WO 2010/ 149777PCT/ EP2010/ 059081 1 METHOD FOR MAKI NG FANCY ORANGE COLOURED
SI NGLE CRYSTAL CVD DI AMOND AND PRODUCT OBTAI NED This invention relates to a
met hod ofwomkiomgea7f ancy orange single crystal di anond watrampe@lb/ obyst
post-grow h treatnment of a dianond materjal that has been 5 grown by a CVD
(chem cal vapour deposition) process, and to CVD single crystal dianond
material which is fancy orange in colour. The term "fancy-col oured di anond"
i s a wekrHas rablvrshee @eny taraseE CoagwHED s MALENCREYSAAL SCVIPS BTAMOD rA2{De PRAIYICT
unusualostaizmer ed di anonds. A useful history and 10 background to the

gradi ng of fancy col oured di anond genstones, including the use of Minsell
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di anonds nwiEmbnd inmdtedduisy positgrowthargateent béa dinimonuh@atbraimingt ersebéaown
in the prior art. For exanple, EP0615954A and EPO0316856A descri be
i rradi aPi o9rOWNHYA kMDY (ChEmifsnPRer Sepasitign} Rrogesel ad ok ViBLSiRgier crystal

neutron beam BHqﬁﬁé{blli tLhich iggn%gtg%@é%}r{a&?gwi al s and isol ated vacanci es)

in the crystal. ereafter the di rys is annealed in a prescribed
tenperature range to formcol our centres. Neither of these 20publications

di scl oses ange dianond nmateri.al. Another publicati on describjng. the

or et on Jer ey o e e Gidgioadngs 8l Srabigae Sain s PiEes Bt
Luni nescengpig R ulahndhbieh 10 BlBeACLORUAY RiAGHAAS T A TRKRI Chistory/ 4k
42, 1979. That publication simlarly describes the 25 steps of formng
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| t t L atti def ects to.conbi ith ni {
contai neq tedtdninsrlion & died dVertonRaid BRalr b e & maRavokal S0,
mat eri al | Nd.W,SQQHRbEQ@DLM). 30US 2004/ 0175499 (Twitchen et al) describes
t

a nethod starting w a col oured CVD di anond, usually brown or near-brown,
and applying a prescribed heat treatnent to produce another and desirable

ctrongthe_ PerCERE st BISGER Ao R Fafifp b GarbE Thade By iRl

2010/ 14577 ¢BloUr EEEMiSY 05808k diaraghdnarefl khd@nspethte Wrioef alr oMor sexeghgle,
crystal CVD di anmond can be altered by anneal ing, with concurrent changes in

the Raman SPERROIR‘AAN ERASTESRE8SEIPY Keadidisy ¢ N aljsediemanddpaterial
observed at,;RIGH ol QURS, %@é@%@é pé@ﬁoﬁ *b%%p?‘fc?fdrﬁﬂl‘é‘tt‘ic%ddé@c%' {iferdtiGIsCAPUr
of brown natural dianond. Significant col our changes
isolated vacancies) in the crystal. Thereafter the diamond crystal is annealed in a
prescribed temperature range to form colour centres. Neither of these
20  publications discloses orange diamond material.

Another publication describing the formation of fancy coloured diamond material
is “Optical Absorption and Luminescence” by John Walker in “Reports on
Progress in Physics”, Volume 42, 1979. That publication similarly describes the
25 steps of forming lattice defects in crystals by electron beam irradiation, and if
necessary annealing to cause the lattice defects to combine with nitrogen atoms
contained in the crystals. There is no disclosure of orange diamond material in

this publication.

30 US 2004/0175499 (Twitchen et al) describes a method starting with a coloured
CVD diamond, usually brown or near-brown, and applying a prescribed heat
treatment to produce another and desirable colour in the diamond. The prior art
reference notes that the relative strengths of the absorption bands in the visible



5 are said to be achieved by annealing at atnospheric pressure in an inert
at nosphere at tenperatures of 1600C or |ess. One exanpl e describes a grown
CVD di anowd 2povi4stved into a round brilliant of 0.51 car aCTieradions®sgr aded
as light brown. After annealing at 1700 C for 24 hours it was graded as

| i ght orangi sh pink. Another exanple describes a grown CVD di anond slice
whi ch had an 10 orange brown col our, and after annealing this col our
beconmes col ourless. A further exanple describes a grown CVD di anond | ayer
pol i shed i ngGiof drapbadiittaim eHbréRNEIRNE Pstdt BYE arhendvehRIbd altereadsy
fancy dark orangey brown colour. After annealing at 1600C for four hours
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fancy oranq Iour can be |ntrodUﬁFd |nto synt het nDnd mat eri a
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material, and then annealing that isolated-vacancy-containing CVD
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e | ow terrpera ure anne east ~sone hoSe™ 1'sol vacanci s are

converted iGWD disrnang polisieedinto a robed Gvillladt afrosd carbiethadwasngtatibatastligat
vacancy chai ns are responsi bl e for the fercelved fancy orange col our of the

di anond matEPWEy After Ainedliag als|ld effot ké Noues dnvas gidd 8 I@hbw«m%
met hod of nhJRREY ) cREAPAS d%gpﬁtt@é 'ac?%d. \ﬂnggdggmm%nc%' whﬁéhen

conprising: (I') providing a single crys mat erial that een
grown B9 ao@lﬁgq)rbmwescdomr ra{w aft[aNahneehra@rihlsacolour Ibesemelsacoléumxpﬂa Ai)
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([\/] +[V-]) in the irradiated dianmond naterial is at t egreater of
(a) 0.5 pprrawd qagurS0%ter gimeeatingat t OO GMoe dauke hoves (fos biegomes arfane

pr ovi ded 17 P2010/ 059081 3 di anond material, and (iii)
anneal i ng trﬁsx%%?ﬁgoé”é%ﬁi g?%glg material at a tenperature of at | east 700C
and at 1gost 900C for a period of at |east 2 hours, optionally at |east 4
hours, optionally at |east 8 hours thereby form ng vacancy chains from at

| east sone We haive fPHRE derice iPnwoPranes G\%«Hrﬁﬂr\eﬁe igrogieeddnieysyhetie CMD st
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concentration of isolated vacanci es [ VT] ([M + [V]) greatef than 0.5

ppm | n respansiv e dofi thernegcewed)mqygoraagm@quﬁwéme diamangl materidl.at i on and
anneal i gg 20steps are carried out so as to reduce the concentration of
i sol at vacancies, [VT] to a concentration of < 0.3 ppm Fancy orange

col oured dlmmmdsp@ét&sﬂtaé preskntbiyvémpnnirohieiésac aritithd of tr@ktrfgefarnbgesne@mgs
i nvention nmay be used as genstones. Ot her applications, for exanple 25use
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"irradi ated di anond”,
([VO] +[V]in the |rrad|ated diamond material is at least the greater of (a) 0.5 ppm

and (b) 50% higher than the [Ns] concentration in ppm in the provided CVD



di anond material after the irradiation and annealing step is referred to as
the WD 2010/ 149777PCT/ EP2010/ 059081 4 "treated di anond naterial" or as the

"irradi atwod 2andi4arineal ed di anond material”. Steps (i) t®@CTiEP2)10059081
enbodi nents of nethods of the present invention, describing the dianond
material at each stage of the nethod are illustrated in the flow di agram of

Figure 1. 5 The provided CVD di anond matgrial in the nethod of the present
invention has a [ NM concentration (that is a concentration of neutral
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particularly at concentrations greater than 0.3 ppm but the skl | 1 ed person

wi || reeognize that the observation of colour is related to both the

concentrat ',%Q{]&gfdm%]té th@ehr&péépg{blt cﬁ%%‘ iR ?(%{ghcé %%rﬂtﬁlgﬂn& |Sl)fatéos

al so known e presence ow concéntrations trogen I n
growt h envivaocaneies [Van=al¥Yct [Vipimaelireadiatbdcdizeeorid atdtenalol ot least mleé ect s

R
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br own col ogHaN BRI S558ta V] ciiartironn if f RESSaE bR Ao aral
concent r at ixgyvedi Q]'ddn‘é@ﬁﬂaﬁér% Hﬂtt@uﬁrotvﬂie‘é)‘ OV'[ﬁdFérrchﬁ’foatna@ﬁ%ﬂCBleﬁ 0. @ES to
pi eces cut or proauced fromlayers of si n? e crystal CVD dianond. |t
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f ur t her mor @PKh PV MikigIuN h@Nﬁ)D the eemeandration mfriseatadnyacandigsoMr] COQ[\Mr’atl on

col ourat i ot ohoahE fAd RBREN e R biRE ARG R bl hlch iR AP iRnarntio 20
di anonds rragngoi] abneantRstionbinopirhiiehd prekaded GVP ddrsendtmateriahemideathat wilhe
grown CVD dianond material that are not found in the absoB}r)Ttlon spectra of

natural di &8HHIN Bvyaleader the coRrenteliass of isgirtrEntcaseigst i mo(lVrlom[V])
non- di amn%rﬁ?gp%nz@%g?pﬁ_bl e wth an infrared excitation source (e.g. 785

nm or 1064 °n 9777PCT/ EP2010/ 059081 5 which is not observed for
br own natural di am)nd. Further it is known that t hese col our centres in
nat ur al nond mat neal gt a d|fferentt H’gerature to those jn CVD
di amond mat'érstoﬁne em o men s according to the invention irradiation and annealing

20 steps are carried out so as to reduce the concentration of isolated vacancies, [V1]

to a concentration of < 0.3 ppm.

Fancy orange coloured diamond material made by the method according to the
present invention may be used as gemstones. Other applications, for example
25 use as a colour filter or cutting tool for example a scalpel are also envisaged.

