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METHOD FOR GROWING MONOCRYSTALLINE DIAMONDS Field of
the invention 5 The invention relates to growing mono-crystalline
diamonds. In particular, the invention relates to growing diamonds by
chemical vapour deposition (CVD) processes. Background of the
invention 10 Poly-crystalline, as well as mono-crystalline, diamond has
been grown using variety of CVD techniques. Poly- crystalline diamond, in
spite of haviniSiiHitar propeieSWasthofiNoyRiaHirreLdiaNiondSAMONGY A
potential material 15 for new applications. For example, thermal

co dlé ti(y!t%gf {l_‘hhe pcil ;;:gﬁé@l(l)i% diamo_nd still does not surpass thermal
coné&gbw%ﬁa%raééiammaeﬁ Indeed, in poly-crystalline diamond, the
20 grain boundaries inhibit exhibition of superior properties unique to
diampend; beeatisedhegrainthoundarigs act ag seatiering gentres fore
Phanans ihreby, deterioraling, termal and aiherroperiep, 108 <o growing
presence o0 T’arge an%?e as well ad small angle grain boundaries are a

m&jers% BfsviRaEkGh HppficdtiorRRsT ol eRREIfHe BiaMofd. WHaeesses -

there is a clear preference for using mono- crystalline diamonds in

apgléqggi&ggurpgngf:rﬁ;glIig_]gvgiﬁgko&qb are difficult to grow with the

same texture, 30 clarity, purity and finish as natural diamond. Although,

mono-crystalline diamond has superior properties compared, to ,

PO SRS arhbha: mictodeomic AR TRACHSEESHIG raphie htpmond has

nob<graphjtic nclusions;y feathees: (fong limendefectshargieary aemimen in

CvD rown mono - 2 cr stglline diamond. A% ahresult, the Potelntial of y

CVD gSrO\?vn n%cr)lr?o-c%yas SEBF didmSid e sé ‘élsnaggés’mmqluaﬁy propetties
as mono-crystalline diamonds, is not a potential material

for new applications.

For example, thermal conductivity of the poly-crystalline
diamond still does not surpass thermal conductivity of
natural diamond. Indeed, in poly-crystalline diamond, the
grain boundaries inhibit exhibition of superior properties
unique to diamond because the grain boundaries act as
scattering centres for phonons thereby deteriorating
thermal and other properties. The presence of large angle
as well as small angle grain boundaries are a major

drawback in applications of poly-crystalline diamond.

While there is a clear preference for using mono-
crystalline diamonds in applications, mono-crystalline
diamonds are difficult to grow with the same texture,
clarity, purity and finish as natural diamond. Although,
mono—-crystalline diamond has superior properties compared
to poly-crystalline diamond, microscopic and macroscopic
graphitic and non-graphitic inclusions, feathers (long

line defects) are very common in CVD grown mono-
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product is diminished. 5 Detailed characterization of defects in
mono-crystalline CVD grown diamond by Raman spectroscopy and X-ray
diffraction (XRD) reveals that the defects comprise graphitic regions
having a size in the range of submicrons and several microns in
otherwise mono-crystalline diamond. 10 Anether difficulty in growing
mono crgstalli,ne CVD diamond _is the growth rates. Although the growth

rateS BF 70100 fnitrbHa PE! hdli afe poSiblerwith Sd8itbhRoF hittogeh 6VP
CVir gasesydub defegts atesprevatendandgenerally defeet Exdensigm quality

increaso?s with the growth r te(.j1 For example, Derwent abstract of
JaPanssEPubiitation - AUMB&~ TP 07277890 discloses a method for

synthesizing diamond for use as semi-conductor, electronic or optical 20

copponents or yse.n cuting tools, Specifically, the method disdlosed in |,
IPO7277850 ifvoives growing diamond in the presence of gas Containing

nitwgengm @wnatic ioimauitrdg ey t& hydrogen<of BrtoskBOdypmddrxXentaining
oxygen in a.ratio of oxygento ¢ r? n og; tot]}g)OW&é increase 25 growth

rat%%. A%éacgwtn}coa pélper yji(%\ﬁe%t. gl.%Pl%kS, leOcto%%rcgaof,omo ]9596
no926.r12523<12526) disclbsesiamethed oe produciagmonschftallifenicrons

diamond, by, microwave, plasma, 30 ghemical.yanouy deppsitip {MF n%v'g)i amond..

at growth rates in the range of 50 to 150 microns per hour. The metho
involves a CVD process carried out at 150 torr and involves adding

nitragen;to CVID gases te pravide a 35 ratioof nifrogepto.methanecafdl 19: amond
g

5% N2/CH4. Yan et. al. - 3 believe that nitrogen in the stated ratio
enh&ndeSgIdniH Hatebecausk b availdbfe giowthksites &eé chdatdd 100

microns per hour are possible with addition of nitrogen to
CVD gases, but defects are prevalent and generally defect

density increases with the growth rate.

