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20 Acetylene is a common (C;H,) constituent of feedstock gases used in CVD to
form CNTs. Acetylene is usually stored in acetone (CH;COCH,;). More specifically,
acetylene gas is dissolved in acetone liquid absorbed in a porous material inside a
pressurised vessel. This means that as acetylene gas is extracted from the vessel, some
acetone gas is also usually extracted with it at the same time. In some examples, other

25  volatile hysdrocarbons are used in place of acetone for this purpose. For example,
dimethylformamide ((CH3)2NC(O)H) has been used in place of acetone.

It has been suggested to filter the feedstock gas used in CVD to form CNTs. In
the paper “Synthesis of Nanotubes via Catalytic Pyrolysis of Acetylene: a SEM Study”,
Muiller et al, Carbon Vol. 35, No. 7, pp 951-966, 1997, it is suggested to separate

30 acetylene gas from acetone gas by passage through a trap immersed in dry ice (i.e. solid
carbon dioxide (CO,)). The acetylene gas is then bubbled through concentrated
sulphuric acid (H,SO,) to remove impurities. Likewise, in the paper “Interactions between
acetylene and carbon nanotubes at 893 and 1019 K", Xu et al, Carbon Vol. 39, pp 1835-
1847, 2001, it is suggested to use pre-purified acetylene gas, which is less than 30,000

35  parts per million (ppm) acetone, and to pass this pre-purified acetylene gas through a
isopropanol (C3HgO)/dry ice trap to reduce the mole fraction of acetone, ethane (C,Hs),
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20 The present invention seeks to overcome these problems.

Summary of the invention

According to a first aspect of the present invention, there is provided a method of
25 chemical vapour deposition for forming a carbon nanomaterial, the method comprising:
filtering a supply of acetylene gas to remove a volatile hydrocarbon gas;
mixing the filtered supply of acetylene gas with a supply of the volatile
hydrocarbon gas to provide a gas mixture having a selected proportion of the volatile
hydrocarbon gas; |
30 providing the gas mixture to a chamber; and
performing chemical vapour deposition in the chamber to form the carbon
nanomaterial with use of the gas mixture.
According to a second aspect of the present invention there is provided chemical
vapour deposition apparatus for forming a carbon nanomaterial, the apparatus
35 comprising:

a filter for filtering a supply of acetylene gas to remove a volatile hydrocarbon gas;
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20 alters the conditions in which CVD takes place. For example, it has been found in a
particular case that an acetylene supply vessel provided a concentration of acetone two
orders of magnitude higher than that of acetylene when initially turned on (after a rest
period of more than a week), but two hours later provided a significantly lower acetone
concentration than acetylene concentration. The proportions of acetylene and acetone

25 delivered can also vary substantially if the supply vessel is stored in an uncontrolled
environment, such as in the open air during hot or cold weather. As a result, the
conditions in which CVD takes place are unstable, leading to a lack of repeatability and
reduced yields. The present invention addresses this by ensuring a constant proportion
of acetylene in the gas mixture used for chemical vapour deposition.

30 The filtered supply of acetylene gas and the supply of the volatile hydrocarbon
gas may additionally be mixed with a supply of another gas to provide the gas mixture
having the selected proportion of the volatile hydrocarbon. In other words, the mass
controller may mix the filtered supply of acetylene gas and the supply of the volatile
hydrocarbon gas with a supply of another gas to provide the gas mixture having the

35 selected proportion of the volatile hydrocarbon. The invention encompasses selecting the

proportion of the volatile hydrocarbon gas to be substantially zero. However, it is
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. comprising a filter comprising active carbon over which acetylene gas is passed to

remove a volatile hydrocarbon gas; and an inlet for providing the filtered acetylene gas to
a chamber so that chemical vapour deposition can be performed in the chamber to form
25 the carbon nanomaterial with use of the filtered acetylene gas.

The active carbon is usually powdered, although other forms may be used (for
example, the activated carbon may be granulated). However, powdered active carbon
has a tendency to settle. In other words, the overall volume of the powder may shrink
over time when it remains undisturbed. This can result in a space at the top of a

30 chamber in which it is housed containing no powdered active carbon, even if the chamber
was initially filled with powdered active carbon. If the chamber is arranged to allow the
gas to be filtered to flow through the chamber horizontally, this space can allow the gas to
pass through the chamber without passing over the active carbon, or at least not between
the particles of the powdered active carbon.

