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D anond- phase Carbon Tubes And CVD Process For Their Production This
Jnventi o'We86/268% to a nethod of di anond- phase carbon coatREIGBISMEMngat e
substrate material by use of chem cal vapour deposition (CVD) techniques.
In particular, the invention relates tojuse of CVD techniques to produce
hol | ow t ubes havi ng di anond- phase carbon i nner and outer walls (hollow

di anond tubes). D anond-phase carbon (hereinafter known as di appond) CVD is
t he depositi @amondgplasehCarbonli Fubbes AndnCVD Brogsss far Feeis F%Hd,"cE{T“g'rt ing with
gaseous precursors. Initial work in the field of CvD growth of dianond
concentrated on growh of thin filns on flat substrates. Later research has
extended the field to coating of non-planar materials (e.g. P WMy et al,
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production of l'ong | engths hollow tubes by etching is severely hanpered by

inner and outer walls (hollow diamond tubes).
Diamond-phase carbon (hereinafter known as diémond) CVD is the deposition or growth .of
diamond on a substrate material, starting with gaseous precursors. Initial work in the field of
. CVD gfowth of diamond éoncehtra'_te_d on growth of thin films on flat substrates. Later’
research has extended the .ﬂeld to coating of nqn-planar materials (e.g. P W May et al, Proc
3rd Int Symp Diamond Mater, Honolulu 1993, Prbceedings.Volume PV 93-17, ed. J P
Dismukes and K V Ravi (Electrochem Soc Pennington, NJ), P1036). Advances in the field
include fabrication of diamond-coated metal wires (e.g. Cu, Ti and W) and formatio.n of
hollow tubes of diamond by the subsequent' removal 6f the wire substrate by etching.
However, the production of long leﬁgth's hollow tubes by etching is severely hampered by

the associated difficulty in etching of lengths of fibre.

It is also known to coat SIC fibres and ceramic fibres with diamond (P W May et al ibid and
P W May et al, Journal of Materials Science Letters, 13, p247-249, 1994 respectively).
Such fibres are suitable for incorporation into composite materials required to be

substantially non-conducting.

Accordihg to this invention a method of diamond coating an elongate substrate material

having a surface pre-treated to establish diamond nucleation sites comprises the steps of:



the associated difficulty in etching of lengths of fibre. It is also known
to coat SIC fibres and ceramc fibres with dianmond (P WMay et al ibid and
P W Maywat9éaiéssJour nal of Materials Science Letters, 13, PETABIROH301994
respectively). Such res are suitable for incorporation into conposite

materials required %X non- conducting. According to this
f d| ¢‘§%1 AN el TRgstea Hsdbeh Ralifegrat eri al havi ng
nﬁ+ gh

I nvention a nethod

- [rsh di nd n ' conprises the
steps of: 2 1w nd| ng t he el ongate mat eri gﬂ! EHMQHEH Ft ially a helical
geonetry wherein the pitch of the helix is | aneter of the

a surface pre-treat
helix; 2 encapsul ation of the elongate substrate material by deposition of

di anon windirigethe | edorgyste muatdrial into substantiallpla Hwlicalhgevntetly witereithdeiites idfi on
such that growth surfaces of dianond deposited upon adj acent pitches of the
hel i x f uthe helix is lass than dhepdiametes opthedielixif

2 encapsulation of the elongate substrate material by deposnt:on of diamond on the
~ elongate substrate material by chemical vapour deposltlon such that growth surfaces of
diamond deposited upon adjacent pitches of the helix fuse su_ch as to close the pitch of

the helix and resulting in hollow diamond tubes.

Suitable elongate matenals are those matenals whlch will retaln the hehcal geometry
following preformmg Typlcally the materials are metals such as W, Cu, Mo S| which are |
known to be substantlally non-reactive within the gaseous enwr_onment of a diamond CVD
chamber. However, other materials such a_s'metals' reactive to the .diamond CVD gaseous
precursors (e.g. steel) can be suitable for the diamond CcVD pro_oéss by the deposition of a
inhibiting barrier layer on the surface of the reactive material prior to pretreatment for the
establishihg of nucleation sites. Choice of:suitable elongate material will result in the

elongate material acting as a reinforcing element within the hollow diamond tubes.

Preferably the CVD process takes place in a vacuum chamber haVing'a pressure of less
than 40 Torr, although atmospheric pressure CVD using combustion torch methods (e.g.
plasma arc jets or oxyacetylene torches) can be used in conjunction with suitable substrate
temperature control devices preventing heating of the substrate to temperatures greater

than 1000°C.