The diamond material that is provided by step (i) of the method is referred to in
this specification as the “provided diamond”. The step of actually growing the
CVD diamond material may or may not form part of the method of embodiments
30 of the invention. Providing a CVD diamond material may simply mean, for
example, selecting a pre-grown CVD diamond material. The diamond material
after irradiation step (i) is referred to as the “irradiated diamond”, and the
diamond material after the irradiation and annealing step is referred to as the



5t is believed that sone of the colour centres contributing to the brown
col ouration seen in CVD synthetic dianond grown in processes in which | ow
concent r avoaney/@p77mi t rogen are introduced relate to | ocacir@pdoidiosyospti on of
t he di anond bonding within the single crystal CVD di anond. The exact nature
of the defects is not fully understood, but the use of electron
paramagnetic resonance (EPR) and optical 410 absorption spectroscopy

t echni ques have been used to study the nature of the defects and inprove
our under Stﬁ‘é‘é‘t’eﬂgd|§ﬁ%ﬂﬁhﬁbterﬁh%r@@ﬁ@“ﬂ@a&%t@ﬁnd"ahh@gl%ﬂ difmboha rabMaI"CVD
synt hetic di anond material can be evidenced by | ooking at absorption
spectra f orStep@ (iytowii) ciprhadimedtnet metkods ahtheapeasest inventionedesaiing r a

gi ves sone the.r of di of 15
defect pr eé@‘%dd gr%)p@prlnggqnaépaéc%ﬁns}/a&eoafg% rla%ogym%é[qsgragéirﬁ)ﬁ@g eri al
gr own vmthdggrgﬁg@frnr.gqa;ad to the synthesis environment shows a peak at
about 270 nm which s generated by the presence of neutral single
substitftional nitrogen (Ns) atoms in the dianond lattice. Additionally
peaks have r r

corres ponleﬁ]%eé}ogmﬁ (Y\?Bzcgém% B(L:ff' at%?%lai'ﬁgb gﬁ ?@fg IBCCR)a{.hd u%%&g%‘%n@l%gas @

syntheti c dNgiroodcerttationathatamed donceheation of ae@toalmgle@ubsmupbnalthgers a
ri sing background of the formc x A3 has beﬁg observed,

constant af®ectPklesndNaRPdIRtAgeRHionAY|ess Hienng Ppran, &Ht'ﬁﬁ?¥'3¥\1;93§&8ﬁ@|3rﬁ)%be by
its peak a i 0,

absorpti ontogﬁéglwlﬁséﬁlarﬁlbgﬂ)erﬁ g/%tl\f/der%"%q}é%é ma}ﬁ?g?ﬁ.?ﬁ??@@fﬂ@%?&%ﬂ? s in
25t he WDsi I3\éD pdiamoof mbterad)emaay wary \ahccrldlngs tay e AL ]woncaeiralhnredamd) thever
t he wavel engt h range to70n i s the corrbl n of fe res
v dent 1 n ANy, BAGNER S8R oMol RemARA SsoRE b EEoWam bfS KHEWEVBoaISrbnd
material, 'de‘Pecté ajhenhse s Clﬁﬂb&b@éﬂbO?eFIdwt BSlovittioR Qnto?’Qilé)rﬂbth?nétéﬁal
spectrum (b) the 350 nm peak, (c) the 510 nm peak and (d) the ranp
feature, t particuargeat mécgr@hr@t@nsegrwrotherbﬂ 3 perdi butoihe sitied ingrsemavilhar e

dopea. v SRS Bl haeRiathor Coult. S eliEa Yy Reid el oo 414 7E"

not seep lmhé/\@pﬂéEIQJalhl%bYﬂPfﬁFbﬁg’a@H@b%&ﬂw B id BeoakWNPthiadthespreskn e of

nat ural di anonds, nor in_ the absorption spectra of other synthetic

di amonds, fikg |@&aﬁ?@ﬁ@”§%ﬁﬂ%9f altqunm 8 arkoidgrewth gavirgpaehksanialiest the
EP615954A reat PHE a n t he an
the Ns def é]c%'t sret Eﬁg con @aﬁ'tgé H} Cftﬂ ;Eé;%@%%ﬁ eéreeétco(riﬁg)r%?é h@ \B/I g;\}[?
part of thesyﬁtmmecdleumndmmm@naleanahe aﬂasmusls&@terlmivgro&s temel Bﬁﬁ airrleasilo nm
and ranp features, wll be referred to collectively def
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material's sorption spectra. Wthout bin e invention in any way, it
i s thought nnatatlalt heAIhaneawrernemltfe tded:aicmlatel@he exqneesirbtien fasr Nsherer dowe

col ourati on [8"% Laz%t ed to the presence of nulti-vacancy clusters
(each cl ust%| \98 of tens of vacancies e.g. 30 or 40 vacanci es or

nore) that are grown- |n under large gromh rates, concomtant with the
addition of nitrogen to the plasma to a hydrogen / methane (H2/CH4) source

gas. Such df @stf@ughtaltf@attm@rcpmlourycarmt&%\mzet @qmrlmtﬁ foethechtpret cotpusatian of

har oA 16100 AAHa)S BRRLF (. 0/eBhE% Bt it eogfRBhS B hirddon dr AU

(ni trogen- W@@Wc%lmb)dlaiﬁbﬁdt or t&@bc% eutredproducedl frorh 1ages ofgthgle
hydr ogen and a mi ssing carbon atom be partially responsible for the
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treat ment.

absor pt 1 on 65 EPRFERGHIHEPHBIRRRESS dfele e WEENoRRbuiiflo any

mat eri al ameoweIolduratiord observeanid riataral Hiaraepe tiecaaty the pefantslin thd €3D t han
2 cml_and 0.8 cm 1 respecti endi ng on the net hod of nuf act ure,
2nd 't héD[ NS RRh cRIPRaL sive Pielar DaG o NPT RHO aPRr e A1S St
provi ded OVl ERIRHa BRI thae R hot TUAPYS 1RE Cisdiitnt Sobdips R ERapn
may typically appear colourless, near colourless, or yellow or brown wth
weak to nediamosat uiketieooe Gor 4nig COINgS |fnogrmtRamanmmmgg°erelsm-mam@'rd and

L* are discu sed n de ater .in this. 30 s ecifi atl

concent r at T oPRVBPE IR eE il ek BSiiice) G244, AmiBE b hamy
limts any yell ow col ouration of the dianond naterlal For certain

enbodi ments according to the invention the absorption coefficient at 350 nm
and 510 nmare less than 3 cm1 and 1 cm 1 respectively, optionally |ess
than MD 2010/149777PCT/EP2010/059081 7 2 cn}l and 0 8 cn}l respectlvely,

o o o Y Y - o, " o o o o Y .



5nitrogen in the source gas. According to different enbodi nents of nethods
according to the present invention, the provided CVD di anond nay or may not
contai n N8O 2Wvene777t does contain Ns, the concentrati onpafi/HpbiMops®sent in
the synthetic CvD dianond 10 naterial of the present invention may be
measured using EPR for |evels <5x1015 cm 3 and using UV visible optical
absorption techniques for higher concentpations. These techniques are
applied to sanpl es post exposure to W light. [NMin the neutral charge
state cont gictt AInOEoRASEd &5 BrvwrhsShatdrat ldesrhbRAE. Fhﬁh@ﬁrlﬁf@mtﬁ/&h thdtaresence
(EPR). Wiilst the nethod is well-known in the art, for conpleteness it is
summar i sed CoEUE. canhreﬁelasruﬁtermrm@moaddmat@@l @negl PR, diffaeerd bemperaierato a
parti cul ar f.e . the neutral single-substitutional

ni trogen déﬁi%%'ﬁ'égﬁégwgﬁp rﬁ%tgf o the integrated intensity of all the EPR
absorption resonance lines originating fromthat centre. This permts the
20 concentration of the defect to be determ ned by conparing the integrated

i ntensi by tloistiedeveshihat sosneakibeveoyr eantes:candhikiting t@éhﬁlbéowﬁr(@lﬁlﬂéﬁprtar e
|s taken tq %ﬁ%HWD ﬁ%tfce&émfo%éjgﬁm .fnf@‘%késégs i'ﬁ'\%ﬁ?;ﬁ@é% cE%%’eh ration
saturation.” Si'nce” cont’l nuous wave ra are recor u5|ng

modul at i on,of aln:tuhgaw ard @graaluiced refate eqUa)tcaa‘tiedodlslremoeomoietheh:BarEBRdlthr&mg ty

and hence the . defe 25 copcentration O mnimse the error assoc ted
wi th doubl é‘"ﬁ‘\’ﬂ ggfgpg@rpry%tggé\fl}} diamasid: :l:rfﬂ‘? G?ﬁathrlarWrteeOflth%déeQﬁ IS not U

i ntegration € S r t e
orocont . o bnd8isiood SBRCHEAS of BIGHBACpABRARIEILIERANG EIRIRAS Sl
(J. A 10l cibsogpiidnRspaviadcoin éectomquesehave ineeal ysed {al Stsly, thecmtpre of the

o esont i n SRS aaHneaYe Pl SREENATLSBREMNEL herree 1950 RRaIT o o

spectra W tif tgé fﬁ#b@/heQVEp§(}rﬁthét|@fd|érﬁ6n6|€?ﬁ§féfrl§ll Béﬁ%‘bv!dénb@@ [RX RyBkirgy and
determning the Integrated intensity of each fromthe sinul ati‘on.
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cxpor | hent aPoneR P8Eseyte MRuEARE] BF dhd aeivg PR AI L ikt Mhssoglice

the singl atdeteg@nsetent. (R fypiddpwpetttumIfoh. grd@inl CVD s¥teet .didmoh8dnatdres . .
161 (2003), 215). Furthernore, in the case of |ow nitrogen concentrations,

it is oft e@rﬂweé@%mtrog@n@%mm mﬂh@wwqrtvua@meabﬁh@w&ﬁ ﬁ@abratéb@é'édl ng
the i ne wohh h e I fio
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frame). HemnieogBemblgo)rrat«butsatum othei diaemricbyatticew taiditiomallg apéals hiane sdape in
order to produce a to the, recorded ectra

Pasenki ewi CPSENVEA,P a t§égn@{ﬁo@\ﬁ‘q:zapp{79)@“a ﬁbﬁoﬁg‘ cap ppor[\sgég, toRg%SFl , 1
(1990) ,48 i oo@nt | faRRIRgC
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UV- vi si bl e faltsermuire ensepoalied draoupdythiadis awising backdgnoghd of fhidsiorm ¢ x A~ has
concentrations

e a5 AR ariseNed WSt oo 08Bt 208Dl B W EarGRs HATE A N 199

provi ded dippifedily feirgifible KEROHERR Gt RIOLHR, iPaRBEEBNtHBYEBih @Ry akfougr®Wn
usi ng a conventional CVD process, for exanple of the type disclosed in WO

03/ 052177. t@maasger@wecayrm@& @ghalbw\aéelmgthswupﬁrthu & aliveanshengtas ér i al

20 havi o] % d s is
ot o8> et angiShR"Bafi Bt e eyl whlerls bRelal crotisiieteB st kal L e
resul ting fwaveldritgh pasje 850whhto 75@drrat| on and anneal ing treatnment of the
met hod of the present i1nvention. 25 Another CVD growth process that nay be
used to produce the provided CVD dianond material is a CVD growth process
in which the i yvdr ggae t d

r at her than i%m@ﬁ@aw?grfgét&%%geeﬂ Ign@%nlolis}ag%ed aqgg)grtﬁg awgﬁ&
oxygen nay specadaeof the CVP ginomessmgtesianti.e (ey)thmhlg enbmtabutndn attHeewsthdOOOO

ppmln t he ase. rt t he 0 ed CV mat eri al
P L asb (s paarot e Sriechbah Jb il nbPeate 16) et I Bavpegr Spadd] thedarmion
nmay be gr oygsitid @R yrfdbt tﬁé‘%e?éé?\‘ié%ﬁéol@@ﬁ@f tHée&ahibn@BmﬁféWa'l ‘éﬁ&'a‘?@ believed
(GB0922449. 4 and 'US provi sional application USSN 61/289,282 the entire

di scl osur edo dfe vwespansible fondbe gwoanedolher déypicaly seererlenmufogepeinp‘edc@l\m/ t he