For example, Derwent abstract of Japanese publication
number JP 07277890 discloses a method for synthesizing
diamond for use as semi-conductor, electronic or optical
components or use in cutting tools. Specifically, the
method disclosed in JP 07277890 involves growing diamond
in the presence of gas containing nitrogen in a ratio of
nitrogen to hydrogen of 3 to 1000 ppm or containing oxygen
in a ratio of oxygen to carbon of 3 to 100% to increase

growth rates.

A technical paper by Yan et. al. (PNAS, 1 October 2002,
Vol. 99, no. 20, 12523-12525) discloses a method or
producing mono-crystalline diamond by microwave plasma
chemical vapour deposition (MPCVD) at growth rates in the

range of 50 to 150 microns per hour.

The method involves a CVD process carried out at 150 torr
and involves adding nitrogen to CVD gases to provide a

ratio of nitrogen to methane of 1 to 5% N,/CHy;. Yan et. al.
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This is believed to be a result of causing growth to change from <111>

crystal planes to <100> crystal planes. 5 The importance of nitrogen

content in CVD gases is recognised in United States patent 5,015,494
(Yamazaki) which teaches a method of growing diamond with customized
properties for dedicated applications. 10 ¥amazaki discloses forming

diamond by electron cyclotron resonance CVD and discloses adding
nitiogiehdu < prevent rattice glefects fronegrowing dynartue obexternat ®r growth

internal stress: » Nirogen s agddediin giratigof 1erittegenscgmpound gasg .

to %%rbon-.cor%p und gas gf O% to 5%. Thcla res%ltant diamond hastah N
nitrogen concentrafion of 0.01°% T witds: Additionaliy "y amazakicdisclosss

a refairaipent omadd 2o boror Yastorhe GVD gases Pformberoal prlanes.
nitride which deposits on a substrate to improve adhesion to the

sutﬁlt(reate of formed diamond, Nitr%%en acc%rding EOnYé{}Ift' al. and .

mportance Oof, NNitrogen 'contents, ases 1s
Yamazakl,]?s > required for two purposes. Specifically, nltrggen IS used

to ERITATEE GrRWtH Tates bf €V B gfdWwi nidiic:Erystallthe diatfiorid anaiek 1)
prexent lattices defestsainnelectroh cyclotron resomancect¥ Dwgrowncustomized

mqnoserystalline digmond  30,Summary of the inyeation Itis an object of

the present invention to provide a CVD "process for growing
mono-crystalline diamonds substantially free of defects. 35 The
applcantshavel tariedseut ektensiveexiperimentab workorttherrolevthapt ron

nitkogenRlayeinc@¥Dprecessesiiobe4 adding nitrogen to “prevent
lattice defects from growing by virtue of external or
internal stress”. Nitrogen is added in a ratio of
nitrogen—-compound gas to carbon-compound gas of 0.1 to 5%.
The resultant diamond has a nitrogen concentration of 0.01

to 1 wt%.

Additionally, Yamazaki discloses a requirement to add
boron gas to the CVD gases to form boron nitride which
deposits on a substrate to improve adhesion to the

substrate of formed diamond.

Nitrogen, according to Yan et. al. and Yamazaki, is
required for two purposes. Specifically, nitrogen is used
to enhance growth rates of CVD grown mono-crystalline
diamond and to prevent lattice defects in electron

cyclotron resonance CVD grown mono-crystalline diamond.

Summary of the invention

It is an object of the present invention to provide a CVD
process for growing mono-crystalline diamonds

substantially free of defects.

