and the solid is re-dispersed in a 
suitable solvent such as ethanol. This centrifugationlre-isper
sion process is repeated as required to purifY the coated 
fullerenes. The coated SWNTs are then characterized in etha
nol suspension or as a dried powder. 

A Coated Fullerene 

In another aspect, the present invention discloses a coated 
fullerene comprising a layer of at least one inorganic material 
covering at least a portion of at least one surface of a fullerene. 
The coated fullerene of the present invention is substantially 
similar to the coated fullerene described in connection with a 
previous aspect of this invention. 

The coated fullerene comprises at least one inorganic mate
rial. Preferably, at least one inorganic material is an inorganic 
oxide; more preferably, an inorganic oxide is silica. The 
fullerene comprising the coated fullerene is preferably 
selected from the group consisting ofC60 , C72 , C84, C96 , C108, 

C120, single-walled carbon nanotubes (SWNT), and multi
walled carbon nanotubes (MWNT). The coated fullerene may 
comprise a fullerene doped with at least one type of metal. As 
used herein, a doped fullerene will be a fullerene comprising 
at least one metal wherein the atoms of metal may be within, 
adsorbed on, or incorporated into the fullerene. The coated 
fullerene may comprise a fullerene that is a single walled 
carbon nanotube (SWNT). The single walled carbon nano
tubes (SWNT) may be present in the form of ropes, bundles, 
or individual tubes. In a preferred embodiment, the single
walled carbon nanotubes (SWNT) are present in the form of 
individual tubes. According to this embodiment, the coated 
fullerene further comprises at least one inorganic material. 
Preferably, this is an inorganic oxide; more preferably, silica 
Also according to this embodiment, the coated fullerenes may 
be handled as a solid without any substantial change in physi
cal, electrical or mechanical properties. The coated fullerenes 
of the preferred embodiment will also show characteristic 
bands in the Raman spectrum indicative of individual tubes. 
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In addition, the coated fullerenes show no change in fluores
cence intensity until the thickness of the coating is sufficient 
to cause scattering of the emitted light. This indicates that the 
coating does not alter the electrical properties and therefore 
the band gap of the fullerenes. 

10 
and (g) depositing a suitable metal contact at the site of at least 
one spontaneous interconnect and/or one new spontaneous 
interconnect. 

According to the present aspect, fullerenes are selected 
from the group consisting of c60' c72, c84' c96' cl08' cl20' 
single-walled nanotubes (SWNT) and multi-walled nano
tubes (MWNT). Preferably, the fullerenes are single-walled 
carbon nanotubes (SWNT). 

The present coated fullerene interconnect device com
prises a layer of at least one inorganic material. Preferably, at 
least one inorganic material comprises an inorganic oxide; 
more preferably, an inorganic oxide is an oxide of silicon. 

The prior art has shown that individual SWNTs strongly 
fluoresce in solution in the presence of a surfactant; in par
ticular, excitation at 532 nm results in an emission between 
950-1400 nm. This fluorescence is quenched under condi
tions that permit for the aggregation ofSWNT into ropes and 10 

bundles, namely pH<5. The silica-coated single-walled car
bon nanotubes of the present invention fluoresce in solution 
suggesting that individual single-walled carbon nanotubes The present method of making a coated fullerene intercon

nect device comprises dispersing a fullerene under suitable 
15 conditions to provide a dispersed fullerene. Preferably, the 

fullerene is dispersed by a technique of chemical functional
ization or surfactant addition. 

rather than ropes have been successfully coated. 

Composites 

The present method further comprises removing at least a 
portion of the layer of inorganic material; preferably this 

In yet another aspect of the present invention is disclosed a 
composite comprising a coated fullerene comprising a layer 
of at least one inorganic material covering at least a portion of 
at least one surface of a fullerene; and at least one composite 
matrix selected from the group consisting of polymers, 
ceramics and inorganic oxides. 