WO 2010/ 14977’31P?T/0Egr%8% /rggtge%%fl The peaks at 350 nm and 510 nm, are not seen in



9 method involves providing a substrate; providing a source gas; and

al |l ow ng honoepitaxial dianond synthesis on the substrate; wherein the

synt hesi swenviwasmment conpri ses nitrogen at an atom c cecrt@ree@smal of from
about 0.4 ppmto about 50 ppm and wherein the source gas conprises: (a) an
atomc 5 fraction of hydrogen Hf, from about 0.4 to about 0.75; (b) an
atomc fraction of carbon, Cf, fromaboug 0.15 to about 0.3; (c) an atomc
fraction of oxygen, O, fromabout 0.13 to about 0.4; wherein H + O0f+ O =

1, wherei ”thé‘@bé@rtpltlén%fpeéfrﬁrﬁfhatdrﬁpéllaﬁfbr@fs ﬁéf P\Oﬂhetébsbfﬁﬁtlcﬁf Qfﬁ@&r&f 6ﬁ<§thbpn of
oxygean O, satisfies the ratio of about O. ; < ‘about 1. 1;

wherein t h@y@th@tlcedlqa@ndwpr ex@@plelayntpeM@ng’rHBdmorm@chastth@tegg@bed

oxygen and SRR aet B echfEboR of b hstBBloh AP Gerein L R s,

atom ¢ fran ersedts th&f camtibile & thé BBSHIPEBA Pectiitn it vRiBIBSarPbf the
hydrogen, oxygen and carbon atons present in the source gas. This method of

gr ow ng5 CVBPaLEHHn AVIHER eve QlantﬁWU%@dr@t?@ter ad the 330 PR PLem esdtieemw 15
as the "ad | e

on the i t1onsroR Rl L TRrphradid, GHIBERRTY g HERCE, Ks GERE) SPobfREME: T

col og_rl esiI tugteaate swumraleﬂfuw oha&asﬁbodefbctswat an?lmatlleoel is Tiingst mderst:mdt t h;a
irradi ated dia erial is a conbinatjon of t startin our, i
any, of thén?ﬁe érggf%ff%r?an@erap@h dipmand MREerE §r?§>é°6‘2ﬂ%h$&?%t3ro eyt by
the irradi e t N,

inpuriti es%md;'?g ?ggl @0?@%%@@%@? u(rﬂ ESnE %ﬁgqg‘?{%gﬁqﬁétﬁggﬁgn %fé?risl al
may ini@er trasporsnbiedom& brdyen eploundteed migitr be xelatddeto thecpnrqsensatcédnhlhr on

| ated b |f t b | th
Corrar REESRY Eier Wehen KOSIRTHID Bralla o BRIEHE of Meddtitids 85230 401 1 he
provi ded dlv@&ﬁh@leww@ thét ér@SgGrot«han @@wl%@&owtﬁ rh@sk BeMEbrhftait with

there is unconpensated boron in a dianond material this nmay be conpensated

for by irr &g &ddiligntef niiogen e éhe piasma 4o vakydioges / mataangdttat@dh) goirce

componsat Ho1 SO el A rRRRl WPt aB8 rhdf beEielSh M sl ﬂ%ét%?r .

Ther ef ape iy Higteere pbediEné stmaet Qirali aithelaing N elt By ©saght thay emiallenvaddn
di anond materi al does contain uncoggensat ed boron (for exanple in a

2010/ 14977 T¢leteddefect? 0sueB As18 WY éwtrpa@nﬂﬁcam%wrsaggo)lsieteﬁi@,)that REH t he
irradiatio g2 e f ted
e o TR TP TPBag S TRr™ 8o il PR e o pifehy
specified |res;bmt3we\f@rclaedgrowortmmmreatd ibese \dEfectd heayl aﬂselbeabnaﬂ@dtbwhugh-
irradiation needed for boron-conpensation could be determned 5

enpi ri cal | yYeHPetHeeEeBIELKi | 1ed in the art. Thus in sonme enbodi ments of
met hodpgccording to the invention, unconpensated boron is present in the
provi ded di anond material in a concentration of >5x1015 cm 3, and the
irradiati ortn gireferiact medods asocbrrdnrtg émtthé soventod, \theaatn@pemlqmcoefmhlenta abond

mat eri al hat t ot con ratlo f. isol ated vacan ] in the

T di at ed PATDATC B DT 1 i ecbbinbdoder il 5 fsS hed & s AdEka 1o
conpensat edﬁ’érés(ve@ﬂvelySo;ﬁtoriaﬁﬁfﬁésstthﬁn@r@ﬁﬂ%fndO(B 8Qn¥' PespeRtivelQ% hi gher than
the [ Nsc] concentration in ppmin the provided CVD di anond material. The

| evel of additional irradiation needed for boron conpensation could be

ot or 1 A7 miPBOEERG o Sub B RS DA e e B Ve Peonoeelbr R 368 ah.
Secondary igeownBSY D5 erarhons copter(abl W@ preyidee Gved diamoed amptetial Oumictﬁtal n
the total boron concentration. The unconpensated boron may be ascertai ned

usi ng eit hépethads ﬁ%ﬁ%@tﬂ‘gaﬁgom ivyeriieas Mad typicele anReasr 6@logHeES.0NeBhHe

di anond sp o] i r in
a manner k(raﬁ%\/\c{wlt%st ’ de %bs\@ﬁ] %%R%pﬁﬁ%é't’f'{/e?@g&[ c%ﬁ‘?e\%}?q mn in
ppm i n t he tpr oedied ﬁgtﬁtndsanbhdomtaedi ar ard |dISﬁJIH$IeU subdétaitt laadd yin this
unchanged b

dia t t i th
a6 Hetheathpe T an dos gonbed Feld fblile RipvilacSedti’ Hiaesalds 6t hods
accordi ng Qa4 @pbﬁtv%lblﬁ’ﬂlml%saﬁ? eﬂbﬂ/eéiolbé‘lteﬁlbn' & ) iatistd fﬂa?téttléIO”Fo?5

The provided CVD di anond mat er | used 1n the nethod according to the first
aspect of tcedajir esdodimerts raqcordnpg écb dheinventiag thawsatptlwmet%em atc858Q
alternativel y at ast ab 0% ., al ternativelyy at out 90

al ternativéfy?@ Féﬂ baD 4l E?S g@? of™M h@”@ r8?p?%e yHPﬁ%‘E‘?'EY '8@%)t*&‘?%rmnd
material formed 30 froma single growh sector This single growth sector
is preferably a {100} or a {110} growth sector. The material of the single
grow h sector preferably has Ns |levels within 10% of the nmean for greater
than about 50% of the voI umre of the gr owth sector, alternatively greater

I T ~~Nn7s b1 o Y b1 VNALN NN A r\l A R\ ey gy oy g | pempm—rn v oA N AN A



sector, alternatively greater than about 80% of the volune of the growth
sector. Using a provided synthetic CVD dianond material that has been grown
froma siwgleloguemwrh sector is advant ageous as the CVD ecamppaonsdosr i al

will have fewer surfaces with different crystallographic orientation (which
are the surfaces 5 corresponding to differing growh sectors). Surfaces
with different crystallographic orientatiyons exhibit strongly differential
upt ake of nitrogen inpurity and a synthetic CvVD di anond material conprising

more growt kp éﬁﬁta‘?deO.Bhﬁﬁﬁ'ﬁé’épﬂec‘ti?@l?stﬁeﬂa@é&ﬁtiéﬂ)&Geﬂﬂﬂi‘éﬂﬁsi étathbge M/@?eﬁﬁtﬁ
different colour, resulting fromfhe different concentrations of Ns In

di fferent detng b veaswesof the brewnpesswf the diardpadwnetenat sincalthe of defests by

usi ng a post reat t o is, .t ol our t he. di n terial
00 po”nate Mol ol EE RN 18 o iR B Bhick P BTR T dTRVET,

def ect proghgeibnédr X tigfédie imﬁﬁm@ﬁd)MdierﬁéI@&bﬁmrﬁg aReDIStbbEsd Mcbloragidiod
of the present invention, we have found that 15 if we apply a particular

post - gndiegen indhe $eHfCe@a%an i ntroduce an orange colour in to the

di anond material. Small to noderate anmounts of yellow or brown in the
starting material may be tolerated and the treated di anond (post

i rradi ati orAcgoediagnteal difieent dempotionédrite ofivieetHons) aetcoidisd i fd thgppagsent
orange, since the ogrange col ation introduced by the pqst growth

treat nent WAEWBAe @r%y@egtqgghgéla@@ngemgy at sy Q‘é%o&‘éa'ﬁﬁsei ?(&%%r@r't does
descri bed) oA, g4 behtidd RN andh MAdier cOes efdmb and
is theref orcg gq(birlle Stbﬁﬁre}atsd%ngﬁgt{?% @[ o%nédgjzgrgg%rr]munpgé?fy yee}tlléogv oradr oﬁnﬁai n
the prd0i devatena ofi themrdsemdnvertidramaydreodiase redsusiog dRR rigr levetshedx10'°

R SCR L N e
accor di ng tThekBRetAMENES Bfe HSpIRlAbtsarSIBs PoBl Sidiers & BvoRghtt eri al t hat

has some col our, usually sone yell ow or brownness. For exanple, for sone
enbodi ments, to produce a |light orange dianond nmaterial, which has a | ow C

Cosbart AN 1 e onct PR s el B GBS

met hod19f toaearbgRets résmmah_t;éC(EP\I;I;I)hG/\m_ﬂ:F,tat@H:earhbmdeTse\neil-lkhbwduﬁetﬁeaart,qba|
i sol ated vacancy concentration [VI] which is at |east the greater of éa)

0.5 ppm ando[H)etenessilglesummaiserdnerte] NcHRasHiErRI B LAWUERS ¥rigi bR

di d WO PCT/ ER20.] [ i i

concent rat {5 FuLRhEECH e Faiiclla Blmddnd Seif (e Ouiis NP, 4AgRY
)

concent r at isobstiltipsal dtredemelatad) isvaapndices) @tk [edrated titensipnoeal tia | on
of negativ charged isol ated vacancies, both i pm Bot VI and [V-]
Concen at (TR RN TRORGE 7 1 et WS G TEa 8 NS gt 1Bl BeRBAs e of
t he absgr ptd Spesd tfR&adtr jat bi ng, i d ihed
her ei ng?t eid.cgﬂie? I'S g{)slﬂgl g{ee tha(%t fs{gicgc?ai@eaﬁugfg?oﬁy mé's%ﬂ{J in% S@guggé%{acanci es
i n ot her f onessitye ig.thalswhailr & obséivepolsainbh eciaehat ednpusi provdedcantiies.