During the coating of the elongate material within the CVD chamber it is important that the
meterial is immersed uniforfnty within the reactive gases. Typically this is achieved within a

filament reactor by oositioning the filament v.ertically'and hanging the elongate material

*



‘the helix and resulting in hollow di anond tubes. Suitable elongate
materials are those materials which will retain the helical geonetry

fol | owi nwop6dLEdsni ng. Typically the materials are nmetal s BGE/SBAYOME0 Cu, M,
Si which are known to be substantially non-reactive within the gaseous
environment of a diamond QvPichanber. flowever, other materials such as
netals reactive to the di armnd CVD gaseous precursors (e.g. steel) can be
suitable for the dianond CVD process by the deposition of a inhibiting

bar ri er phralielr tooit (oh epassing aitie elonddte matenali paralelt or thel filamment férocontiubast ment
for the establishing of nucleation sites. Choice of suitable elongate

mat er i aprogksding)md!dbolts k 16-6a Q\Dgﬁfr@nrfﬁé.ﬂ‘ilén@ént.aWﬂﬁmsx% ag;;éfﬂtﬂfg Oriformily
el enent within the holl ow di anond tubes. Preferably the D process takes
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Torr), although atnospheric pressure CVD using conmbustion torch net
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achi eve
inside of filament coils of the apparatus.

Typical methods of establishing nucleation sites on the surface of the material include
abrasion with substances such as diamond grit or passing the elongate material through a
slurry of dlamond particles of approximately 1-3 X 1 0'°m Manufacture of tungsten wire by

the pulllng of hot tungsten wire through a dlamond die mherently establishes nucleation

sites.

in order to produce a free standing diamond tube according to this particular embodiment of
the invention it is necessary for the elongate material to be formed having a pitch sufficiently
large to enable uniform deposition on the entire surface of the elongate material prior to
“fusing” of growth surfaces of the deposited diamond. Thus, under suitable helical
geometries of elongate material as described below, the diamond as deposited acobrding to
thié invention will grow uniformly on any particular portion of the elongate material in such a
manner as to gradually reduce the pitch of the helix. Closure of the pitch occurs. when
growth has continued for a sufficient Ien_gth of time that eaph growth surface in the plane of
the .pitch of the helix abuts another such growth surface, resuiting in the fusing of the

diamond surfaces.

Typically for elongate material in the form of a wire the pitch of the helix woujd be greater

than twice the diameter of the wire. Where the pitch of the helix is smaller than given in the



filament reactor by positioning the filanment vertically and hanging the

el ongate materi al REPLACEMENT SHEET WO 96/ 02685

PCT/ GBO5WOM6M8R685ar al el to it (or passing the el ongate natPEAIGRISHHG8AlI | el to
the filament for continuous processing) and about 5 x 10[err]maway from
the. filament. Wthin such apparatus unp formty of di anond deposition is
achi eved nost easily for material having di nensions of |ess than 200 x
10[err]min axes nornal to the elongate axis of the material (e.g. dianeter

axi s forabowd efitefibn, theh hite irpémabivally 6fcthe tibad@ha@ sdriens 6f 8xN6sad RRsHgaf)
mat eri al havi ng di nensions greater than 200 x 10[err] m and can be overcone

by the pesbhidlont RISH nedussamy!fof pfudummfrhdnbﬁ didthiontEtuBes of i P0éntion! tFL]@t of

t he apparatus. Typical nethods of establishing nucleation sites on
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grit or passmg el ongate material through a slurry. o
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be apparent to one of ordinary skill in the art that particular iriner-an_d outer diameters and
wall thickness of hollow diamond tubes produced in a manner according to this embodiment
of the invention will be dependent upon the pitch of the helix of elongate material. It will also
be. apparent to one skilled in the art that production of free standing hollow diamond tubes in
this manner will obviate the need for removal of substrate material by etching as described

by the prior art with the advantage of providing reinforcement within the_ diamond tube.

It will be obvious to the person skilled in therart that tubes of this inventibn could be uséd as
lightweight structural components hévirig good thermal conduction or altemativély as

coolant passages for small scale devices.

The invention will now be described by way of example only.