20 comprises treatment with a suitable etchant. In one embodi
ment, removing at least a portion of the layer of inorganic 
material is effective in removing all of the inorganic material. 
In another embodiment, at least a portion of the layer of 
inorganic material comprises selectively removing inorganic 

25 material from the ends of the fullerenes. In yet another 
embodiment, removing at least a portion of the layer of inor
ganic material in a suitable manner comprises selectively 
removing inorganic material from the central portion of the 

The fullerenes used in the current aspect may be selected 
from the group consisting of c60' c72, c84' c96' cl08' cl20' 
single-walled carbon nanotubes (SWNT) and multi-walled 
carbon nanotubes . The fullerenes are more preferably C60 or 
single-walled carbon nanotubes; but are most preferably 
single-walled carbon nanotubes (SWNT). In one preferred 30 

embodiment, at least a portion of at least one surface of a 
fullerene is chemically functionalized. In another preferred 
embodiment, at least one inorganic material is preferably an 
inorganic oxide; but most preferably, an inorganic oxide is 
silica. 

fullerenes. 
The present method may further comprise allowing at least 

two fullerenes of at least one spontaneous contact to separate; 
this preferably comprises treatment with a suitable surfactant. 
The present method further comprises, optionally, allowing at 
least two fullerenes to contact each other to provide at least 

35 one new spontaneous interconnect. 

Method of Making a Coated Fullerene Interconnect 
Device 

According to a preferred embodiment, the number and 
nature of new spontaneous interconnects will differ from that 
observed for the first spontaneous interconnect. According to 
this embodiment, steps (e) and (f) may be repeated until a 
desired profile of electronic characteristics has been attained. 
Preferably, the characteristics may be those found in elec-
tronic switching and memory devices. 

According to a preferred embodiment, the present method 
further comprises testing the coated fullerene interconnect 

45 devices for suitability as electronic devices. 

The creation of device structures using fullerenes in an 40 

assembled array to create a specific device is of considerable 
interest. The creation of two- and three-dimensional struc
tures comprising coated fullerenes and spontaneous intercon
nects led us to fabricate multi-function devices. Spontaneous 
interconnects will be defined as points of contact between at 
least two fullerenes. Gold connections may be deposited at 
the sites of these spontaneous interconnects to preferably 
provide devices comprising numerous connections between 
individual fullerenes. 

A Coated Fullerene Interconnect Device 

In another aspect of the present invention is disclosed a 
In still another aspect is presented a method of making a 

coated fullerene interconnect device comprising a layer of at 
least one inorganic material covering at least a portion of at 
least one surface of fullerenes wherein at least two fullerenes 

50 coated fullerene interconnect device comprising a layer of at 
least one inorganic material covering at least a portion of at 
least one surface of fullerenes wherein at least two fullerenes 
are contacting each other to form a spontaneous interconnect; 

are contacting each other to form a spontaneous interconnect; 
and at least one suitable metal contact is found at the site of at 55 

least one spontaneous interconnect wherein said method, 
comprises (a) dispersing a fullerene under suitable conditions 
to provide a dispersed fullerene; (b) depositing at least one 
inorganic material nnder suitable conditions onto at least one 
surface of the dispersed fullerene to provide a coated 60 

fullerene; (c) isolating the coated fullerene; (d) removing at 
least a portion of the layer of inorganic material in a manner 
suitable for permitting at least two fullerenes to contact each 
other to provide at least one spontaneous interconnect; (e) 
optionally, separating at least one spontaneous interconnect; 65 

(f) optionally, allowing at least two fullerenes to contact each 
other to provide at least one new spontaneous interconnect; 

and at least one suitable metal contact is found at the site of at 
least one spontaneous interconnect. 

Preferably, the present coated fullerene interconnect 
device performs some electronic switching or memory func
tion. 

Dielectric Films Comprising Coated Fullerenes 

One embodiment of the present invention is to dispense the 
previously coated fullerenes into the interlayer dielectric 
(ILD) or intermetal dielectric (IMD) layer growth process in 
such a manner as to achieve a specific void volume in the 
layer, while retaining the mechanical and electrical properties 
of the layer required for successful chip fabrication and per-
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formance. This invention provides a way to combine the 
above approaches to give a low temperature solution process 
that allows for the formation of uniform films; the films can be 
prepared with a variety of properties optimized for specific 
applications. 

