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(57) Abstract: Carbon nanotubes are formed on a surface of a substrate using a plasma chemical deposition process. -After the
nanotubes have been grown, a purification step Is performed on the newly formed nanotube structures. The purification removes
graphite -and other carbon particles from the walls of the grown nanotubes and controls the thickness of the nanotube layer. The
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and evacuate the plasma process chamber as well as to stabilize the pressure with the purification plasma source gas. Accordingly,
the growth and the purification may be performed without shutting off the plasma in the plasma process chamber.
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METHOD FOR FORMING CARBON NANOTUBES

Fleld of the jnvention

The prasent invention oeneralty relates to method for forming carbon
nanotubes, and more specifically to forming purified carbon nanotubes from which
gfebhltic and carbon particles are removed using & purification process,

Pesciiption of the Related Art .
Tha carbon has four crystalline states which include diamond, graphite,
fullerana and carbon nanotubes, The carbon nanotubes exhiblt a number of

remarkable eloctrical and mechanical properties, which make them very deskrable
for use in modem elactronic davices, such as cathode-ray tubes (CRTY).

i The carbon nanotubes were originally creatad by means of an electric
arc discharge between two graphite rods. However, this technique for forming
nanotubes s not efficlent end requires & complicated post-treatment or pudfmtlon.
procedure. o

--meoarbonnammboscanbealsogn.mnon.asubatmteushga.

- plasma chemical vapor deposition, as descrbed, for example, in United States
palont 6,331,208B1, the enfire disciosuré of which is incorporated hereln by
reference. Specifically, according to the disclosed method, which wilt be referred to
hereln as a conventional method for obtaining nanotubes, carbon nanotubes are
grown on a substrate using a plasma chemical vapor deposition method at a high
plasma denslty. The conventional carbon nanotube formation technlque includes:
growing a carbon nanotube layer on a substrate to have a pradetarmined thickness
by plasma deposition; purifying the carbon nanotube layer by plasma etching; and
repeating the growth and the purification of the carbon nanotube layer. For the
purifying, a halogen-containing gas, for example, & carbon tetrafluoride gas, fiuorine
Of oxygen containing gas is used as a source gas.
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It should be noted that ecoording to the conventional method for
growing carbon nanotubas, after each nanotube growth step and before the
nanolube purificaion step, the plasma in the process chamber has 1o be tumed off
and the process chamber has to be purged and evacuated. Subsequently, the
pressureofmepumylnggasneedstobestabmzedandthoplasmanabdstobe

turned back on. The aforementioned multiple steps which need 1o be completed
after the nanotubes have been grown and before they are purified make the
conventional process for forming carbon nanotubes- unduly expensive and.time
consuming,

Accordingly, what is needed is a technique for- forming carbon
nanctubes utizing a fewer number of procass steps. |

SUMMARY OF THE INVENTION
The present invention Is directed to methoda and systems that
substantially obviate one or more of the above and other problems associated with
the conventional technique for forming carbon nanotubes. Consistent with
exemplary embodimants of the prasent invention, there are provided methods for
fbnnhgcarbonnanohxbos.

- According to the lnventive concept, & plurality of carbon nanotubes are
formed on a substrate. The nanotubes are first grown on the substrate by plasma
Wdepos!ﬁm;andthenpuﬂﬂedbypuﬂﬁeaﬁmofhegmwnearbonnanohbes
by plasma etching. The growth and the purification process are performed without
shutting off the plasma. maub:tmtanuybeomhposedofaglass.acemnb,a
wafer, a crystal, or a motal alloy. Ancther embodiment of the present invention
pmv@esa;pmeesqotfonﬁr\gcammmmtubeshwhld\camonnammsm
puritied by removing graphite using plasma so that the carbon nanotubes can be
easily grown with substantial density.

" Further improvements include coating of the substrate surface with &
catalytic material. In addition, a buffer layer may be provided between the substrate
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and the catalytic layer. During the growing, & hydrocarbon gas may be used as &
sourca gas for the plasma chemical deposition and hydrogen-containing carbon gas
may be used as an additive gas for enhancing the purification process. On the other
hand, during the purification pracess, a hydrogen-contalning gas which is the same
1o the additive gas which is used during the growing ot the carbon nanotibes can be
used as a source gas for the plasma continuously as a source gas for the plasma
etching process. The purification process plasma source gas may ba added as an
addltive 1o the saurce gas for the plasma chemical deposttion.