A suitably pretreated elongate substrate material, e.g. tungsten, is wound around a stiff
cylindrical former. Suitable formers include ancther length of tungsten or a iength of SiC
fibre. Suitable former diameters are within the range 10 to 200 x 10°m. Following winding
of the elongate material, relaxation of the means for winding the elongate material allows the

resultant coil to be removed easily from the former.

The elongate material in the form of a helix is then arranged within a standard hot filament
_ reactbr for deposition of diamond by CVD. For coating of a static elongate material it is

necessary that the material is aranged to be held tautly and firmly within the CVD chamber.



‘the pulling of hot tungsten wire through a dianond die inherently

establ i shes nucleation sites. In order to produce a free standi nsg di anond
A ube accoV®i%§2688 t hi spartieular enbodinent of the i nvent PEFGBS91£80
necessary for the el ongat#s SREET iHAls dekp\p¢ fornmed having a pitch
sufficiently large to |gnabl REmidompn deggsition on the entire surface of
the el ongate material prror—to—Fusrg—of growth surfaces of the deposited
di anond. Thus, under suitable helical geonetries-of elongate material as
descri bed bel ow, the dianond as deposited according to this invention will
grow uni fTbisn¢an ba achieved rhyi mwnmgnftthamlmatmma@rwgmbe weightedadr springeich a
manner as to gradually reduce the pitch of the helix. Cosure of the pitch
occurs M&ﬂﬁ‘eefowth has continued for a sufficient length of time that each
grow h surface in the plane of the pitch - of the helix abuts another such
growm h surface, resulting in the fusing of the dianond surfaces. Typically
for elongate material in the formof a wire the pitch of the helix would be
greater than twice the dianeter of the wire. Wiere the pitch of the helix

I's smal | 9held\AH dHaiBEr Ishdrlly a vacuum chamber suitable for operation at a few tens of

Torrs. Forms of activation other than thermal include electrical discharge, radio frequency
or microwave plasma, focused laser beams and combustion. Typical gas mixtures include
hydrocarbons in an excess of hydrogen. Examples of suitable hydrocarbons include
methane, acetone, acetylene and ethanol, usualiy at a ratio of about 1% hydrocarbon to
99% hydrogen. Optionally other gases are included for improvement of growth rates.'
Suitable additives include oxygen or CF,. it is also possible to add B_Cla to the gas mixture

for p-doping of the resultant diamond grown according to these standard CVD processes.

The elongate material is heated to a suitable temperature, typically above 700'C. This is
usually performed by an independent heater unit or alternatively from a gas activation

source (e.g. radiative heating from a plasma or filament).

Growth rates vary according to the power input. Typical growth rates are about 1-4 x 10°m
per hour, but 100kW microwave systems are quoted as capable of growth rates of 50-100 x
10°m per hour. It will be apparent to one skilled in the art that the growth rate will also be
dependent on a number of factors concerning the particular CVD process employed.
However, with a vacuum chamber pressure of 20 Torr of gaseous flow of 200 sccem of
hydrogen and 2 sccm of methane, heating of a_tantalum filament to approximately 2000'C.
and tungsten wire elongate material to approximately 900'C, and maintenance of a typical
gap of 5 x 10°m between the filament and the elongate material the resultant growth rate of
1 x 10°m per hour is achieved.
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4 above criterion, then the internal walls of the tube wll have portions
of expod@9IeNWRYate material. It is al so necessary for prBEEBPYHOHF hol | ow
.di anond tubes of i i he pitch of the elongate material be

| ess than the di afeteis HHEFTHARBEEN |pfg t he el ongate material . This ensures
that a hollow tubg i s pREBLACEDr at helf than an enclosed tube. It will be
apparent to one of ordinary SKilt in the art that particular inner and
outer dilamsters and wall thickness of hollow dia Itm'ﬂelmﬂﬂﬂm din a
manner according to this enbodi mrent of the inventhl I dent upon
the pitch of the helix of elongate material. It will %l'$o Be &pparent to
one skilled in the art that production of free standing holl ow di anond

tubes i LAl ReffRE"Gf dﬂnltdénoo RykiHeE ahNElIoRGSAE. §6Hstr5€emﬁ"/§t'i%riét? L%a?)gi&slté dLRace

material by etching as described by the prior art wtl antage of
provi di ng greiredted teaRabishididmdhd fRicationsitkd dovipfised ihetdps gte obvious to the

person skilled in the art that tubes of this invention could be used as
l'i ght wei ght @t r uckivding the ralshgats materdi ito galbstanitiafly WBhelicaNgotrhéts) whérein
alternatively as cool ant passages for small scal e devi ces.

the pitch of the helix is less than the diameter of the helix, and

(i) encapsulation of the elongate substrate ma_terial_by deposition of diamond on
the elongate  substrate materia| by chemical 'vapour deposition such that
growth surfaces of diamond deposited upon adjacent pitches of the helix fuse'

such as to close the pitch of the helix and 're_sultin in hollow diamond tubes.