The inventQrs did not observe bvi.ous features in the terial t.hat
coul d be addiRl i BT T SOEECGRY 488 €36t o dib iy o Sapgon. Sinee
POSSi bi Iit Yontifussy tddv @R”@Q@Etf@@ré Acepdsd NGkit® tdie hdvanrtiban ddigid ot al
i sol ated vacancy concentration [VT] is nore than the greater of (a) 0.5 ppm
and (b) 5096tROGIEN tshagnuires [NNgeteBrsenteatirdh Migncile gncovieded Geadeiagt

o Teady 0 CMEENPARC T8l LROREMRIERANEY T SGURT el R, Che
[ Ne] concemtipatbesction,t fisiter ovitdedf dhiegpatbnl Sert erdsgkciallp penekak, whees

greater the irradiation dose, the greater the nunber of 1solated vacancies
created. TINCHARBIEE R SBICHEY VAISSRE! & SeaH &l Pt MdhodAvsng i NslaSer i od

of the irragiati S - l;$0,0 Naher u f i 20
t he provi d%%ﬁ%?%?f&ﬁ%gﬁﬁpﬁgaﬁ Wle:ké(;@rlreélor e M%%gdg% Eat gsc ué%ﬁé@? he-fl
desi red dogtoes), 3083t riongrapivgddatd aelertries ithel ateghatal aneysipy aduitel &PR at e
is alsg calculated for the given irradiation_conditions, as will be known
Lo ¢ hodR ' SIBIIrEs HRSEHe abe FapaYorisiston TAS Sitaiio Al co 5o PR e e Hoam
ener gy, beapebliXwitRNEnRYSRdt Beestardd Bt HABRRdnRRHORET ¥H§%x‘éﬁgﬁ@féﬁ&t
the [VT] produced for a fixed experinental irradiation set-up and tine.

| rradi at i odleteymiyipgdas liiegeated adensity of edch from the simulation. Experimentally it

is observed that neither a Lorentzian nor Gaussian line shape provides a good fit



t he sanpl e nmounted under anbient conditions -300 Kwth only m ninal
tenperature rise during the irradiation dose (e.g. less than 100 K).
However, WO 20840173 such as beam energy and beam fl ux caoTieraaowsvosanpl e
heating. Preferably the sanple is held as cold as possible (with even
cryogeni c cooling at 77 K being advantageous under some circunstances) to
enabl e high dose rates w thout conprom sgng tenperature control and thus
mnimze the irradiation tinme. WO 2010/ 149777PCT/ EP2010/ 059081 13 This is

advant ageoys ih®expeAmRAE! @Pm%éet?é tHepbioks at ToANiPfurldisn C@%eé&@'dr@éuce
agai nst the vacanci es produced for the parti cul arogrow d di anond bei ng

used in ordee siroukded specrhdBer | Hﬁiﬂzlﬁﬁihod AVieilc dhocermpeat 4 .oMapnt Fegucal wi | |

et hod of RPA0D 836 BN HBERORoAT AEERSED! Ry bR BRI L% Bl e
for the pergesssdrylibedel Motihiatian amphtl@ogspsathhg dralcdelRgr ®bahedyiing
irradiated fromtw or nore sides in order to introduce vacanci es through

the whobe Ghi BRNEER Gignahe iai arAYe ata9qchisignENOBISEoRIa YeRariingr gorwale
di amond maty SEbéﬁtr%ﬁ%} l&%té?gﬂ’?&!o%d w'at'?nrt i'élel%a%’@%?e{ thio kel 1%890%3%%8&8“ or

to the first rrradiation Ste cording
i nvention Wiami%ﬂ@@yedgwathrtadﬂa@éi@ {cheagroa: snf&ﬁreer & paidua:etaegp@eﬁ diture

of at Ieast 700C and 900C for a 15 eriod of at |east_2 hour The
ef fect thatotHi% (gﬁ? "g%tﬁ ePPREHE ol BheMlyde ﬁedgﬁﬁﬁ%iﬁéwg’g bigreRe R
i rradiat ed t a d h n

J%S@%%Q/é?\ﬁdﬁt hn@RREE! Aﬁ%“ﬁ“ﬁ?ﬁ %so@ GEt pz@r@dﬁaﬁlgﬁ%\ls'\@g?@ects -

are present in the irradiated di ano i al are

t he di a6ondngthodrihal condemrationt inappty amndad ﬂ&@ratme?@@@th @ m&iwabihtyf of m NV
centres, %t} centre being the result of a Ns defect joining with a 20
single ISO|§E§B 5 €y. In this case, when Ns defects are present, it is
predom nantly after the maxi num nunber of NV centres has forned that
vacancy chains start to form However, not all Ns defects are convert%d to
NV cent r es, Thehieshpigiugcoft thugﬁbleb@b@mr@tl@@ speetrasenmyi itmeaswingsbigbeo Nt he Ns

sl at od vabBRen Tt E Wehandhntly W B BGnIEEs P TRE Rl e
avai | ahbe ©Foaanpear ofitid apesiption Rpectromfeithe Gataosy nehetiais. It is these
vacancy chains that are thought to give the orange colour in the treated

di anond material according to the present invention. Therefore in nethods

according t@ .t Vweﬂscﬂghonﬂ"rﬁﬁtér%f‘aE&‘?rnglr l%dfhgt rgge&f.nbgﬁ\?‘?f ﬁ}\égdﬁjg%

di anond naterial” such as to | ntroduce at ed 'vacanci es
| east part using hecm\mntldadl CVD qiracessd foateexerrmlelcﬁ thectypehdisclbbed tint WO
concentratl sol.at ed vacanci es nthe irr d ate
o tor el 1 SRS 21er SEHE B, Pasieas. BF o BD8VS R A Dy edf}@Wpaﬁoema&eﬁ@h  he
[ Nsc] nc t i t d
L Roancrlo eRUIE Lo BrolRbollraioh: ARRIT,B08 B P TRIGKEAS i 38| ¢
conbi ne t o strong) K¢aodre mesked\yi thabihtrodacgdorangegenldeation resulting dian tye
chai ns. . . .

post growth irradiation and annealing treatment of the method of the present

invention.

25  Another CVD growth process that may be used to produce the provided CVD
diamond material is a CVD growth process in which the source gas contains
carbon, hydrogen, nitrogen and oxygen, rather than the more usual carbon
hydrogen and nitrogen. For example, oxygen may be added to the process gas
at a concentration of at least 10000 ppm in the gas phase. In particular, the

30 provided CVD diamond material in step (i) of the method according to the first
aspect of the invention may be grown directly by the process described in GB
application GB0922449.4 and US provisional application USSN 61/289,282 the
entire disclosures of which are incorporated herein by reference. Specifically the



If there are no Ns defects in the provided CVD di anond material (and
provided 5 there is no other un-conpensated el enent such as boron present)
t hen wherwoheloamm®al i ng step (iii) of the nmethods accor @cm@Erraoiobesi
invention is carried out the isolated vacancies forned during the
irradiation step will start to group into vacancy chains i mediately. 10Any
i sol ated vacancies remaining in the lattpce typically result in a flatter
W Vis spectrum which typically results in a nore grey dianond naterial .
Therefore fRsthe@NRVENBEdbaRRiy o BEbSPAEeProAlingn a0soiree! G daN@cAOWIRS
after the annealing process Is conplete Is substantially Feduced, and T
be m ni m sé@MaRpitagighediansygi mynthesisif ererthensuapiiatel; | whepgiocthss syménasis al

concentratign. i_.sol at ed. 15v Les i 3 tional Ly <
optionally e%ej'_r%mgﬁf)gﬁmpgﬁé% @ﬁgag%§%pﬁ3§§m'caeggéerﬁ%t5’ﬁ ?‘lc{risnh%BﬁHt 0.4
Brilliant @ (6 kbout 50 Eﬁm;wm@@iﬁi enturcehga® Rbhiptivean(@abni dteree
that will produce the highest conversion of isolated vacancies to vacancy
chai ns posdiastien ofuirestin dirnEamsabotel.4r@sabpeuti G 7a; Bvar aseRifgEasiareef al |
with a hig Vahu i.cal \hi i visihl t of
t he spectrra&aﬁosnéla(#'f,’ ?rgl’rﬁ %?8?3%%5%%8@}) p:)f/\lh c’r)]satémeﬁ@)ﬁ’rélg”fgﬁc!f@gobﬁ%&ierﬁ%f,
char act er i ditone abbut O d 3do ahget 0 ; mhextinad; 8l +tde= $atvhiesdin ¢tne cdtiot dfeatormacmge
colour scales with this feature, Therefore, a neasure of the vacanc 2?
chai n concd@CcHaR ncgirbof‘ht@ BIO5RiC FAGoN28h OxYgeTE -Qjo%t@(fﬁ?om%@#%f)
after irradjat d a ling, . bkl tdeait o C ki nd
Stone, 1 he LR A £ e bl Sep o PLses
cm 1, dfti dwdrdgen-atoems dddegtasomedrbger Ioleauléswhienat be atpmed frachars ob dem

| ed t 1 at 800 Th ki | d. i h t will Kk t
o ont ot TefalhimBer RLRWaEeD B GeT L ETPER A Tsdras it bebyren 0l #at anc "
pat h | engt lpsat and agkéreird thé %@i@?@@tiéﬁ?,l—ﬁp@?réﬂd Q)?_é—‘r@efréétﬁir%nbﬁ the B3

2010/ 149777PCT/ EP2010/ 059081 15 An additional benefit to irradiating the
CVD di anondumnesrofarydregen,poxygenyancheabsinoatomss prasenirint 816 apurgeldashel hidr e

stable to | r r n ' I qy.: havi ng
an enor gy Sronba B GvEloTCRE aRIdRE, AR RRahPR skt dhe sBRE e

st abi | Hsat iagnthef faeieiedi oxydiedcOYBegrowth @roaesd”i Cmttyﬂﬂal_lﬁréum@eﬁ?eﬂéﬁdiﬂ @ and
US provi sional application nunber 61/220,663, both filed 26th_June 2009,
and in GB éwrﬂltrggeancwmﬂﬂér@tleghmg peovaged USVEY @\W@P%a'fnaé@’tﬁliwatqhoﬂﬁ
nunber 61/ 24/ (38 holddlflelstnaboRse A Woukignent i re di scl osures of
whi ch are incor porat eJ erein by reférence. ?n sonme enbodi ments accordi ng
to the invention the provided dianond material shows a neasurabl e

difference_.n at | east one of its.absorption characteristics in first and
Second or allbe SolRur @ 16 |adiated SistHoad BRteRD b & COmBINAPAPAINe ARG ng

an e“eg?y b, ik%f\?{ ofthe ;?rb’viﬁb&%i&r%k&! {ﬁ%szggag}é'gdn Hﬁ’egﬁ{ate 3 e&t?r“iﬁtrgﬁé‘&é‘d

bei ng ter therna reatment at 798 Irradiation
and anneal ibygthst epadiatién cdindvetrinedsng cstepsli tog intwduice vacantyi ohainshe Qthenge

o colon SaLihel] M S A S0 0 F PR MR A,
someti mes @eflin adrhBodifidhdd Yoé I idfliaddd19. -FdPpekampld,Y unabiens&ed boron

irradiation and anneal ing steps of nmethods according to the invention, the
change i n @sotsted horen)amaydiseit istrpduce | blhe ciour 1o st dianpnseawierialobpat es

the i1 Paci 2P ebelEnE e, A5 BER Bonoe fthiihy i LE Phided Harfide, o

may be somenstedsl igpesy thahesx10'® cm.