A density of plasma which Is utliized to perform the plasma chemical
deposition and purification may be In the range of 10" to 10%em®. In ane
embodiment of the present invantion, a plasma source which is utilized to perform
ﬂweplasmadmmaldepodﬁm.maybeaweyowmplasmsoum.mkﬂwﬂvely
coupled plasma source or a capacitively coupled source.

Additional aspects related to the invention will be eet forth in part in the
description which follows, and in part wiil be obvious from the description, or may be
leamned by practice of the invention. Aspacts of the invantion may be realized and
attalned by means of the elements and combinations particularly pointed out in-the
appended claims.

it is to be understood that both the foragoing and the following
dm@ﬁomuemnphwmdemmmwomymdmmtmtendedb&nkma
claimed invention in any manner whatsoever.
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BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in and constitute
& part of this spooification exemplify the embodiments of the present invention and,
together with the description, serve to explain and Mustrate principles of the
Inventive technique., Specifically:

Figurq 1 illustratas a cross-sectional view of an exemplary embodiment
of a substrate for use in the formation of carbon nanotubes eccording to the
Inventiva concept;

Figure 2 illustrates a cross-sectional view of an exemplary embodiment
of a substrate during the growth stage of the Inventive carbon nanotubes formation
process;

Figure 3 Hlustrates a cross-sectional view of an exemplary embodiment
of a substrate during the purification stage of the Inventive carbon nanctubes
formation process; and

Flgufe 4 Hlustrates a cross-sectional view of an exemplary embodiment
of & substrate with carbon nanotube layer formed In accordance with the inventive
process.

DETAILED DESCRIFTION
In the foliowing detafled description, reference will be made to the
accompanying drawings, in which identical functional elements are designated with.
ke numerals. The aforementioned accompanying drawings show by way -of
ilustration, and not by way of limiation, specific implementations consistent with
principles of the presamt Invention. These implementations are described in
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sutficient detall to enable those skilled in the art to practice the invention and it is to
be understood that other implementations may be utiiived and that structural
changes may be made without departing from the scope and spirt of present
invention. The following detalled description is, thersfore, not to be construed in a
limited sense.

“According to the inventive concept, carbon nanotubes arg formed on a
surface of a substrate using a plasma chemical deposition process. The material of
the substrate can be chogen 1o provide for desired mechanical and electrical
properties, such as conductivity and rigidity. In one embodiment of the-invention, the
substrate can be made of an eloctrically insulating material, euch as a glass, quartz
or coramic plate. In an alterative embodiment of the substrate can be made of a
metal alloy. Persons of skill in the art would undoubtedly appreciate that the cholce
of the subatrate material Is not essential 1o the concept of the present invention.

Reforence will now be made to Figure 1, which Hllustrates a cross-

sactional view of an examplary embodiment 100 of a substrate for use in the
" formation of carbon nanotubes according to the inventive concept. To faciitate the
formation of the carbon nanotubes thereon, the upper surface of the substrate 101
can be coated with a catalytic metal layer 103 of a predetermined thickness, as
shownhFlgufeL For example, this catalytio layer 103 may comprise one of the
transition ' group metals, Including, without limitation, nickel, cobelt and iron.
Altematively, the catalytic material 103 can comprise an alloy of one or more such
metals. Various methods for coating substrate with catalytic layers of predetermined
thicknoss are well known to persons of skill in the art. One such widely used method
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Is a sputtering deposition process. The thickness of the catalytic layer 103 may vary
in the range betweep 1nm and 100nm.

In an alternative embodiment of the invention an addlﬂonal buffer 102
layer may be dispased between the substrate and the catalytic layer-103. The buffer
layer 102 prevents the diffusion betwaen the catalytic layer 103 and the substrate
101. In one embodiment of tha Invention, the buffer layer 102 may be formed of &
metal. ' In one embodiment, the buffer layer 102 metal may be molybdenum. In an
altemative embodiment, the buffer layer 102 may be of a titanium or titanium
tungsten or titanium.nitride. In yet another embodiment, the aforementioned layer
material may comprise an alloy of titanium or titanium tungsten, ttanium nitride. The -
substrale having the aforementioned catalytic and optional buffer layers 103 and
102, respectively, is placed into a plasma process chamber, where the nanotube
layer growth is performed.