12 
and allowed to stir overnight. This solution was then filtered, 
by vacuum, through a 0.22 micron Millipore filter. The solu
tion was then diluted to 1.0 M with UP water. A sample of this 
solution (1 0 mL) was allowed to react with fullerenol (1 0 mg) 

5 in a plastic centrifuge tube. This mixture was stirred, at 30° 
C., for 12 hours. The product was then filtered, washed with 
UP water, dried and analyzed as a powder. The product was 
imaged with a scanning electron microscope (SEM); the 
resulting micrographs are shown in FIGS. 3 and 4. 

10 

Example 4 

The second is to grow multiple layers of the porous oxide 
films on large area wafers at the appropriate process steps in 
chip fabrication. The first layer of porous silicon dioxide with 
fullerene inclusions must be grown directly on the silicon 
wafer after it has been patterned with nano-scale transistors, 
and may use a different solution from that used to coat the 
fullerenes. All subsequent porous films must be grown on 
composite surfaces consisting of sub-micron width copper 
lines embedded in previously grown porous Si02 films, and 
may use yet another solution compared to those mentioned 
above. 15 

Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo
rosilicic acid solution (H2 SiF6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, 
by vacuum, through a 0.22 micron Millipore filter. The solu-
tion was then diluted to 1.0 M with UP water. A sample of this 
solution (5 mL) was allowed to react with fullerenol (5 mL of 
a 50 mg/L solution) in a plastic centrifuge tube. This mixture 
was stirred, at 30° C., for 12 hours. The product was then 
centrifuged at 4000 rpm for 60 minutes. The supernatant 
liquid was discarded. The product was then redispersed in 
ethanol by sanification. This process was repeated six times. 
The product was then dried and analyzed as a powder. The 

Prior art attempts to produce porous silicon dioxide have 
failed to produce films with isolated voids and uniform void 
size, resulting in poor process reproducibility and film qual
ity. Such processes also require the use of heat to evaporate a 
solvent or other component from the film to create the voids, 20 

something not required by the present invention. The present 
process will produce distinct voids of controllable size in a 
film with superior properties compared to the CVD and sol 
gel processes with which it competes. 

25 product was imaged with a scam1ing electron microscope 
(SEM); the resulting micrograph is shown in FIG. 5. EXAMPLES 

The following examples are presented to illustrate the ease 
and versatility of the approach and are not to be construed as 
the only examples of the proposed approach or as limiting the 30 

scope of the present invention. It is understood that a practi
tioner, of ordinary skill in the art, will be able to employ 
alternative reagents and coatings to achieve similar results. 

Example 5 

Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo-
rosilicic acid solution (H2 SiF6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, 
by vacuum, through a 0.22 micron Millipore filter. The solu
tion was then diluted to 1.0 M with UP water. A sample of this 

Example 1 

Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo
rosilicic acid solution (H2 SiF 6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, 
by vacuum, through a 0.22 micron Millipore filter. The solu
tion was then diluted to 1.0 M with Millipore (UP) water. A 
sample of this solution (10 mL) was allowed to react in a 
plastic centrifuge tube. This mixture was stirred, at 30° C., for 

35 solution (20 mL) was allowed to react with fullerenol (1 0 mg) 
in a plastic centrifuge tube. This mixture was stirred, at 30° 
C., for 3 hours. The product was then centrifuged at 4000 rpm 
for 60 minutes. The supernatant liquid was discarded. The 
product was then redispersed in ethanol by sanification. This 

40 process was repeated six times. The product was then dried 
and analyzed as a powder. The product was imaged with a 
scanning electron microscope (SEM); the resulting micro
graphs are shown in FIGS. 6 and 7. 

3 hours. The product was then filtered, washed with UP water, 
dried and analyzed as a powder. The product was imaged with 45 

a scanning electron microscope (SEM); the resulting micro
graph is shown in FIG. 1. 

Example 6 

Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo
rosilicic acid solution (H2 SiF6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, Example 2 

Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo
rosilicic acid solution (H2 SiF 6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, 
by vacuum, through a 0.22 micron Millipore filter. The solu
tion was then diluted to 1.0 M with UP water. A sample of this 
solution (10 mL) was allowed to react with fullerene (10 mg) 
in a plastic centrifuge tube. This mixture was stirred, at 30° 
C., for3 hours. The product was then filtered, washed with UP 
water, dried and analyzed as a powder. The liquid phase 
deposition (LPD) product was imaged with a scanning elec
tron microscope (SEM); the resulting micrograph is shown in 
FIG. 2. 