2 A method according to claim 1 wherein the elongéte material is selected from a

group comprising tungsten, copper, rr;olybdenum and silicon.
3 A method according to claim 1 wherein the elongate material is reactive with
diamond chemical vapour deposition precursors, and has an inhibiting barrier layer

deposited on its outer surface.

4 A method according to any of the claims 1 to 3 wherein the elongate material is

substantially circular cross-section wire. '

5 A method according to claim 4 wherein the pitch of the helix is greater than twice the

diameter of the wire.

6 A hollow diamond tube produced according to the method of claim 1.

This Sheet Has Been Reﬂlaced

LR



*The invention will now be described by way of exanple only. A suitably
‘pretreated el ongate substrate material, e:ig. tungsten, is wound around a
;stiff cylindrical former. Suitable formers include another |ength of
tungsten or a length of SIC fibre. Suitaple former dianmeters are within the
range 10 to 200 x 10[err]m Follow ng w nding of the elongate material,
rel axation of the neans for winding the elongate material allows the
resultant coil to be renoved easily fromthe former. The el ongate nateri al
inthe formof a helix is then arranged within a standard hot fil anent
reactor for deposition of dianond by CVD. For coating of a static elongate
mat eri al 4 twindingethe siongatd meteridhintosubstantialiya helicah geometry vhereih dhé pitth vf
and firmy within the CVD chanber. 5 necessary that the material is
arranged t ¢hédhelicisdessathiah theadidnfetendfyhewhelixi n t he CVD chanber. This can be
achieved by arranging for the elongate material to be wei ghted or
spri ng- | @cangapsulation of the elongate substrate material by deposition of diamond on the
elongate substrate material by chemical vapour deposition such that growth surfaces of
diamond deposited upon adjacent pitches of the helix fuse such as to close the pitch of

the helix and resuiting in hollow diamond tubes.

Suitable elongate materials are those materials which will retain the helical geometry
following preforming. Typically the materials are metals such as W, Cu, Mo, Si which are
known to be sﬁbstantially non-reactive within the gaseous environment of a diamond CVD
chamber. However, other materials such gs metals reactive to the diamond CVD gaseous
precursors (e.g. steel) can be suitable for the diamond CVD process by the deposition of a
inhibiting barrier layer on the surface of the reactive material prior to pretreatment for the
establishing of nucleation sites. Choice of suitable elongate material will result in the

elongate material acting as a reinforcing element within the hollow diamond tubes.

| Preferably the CVD process takes place in a vacuum chamber having a pressure of less
than 5320 Pascals (40 Tom), alﬁough atmospheric pressure CVD using combustion torch
methods (e.g. plasma arc jets or oxyacetylene torches) can be used in conjunction with
suitable substrate temperature cohtrol devices preventing heating of the substrate _to

temperatures greater than 1000°C.

During the coating of the elongate material within the CVD chamber it is important that the
material is immersed uniformly within the reactive gases. Typically this is achieved within a

flament reactor by positioning the filament vertically and hanging the elongate material
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“The CVD chanber is normally a vacuum chanber suitable for-operatidn at a *
‘few thousand Pascals Forns of activation-other than thermal include

.el ectrical discharge, radio frequency or mjciowave plasma, focused |aser
‘beans and conbustion. Typical gas nixtureg‘include hydr ocarbons in an

excess of hydrogen. Exanples of suitabl e hydrocarbons include nethane,
acetone, acetylene and ethanol, usually at a ratio of about 1% hydrocarbon

to 99% hydrogen. Optionally other gases are included for inprovenent of

growth r atﬁfﬁs]%{* UARY ther GRktbiiacR &ﬁeﬂwt&&gﬁaadogaﬁ“and tﬁnfﬂ?aﬁtﬁ@ gD e

to add BC o the gas mxture for p-doping o e resu I anon

grown acchginb@r.t Thisd'esrtbé aehideéd by \dranbgTes te enshgatelrﬁaﬁﬁéﬁorw Welghted or
heated to a suitable tenperature, typically above 700" C. This is usually

per f or med shiingdoddedependent heater unit or alternatively froma gas
activation source (e.g. radiative heating froma plasma or filanent).
Gowh rates vary according to the power input. Typical growth rates are
about 1-4 x 10[err]m per hour, but 100kW m crowave systens are quoted as
capable of growth rates of 50-100 x 10[err]m per hour. It will be apparent
to one skilled in the art that the growh rate will also be dependent on a
nunber of ThaeddViD chambeeismomaliyha vasuuiohambeslitahie for opeeatipha@t edfew thousand