Figure 2 Hlustrates a cross-sactional view of an exemplary embodiment
200 of a substrate during the growth stage of the Inventive carbon -nanotubes
formation process. In that figure, numeral 202 designates. depasition plasma
produced by a plasma source, while numeral 201 designates the newly grown
nanotube layer. To facilitate the growth process, the substrate 100 and the amblent
gés In the plasma process chamber may be heated 1o & temperature in the range
betwoen 400°C and 600°C. In one embodiment of the present invention, the plasma
density to grow the"carbon nanotubes is in the range of 10" to 10'¥em. In one
embodiment of the invention, an inductively coupled plasma or microwave plasma
chamber capable of generating & high-density plasma is used in the nanotube .
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growing process. - The source gas for the plasma deposition 202 may be a
hydrocarbon containing gas, having & hydrogen-containing gas as additive. The
presence of the additive gas in the plasma process chamber faciiitates :the
purification of the grown nanotube structures during the purification process without .
the- purging. of the process chamber. In another embodiment of the present
invention, the plasma source may be an capactively coupled plasma device. -

In one embodiment of the prasent invention, the plasma source gas for
growing the carbon nanotubes may be one of CH; and CaH; gases, The
temperature range .of the substrate during the growing of the carbon nanowbos
ranges between 400C to 600C and the plasma gas presstire ranges between 500 to
5000 mTonr. Carbon nanotube layer is grown in the plasma proceas chamber to a
predetermined thickness. It should be noted that the aforementioned nanotube layer
thickness Is not linear with the time of growth.

After the nanotubes have been grown in the deseribad manner, the
purification step is performed on the newly formed nanotube structures. Specifically,
the purification process removes graphite and other carbon particles from the. walls
of the grown carbon nanotubes and controls the physical dimension or physical
characteristics of the carbon nanotubes. Figura 3 lustrates a cross-gectional view
of an exemplary-embodiment 300 of a substrate during the purification ‘stage of the
inventive carbon nanotubes formation procees., In that figure, numeral 301
designates purification plasrha produced by-a plasma source. In one-embodiment of
the invention, the purification Is performed with the plasma 301 at the same
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substrate temperature, For the purification process, the additive hydrogen
contalining gas is used as plasma source gas.

In ohe embodimant the additive hydrogen coritaining gas may be Hy,
NH or & fixture of He and NH. Bacause the source gas for the purification plasma
s added as'an additive to the source gas for the chemical plasma deposition, the
grown carbon nanotubes are purified by reacting with the continuous plasma which
Is sustalned in the plasma process chamber. This eliminates the need to purge-and
evacuata the plasma process chamber as well as to stabllize the pressure with the
purification gas. After the purification process, with the purification plasma, the
nanotube growth and purification steps may be repeated. Figure 4 llustrates a
cross-sectional view of an e)_templary embodiment 400 of a substrate with carbon
nanotube layer 201 grown and purified In accordance with the inventive process.

It should be also noted that to facilitate the growth of nanotubes the
catalyst layer may be optionally treated and granularized into nano size particles.
This step is parformed before the nanotubes are grown. In the granulation phase,
the substrate is exposed 1o a plasma gas which causes patteming of the catalyst
layer into nano particles. In this phase, the catalyst layer is granularised Into
muitiple round shapes and randomly spread over the buffer layer. Having round
shapednanopanid;senhamesmedemnyofmrbonnamwbemﬁmdonoaeh
catalyst particie,

In one embodiment of the present Invention, the granule size of the

catalyst particies may range from 1nm to 200nm. In one embodiment, the granule
density may be In the range of 10%cmt to 10'V/em?. In one embodiment of the
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present invention, during granulation phasae, the reaction surface of the catalyst ayer
ls Increased to a three dimenslonal surface through the round shape catalyst
particles. The three dimensional surface of the .catalyst particles enhances the
growing of the carbon nanotubes. The three dimensiona! surface of the catalyst
particles also helps in the diffusion of the carbon radical or the plasma to the catalyst
layer. This helﬁs reduce the temperature at which the carbon nano-tubes may be
formed. The substrate s theri placed in the chamber and heated to a temperature of
about 400G to 600C.

in one embodiment of the presant invention a nagative voltage blas is
applied to the substrate to improve the vertical growth of the carbon nanotubes. In
one embodiment of the present invention a negative voltage blas is applied to the
substrate during the vertical growth of the carbon nanotubes, After the carbon
nanotubes are grown, the granular particles of the catalyst layer may be on the
bottom and top of the carbon nanotubes.