The applicants have carried out extensive experimental

work on the role that nitrogen plays in CVD processes for
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growing mono-crystalline diamond. The experimental work has

surprisingly found that using nitrogen in quantities proposed in Yan et. al.
and Yamazaki results in growing diamonds that exhibit nitrogen-based
defects. The 5 experimental work has also found that only very small
amounts of nitrogen gas in CVD gases-wifl result in substantially

defect-free mono-crystalline diamonds of very high quality that is useful
forggerms. and theamoumns tof hittoge rddetecomihe dihethexapplicaptstte bevork

beﬂ%féci@lulﬁ%rfsqmii@e@elydas%@@ the nitrogen tacarhonfatidant ities
disclosed in &/amaz? I. S%;Eecific?lly, thg ap Iicanlf have fo#r%d that CVD
ga5és*containing more than réfatively small amdlnts of nirogen 157 7eslit ™9
in diamontdseitg fornrethwith hitrdderchased merRBicksfintheé diahhénd
crysigl strugttie a They dREUsions £ompriseaggregates andthe platelats, ofi
nitroIgen gtoms Owingto the differe.nced'{}]pond length. %tween .
amounts, Oof mit¥ogen S 1 ) asés?wi result _in
nitrogen-carbon an cargon-cgﬁ)on, the'includions 20 operate as defects,

such' 88 phbhoA SERtETHG Eentrés StHRPEY dirvifisAihG the elédricads of
optieal andimeachanidadlt propestiesi of thedammed mong=erystallihethe amount

diamong. e form of the inclusions ishelieved 1q pe dependentondn.ricial
the concentrafion of nitrogen in the CVD gases. Additionally, the ,
appiicante RavE ot that, HithobgRa Félatively SRR amGuit ot Hittogétt - ©

is regairéd sthere rmistizezakleast some nitrogen present in the CVD

gases to 30 increase growth rate and advantageously prevent graphitic

o eﬁé%ﬁsff{’é@&”%m d %“0580? gposited bMé‘v%VP%%ﬁ?&e% 'thSé{% gases
proviae a metho orming mono- crystalline diamon Yy

chéemitat Vapogr dspusitiors the 85 aitetlied Cofptisingrheistegs of (A trogen

pravding at least oppchamead sgedormed with nitrogen-based
inclusions in the diamond crystal structure. The
inclusions comprise aggregates and the platelets of
nitrogen atoms. Owing to the difference in bond length
between nitrogen—-carbon and carbon-carbon, the inclusions
operate as defects, such as phonon scattering centres,

thereby diminishing the electrical, optical and mechanical

properties of the formed mono-crystalline diamond.

The form of the inclusions is believed to be dependent on

the concentration of nitrogen in the CVD gases.

Additionally, the applicants have found that, although a
relatively small amount of nitrogen is required, there
must be at least some nitrogen present in the CVD gases to
increase growth rate and advantageously prevent graphitic

inclusions forming in diamond deposited by a CVD process.
The invention provides a method of forming mono-
crystalline diamond by chemical vapour deposition, the

method comprising the steps of:

(a) providing at least one diamond seed;
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-5 (b) exposing the seed to conditions for growing diamond by chemical
vapour deposition, including supplying reaction gases that include a
carbon- containing gas for growing diamond and include a
nitrogen-containing gas; and (c) controlling the quantity of
nitrogen-containing gas relative to other §ases in the reaction gases 10
such that diamond is caused to grow by step- growth. The applicants have
found that using relatively small quantities of nitrogen gas in CVD gases

caysg the growth. 13 mechapiam obdiamond-ioRe 8 steRrgrthg rowing
mechanism, in which a Igy%r of q%amond aving an eg%e, defined by a
Sl 9s Bt i

step, grows at tHe-6dge as aront. THis Growtt mechaniens diftera from g 2119

layer-growth megharisinithat iy picabsf TS prédess antrthatither carbon-
applicants found-terrestls fiogn 38 wtikising selatively highguantitiesdfinclude a

nitrogen in CVDn%%ses. J@gc@gggfr%srtlalhne dlarg%rgjgs grown by the

step-growth mec anism with the quantlt%sgéafsn'itrogen detailed in the 25
application are free of microscopic and macroscopic graphitic inclusions
and defects thataretassociatesl wik grosh of diantond by tayen-growtie ining

most notably nit%nfgﬁgﬁqwh‘@o%%hoésra (5%%% dia}(n%%'s gronwn by, gases

step- growth mechanism have enhanced optical, electrical and 30
mechanical propeHids ESmbarEr i diambndS Yrow by otheP EVAy Step-

processes. Theremnustbe at least some nitrogen included in the CVD
gases to avoid graphitic inclusions forming in the grown 35 diamond.

Prefgrably, the quantity, of nitroden;qontaining gas NS .t ively small
quantities of nitrogen gas in CVD gases cause the growth
mechanism of diamond to be a step-growth mechanism, in
which a layer of diamond having an edge, defined by a
step, grows at the edge as a front. This growth mechanism
differs from a layer—-growth mechanism that is typical of
CVD process and that the applicants found to result from
utilising relatively high quantities of nitrogen in CVD

gases.