It is known that if there is uncompensated boron in a diamond material this may
be compensated for by irradiating to introduce isolated vacancies, the isolated
30 vacancies combining with the boron so that neither the boron, nor those
compensating isolated vacancies impart any colour to the diamond material.
Therefore in some embodiments according to the present invention, if the

diamond material does contain uncompensated boron (for example in a



i rradi ati on and anneal i ng processes, for exanple the annealing step may
start 25before the irradiation step is conplete, or the two processes nmay
be carri estoauto/i4eqvd start and finish, at substantially trhe/EPacms/05908E.
Typically annealing is carried out in an inert atnosphere e.g. an argon

at nosphere or under vacuum Annealing is typically carried out at <100
mBar. 30 WO 2010/ 149777PCT/ EP2010/ 05908{y 16 A second aspect of the present
i nvention provides a CVD dianond nmaterial which when in the formof a 0.5

carat rbc icgnes@essbr 8ns¥ Lr@em™=), hag thérimaﬂi@'ti@mété@ﬁ?% 96 *BERCbGNESd

material is defined as di anonds which 5have a clear and distinct orange

col our (D @sdadniecidiensii@entriselatechvatandiss Vel @y trageipemhalestes, boromibat &

Cnvent fon. T IBeTEVeRE spRENER: IEO8ertFRcanys Rul Xl NN AT Ray Ty IRDgPe"
angl e in theditonar FAdRliohomheadeddtdrv Hopti-cBripepbaftduncoull@Bhe! desdtinikad
(rbc) dianond. The perceived col our of an.%/a_ﬁartlcul ar di anond stone depends

on the 8i z&€mpitacalybyihepresan skiad.in theead gs ifZgeme erapedigiids péﬁtﬂtm to
t he hue an I(O\M\q' t ' t y:C Bt S in
the field %I cc):eauot Ct{ahélﬂg ﬁ/@bﬂ?@sﬁﬁk&ﬂ%n%&%{j aﬁ%@?d'ssi%gée%gnaslhaﬁeyp@g&écdar at,
and a st andiardonditmatesiadlih ya roonoenteatidn ioant5xd0f® ¢t emdk thewirradiafRBC step r be)
di anond stone. For an i ven di anond stone, be it rlngﬁ%er or fmal | er thf\n
eto

0.5 carat, BFOUSERSWHFENT Solatedivasangiey Bihdhe dirmonddupierial soalhat itals
adj ust 't he akoMkatidh Bf‘%lbldct% ﬁ?ﬁn?%ﬁ’?ﬁ@{uﬂoﬁbzﬁaé &H?amgﬁtﬁﬁteﬁﬁ aftBe

provi ded di anond materi al use according to t I rst aspect
of the1020 isolatedt vacanuigs have lzaen sised tor campensaie thel baronpds aateleass thder e

specified are adjusted to thase for an equjva mat er.i al di anond. st,one of
sFandard- o EaiEr a ABoebR o 50f%, tin Bt Y pleeTiirtono BBp et 1n o
quot ed val yesvided EMDodibmRRESMateridie THY RVl @F dMRitidhaY Aradigtieh ndeteddbr t he
foll owi ng col our 25characteristics for an equivalent 0.5 ct Round Brilliant

Cut (RBC) doseradmpessatiommapuld bie dateradias expiricatumyehe person skilled in the
art. Total boron in the material may be quantified using techniques known to the

15  skilled man. Secondary ion mass spectroscopy (SIMS) may be used for example

to ascertain the total boron concentration. The uncompensated boron may be

ascertained using either the induced absorption measured in the infrared part of

the diamond spectrum, or through Hall or electrical transport measurements, in a

manner known to the skilled person.

20
Typically the [Ns’] concentration in ppm in the provided CVD diamond material
will remain substantially unchanged by the irradiation step (step (ii) of methods
according to the invention). It will be changed by the annealing step (step (iii) of
methods according to the invention, as explained later in this specification.

25

The provided CVD diamond material used in the method according to the first
aspect of the present invention preferably may have at least about 50%,
alternatively at least about 80%, alternatively at least about 90%, alternatively at
least about 95% of the volume of the synthetic CVD diamond material formed
30 from a single growth sector. This single growth sector is preferably a {100} or a
{110} growth sector. The material of the single growth sector preferably has Ng?
levels within £10% of the mean for greater than about 50% of the volume of the
growth sector, alternatively greater than about 60% of the volume of the growth
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impurity and a synthetic CVD diamond material comprising more growth sectors
therefore tends to show more undesirable zones with different colour, resulting
from the different concentrations of N¢° in different growth sectors.

10
The colour of a diamond material coloured by using a post growth treatment
method is the colour of the diamond material prior to post growth treatment
combined with the effect on colour of any defect produced during the post growth
treatment. According to the method of the present invention, we have found that

15 if we apply a particular post-CVD-growth treatment we can introduce an orange
colour in to the diamond material. Small to moderate amounts of yellow or brown
in the starting material may be tolerated and the treated diamond (post irradiation
and anneal according to the invention) will still appear orange, since the orange
colouration introduced by the post growth treatment has moderate to strong

20 saturation (C* as hereinafter described), and medium to light lightness (L* as
hereinafter described) and is therefore able to mask small to moderate amounts
of yellow or brown in the provided CVD diamond. For certain embodiments
according to the invention we start with a provided CVD diamond that has
minimal or no colour, i.e. is substantially colourless; for other embodiments

25 according to the invention we start with a provided diamond material that has
some colour, usually some vyellow or brownness. For example, for some
embodiments, to produce a light orange diamond material, which has a low C*
and/or high L* value, (e.g. C* < 10, and/or L* > 65) it would be necessary to start
with a colourless or pale yellow material.

30
According to the method of the present invention, the irradiation step introduces a
total isolated vacancy concentration [V1] which is at least the greater of (a) 0.5
ppm and (b) 50% higher than the [Ns’] concentration in the provided diamond
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green and RbHeekteaRMBNiHE pF’EJWed diamond material. For example the total isolated
vacancy concentration [V1] may be at least 0.7 ppm, or at least 0.9 ppm, or at
least 1.0 ppm greater than the INs”] concentration in the provided diamond

15 material.

In general, the greater the irradiation dose, the greater the number of isolated
vacancies created. The number of isolated vacancies can depend not only on
the period of the irradiation dose but also on the number and nature of defects in

20 the provided CVD diamond material. Therefore in order to calculate the desired
dose of electronic radiation, the isolated vacancy production rate is also
calculated for the given irradiation conditions, as will be known to those skilled in
the art.

25 Factors such as diamond temperature, beam energy, beam flux, and even the
starting diamond’s properties can affect the [Vy] produced for a fixed
experimental irradiation set-up and time. lIrradiation is typically carried out with
the sample mounted under ambient conditions ~300 K with only minimal
temperature rise during the irradiation dose (e.g. less than 100 K). However,

30 factors such as beam energy and beam flux can lead to sample heating.
Preferably the sample is held as cold as possible (with even cryogenic cooling at
77 K being advantageous under some circumstances) to enable high dose rates

without compromising temperature control and thus minimize the irradiation time.
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Step (iii) of methods according to the invention comprises annealing irradiated
diamond material at a temperature of at least 700°C and at most 900°C for a
15  period of at least 2 hours. The effect that this annealing step has on the isolated
vacancies in the irradiated diamond material depends on whether, and how
many, Ns® defects are present in the irradiated diamond material. If there are Ng°
defects in the diamond material, then initially annealing at 700°C to 900°C will
form NV centres, each NV centre being the result of a Ns° defect joining with a
20 single isolated vacancy. In this case, when N’ defects are present, it is
predominantly after the maximum number of NV centres has formed that vacancy
chains start to form. However, not all Ns° defects are converted to NV centres,
this being thought be due to the distribution of some of the N’ defects. Once the
concentration of NV centres have saturated out, any isolated vacancies that have
25 not been used up to form NV centres are available to combine with each other to
form vacancy chains. It is these vacancy chains that are thought to give the
orange colour in the treated diamond material according to the present invention.
Therefore in methods according to the present invention the irradiation of the
provided CVD diamond material such as to introduce isolated vacancies V into at
30 least part of the provided CVD diamond material is such that the total
concentration of isolated vacancies [V1] in the irradiated diamond material is at
least the greater of (a) 0.5 ppm and (b) 50% higher than the [Ns"] concentration in
ppm, so that there are sufficient excess isolated vacancies over and above those
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and can be che¥g.for ornamental purposes such as 20genstones for jewellery,
or for use as coloured filters or simlar. For all sanples used in this
speci fication absorption peak heights quoted in this specification are

nmeasur ed us h@gr& akd/nol NidefealBsiartheipovideg aVDndiamohlemaitian¢and pfdiied
di anond material taken at roomtenperature. 25 Al roomtenperature
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tabul ated refractyve a and standar & expressions for the rerlection
| oss for aigmatedl ebeaidies fpinadée.dufimg thed riaadiatien i stdpxwilastatietergronpdinto
according to 30 Peter's e%uation [Z. Phys., 15 (1923), 358-368)] and
subsequent VRERNGEENFAS IMBEENEeYved using the standard Fresnel equation. The
reflection | oss spectrumwas subtracted fromthe neasured absorbance data
and an absorption coefficient WO 2010/ 149777PCT/ EP2010/ 059081

10 Any isolated vacancies remaining in the lattice typically result in a flatter UV Vis

spectrum, which typically results in a more grey diamond material. Therefore for
some embodiments, the concentration of isolated vacancies after the annealing
process is complete is substantially reduced, and may be minimised. For some
embodiments, after the annealing process the total concentration of isolated

15  vacancies is <0.3 ppm, optionally <0.2, optionally <0.1, or optionally <0.05 ppm
for a 0.5 carat (ct) Round Brilliant Cut (rbc).