Example 3 

Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo
rosilicic acid solution (H2 SiF 6 : Riedel de Haen, 34% pure) 

50 by vacuum, through a 0.22 micron Millipore filter. The solu
tion was diluted to 1.00 M. Fullerenols (1 0 mg) were added to 
a sample of this solution (50 mL) and allowed to react in a 
Tupperware container. To this mixture was added a silicon 
chip which had been etched first in RCA-1 etch (NH4 0H: 

55 H2 0 2 :H2 0), followed by a Millipore water rinse and then 
etched with an RCA-2 etch (HCl:H20 2 :H2 0) and again 
rinsed. The solution with the chip was stirred, at 30° C., for 4 
hours. The chip was then removed from the solution, rinsed in 
Millipore water and dried with compressed air. The product 

60 was imaged with a scam1ing electron microscope (SEM); the 
resulting micrographs are shown in FIGS. 8 and 9. 

Example 7 

65 Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo-
rosilicic acid solution (H2 SiF6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, 
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by vacuum, through a 0.22 micron Millipore filter. The solu
tion was diluted to 1.00 M. Fullerenols (10 mg) were added to 
a sample of this solution (50 mL) and allowed to react in a 
Tupperware container. To this mixture was added a silicon 
chip which had been previously coated with silica-coated 5 

fullerenols. The solution with the chip was stirred, at 30° C., 
for 4 hours. The chip was then removed from the solution, 
rinsed in Millipore water and dried with compressed air. The 
product was imaged with a scanning electron microscope 
(SEM); the resulting micrographs are shown in FIGS. 10 and 10 

11. 

Example 8 

14 
were then characterized in ethanol solution or as a dried 
powder. The product was imaged with a scanning electron 
microscope (SEM); the resulting micrographs are shown in 
FIGS. 15 and 16. 

Example 11 

Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo
rosilicic acid solution (H2 SiF6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, 
by vacuum, through a 0.22 micron Millipore filter. The filtrate 
was diluted to 1.0 M with UP water. A portion of this solution 
(5 mL) was added to a1% SDS solution (5 mL) containing 
dispersed SWNT (50 mg/L). These were allowed to react in a 

Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo
rosilicic acid solution (H2 SiF 6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, 

15 plastic centrifuge tube, with stirring, at 30° C., for four hours. 
The reaction was then quenched with ethanol and centrifuged 
at 4400 rpm for 15 minutes. The supernatant liquid was dis
posed of and the solid was redispersed in ethanol. This pro
cess was repeated six times. The coated SWNTs were then 

by vacuum, through a 0.22 micron Millipore filter. The solu
tion was then diluted to 1.0 M with UP water. A sample of this 
solution (50 mL) was allowed to react with fullerenol (1 0 mg) 
in a plastic centrifuge tube. This mixture was stirred, at 30° 

20 characterized in ethanol solution or as a dried powder. The 
product was imaged with a scanning electron microscope 
(SEM); the resulting micrographs are shown in FIGS. 17 and 
18. 

C., for 3 hours. The product was then centrifuged at 4000 rpm 
for 60 minutes. The supernatant liquid was discarded. The 
product was then redispersed in ethanol by sanification. This 
process was repeated six times. The product, dispersed in 25 

ethanol, was transferred to a clean scintillation vial. A glass 
slide, which had been cleaned in a base bath, copiously rinsed 
in UP water and stored in ethanol, was placed upright in the 
scintillation vial. The solution was then allowed to evaporate 
overnight. The coated fullerenols coated the glass slide via 30 

capillary action. The product was imaged with a scanning 
electron microscope (SEM); the resulting micrograph is 
shown in FIG. 12. 