The mono crystalline diamonds grown by the step-growth
mechanism with the quantities of nitrogen detailed in the
application are free of microscopic and macroscopic
graphitic inclusions and defects that are associated with
growth of diamond by layer—-growth, most notably nitrogen-
based inclusions. As a result, diamonds grown by step-
growth mechanism have enhanced optical, electrical and
mechanical properties compared to diamonds grown by other

CVD processes.
There must be at least some nitrogen included in the CVD
gases to avoid graphitic inclusions forming in the grown

diamond.

Preferably, the quantity of nitrogen-containing gas in the
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-6 CVD gases is in the range of 0.001 to 0.02 volo. Preferably, the
nitrogen-containing gas is selected from any one or more of the following
group: N2 in hydrogen, N2 5 in oxygen, N2 in helium or N2 in nitrous
oxide. Preferably, chemical vapour deposition conditions comprise
maintaining the seed at a temperature in therange of 750 to 1200C. 10
Preferably, the chemical vapour deposition conditions comprise
mainainirg e Seediat & pressang i the rangeé loftl?Mto0L6d mbar. 15
Preferably, the carbon-containing gas comprises methane. Preferably,

the reactions gases comprise helium and/or, hydrogen. 20 Preferably,
Ao R b e e R e el
andREcarswitty hydiogenlin tihe réadtionsigasest Peeferdblylthevedeaeisn, N
gases areyifidhe fallowingn2s relative-quantities; Thednethane20-80 sccm,
hydrogen 300- 800 sccm, nitrogen 0.0005- 0.2 sccm, oxygen 1-10 sccm

The invention also provides a mono-crystalline diamond of gem quality ,
forRfeRffinatebitaricestititthe MRRUH o RBOMVERRSH. B0 Preterably, trgrrise
methaddh isscharactetised byqtoduciag gemp epatityrdiamondscBrielhge of 750
descriptioppfthe drawings 35 A preferred embodiment of the invention

will now be described, by way of example only, with reference to the - 7 -

Preferably, the chemical vapour deposition conditions
comprise maintaining the seed at a pressure in the range
of 120 to 160 mbar.

Preferably, the carbon-containing gas comprises methane.

Preferably, the reactions gases comprise helium and/or

hydrogen.

Preferably, chemical wvapour deposition occurs in the
presence of microwave plasma and occurs with hydrogen in

the reactions gases.

Preferably, the reaction gases are in the following
relative quantities: The methane 20-80 sccm, hydrogen 300-
800 sccm, nitrogen 0.0005- 0.2 sccm, oxygen 1-10 sccm

The invention also provides a mono-crystalline diamond of
gem quality formed in accordance with the method of the

invention.

Preferably, the method is characterised by producing gem

quality diamonds.

Brief description of the drawings

A preferred embodiment of the invention will now be

described, by way of example only, with reference to the
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accompanying drawings, in which: Figure 1 is a Fourier transform infra-red
(FTIR) spectrum of diamond deposited in a CVD process utilising
nitrogen 5 in the CVD gases in the range of 0.0002 to 0.002 %. Figure 2
is an FTIR spectrum of diamond deposited in a CVD process utilising
nitrogen in the CVD gases in the range- of 0:02 to 2.0 %. 10 Figure 3 is a
photoluminescence spectrum of diamond deposited in a CVD process in
aceagrdance withrtbe dingentiars and utiliding mitrogen in the CVD gases in
the range of 0.0002 to 0.002 vol%. 15 Figures 4 to 6 are scanning

electron microscope images of diamond grown in a CVD pr
UG B 0398 Pifoge e BEcrHAEE S thE MAVSHEH afer wifgecErum
stepfgrdivthon didepad 126 Figures 7l 8aee optical miticgraphsiét rogen
diamond sleposited kea GVD precessiiiising nitrogeninttheC\¥D2gases
in the amounts of 0.0005 vol% and 0.0008 vol% respectively. The Optical
micrographs also show the step 25 growth mechanism of the growth of
didMehtE FigureS mharf dpficat RTiEfograptP 6f disATtrfdésoied igca 1n & CVD
CMUD process witiising hittogeitindbe C\ID galses @vtheyaseunt of O1R012ange
vol%e ihageordance with the invention. 30 Detailed description of an
embodiment A method of growing mono-crystalline diamond in
accordance with the invention involves a CVD process that utilises 35
mi¢rowave plasmaaDianedrdl isigrownaema substeatercomprising amond
diamendiseedi in a CVD process in accordance with the
invention and utilising nitrogen in the CVD gases in the

range of 0.0002 to 0.002 vol%.