For many embodiments, the optimum anneal its one that will produce the highest
conversion of isolated vacancies to vacancy chains possible. Such embodiments

20 may result in a vivid orange material, with a high C* value, typically C* > 20.

Whilst not in the visible part of the spectra itself, an increase in absorption
centred at 250 nm is characteristic of the orange colouration and the saturation of
the orange colour scales with this feature. Therefore, a measure of the vacancy
25 chain concentration is the absorption at 250 nm. For some embodiments, after
irradiation and annealing, for a 0.5 ct round brilliant cut diamond stone, the
absorption at 250 nm when measured at room temperature is >5 cm™, optionally
>7 cm”, optionally >10 cm™ when the spectra has been scaled to 0 cm™ at
800 nm. Those skilled in the art will know that vacancy concentrations will need
30 to be altered for diamond stones with different path lengths to result in the stated

the absorption coefficients.
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absorption N BiecREOTARrtRd NEsR DHEST®I®FCBn energy in meV. The
concentration is in cm3. The provided CVD di anond naterial used in the

nmet hod according to the present 25 invention, and also the irradiated CVD
di anondOmatlersoate eehddﬂmagtsfamdihg toﬁhadrdvejﬂimﬁeemresblad diavendiroateray, or
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thermal treatment at 798 K (525°C), and after the irradiation and annealing steps

15  of methods according to the invention, the change in colour saturation value C*
between the diamond material in the first and second states is reduced by at least
0.5. This colour stabilisation may sometimes occur after simply irradiating..
Optionally, after the irradiation and annealing steps of methods according to the
invention, the change in C* of the diamond material in the said first and second

20 states is less than 1.

In general, the annealing step will be carried out after the irradiation step is
complete. However, it is also envisaged that there may be some overlap of the
irradiation and annealing processes, for example the annealing step may start

25 before the irradiation step is complete, or the two processes may be carried out,
and start and finish, at substantially the same time.

Typically annealing is carried out in an inert atmosphere e.g. an argon
atmosphere or under vacuum. Annealing is typically carried out at <100 mBar.

30
The present invention also provides the diamond material whenever made by a

method according to the first aspect of the invention.
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dependent on the energy of the irradiation. So in 5 preferred enbodi nents
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present invention. Where the provided CVD di anond material provides only
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the i nvention of stone” may conprfls ayers ol pockets of dianond
mat eri 40 ofBrillfant Carérood ideamondEnbodi nents of the invention will now be
descri bed, by way of exanple, with reference to the acconpanyi ng draw ngs
and exanpl es, wherein: 30Figure 1, which has been referred to hereinbefore,

Is a flow oarbenivel EI0UBof Ay PartiicliarBhbhie senerdidindstor fite speesid on
for obtaini n?g%)/{haﬁng_e di anond naterial; WO 2010/ 149777PCT/ EP2010/ 059081 23
ia

Figure 2 arcd mandabtbereforen whgee refarensgsiargicerato heohue engler hiete f or

exanples 1 ) I radi ati : . jgure. 3
cxaml e b siiduePeSbubl BPRLaL) BRsRRk B1NEH by M o LY Eidtbe N,
irradi agi o staddamrnsiak; uSxayPO Sscarbtibrd arsastard sl adesly souhaWritidn icut
synt hesi sing single crystal CvVD di anond , , ,
(often known as RBC or rbc) diamond stone. For any given diamond stone, be it
larger or smaller than 0.5 carat, or round brilliant cut or any other cut, models are
available to adjust the colour to that for the standard size and cut. Therefore, the
provided diamond material used in the method according to the first aspect of the
20 invention may have any size or cut, but colour parameters where specified are
adjusted to those for an equivalent material diamond stone of standard 0.5 carat

size, and standard round brilliant cut for comparison of quoted values.

Embodiments of the invention may have one or more of the following colour

25 characteristics for an equivalent 0.5 ct Round Brilliant Cut (RBC) diamond stone.

Table 1
Characteristic Range
Hue angle a 68°-90°

optionally 69° - 85°
optionally 70° - 80°
Saturation C* 2-70

optionally 3 - 65




10 of the invention were |aser sawn, |apped into substrates, polished to

m ni m se subsurface defects such that the density of defects is below 5 x
103 / nmm2,wendiogassral |y is bel ow 102 /mm Pol i shed HPHTpplratresio®s®smm x 3. 6
nm square by 500 pmthick, with all faces {100} having a surface roughness
RQ at this stage of less than 1 nmwere nounted on a refractory netal di sk,
and introduced into a 15 CVD di anond growi ng reactor. G- owh stages 1)
The CVD di anond reactor was pre-fitted with point of use purifiers,

reduci ng unint entional’ contam nant Spec| ggtidrIf/e- sHcom ng gas stream to
20bel ow 80 ppbl_2) An in situ oxygen plasma etCh was perforned using
50/ 40/ 3000 scclightreassdr™d cubi ¢ centinetPé5per second) of 02/Ar/H2 ard a
substrate tenperature of 760C. Thi s ved wi thout interryption
into a hydrogen etch with the renoval ofo UMY EP% r om t he gas flow. [4)
This nmoved intp the growth process by thgpg@sidlli-as of the carbon sourjice (in
this case CH4) | and dopant gases. For these exanples the CH4 flow ng gt 165
sccm nitrogen|was present |n t he process gas at dlfferent Ievels for| the
di fferent sanpres;—ptrovi ded IIUIIIOl catbrated—source—for c)\allpl e—a
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in the process gas (p ow present in the process gas (ppm 1 and
2 0.70 3 il'h@selmjude smaII but measurable features in absorption or PL when measured

5 at 77 K or below. For example features at 741 nm, 673 nm, 575 nm or 503 nm
may be enhanced.

The colour of the irradiated and annealed diamond can be quantified in a well
established manner using “CIE L*a*b* Chromaticity Coordinates”. The use of
10 CIE L*a*b* Chromaticity Coordinates in diamond is described in WO
2004/022821, the entire disclosure of which is incorporated herein by reference.
a* and b* are plotted as x and y axes of a graph and the hue angle is measured
from the positive a* axis towards the positive b* axis. Thus a hue angle of greater
than 90° and less than 180° lies in the upper left quadrant of the a*b* graph. In
15  this scheme for describing colour L* is the lightness and a fourth coordinate C* is

the saturation.

The perceived colour of an object depends on the transmittance/absorbance
spectrum of the object, the spectral power distribution of the illumination source

20 and the response curves of the observer's eyes. The CIE L*a*b* chromaticity
coordinates (and therefore hue angles) quoted herein have been derived in the
way described below. Using a standard D65 illumination spectrum and standard
(red, green and blue) response curves of the eye (G. Wyszecki and W. S. Stiles,
John Wiley, New York-London-Sydney, 1967) CIE L*a*b* chromaticity

25 coordinates of a parallel-sided plate of diamond have been derived from its
transmittance spectrum using the relationships below, between 350 nm and
800 nm with a data interval of 1 nm:

S, = transmittance at wavelength A



4 - 6 1.1 13657 5) On conpletion of the gromh period, the substrate was
renmoved fromthe reactor and the CVD di anond | ayer renoved fromthe

subst r at ewbyoloager’7sawi ng and mechani cal pol i shing techecqmes01058)8Thi s
produced a CVD sanpl e which had typical dinensions -3.1x5x5 nm This grown
CVvD di anond is the "provided di anond" defined by the clains of the present
specification. 10 The exanples were elecigon irradiated a 4.5 MV el ectron
beam at 50% scan wi dth and 20 mA beam current using an el ectron beam source
such as th%=d§Hé6fjran0\k/§P8i%9fbd?ib[%-of@]@mﬁmn les to be irradiated are
nounted in I'ndiumon a water cool ed copper ock to prevent the sanples

bei ng heat ed_abqve 350K._ The sapples were then annealed in an Elite tube
furnace (nodglCHIRSAY)SEILNEHRN 95N8AWCG and 27160/ T). Typically to make an
orange di anond material a dose of 5.8 x 1018 eicnR2 (equivalent to 6 hours

i rradi ati oy, wigreea rdsfonge\fuptient olhelmyam at 50% scan wi dth and 20 mA beam
current) followed by an 8 hour anneal at 800C was used. 20 Table 4 records
the CVD grQﬁubhg@eégpﬁngg,fuﬁa%r{g#\{hgty%ent ration in the provided di anond
material, the absorption coefficients at 350 nmand 510 nm and the col our,
of the provided dianond material, the irradi ati on dose, the vacancy
concentration post irradiation, the annealing tine and tenperature, the

col our of the dianmond material post irradiation and anneal, the colour 25
characteri st7es [Stell] \Wp. [VI and [V] concentrations and the absorption at
250 nmrelated to vacancy chains, all post irradiation and anneal. The
results tabf e [Bpglludiey,not only exanples falling within the scope of the
present invention, but also a nunber of conparative exanples. For exanple,
if the WO2010/d49777PET/ EP2010/ 059081 25 irradiation dose is not high
enough, thé nafber 2ot | <8l at ed vacanci es available to combine to form

chai ns upon_annegling, irrespective of the length of the anneal wll not be
| ar ge enoué{Mh?r@ g Az%[AéiAgni ficant concentration of vacancy chains; this is
the case for conparative exanples 2 and 6, which fall outside the scope of
the 5171Present invention as the concentration of isolated vacancies

i ncorporated during the irradiation step is less than the greater of (a)
0.5 ppm and*=)1® (& Ypph-né & Ltigaimesse [ Ngfok YWencdn008856)n, and t he
absorption at 250 nmin the treated sanple is <6 cm1. This is also

iITustrateg~w sho[pedgenqe/¥HFi gure 2 wWhigx/Ks>2.000886, &WE>a0.008858)
vi si bl e absorption spectrum for exanples 1 and 2, post 10 irradiation and

anneal . This f4 GW g absorpti r exanple 1,
i ndi cati ng bfhet%?tgflgﬁgemgfzﬁ\})gﬁncy chai né@?\%/z%or %?s%qgnge’fe@arrpl e 2 the
absorption {n the 250/mmrange.is less than 5 cm 1, showing a | ow
concentrati n'kﬂ‘ Vi ahcy' %%ngzﬁ?nhas been fornmed. Simlarly we have found
that if the annealing tine is not |ong enough then total concentration of

i sol at &8 vébmﬁ(ﬁr@@nr(gﬁﬁﬁﬁirnbue%gl% the treated sanple is > 0.3 ppm this
is the case in conparative exanple 5, which is annealed for only 1 hour and
results in a grey coloured dianond material as conpared with the orange

col our achiev ith .exanple 4, which is an identical, di appnd materi

corple to Mfied ersifes el SlaB0at Tali e tReHrOuner PRAE Rt i s
anneal ed fogxaahames. Whéﬁno@ﬂe&h@kﬁi@n@aﬁé@%n WY avteshmicsl r%lb@ﬂtgdrépé@ﬁeﬁy at
77 K post irradiation and anneal and illusfrates for exanple strong

absor pt i on tkg Copumisgiamiateroajienale gie 7k elaifage (Cobinmety €¥0m. ng, show ng
that s @stanti ally all of the isolated vacanci es have been anneal ed out.