35 Accordingly, it is preferred that the passing of acetylene gas over active carbon

comprises passing the acetylene gas through a chamber housing powdered active
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20 forming a carbon nanomaterial, according to a preferred embodiment;

Figure 2 is a schematic illustration of a filter of the apparatus shown in Figure 1;
and
 Figures 3A and 3B illustrate the effect of the filter of the apparatus shown in
Figure 1 upon the growth of carbon nanotubes (CNTs).
25

Detailed description of preferred embodiments

Referring to Figure 1, an apparatus 1 suitable for thermal chemical vapour
deposition (TCVD) or plasma enhanced chemical vapour deposition (PECVD) comprises
30 achamber 2 housing a chuck 3 on which a substrate 4 is mounted. The chuck 3 is able
to act as a heater. The substrate 4 is provided with a metal coating that acts as a
catalyst for the growth of a carbon nanomaterial during the chemical vapour deposition
(CVD) process. In this embodiment, the substrate 4 is silicon with a nickel (Ni) coating.
At the top of the chamber 2 is a showerhead 5, which functions as a gas inlet and
35 anode. More specifically, the showerhead 5 has an inlet 6 though which it receives

feedstock gas for use in the CVD process and a plurality of outlets 7 through which the
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outlet 11 of the ac VESS
20  hydrocarbon is prowded in the vessel and acetylene gas is dissolved in the volatile

hydrocarbon under pressure so that when an outlet 11 of the acetylene supply vessel 10
is opened, a supply of acetylene gas exits the vessel. The volatile hydrocarbon in this
embodiment is acetone (CH3COCH'3). However, it may alternatively be
dimethylformamide ((CH3)2NC(O)H) or other suitable materials. The outlet 11 of the

25 acetylene supply vessel 10 is coupled to a filter 12 for filtering the supply of acetylene
gas. An outlet 13 of the filter 12 is coupled to a mass flow controller 14. A
supplementary gas supply vessel 15 also has an outlet 16 coupled to the mass flow
controller 14. The supplementary gas supply vessel 15 provides a supply of
supplementary gas. In this embodiment, the supplementary gas is the volatile

30 hydrocarbon gas (which, in this embodiment, is acetone gas). In other embodiments the
supplementary gas is a different gas and/or one or more additional supplementary gas
supply vessels provide one or more supplies pf additional supplementary gas or gases.
The additional supplementary gases may include, but are not limited to: hydrogen,
nitrogen, ammonia and helium and argon. The mass controller 14 controls the amount of

35 filtered acetylene gas and supplementary gas or gases provided to the inlet 6 of the

showerhead 5 as a feedstock gas for the CVD process. The mass controller 14in this
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filter 12 for filtering the supply of acetylene gas. An outl et 13 of the
filt .14
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an inlet 22, th cha nprises a porous nenbrane 19
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outlet 13, the chanber has anot her porous nbr ane hat a
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t he porous nmenbrane 2 e outlet 13 1s mounted I n the | ter
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17. Gas fijtered acetylene gas provided to the mass flow controller 14. The same effect is
achieved for any other volatile hydrocarbon leaving the acetylene supply vessel 10.
The filter 12 is placed on the acetylene supply vessel 10 side of the mass flow
controller 14. This ensures that the action of the vacuum pump 9 on the chamber 2 does
25 not reduce the pressure in the filter 12 to the extent that the acetone evaporates and re-
enters the gas supply. However, when the filter 12 is full, the pressure on it is reduced
deliberately in order to release the acetone.
In use, the chamber 2 of the CVD apparatus is evacuated by the vacuum pump
9. The mass flow controller 14 then allows the filtered acetylene gas and supplementary
30 gas or gases to flow into the chamber 2 in selected proportions and at a rate that allows
the vacuum lemp 9 to maintain a substantially constant pressure in the chamber 2. The
pressure can alternatively or additionally be controlled using a throttle valve (not shown).
In the case of TCVD, the switch 23 is operated such that the power supply 8
applies a voltage to the chuck 3 in order to heat the substrate 4. The potential difference
35 between the showerhead 5 and the substrate 4 causes ions and reactive species to be

transported to the substrate 4 where the growth of carbon nanotubes (CNTs) occurs.