Figures 4 to 6 are scanning electron microscope images of
diamond grown in a CVD process including 0.03% nitrogen in
accordance with the invention and showing step—-growth of

diamond.

Figures 7 and 8 are optical micrographs of diamond
deposited in a CVD process utilising nitrogen in the CVD
gases in the amounts of 0.0005 vol% and 0.0008 vol%
respectively. The Optical micrographs also show the step

growth mechanism of the growth of diamond.
Figure 9 is an optical micrograph of diamond deposited in
a CVD process utilising nitrogen in the CVD gases in the

amount of 0.0012 vol% in accordance with the invention.

Detailed description of an embodiment

A method of growing mono-crystalline diamond in accordance
with the invention involves a CVD process that utilises

microwave plasma.

Diamond is grown on a substrate comprising a diamond seed
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- 8 that may vary in size between 3 x 3mm and 5 x 5mm. The method is
carried out in a microwave plasma chamber. Depending on the size of the
chamber, multiple seeds may be used to grow diamond during a single

run of the 5 invention. The crystallographic orientation of the seeds is
determined and seeds having an orientatidn-other than (100) are

rejected. Seeds having an orientation of (100) 10 are polished to optical
finishatithmeoughaess ohthelgrdebeadfeemicrén in prepazatibrbfox then@VDrhe

progesac.Qnee the seedsiarglocatedinihe champer g Jemperaiie. r .

ins]'5 e thedc.hamber i%ilncreased fr%m mbielglt rtf%m@eraturft 151to A _oq
températire'i tiie range &F 750 0 1 and e pressire inside the”“° MY
ch&abepiretoced ®vapregsurd inlihé range of 120 fo 180 nidart The
chambenisisupplied with gases for growing diamond and 20 the gases
comprise methane (CH4), hydrogen (H2), nitrogen (N2), and helium (He)

and are passed through the chamber at a gas flow rate of 30 1/hr.

HoWevePihé Fittdgeir §as rfayC beé Hefidéreeothe Ehgmbreds 1s
combirationiwith exyyes: chyrdrageri agd helivmi2m Nittagen gasisr than

SURRliSehin g quantiy thal eomprises Q000740 8,007 yaie 9L N8035 100)

for growing diamond. An electrical field is applied to surround the seeds

suélt Ba°thht pREtha R Jétetad ffom e gises in theLHamTer® The'e order

electrical fieldris generated hyreetmagnetron opeeatifigdo ab600@ ¥¢att and at

2.45 GHz. The generated electrical field causes the hydrogen gas to

ionise, thereby forming plasma in the vicinity of the diamond seeds.

Unos Thelsa 35 Biotbsd SanditoRS amon 1S cAUSEN 6 grow on frgPerature
inside the chamber is increased from ambient temperature
to a temperature in the range of 750 to 1200°C and the
pressure inside the chamber is reduced to a pressure in

the range of 120 to 160 mbar.

The chamber is supplied with gases for growing diamond and
the gases comprise methane (CH,), hydrogen (Hy), nitrogen
(N2), and helium (He) and are passed through the chamber at
a gas flow rate of 30 1/hr. However, the nitrogen gas may
be delivered to the chamber in combination with oxygen,

hydrogen and helium

Nitrogen gas is supplied in a gquantity that comprises

0.0002 to 0.002 vol% of the gases for growing diamond.

An electrical field is applied to surround the seeds such
that plasma is generated from the gases in the chamber.
The electrical field is generated by a magnetron operating
at 6000 Watt and at 2.45 GHz. The generated electrical
field causes the hydrogen gas to ionise, thereby forming
plasma in the vicinity of the diamond seeds. Under these
process conditions, diamond is caused to grow on the

diamond seeds.
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diamond seeds. - 9 The growth pattern of diamond, as shown in Figures
3to 5, is step-wise and therefore enables diamond to grow that is
substantially defect and impurity free. 5 By way of comparison, the same
process conditions were used with the supply of nitrogen being altered to
comprise 0.02 to 2 volo of the supplied gases, i.e. nitrogen comprises at
least ten times the amount of nitrogen supplied in accordance with the

inventowrIETIR ahakysis af satiples islusetstostietermine thégures 3 to 5,
concensration.andbending ek pitreges in saptples. JhedshiR spegtradf that is
samples rogvPaiT laccg(redfnce with the invention ?ndein accordance with

the"Atsr6a hittSgen’ sUpply are 15 Shownih Figures Stand 2, respectively.