Fi gure also illustrates why conparative exanple 5 (which 25 has been
anneal ed f ar isagtahdsrdf fol Sloeat dndn’) coprierites ohey gpgstt withr @dcatrésporaiey anneal
since there are peaks at 741 nmand 394 nmindicating the presence of

i sol at ed vdt@nciads and &l sePreaspondingmiauhess 72X sReRitiNg @ﬁ@f’@r 8seYReedf NV

centres. Sicghleg?be(d '?é%d?ivélfy: fol L3t 534 S/éllawycomﬂg% ty T & HARP! ﬁﬁgatﬁ)%%h

has been subjected to 1 nsu cient irradrati appears pa
si nce ther andr b* 3@lyesaksrrasp&Yd respecivey37 rgreers ol itud lwemponeaise e NV

centres, a small con entr?tl@ﬂon of iBoI ated vacanci es.renni ni ng, and wehak
absor peP on PREtHEAYRATARLOE 4b¢ ryaRh It ﬁﬁc%’@é%tirb%isi BNGHI9 VR AE/OWhEIALIN wo
2010/ 149776‘?5%@{%21%594/\%9&,%3&ati0ns (C*) given by the distance from the origin.



26 Al of the orange dianond sanples according to the invention (exanples
1, 3 and 4, show strong absorption at around 250 nm This absorption is

bel i eved wo 2bom/dor7t 0 t he presence of vacancy chai ns. FecT®pamplosg0st he
measured absorption at 250 nmis >5 cm1 for both sanples 1 and 3, whereas
for conparative sanple 2 it 5is <56 cm 1. As noted above an additional
benefit of irradiating the CVD dianond mgterial is that typically the
colour of the material will be nore stable to | ow tenperature annealing and

exposure tq & dosaitle GBMPRIRI howUHe @abe@obrdih ied BN diarkbnd Owftio U dyivdiat

upon heat i n%sexa.rrpl e 1 the change in C* between the two states was <1 which
i | | ust r at egbshipgiopesesfiiaient spezirum willhangelassthempdicel patp length is varied. In
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absorbance spectrum. The absorbance is then scaled to allow for a different path

5 length and then the reflection loss is added back on. The absorbance spectrum
can then be converted to a transmittance spectrum which is used to derive the
CIE L*a*b* coordinates for the new thickness. In this way the dependence of the
hue, saturation and lightness on optical path length can be modelled to give an
understanding of how the colour of diamond with given absorption properties per
10 unit thickness will depend on the optical path length.

L*, the lightness, forms the third dimension of the CIE L*a*b* colour space. It is
important to understand the way in which the lightness and saturation vary as the
optical path length is changed for diamond with particular optical absorption

15  properties. The method described in the preceding paragraph can also be used
to predict how the L*C* coordinates of diamond with a given absorption
coefficient spectrum depend on the optical path length.

The C* (saturation) numbers can be divided into saturation ranges of 10 C* units
20 and assigned descriptive terms as below.

0-10 weak
10-20 weak-moderate
20-30 moderate

25 30-40 moderate-strong
40-50 strong
50-60 strong-very strong
60-70 very strong
70-80+ very very strong

30

Similarly the L* numbers can be divided up into lightness ranges as follows:

5-15 very very dark
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10

15

20

25

30

20
15-25 very dark
25-35 dark
35-45 medium/dark
45-55 medium
55-65 light/medium
65-75 light
75-85 very light
85-95 very very light

There are four basic colour tones defined by the following combinations of

lightness and saturation:

Bright: Light and high saturation, Pale: Light and low saturation,
Deep: High saturation and dark, Dull: Low saturation and dark.

The preferred hue angle, and a*, b*, C* and L* values provide a quantitative
measure the quality and colour of synthetic CVD diamond material of the present
invention. These colour properties are advantageous because they give the
diamond an orange colour and can be used for ornamental purposes such as

gemstones for jewellery, or for use as coloured filters or similar.

For all samples used in this specification absorption peak heights quoted in this
specification are measured using a UV/visible absorption spectrum of the

synthetic CVD diamond material taken at room temperature.

All room temperature absorption spectra mentioned herein were collected using a
Perkin Elmer Lambda-19 spectrometer. A reflection loss spectrum was created
using tabulated refractive index data and standard expressions for the reflection
loss for a parallel-sided plate. The refractive index was determined according to
Peter’'s equation [Z. Phys., 15 (1923), 358-368)] and subsequent reflection loss
derived using the standard Fresnel equation. The reflection loss spectrum was
subtracted from the measured absorbance data and an absorption coefficient

03 V
nA
- Ea?
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spectrum for the sample is created from the resulting spectrum. Absorption
coefficient data were shifted so that absorption coefficient was zero at 800 nm.

Concentrations in ppm given in the present specification for the different defects,
INV*] and [V"], may be calculated in a known standard manner by integrating
the area of peaks from the absorption spectrum of the diamond usually collected
at liquid nitrogen temperatures and using published coefficients for comparison to
calculate concentration. For concentrations of NV centres and isolated
vacancies, the spectra are advantageously obtained at 77 K, using liquid nitrogen
to cool the samples, since at that temperature sharp peaks at ~741 nm and ~394
nm attributable to V° and V- and at 575 nm and 637 nm are seen attributable to
NV® and NV defects respectively. The coefficients that are used for the
calculations of concentrations of NV centres and isolated vacancies in the
present specification are those set out by G. Davies in Physica B, 273-274
(1999), 15-23, as detailed in Table 2 below.

Table 2

Defect [label] Calibration (meV cm™)

V" [ND1] Anp1 = (4.8 £0.2) x 10™°[V]

VY [GR1] Acri = (1.2 £ 0.3) x 10"°[V']
NV Anv = (1.4 £0.35) x 10"°[NV]
NV Anv: = (1.4 £0.35) x 10"°[NVY]

In Table 2, “A” is the integrated absorption (meV cm™) in the zero phonon line of
the transition, measured at 77 K, with the absorption coefficient in cm™ and the

photon energy in meV. The concentration is in cm™.

The provided CVD diamond material used in the method according to the present
invention, and also the irradiated CVD diamond material resulting from the
method of the present invention may, or may not, form part of a larger piece of
diamond material. For example part only of the larger piece of diamond material
may be irradiated, and/or part only of the larger piece of diamond material may
have the defined absorption characteristics. As would be apparent to the person
skilled in the art multiple layers could also be irradiated and/or have the required

=0

.0

L*

AN 61.'0 = nAN = AN Z60.0 = nAN = AN gg0.0
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absorption characteristics, so that the provided CVD diamond material used in
the method according to the invention may form part, e.g. one or multiple layers
of a larger piece of diamond material. It is well known that the depth of
penetration of irradiation is dependent on the energy of the irradiation. So in
5 preferred embodiments an irradiation energy is selected such that the irradiation
penetrates only part of the depth of a CVD diamond material. This means that
isolated vacancies would be introduced only in the penetrated part of the
irradiated CVD diamond material, and hence that penetrated part of the CVD
diamond material would be the “diamond material” used formed by the method of
10  the present invention.

Where the provided CVD diamond material provides only part of a larger piece of
diamond material, as discussed above that provided CVD diamond material alone
may have the advantageous optical properties described for certain embodiments

15  of the invention. Thus for example a top or embedded layer or layers of a large
piece of CVD diamond material may have an orange colouration. Where any
other non-orange layers are substantially colourless the colour of the larger piece
of diamond material is dominated by the orange layer(s).

20 In some embodiments according to the invention at least 50% or at least 60% or
at least 70% or at least 80% or at least 90% or substantially the whole diamond
stone may have substantially the same colour.

In other embodiments according to the invention of diamond stone may comprise
25 layers or pockets of diamond material of the same colour.

Embodiments of the invention will now be described, by way of example, with

reference to the accompanying drawings and examples, wherein:

30 Figure 1, which has been referred to hereinbefore, is a flow chart which shows
routes for methods according to the invention for obtaining orange diamond

material;
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Figure 2 are UV visible absorption spectra measured at room temperature for

examples 1 and 2, post irradiation and anneal; and

Figure 3 are UV Visible absorption spectra measured at 77 K for examples 3, 5

5 and 6 post irradiation and anneal.

Examples

HPHT diamond substrates suitable for synthesising single crystal CVD diamond
10  of the invention were laser sawn, lapped into substrates, polished to minimise
subsurface defects such that the density of defects is below 5 x 10° /mm?, and
generally is below 10? /mm. Polished HPHT plates 3.6 mm x 3.6 mm square by
500 um thick, with all faces {100} having a surface roughness Rq at this stage of
less than 1 nm were mounted on a refractory metal disk, and introduced into a

15  CVD diamond growing reactor.

Growth stages

1) The CVD diamond reactor was pre-fitted with point of use purifiers,

reducing unintentional contaminant species in the incoming gas stream to
20 below 80 ppb.

2) An in situ oxygen plasma etch was performed using 50/40/3000 sccm
(standard cubic centimetre per second) of O./Ar/H, and a substrate
temperature of 760°C.

3) This moved without interruption into a hydrogen etch with the removal of

25 the O, from the gas flow.

4) This moved into the growth process by the addition of the carbon source
(in this case CH4) and dopant gases. For these examples the CH4 flowing
at 165 sccm, nitrogen was present in the process gas at different levels for
the different samples, provided from a calibrated source, for example a

30 source containing 100 ppb N3 either as Air in Ar or N2 in Hz, and for some
examples O, was also present in the process gas as shown in Table 3.
Table 3



-0,...." 5.8 x 1018 2.6 x 1011 o ,0 X0) 0) v CV - 0o X (N O a)Lo 7cci .5

70c) O- E(7) ai it) BB 8 BE OLa ._ .L=- .) -(...3. Colourless Colourless
Pal e yel Iwa2pal@9yel | ow Pal e yel | ow PCT/EP2010/059081
24
Example Nitrogen dopant present in | Oxygen flow present in
the process gas (ppm) the process gas (ppm)

1and 2 0.7 0

3 1.8 9160

4-6 1.1 13657

5) On completion of the growth period, the substrate was removed from the
reactor and the CVD diamond layer removed from the substrate by laser
sawing and mechanical polishing techniques.

5 6) This produced a CVD sample which had typical dimensions ~3.1x5x5 mm.

This grown CVD diamond is the "provided diamond" defined by the claims of the
present specification.