passing fromthe inlet 22 to the outlet 13 therefore passes over the active
carbon, which has the effect of renoving volatile organic conpounds in the

gas. |In pablofoilsgdoo any acetone gas that is extracted fpefRdegianeisy! ene
supply vessel 10 with the acetyl ene gasg8i-s absorbed by the active carbon
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occurs. T striki | Lt . reduces required
oper at i ng ipSpRREn s irblidhd thdaPa BT el B fan R Bl B ot
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Mor eover . the pag0ls BEGIDCaRNE! o hASTHNTR HP)2 B8 ARS8 t he

electric field. Figures ustrate the e ering the
acet y2@neresulh phaf theosypply\af deetslehe gds frookthg asetylane bgpphheadsel 1Q@inltbei ng a

const ant Fge(agt%ElE !;QQerﬂgrit?gctﬂQéhgr%%e} @m}agﬁo{m%‘f In contrast, Figure 3B shows the
growth of CNTs when a filter 12 was employed to filter the supply of acetylene gas in the
manner described above. The yield of CNTs in Figure 3A is found to be significantly
lower than that in Figure 3B, and it is also found that more amorphous carbon is
25 deposited without the filtering process. This is due to the controlled proportion of
acetylene in the feedstock gas provided by the filtering process. The effect illustrated by
Figures 3A and 3B is even more pronounced when PECVD is used.
The described embodiments of the invention are only examples of how the
invention may be implemented. Modifications, variations and changes to the described
30 embodiments will occur to those having appropriate skills and knowledge. These
modifications, variations and changes may be made without departure from the scope of

the invention defined in the claims and its equivalents.



descri bed above. In the particular exanple shown, TCVD was enpl oyed at a
tenperature of around 600C at a pressure of 5 torr. No acetone was

i nt roducegofbfiskdse suppl ementary gas supply vessel 16. pAr&aEsvioosiset hi n
filmcatal yst of sputtered nickel was applied to the substrate to enhance
CNT growth. An additional supplenentary supply of hydrogen was provi ded and
arranged %H_I%Méhat the feedstock gas entering the chanber 2 conprised
approxi matel'y 95% hydrogen. Figure 3A shows the growh of CNTs when no
filter 12 was enployed, with the result that the supply of acetyl ene gas

chanber 2 nas. AaNer o BEFegER Y EafiekBatdol FFAMEr BRI RASS: s

when a fi Intethodiéomyasingnpl oyed to filter the supply of acetylene gas in the
manner descri b oV i f in_Fi I ound to be
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pr onouncedyavoearbBiEGa®) i s used. The descri bed enbodi nents of the invention
are only exanpl.es, I.vient i y. . he inplenented. Modifications,
vari ations andpg ﬁrgge@g;ﬁggt%agh%etgc%rér%@gggr%gdi ments will occur to those
havi ngOappr opr petfermihg themieal vagkowwlepdsjton ifiHes eharokirfto fartn tbesarbear i at i ons
and chang e 6,00 ture fromthe scope of the invention
defined i ﬁg?%&gﬁ%iwﬁq%ﬁ\é&i&%sé%qﬂl val'ents. CLAIMS 1. A nethod of chem cal
vapour deposition for formng a carbon nanonaterial, the nmethod conprising:
filtering,a su n . [ e | at.i r o). gas;
i xi ng (B2 111§ oe e SiaNet SalBRd BN el Dbl B BRI
hydr ocar béhe gppliyvtal the whatide hpdrgeasbon gaswith asupply oharsthergrae do providethe gas of
the vokat il ; i di s mxture to a chanber; and
perfo(r?J?-ri né'gH@n%&%qﬁgggﬁggggﬁogjrgﬂﬁn(c)grﬁng%tgpﬁgg%harrber to formthe carbon
nanomaterial with use of the gas m xture. 2. The nethod of claim1,

aterial w i i f
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gas of the volatile hydrocarbon gas is between 0.1% and 25% by mass.

20 4 The method of any one of the preceding claims, wherein filtering the supply of
acetylene gas comprises passing the acetylene gas over active carbon to remove the

volatile hydrocarbon gas.

5. A method of chemical vapour deposition for forming a carbon nanomaterial, the
25 method comprising passing acetylene gas over active carbon to remove a volatile

hydrocarbon gas; providing the filtered acetylene gas to a chamber; and performing

chemical vapour deposition in the chamber to form the carbon nanomaterial with use of

the filtered acetylene gas.

30 6. The method of claim 4 or claim 5, wherein the passing of acetylene gas over
active carbon comprises passing the acetylene gas through a chamber housing
powdered active carbon and pushing a wall of the chamber inwards such that the
powdered active carbon in the chamber moves to fill the entire width of a path through
which the acetylene gas passes through the chamber.