Example 12 

Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo-
rosilicic acid solution (H2 SiF6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, 
by vacuum, through a 0.22 micron Millipore filter. The filtrate 
was diluted to 1.0 M with UP water. A portion of this solution 
(3 mL) was added to a 1% sodium dodecyl sulfate (SDS) 
solution (6.25 mL) containing dispersed SWNT (40 mg/L). 
These were allowed to react in a plastic centrifuge tube, with 

Example 9 

Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo
rosilicic acid solution (H2 SiF 6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, 

35 stirring, at 30° C., for four hours. The reaction was then 
quenched with ethanol and centrifuged at 4400 rpm for 15 
minutes. The supernatant liquid was disposed of and the solid 
was redispersed in ethanol. This process was repeated six 
times. The coated SWNTs were then characterized in ethanol 

40 solution or as a dried powder. The product was imaged with a 
scanning electron microscope (SEM); the resulting micro
graphs are shown in FIGS. 19 and 20. 

by vacuum, through a 0.22 micron Millipore filter. The solu
tion was then diluted to 1.0 M with UP water. A sample of this 
solution (100 mL) was allowed to react with sodium dode
cylsulfate (SDS, 1 mL of a 1% solution) in a plastic centrifuge 
tube. This mixture was stirred, at 30° C., for 3 hours. The 
product was then centrifuged at 4000 rpm for 60 minutes. The 45 

supernatant liquid was discarded. The product was then redis
persed in ethanol by sanification. This process was repeated 
six times. The product was then dried and analyzed as a 
powder. The product was imaged with a scanning electron 
microscope (SEM); the resulting micrographs are shown in 50 

FIGS. 13 and 14. 

Example 10 

Example 13 

Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo
rosilicic acid solution (H2 SiF6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, 
by vacuum, through a 0.22 micron Millipore filter. The filtrate 
was diluted to 1.0 M with UP water. A portion of this solution 
(1 mL) was added to a1% SDS solution (6.25 mL) containing 
dispersed SWNT ( 40 mg/L ). These were allowed to react in a 
plastic centrifuge tube, with stirring, at 30° C., for four hours. 
The reaction was then quenched with ethanol and centrifuged 

Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo
rosilicic acid solution (H2 SiF 6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, 

55 at 4400 rpm for 15 minutes. The supernatant liquid was dis
posed of and the solid was redispersed in ethanol. This pro
cess was repeated six times. The coated SWNTs were then 
characterized in ethanol solution or as a dried powder. The 
product was imaged with a scanning electron microscope 

by vacuum, through a 0.22 micron Millipore filter. The filtrate 
was diluted to 1.0 M with UP water. A portion of this solution 
(100 mL) was added to a1% SDS solution (1 mL) containing 
dispersed single walled carbon nanotubes (SWNT, 50 mg/L). 
These were allowed to react in a plastic centrifuge tube, with 
stirring, at 30° C., for four hours. The reaction was then 
quenched with ethanol and centrifuged at 4400 rpm for 15 
minutes. The supernatant liquid was disposed of and the solid 65 

was redispersed in ethanol. This process was repeated six 
times. The coated single-walled carbon nanotubes (SWNTs) 

60 (SEM); the resulting micrographs are shown in FIGS. 21 and 
22. 

Example 14 

Products from Examples 12 and 13 were dried on a surface 
and selectively etched with hydrofluoric acid (1% ). They 
were then thoroughly rinsed with UP water and dried for 
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characterization. The product was imaged with a scanning 
electron microscope (SEM); the resulting micrographs are 
shown in FIGS. 23 and 24. 

Example 15 

16 
(b) depositing a layer of at least one inorganic oxide from 

the solution onto at least a portion of at least one surface 
of the dispersed fullerene at a rate equal to or greater than 
10 mn/hour, 
wherein depositing comprises utilizing a liquid phase 

deposition technique that is not a sol-gel process. 
Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo

rosilicic acid solution (H2 SiF 6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, 
by vacuum, through a 0.22 micron Millipore filter. The filtrate 
was diluted to 1.0 M with UP water. A portion of this solution 

2. The method according to claim 1, wherein the fullerene 
is selected from the group consisting of c60' c72, c84' c96' 
C108, C120, single-walled carbon nanotubes (SWNT) and 

10 multi-walled nanotubes (MWNT). 