It should be understood that processes and techniques. described
herein are not inherently related to any particular epparatus and may be
implemented by any suitable combination of components. Further, various types of
genoral purpose devices may be used in accordance with the teachings described
herein. it may atsolprove advantageous to construct speciafized Qpparalusto
perform the method steps described herain.

The present invention has been described in relation to particular
examples, which are intended in all respects to be Hllustrative rather than restrictive.
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Those sgkilied In the art will appreciate that many different combinations of hardware,
software, and firmware will be sultable for practicing the present invantion.

Moreover; other implementations of the invention will ba ‘apparent to
those skifled In the art from consideration of the epedification arid practice of the
invention disclosed hereln. It Is Intended that the-specification' and examples bo
considered -as exemplary only, with a true scope ‘and spirit of the invention being
indicated by the following claims.

10
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WHAT IS CLAIMED 1S:

1 . A method of forming a plurality of carbon nanotubes on a substrate
assembly comprising:

growing said plurality of carbon nanotubes by chemical deposition using a
plasma; and

purifying sald plurality of grown carbon nanotubes by etching using sald
plasma;

repeating said growing and sald purifying without shutting said plasma off.

2.  The method of claim 1, wherein said substrate assembly is formed of a
quartz,

3. . The method of claim 1, whereln sald substrato assembly Is formed of &
glass.

4.  The method of claim 1, wherein sald substrate assembly is formed of a
caramic. .

5. The method of claim 1, wherein sald substrate assembly is a wafer.

6.  The method of claim 1, whereln sald substrate assembily is formed of a
metal alioy.

7. The method of claim 1, wherein said substrate assembly comprises &
substrate and a layer of a catalytic material disposad on saki substrate,

8. The method of claim 7, wherein sald catalytic material comprises a
metal,

8. The method of claim 8, wherein sald metal s one of transition metals,

11
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10. The method of claim 7, wherein sald substrate assembly further
‘comprises a buffer layer disposed between sald substrate and sald layer of said
catalytic material. |

"11. The method of claim 1, whereln during said growing, a hydrocarbon
gas is used as a source gas for said plasma chemical deposition. -

12.  The method of claim 11, wherein said hydrocarbon gas is CHa.

13. The method of ciaim 11, wherein sald hydrocarbon gas fs CyH.

14.  The method of claim 1, wherein during sald growing, a temperature of
sald substrate assembly Is between 400°C and 600°C.

15. - The method of claim 1, wherein during sald growing, a pressure is
between 500mTorr and 5000mTorr.

16. The method of claim 1, wherein during said purifying, a hydrogen-
containing gas is used as a source gas for sald plasma etching.

17.  The method of claim 11, whetein sald hydrogen-containing gas is NHs.

18.  The method of claim 11, wherein sakd hydrogen-containing gas Is Ha.

19. The method of claim 11, wherein said hydrogen-containing gas Is a
mixture of H, and NH;.

20. The method of claim 1, wherein a microwave plasma source is used to
perform sald plasma chemical daposition.

21.  The method of claim 1, wherein an inductively coupled plasma source
is used to perform sald plasma chemical deposition.

22. The method of claim 1, whetein a capacitively coupled source Is used
to perform said plasma chemical deposition.

12
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23. The method of claim 1, wherein a source gas for sald plasma etching
Is added as an additive to a source gas for said plasma chemical deposition.

24. The method of claim 1, wherein during salid growing, sald. plurality of
carbon nanotubes are grown 1o & length of between 0.2um and 2um.

25. . The method of Claim 1, wherein a plasma danslty in the range of 10
to 10"%/cm® i used.

26. The method of Claim 1, wherein said plurality of carbon nanotubes are
grown to a diameter of between 10nm to 100nm, |

27. The method of Claim 1, wherein said plurality of carbon nanotubes are
grown at an angle between 0° to 45°,

13
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