Pascals Forms of activation other than thermal include electrical discharge, radio

frequency or microwave plasma, focused laser beams and combustion. Typical gas

mixtures include hydrocarbon_s in an excess pf hydrogen..“ ) __E;ample; qf_ suitable
N _--t;;f;focarbons include methéﬁe, acetone, acetylene and ethanol, usually at a ratio"of about
1% hydrocarbon to 99% hydrogen. Optionally other gases are included for improvement of -
growth rates. Suitable additives include oxygen or CF,. It is also possible to add BCl; to the

gas mixture for p-doping of the resultant diamond grown according to these standard CVD

processes.

The elongate material is heated to a suitable temperature, typically above 700'C. This is
usually performed by an independent heater unit or aitenatively from a gas activation

source (e.g. radiative heating from a plasma dr filament).

Growth rates vary according to the power input. Typical growth rates are about 1-4 x 10°m
per hour, but 100kW microwave systems are quoted as capable of growth rates of 50-100
X 1'0'°m per hour. It will be apparent to one skilled in the art that the growth rate will also be
dependent on a number of factors conceming the particular CVD process employed.
However, with a vacuum chamber pressure of 2660 Pascals (20 Torr) of gaseous flow of
200 sccm of hydrogen and 2 sccm of methane, heating of a tantalum filament to |
approximately 2000'C and tungsten wire elongate material to approximately 900'C, and
maintenance of a typical gap of 5 x 10°m between the filament and the elongate material
the resultant growth rate of 1 x 10°°m per hour is achieved.
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‘However, w th a vacuum chanber pressure of 2660 Pascals (20 Torr) of
“gaseous flow of 200 sccm of hydrogen and 2: sccm of nethane, heating of a
tantalumfilanment to approxi mately 2000' C and tungsten wire elongate
‘material to approximtely 900'C, and nmi ngenance of a typical gap of 5 x
10[ err] m between the filanment and the el ongate material the resultant
gromh rate of 1 x 10[err]m per hour is achieved.

CLAI M5. 1cpaet hod of dianond coating an el ongate sub ' ' avi ng
a surface pretreated to establish diamond nucl eati on %Emmﬂ“mﬁmﬁ&'mhe
steps of: (i) wi nding the el ongate material into su | W o helical
geonetry wherein the pitch of the helix is |l ess than the dianmeter of the

hel i x, i | at i t h t bstrate . jal b
dgplo)s(i t?g f):AI éygnﬁagoafog}ém%ﬁdo rt]:ogtigng a?l 20?189% gugs%ra%e rr%at%ngP ea\r/iln(é1 a gurface

pretreated to establish diamond nucleation sites comprises the steps of:
() winding the elongate material into substantially a helical geometry wherein
the pitch of the helix is less than the diameter of the helix, and
(it) encapsulation of the elongate substrate material by deposition of diamond
on the elongate substrate material by chemical vapour deposition such that |
growth surfaces of diamond deposited upon 'adjacant pitches of the helix
fuse such as to close the pitch of the helix and resulﬁhé-ir; hollow diamond

tubes.

2 A method according to claim 1 wherein the elongéte material is selected from a

group comprising tungsten, copper, molybdenum and silicon.

3 . A method according to claim 1 wherein the elongate material is reactive with
diamond chemical vapour 'd'eposition precursors, and has an inhibiting barrier layer

deposited on its outer surface.

4 A method according to any of the claims 1 to 3 wherein the elongate material is

substantially circular cross-section wire.

-

5 A method according to claim 4 wherein the pitch of the helix is greater than twice

the diameter of the wire.

REPLACEMENT SHEET

11 JUN 1996

AMENDED SHEET |
IPEA/EP




bn the el angate substrate material by chemical vapour deposi t/gese
jrowt h surfaces_of di anond deposited upon adjacent pitches of§

jfuse such as BCd ose the HPWW%HWERXW% fing in AMPHS

di anond '
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