(1 mL) was added to a 1% dodecyltrimethyl ammonium 
bromide solution (DTAB, 5 mL) containing dispersed SWNT 
(30 mg/L). These were allowed to react ina plastic centrifuge 

15 
tube, with stirring, at 30° C., for twelve hours. The reaction 
was then quenched with ethanol and centrifuged at 4400 rpm 
for 15 minutes. The supernatant liquid was disposed of and 
the solid was redispersed in ethanol. This process was 
repeated six times. The coated SWNTs were then character- 20 
ized in ethanol solution or as a dried powder. The product was 
imaged with a scanning electron microscope (SEM); the 
resulting micrographs are shown in FIGS. 25 and 26. 

Example 16 

Fumed silica (3.0 g) was added to 50 mL of3.20 M fluo
rosilicic acid solution (H2 SiF 6 : Riedel de Haen, 34% pure) 
and allowed to stir overnight. This solution was then filtered, 

25 

by vacuum, through a 0.22 micron Millipore filter. The filtrate 30 

was diluted to 1.0 M with UP water. A portion of this solution 
(1 mL) was added to a1% DTAB solution (8.33 mL) contain
ing dispersed SWNT (30 mg/L). These were allowed to react 
in a plastic centrifuge tube, with stirring, at 30° C., for fifteen 
minutes. The reaction was then quenched with ethanol and 35 

centrifliged at 4400 rpm for 15 minutes. The supernatant 
liquid was disposed of and the solid was dispersed in ethanol. 
This process was repeated six times. The coated SWNTs were 
then characterized in ethanol solution or as a dried powder. 

40 
The product was imaged with a scanning electron microscope 
(SEM); the resulting micrographs are shown in FIGS. 27 and 
28. 

3. The method according to claim 2, wherein the fullerene 
is C60 . 

4. The method according to claim 2, wherein the fullerene 
is single walled carbon nanotubes (SWNT). 

5. The method according to claim 4, wherein the single 
walled carbon nanotubes (SWNT) are present in the form of 
an aggregate or individual tubes. 

6. The method according to claim 5, wherein the aggregate 
is a rope or bnndle. 

7. The method according to claim 5, wherein the fullerene 
is an individual SWNT. 

8. The method according to claim 1, wherein the inorganic 
oxide is an oxide of silicon. 

9. The method according to claim 1, wherein the solvent is 
water. 

10. The method according to claim 1, wherein the fullerene 
is dispersed by a technique of chemical fnnctionalization or 
surfactant addition. 

11. The method according to claim 10, wherein the 
fullerene is dispersed by a technique of chemical functional
ization. 

12. The method according to claim 11, wherein the tech
nique of chemical functionalization comprises hydroxylation 
of the surface of the fullerene. 

13. The method according to claim 10, wherein the 
fullerene is dispersed by a technique of surfactant addition. 

14. The method according to claim 13, wherein the 
fullerene is single-walled carbon nanotubes (SWNT). 

15. The method according to claim 14, wherein the tech
nique of surfactant addition comprises the addition of sodium 
dodecylsulfate (SDS) to the solvent. 

Example 17 

A sample of the product from example 16 was dried on a 
surface and then quickly etched with hydrofluoric acid. After 
a defined time period, the etch was quenched in UP water. The 
etched material was then allowed to dry on a metal stub. A thin 
coated SWNT paper was formed. The product was imaged 
with a scanning electron microscope (SEM); the resulting 
micrograph is shown in FIG. 29. 

16. The method according to claim 14, wherein the tech-
45 nique of surfactant addition comprises the addition of dode

cyltrimethyl ammonium bromide to the solvent. 
17. The method according to claim 1, wherein the solution 

further comprises silica. 
18. The method according to claim 17, wherein the silica is 

50 at least partially dissolved in the solution. 

Example 18 

A sample of the product of example 16, dispersed in etha
nol was added to powdered PVP, with stirring. Once the 
solvent had evaporated, a sample of polymer with well-dis
persed coated nanotubes was obtained. 

What is claimed is: 
1. A method for making a coated fullerene, said method 

comprising: 

55 

60 

(a) dispersing a fullerene in a solvent to provide a solution 65 

comprising a dispersed fullerene that is soluble in the 
solvent; and 

19. The method according to claim 17, wherein the solution 
further comprises H2 SiF 6 . 

20. The method according to claim 1, further comprising: 
isolating the coated fullerene. 

21. The method according to claim 20, wherein isolating 
the coated fullerene comprises using any technique of cen
trifugation. 