35



m xture having the sel ected proportion of acetone gas. 3. The nethod of any
one of the preceding clains, wherein the sel ected proportion of the

vol ati | e RpdomREdden gas i s between 0.1% and 25% by masscréb20fvoiBhhod of
any one of the preceding clains, whereim@filtering the supply of acetylene .
gas conprises passing the acetyl ene gas over active carbon to renove the
vol ati |l e bydrocar bo 5. A pepthod of chem cal vappur deposi.tion for
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over acti varboanbostube renove a vol atil e hydrocarbon gas; providing the
filtered acetylene gas to a chanber; and perform ng chem cal vapour ,
deposition in the chanber to formthe carbon nanonmaterial wth use of the
filtered 8cetylTbaeeffasl ofGny ofibef thetfneckdolg adimsmviderein thé solatild hydrokabenn t he
passi ng o et n r_agt] [ i assing the acetyl ene
gas th?ouéﬂgg' a&%ﬁ’ﬁ%i‘?ﬂg‘?ﬁgﬁ gor%%éﬁéo&%g%f@ﬂ@@?bﬁé&ﬂd pushing a wal | of
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cl ai ms, whpparatustchprisingmaterial is a carbon nanotube. 8. The nethod of any
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and an'inl ot 130 MetforSbAahTPEARINL PR SlnaiiereB it e GRNE 0T, 22
vapour degemssitioorran&e pedopeed inrthe dchamber e farmdnd earboo naoomatetiat vathr userof
nanonpd erh@ a‘é’irﬁiptu%se of the gas m xture. 10. The apparatus of claim9 ,
wherein the ss controller mxes the filtered supply of acetyl ene gas and
the supply of the volatile hydrocarbon gas with a supply of another gas to
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hydr ocar bon
acetylene gas and the supply of the volatile hydrocarbon gas with a supply of another gas

to provide the gas mixture having the selected proportion of the volatile hydrocarbon gas.
20
11. The apparatus of claim 9 or claim 10, wherein the selected proportion of the

volatile hydrocarbon gas is between 0.1% and 25% by mass.

12. The apparatus of any one of claims 9 to 11, wherein the filter comprises active
25  carbon over which the supply of acetylene gas is passed to remove the volatile

hydrocarbon gas.

13. Chemical vapour deposition apparatus for forming a carbon nanomaterial, the
apparatus comprising a filter comprising active carbon over which acetylene gas is

30 passed to remove a volatile hydrocarbon gas; and an inlet for providing the filtered
acetylene gas to a chamber so that chemical vapour deposition can be performed in the

chamber to form the carbon nanomaterial with use of the filtered acetylene gas.

14. The apparatus of claim 12 or claim 13, wherein the filter comprises a chamber

35 housing powdered active carbon and a wall of the chamber is arranged to push inwards



11. The apparatus of claim9 or claim 10, wherein the selected proportion
of the volatile hydrocarbon gas is between 0.1% and 25% by mass. 12. The
appar at uswghofgegdge of clains 9 to 11, wherein the fil pef/@ER0QddSs active
carbon over which the supply of acetyletie- gas is passed to renove the

vol ati |l e hydrocarbon gas. 13. Chem cal vapour deposition apparatus for
form na 2 sGal RaNnaRARABIEIcAle cdhn AARELALHSerTRARS)S Ffsthotitd LG g™ ' </ "
active cafbon over ene gas s To r'enbve s Voratil e

hydr ocar beathgamugamtichrihe ad:eiylelhe)gasppanseelthtgunglt«hefchhmbered acetylene gas to a
chanber so that chem cal vapour deposition can be perforned in the chanber
to formthe carbon nanonmaterial with use of the filtered acetyl ene gas. 14.
The appar dbus ®he epparaius2f any oherpieldifis Anbedewhereinethé inkbematedalps a saesboa
chanmbeg hggﬁétg%]pOMer ed active carbon and a wall of the chanber is
arranged to push inwardssuch that the powdered active carbon in the chanber
noves to fill the entire width of a path through which the acetyl ene gas
passes thrgugh gto 14,
wher ei n thg nagh%g PR A eorfan%%%ggﬁ}]sa%’g)%f%%re?ﬁgﬁ%ha‘ﬂé rﬁ’ fé?%%@dn any one
cl ai ns 9 wcetone (Gith&QGH) Ohdimedthydforrhamidg d(GItH2NG(O)Bs i s acet one ( CH3COCH3)
or dinmethylformamde ((CH3)2NC(OH). 17. A nethod substantially as
described with reference to the acconpanying draw ngs. 18. An apparatus
subst 4@t i 4Vl y Agnetbed silistahtially &s desosibedthwish refetehee antberapeowwmlrar aw ngs.

drawings.

18. An apparatus substantially as described with reference to the accompanying

drawings.