The FTIR spectrum (Figure 1) of the diamonds grown in accordance with

thesipvaatonshows deminait, C-Chmodesat pkPi-em1 2028 eabhandere

2160 gm :Jsin{ne,two Rhonon region, 20,e nieresling resylb however,,. o
is that no nitrogen relate ahds are observed in the FT spectrum of

thesel samples. TREFTIR SpEtttiiPiRidare 2Psisamples gréwh Withe?s
nitrogreprn $hes rangelefa3:.02 te 2% shew ciéar antbstrong Signaturegeaot

thesniyogen gentres in. e safmples Speciically, jatensg bands related to
nitrogen centres are evident at 478 cm1, 1014 cml1, 1175 cm 1, 1280

cm-1 and 1370 cm-1 along with the C-C bands at 1978 cm1, 2026 cm -1
30EhER B8rdme i1 The intenswbands: of nitregehdn dve- samples the

corgsRQN 10:'A 300seaRies n B Rggredales angdplatelet sconfigurationse FTIR
of nitogen detaled helow, along with single atom substitution of pitogen o,
and in accordance with the altered nitrogen supply are

shown in Figures 1 and 2, respectively.

The FTIR spectrum (Figure 1) of the diamonds grown in
accordance with the invention shows dominant C-C modes at
1978 cm™?, 2026 cm® and 2160 cm* in the two phonon region.
The interesting result, however, is that no nitrogen
related bands are observed in the FTIR spectrum of these

samples.

The FTIR spectrum (Figure 2) of samples grown with
nitrogen in the range of 0.02 to 2% show clear and strong
signatures of the nitrogen centres in the samples.
Specifically, intense bands related to nitrogen centres
are evident at 478 cmﬂ, 1014 cmﬂ, 1175 cmﬂ, 1280 cm ! and
1370 cm™? along with the C-C bands at 1978 cm', 2026 cm*’
and 2160 cm'. The intense bands of nitrogen in the samples
correspond to “A” aggregates, “B” aggregates and platelet
configurations of nitrogen detailed below, along with

single atom substitution of nitrogen for carbon:

¢ Single atom substitution:
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FTIR spectra exist at 1130 and 1350 cm-1 and EPR gives a "g" value of
2.0024 for this centre. These peaks do not appear in FTIR for samples 5
produced in accordance with the invention. C ¢ "A" aggregate: (C 10
480-490 cm-1 and 1282 cm-1 are the chafacteristic peaks of A-aggregate

in FTIR. These peaks are evident in Figure 2 for samples produced with
concentrations of nitrogen greater than for the invention. 15 "B"
aggitegatéral &cROr10H0ical pEEIG crrl BRdR 19540 185<cm st ape thiel 30
charagteristig peaks of B-aggregate i ETIR spectraof diamonghtiseo, 1hig
believed to consist of 4 / 8 nitrogen atoms in pair with carbon atoms.

Thesa peaks afdevidentink Figlve 296r sampies prodiiééRwithr samples

congcenirations of 25 nitrogen, geeater thapfar the jpyentign. N3 Centre: C
CCCC-NNNVec. 30-11 N3centreis not FTIR active and,

accordingly, does not appear in Figures 1 and 2. However, N3 centres

show a c C
e Y“A" aggregate: ‘

C—N—N—"=C

C C

480-490 cm* and 1282 cm ! are the characteristic peaks of
A-aggregate in FTIR. These peaks are evident in Figure 2
for samples produced with concentrations of nitrogen

greater than for the invention.

C

C
< ‘ C
\N%‘C N /
N €N
/‘ | S
4 C
C
C C

e “B"” aggregate:

1010 cm™t, 1096 cm* and 1175 to 1185 cm' are the
characteristic peaks of B-aggregate in FTIR spectra of
diamond. It is believed to consist of 4 / 8 nitrogen atoms
in pair with carbon atoms. These peaks are evident in
Figure 2 for samples produced with concentrations of

nitrogen greater than for the invention.

® N3 Centre: : : ‘ ‘
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sharp band at 415 nm in photoluminescence (PL) and UV spectroscopy.
This centre consists of three nitrogen atom 5 surrounding a vacancy (V).
Platelets: Platelets consist of one or two extra atomic layers 10 inserted in
the diamond lattice. The nature of the platelets is still be analyzed in