22. The method according to claim 20, further comprising: 
redispersing the coated fullerene in a solvent to produce a 

redispersed coated fullerene. 
23. The method according to claim 22, further comprising: 
isolating the redispersed coated fullerene. 
24. The method according to claim 1, wherein the inor

ganic oxide is an insulating material. 
25. The method according to claim 1, further comprising: 
isolating the coated fullerene at equal to or less than 12 

hours after depositing the at least one inorganic oxide. 
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26. The method according to claim 1, wherein depositing 
the layer of at least one inorganic oxide comprises growing 
the at least one inorganic oxide on the at least one surface of 
the dispersed fullerene; 

wherein growth of the at least one inorganic oxide initiates 
at a plurality of nucleation sites on the surface of the 
dispersed fullerene. 

18 
34. The method according to claim 28, wherein the inor

ganic oxide comprises silica. 
35. A method for coating a fullerene with an inorganic 

oxide, said method comprising: 
dispersing a fullerene in a solvent; 

27. The method according to claim 1, wherein depositing 
the layer of at least one inorganic oxide comprises contacting 
the dispersed fullerenes with a solution comprising the inor- 10 

ganic oxide to initiate growth thereof. 

chemically functionalizing at least a surface portion of the 
fullerene to form a functionalized surface portion on the 
fullerene; and 

growing an inorganic oxide on the functionalized surface 
portion at a rate of equal to or greater than 10 nm/hour by 
a process comprising a liquid phase deposition tech
nique that is not a sol-gel process. 28. A method for making a coated fullerene, said method 

comprising: 
activating at least a surface portion of a fullerene to form an 

activated region on the fullerene; and 
growing an inorganic oxide on the activated region so as to 

at least partially coat the fullerene with the inorganic 
oxide; 
wherein growing the inorganic oxide takes place at a rate 

equal to or greater than 10 nm/hour by a process 
comprising a liquid phase deposition technique that is 
not a sol-gel process. 

29. The method according to claim 28, wherein the acti
vated region comprises one or more nucleation sites for 
growth of the inorganic oxide. 

30. The method according to claim 29, wherein the one or 
more nucleation sites are formed by hydroxylating at least a 
surface portion of the fullerene. 

36. The method according to claim 35, wherein chemically 
functionalizing at least a surface portion of the fullerene 

15 comprises reacting the surface portion of the fullerene with 
one or more reagents to generate at least one nucleation site 
for growth of the inorganic oxide. 

37. The method according to claim 36, wherein reacting the 
surface portion of the fullerene to generate at least one nucle-

20 ation site comprises hydroxylating at least a surface portion of 
the fullerene. 

25 

38. The method according to claim 35, further comprising: 
adding a surfactant to the solvent to disperse the fullerene 
therein. 

31. The method according to claim 29, wherein growing 
the inorganic oxide on the activated region comprises grow- 30 

ing one or more layers of the inorganic oxide on the surface of 
the dispersed fullerene; 

39. The method according to claim 38, wherein the surfac
tant is selected from the group consisting of sodium dodecyl
sulfate (SDS) and dodecyltrimethyl ammonium bromide. 

40. The method according to claim 35, wherein growing 
the inorganic oxide comprises contacting the fullerene with a 
solution comprising silica. 

41. The method according to claim 35, wherein growing is 
quenched when a desired thickness of the inorganic oxide is 
achieved. wherein growth of the one or more layers of the inorganic 

oxide initiates at the one or more nucleation sites on the 
surface of the dispersed fullerene. 

32. The method according to claim 31, wherein growing 
one or more layers of inorganic oxide takes place by a con
densation reaction. 

33. The method according to claim 28, wherein the 
fullerene is an individual carbon nanotube. 

42. The method according to claim 35, wherein the 
35 fullerene is an individual carbon nanotube. 

43. The method according to claim 35, wherein the 
fullerene exhibits characteristic bands in the Raman spectra 
indicative of individual tubes. 

* * * * * 