detail in diamond lattice. However, the fdct that the corresponding IR

band is observed only in diamonds containing an appreciable. amount of
nittogefi Stiggeststhal plateietedtithints ﬁiﬂ%geﬁ?&r‘?& Protably covsist “ot
eithgigpartly on entirply «f nitregen. The positioreef, the platetet peak vateda
from 1354-1384 cm-1 from sample to sample. This variation of position is
attFIBGHR (59R8 sTbcaPHBIIRY ofthe’ BRIt THeuctd o thg U7
crystad byrthe doand 201B-aggregates defestss Theqitesemee=ohtherplatetetat om
ab%%?ﬂg“}{ﬂ%ateg A-gg%rrtlagate tart to diffuse to form B-aggregates.
The p atefet peaE posi‘ﬂon is invers ly correlated to platelet size.
Accordingly, the presence of platelets at 1370 cm-1 is a strong indication
that the size 25 of the platelets is large. From the results described above
we can condiude that in the samples grown with the flow rates of nitrogen

in the range 0.02% to 2 % the nitrogen is present in the form of 30 A-,

B-aggregates and platelets. Photoluminescence spectroscopy was
perioFmad ohsanibles rodicat witha mifgen gas o Bro 00037 °
0.002sv0l%ed 12n Thaspettroscopylresulisare Shawn #t Bigere 8 arite

Sh%‘%a@%?‘és_t%t 3124%9?933?-%‘%3%5%@%“28 rrespond to:N-V; and (N V)

centres of nitrogen. Accordingly, the samples produced In accordance

withahé imentidnwese ot nittogehsfree,that the corresponding IR band
is observed only in diamonds containing an appreciable
amount of nitrogen suggests that platelet contain
nitrogen, and probably consist either partly or entirely
of nitrogen. The position of the platelet peak varied from
1354-1384 cm ' from sample to sample. This variation of
position is attributed to the susceptibility of the
platelets to strain induced into the crystal by the A and
B-aggregates defects. The presence of the platelet
absorption indicates A-aggregates start to diffuse to form
B-aggregates. The platelet peak position is inversely
correlated to platelet size. Accordingly, the presence of
platelets at 1370 cm ' is a strong indication that the size

of the platelets is large.

From the results described above we can conclude that in
the samples grown with the flow rates of nitrogen in the

range 0.02% to 2 % the nitrogen is present in the form of

A-, B-aggregates and platelets.

Photoluminescence spectroscopy was performed on samples

produced with a nitrogen gas flow of 0.0002 to 0.002 vol%.



5 but have substantially less nitrogen centre defects than result from

using relatively high concentrations of nitrogen in CVD gas in accordance

with Yamazaki. Scanning electron microscopy of samples grown at

nitrogen 10 concentrations in the range according to the invention are

shown in images in Figures 4 and S. Fhelifnages are taken in the range

of magnification 500-5000 and the step-wise growth of diamond. is evident

frof the &rfalck Gt diiiviond Sshiovih fir the Shales s Figlte 4 id tREY Shov
image kEa sample of diamap. growin with <. 036 flowpeimitregem inthend  (N-

flow of the CVD gases. Steps in the growing crystal are evident in_Figure
4 e SEBLTHE (6 THES BOG Which 08 LG GrominGi <8 Broduced

acdordance withrthe invertionh&€he sueface onorphelogytof rthersammae—free,

sample is evident.in Figure 5.in which the high density of the growth step
is C (Lalz!:irhl;1 evident. %Sg@%% eahlsg% 0 ﬁwsesgr%%/v ﬁos?éepns (%)I{? 1fhteréeur e?ceec():f% a Bhan
25sample gfownm withimitrogen #owsir agcordamce avithetiter mviention ¢st

alsp.qvidentn Fiowee . These arawih sigps e present e in e screw
dislocation observed in the crysta?growt process of a namber of
materials and are a clear signature that the diamond in accordance with

esdd vengon pYstemLArgs il L heipsofdinigeations g, WiN 8t rogen
step growth mechanism. Selecting a relatively small quantity of nitrogen in
CVP»negngasdsionsurés thdiehe poasy awrquality of tie diamonvgntion are
maingined; Selection Of arefatiygly.small gyantfy of uitrogen also, e taken
causes diamond growth in a step-wise manner, i.e. with a layer of

diahforid'RaviRg &h edgethal §iovrsas Sta fiRt détitedhfa Shep. Thep-—wise
OCEUFENGE OfSIER-YHEWH 15 evident from the surface of diamond

shown in the images.

Figure 4 is the image of a sample of diamond grown with
0.03 % flow of nitrogen in the flow of the CVD gases.
Steps in the growing crystal are evident in Figure 4. The
steps are the lines along which the diamond grows in
accordance with the invention. The surface morphology of
the same sample is evident in Figure 5 in which the high

density of the growth steps is clearly evident.

A high density of the growth steps on the surface of a
sample grown with nitrogen flow in accordance with the
invention is also evident in Figure 6. These growth steps
are present due to the screw dislocation observed in the
crystal growth process of a number of materials and are a
clear signature that the diamond in accordance with the
invention system grows with the help of dislocations and

with a step growth mechanism.

Selecting a relatively small quantity of nitrogen in CVD
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Is evident in Figures 4 to 6. In the circumstances that less than 0.001 volo
nitrogen is present in CVD gases, diamond grows with graphitic 10

inclusions that detrimentally affect properties of the diamond. For

example, Figures 7 and 8 show graphitic (dark) inclusions in CVD grown
diamond with 0.0005 volo and 15 0.0008l\ole nitrogen respectively. In

each of Figures 7 and 8, steps in the layers of diamond are irregular and
defeetiee and are delieved ta-be theicause effthieagraphitic in€lusionsd2@mond

In gantyast €Y Drdigmondigrewndn gas including:0.0012, vl nitrageniRity of
accardance with_the invention ir&clud%sno{e ular teguidistant %g sandis

SUBSTARIAN frée 6F graphific inchisions'as SROwN in Figurs oo ¢+ 5¢ manner,

belleved thdtsueh kiainond fesliisran SeVDgroeess ftduding 59rows as
0.001rvale or raremirogsn w GYBgasrhepegiticallye this thseskaldp—growth

volume of. r&jtrogen is EIoelieved to b% es%ential to cause the diamond
Is evident® 1 Tgrures 4-to . .
growth with steps clear of impurity and defects. 30 A concentration of

nitrogen higher than 0.02 voi% in the gas phase results in A- and
B-aggregatesianduplateletseforming inlthe diamandd addresulifh nitrogen is

migrpseopic and MAcroscopic graphiticiaclysions. [yeh inclusions and
35 defects adversely affect the properties of the formed diamond. - 14

TheRtepigreuith rmadfarmisi® hBREvEr 1 advartagestisBethuss il the

lessisuseeptible to incorporating defects and inclusions in the formed
diamond, with the result that formed diamond is substantially free of
defEects and

or example, Figures 7 and 8 show graphitic (dark)
inclusions in CVD grown diamond with 0.0005 vol% and
0.0008 vol% nitrogen respectively. 1In each of Figures 7
and 8, steps in the layers of diamond are irregular and
defective and are believed to be the cause of the

graphitic inclusions.

In contrast, CVD diamond grown in gas including 0.0012
vol% nitrogen in accordance with the invention includes
regular equidistant steps and is substantially free of
graphitic inclusions as shown in Figure 9. It is believed
that such diamond results from a CVD process including

0.001 vol% or more nitrogen in CVD gas.

Specifically, this threshold volume of nitrogen is
believed to be essential to cause the diamond growth with

steps clear of impurity and defects.

A concentration of nitrogen higher than 0.02 vol% in

the gas phase results in A- and B-aggregates and platelets
forming in the diamonds and result in microscopic and
macroscopic graphitic inclusions. Such inclusions and
defects adversely affect the properties of the formed

diamond.
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5 inclusions. Such formed diamond is gem quality and has superior

electrical, optical and mechanical properties compared to other forms of

diamond grown by CVD and properties that approach the properties of

natural diamond. 10 Reference to any prior art in the specification is not,

and should not be taken as, an acknowleddgment or any form of

suggestion that this prior art forms part of the common general

knd\Wwkedgedp Austratia onany athemcountrye 8 Manmsmadificatians: may

bewaade ta-thegpreferied.embodiraent; of theresentdpyentionias; defects

descr(ijped aqove,without d%glartigg fronétc?f, s%irit nd scope thhe f that

présent invention: 20 It will be understood that'the terfi"comprises©6rits ~ ¢

grararatidaldiaiapisiag asedlirs thig spedificationeand tlamsds eguivatent

to theders i iciudesi endis netto dedaken as exghidingtheipresence at s

Oﬂgﬁggyyg¥;%&g§€¥%@§9§'optical and mechanical properties
compared to other forms of diamond grown by CVD and
properties that approach the properties of natural

diamond.

Reference to any prior art in the specification is not,
and should not be taken as, an acknowledgment or any form
of suggestion that this prior art forms part of the common

general knowledge in Australia or any other country.

Many modifications may be made to the preferred embodiment
of the present invention as described above without
departing from the spirit and scope of the present

invention.

It will be understood that the term “comprises” or its
grammatical variants as used in this specification and
claims is equivalent to the term “includes” and is not to
be taken as excluding the presence of other features or

elements.