10 The examples were electron irradiated a 4.5 MeV electron beam at 50% scan
width and 20 mA beam current using an electron beam source such as that found
at Isotron plc. Diamond samples to be irradiated are mounted in indium on a
water cooled copper block to prevent the samples being heated above 350K. The
samples were then annealed in an Elite tube furnace (model THS 16/50/180-

15 2416CG and 27160/T). Typically to make an orange diamond material a dose of
5.8 x 10" e/cm? (equivalent to 6 hours irradiation with a 4.5 MeV electron beam
at 50% scan width and 20 mA beam current) followed by an 8 hour anneal at
800°C was used.

20 Table 4 records the CVD growth chemistry, the IN’] concentration in the
provided diamond material, the absorption coefficients at 350 nm and 510 nm
and the colour, of the provided diamond material, the irradiation dose, the
vacancy concentration post irradiation, the annealing time and temperature, the
colour of the diamond material post irradiation and anneal, the colour

25 characteristics, the [NV]. [V’] and [V]] concentrations and the absorption at
250 nm related to vacancy chains, all post irradiation and anneal. The results
table 4 includes not only examples falling within the scope of the present

invention, but also a number of comparative examples. For example, if the
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irradiation dose is not high enough, the number of isolated vacancies available to
combine to form chains upon annealing, irrespective of the length of the anneal
will not be large enough to form a significant concentration of vacancy chains; this
is the case for comparative examples 2 and 6, which fall outside the scope of the
present invention as the concentration of isolated vacancies incorporated during
the irradiation step is less than the greater of (a) 0.5 ppm and (b) 0.5 ppm more
than the [Ns’] concentration, and the absorption at 250 nm in the treated sample
is <5 cm™. This is also illustrated with reference to Figure 2 which is a room
temperature UV visible absorption spectrum for examples 1 and 2, post
irradiation and anneal. This figure shows strong absorption at 250 nm for
example 1, indicating the presence of vacancy chains, whereas in example 2 the
absorption in the 250 nm range is less than 5 cm™, showing a low concentration
of vacancy chains has been formed. Similarly we have found that if the annealing
time is not long enough then total concentration of isolated vacancies remaining
in the treated sample is > 0.3 ppm; this is the case in comparative example 5,
which is annealed for only 1 hour and results in a grey coloured diamond material
as compared with the orange colour achieved with example 4, which is an
identical diamond material sample to that of example 5 in terms of composition
and irradiation, but is annealed for a longer time.

Figure 3 shows UV visible spectra taken at 77 K post irradiation and anneal and
illustrates for example 3 strong absorption at 250 nm and no peak at 741 nm or
394 nm remaining, showing that substantially all of the isolated vacancies have
been annealed out. Figure 3 also illustrates why comparative example 5 (which
has been annealed for an insufficient time) appears grey post irradiation and
anneal since there are peaks at 741 nm and 394 nm indicating the presence of
isolated vacancies and also at 575 nm and 637 nm showing the presence of NV
centres. Similarly Figure 3 illustrates why comparative example 6 (which has
been subjected to insufficient irradiation dose) appears pale pink, since there are
peaks at 575 nm and 637 nm, showing the presence of NV centres, a small
concentration of isolated vacancies remaining, and weak absorption at 250 nm

indicating a low concentration of vacancy chains.

-a



077 Ca)c o70 - a5 0 EE 02 > ai c)- Zc o_o0 La:.D.-. co ci Lo coci Lo co
ci Lococi L" c¢c :ian>2 0 00 -3 Traditional CVD
WO 2010/149777 PCT/EP2010/059081

26

All of the orange diamond samples according to the invention (examples 1, 3 and

4, show strong absorption at around 250 nm. This absorption is believed to be

due to the presence of vacancy chains. For example, the measured absorption at

250 nm is >5 cm™' for both samples 1 and 3, whereas for comparative sample 2 it
5 is<5cm’.

As noted above an additional benefit of irradiating the CVD diamond material is
that typically the colour of the material will be more stable to low temperature
annealing and exposure to UV light compared to untreated CVD diamond. We

10  found that upon heating example 1 the change in C* between the two states was
<1 which illustrates this benefit.
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process a)L_ TD_ a) E-acu EXDLIi ZN co d- 28 CLAIMS 1. A net hod
of maki ng fancy orange synthetic CVD di anond material, the nethod

conpri si ngo 20i0y14pT70vi di ng a single crystal di anond mat ePcalEpediasdvas been
grown by CVD and has a [N,] concentration less than 5 ppm (ii) irradiating
the provided CVD di anond material so as to introduce isol ated vacancies V
into at |least part of the provided CVD diganond material such that the total
concentration of isolated vacancies [VT] in the irradi ated di anond nateri al
is at |eastgtqipgreater of (a) 0.5 ppmand (b) 50% hi gher than the [N,]
concentration in ppmin the provided dianond material, and (iii) annealing
the irradi ated dianond naterial to form ng vacancy chains from at | east

wherein ¢ ha- anfeaitiigd; & BeRRE RS OR B sV E GAMerd el IR ana
at nost 900C. Mnembban i (NprovidiaisidgleVdrestal Biahishdnreeria NBat Bas

carried out for a period of at least 2 hougs. A nmethod according to claim
1, 2, of 3, whéeenrgrome pyr@¥Pagnéhasna BhresPncegtatiepdesednar & pem; (i)

concentration ﬁa&iﬁﬁ’r@ttﬁéi pY@\ﬁ&@&!C?\?D!&a%ﬁﬂd%g@%g tsgz;gse'ié %trod'ma rl‘gg%‘lltéd]e

concentration 1 solated "vacancies in the irradi a and anneal e anond
material is < @adamgies \Aintetatddastopant of e peovidyd TV Idkamend -Matewbesecn t he
absorption coefficients nm.and 510 nm for the provided di amnd

t 350 . 1
material are | &3 E%ﬁot@?&ﬁnfeawaﬂqn Gh BotaleP ¥AGANEISP. [\%rr@t Rl IHREERA ng
to any precedi } r Qi ] i i he
provi ded di am%rﬁ%ﬁ%ﬁ%{}éﬂﬂﬁlegslégt&h@%%%éf%g?lgﬁﬁﬁﬁ E@% (gggg‘rﬁ]dpﬁget o]
any pré@edi ng than the WSt eoncenitasiopeinsprednitbe grrovislegrdismondi material pani ded
di anond materi ez.l.. in a Fon ent.rati on, of , : :
Ili) annealing the irradiated diamond material to forming vacancy chains

from at least some of the introduced isolated vacancies.

2. A method according to claim 1, wherein the annealing is carried out at a
15 temperature of at least 700°C and at most 900°C.

3. A method according to claim 1, wherein the annealing is carried out for a
period of at least 2 hours.

20 4. A method according to claim 1, 2, or 3, wherein the irradiation and
annealing steps reduce the concentration of isolated vacancies in the
diamond material, whereby the concentration of isolated vacancies in the
irradiated and annealed diamond material is < 0.3 ppm.

25 5. A method according to any of claims 1-4, wherein the absorption
coefficients at 350 nm and 510 nm for the provided diamond material are
less than 3 cm™ and 1 cm™ respectively.

6. A method according to any preceding claim, wherein the atomic boron
30 concentration [B] in the provided diamond material is less than 5x10" ecm™.

7. A method according to any preceding claim, wherein uncompensated boron

is present in the provided diamond material in a concentration of



WO 2010/ 149777PCT/ EP2010/ 059081 29 >5x1015 cm 3, and the irradiation step
(i1) introduces sufficient isolated vacancies into the dianond material so
t hat t ot avocomceamtrati on of isol ated vacancies [VT] in Poe/EPRoiadsased

di anond material, after isolated vacancies have been used to conpensate the
boron, is at least the greater of (a) 0.5 ppmand (b) 50% hi gher than the
[N,] concentration in ppmin the providegh di anond material. A nethod
according to any preceding claim wherein the provided di anond material is
irradiated f_r03‘55(‘1‘915Qfm'ﬁ,0ra‘?1d5*trﬁ’eesirraﬁia'ﬁ%hh@fépag)oﬁrﬂwtﬂﬁeg 30fficRine cigdiatey
claim wherein at |east 50 % of the provided D di anond has been forned
froma single yroantiesdntoone damendotatariedsei thgt tetahagnesrdwdionnef isplated

absor pt on i n REEHEES A DS Mo ERE nae 3ERReh AlerReldd ol
nmaterial, whenhaRepgepdusdd f@@@ﬂnﬁ@ﬁ@@t@&h@rtﬁ)roh;sis%t leastlthe/greitdrast (@g o di ng
to any Erecedl ng claimwherein the provi ded di anond material shows a

nmeasur abl e di f PEAEABS (PhoATe higher thandthef[Nsd £oapaoiF@ianvin IR Pravided in
first and seco he first state being after exposure to

irradiation ha\?’?an”a&i‘?\ﬁ@aﬁ%'ﬁ%y of at least 5.5 eV and the second state being
after thermal treatnment at 798 K (525C), and wherein after the irradiation
and anneal i ng steps of the nmethod the change in colour saturation val ue C*

bet ween t h&- di AnBIRNHRAEFITEING 1@ eMePERGEFINT Flgim afheEsiR A PERUERS diameiuced
by at |east O. %&@gﬁl%ﬁ’r‘ﬁa&iﬁfé&‘ﬁ?orﬁh%%_thre_CQH@é‘.r saturation value C*

bet ween the dianond material Iin the said first and second states for the
provi déd di anond material. A nethod according to any preceding claim

wh i f the i di ati d i, t, f th th th h
i tol our St urameshodacgordi Kidnoacnad, TR wlerit ot Fart it ohdf i oo
s Tess than 1ordiiged OV oRabR] nAO30H R FONCTLIBROARIAR LRIy S0 bei ng

after exposure to irradiation having an energy o east 5.5 eV and the
second state being after thermal treatnment at 798 K (525C). A net hod

according to a i i in.th oVj di . I IS
anneal ed i o e PRET AP Gient Bisetinsshiakh o ngFelo, o fHE e PR,
step. Asnet hod aagcsnrdangg tste@Ni) RINGC@EH] @ shsurplioiretRi 250 hen psyieRlof fige St ep
(tii) of method claiml1l s carried out after irradiation step éli of

met hod cl ai m 1 iFadigigsplande anogslefl MisA®ngateatesnl wwdeNnapRaBife t oo/
according to a | & - 141 CVD di anond material which for an

equi valent 0.5 Crgpélia(fﬁ?ur@>%rcl I'iant Cut (RBC) is graded fancy orange. CVD
synthetic single crystal dianond nmaterial having the follow ng col our

glh ::Tgﬁé?r | %ﬁ;?}tpn\?@rtaﬁ%{ Sgcgr%fngapo Sﬁ;‘f ip¥gc|:eed?rt19 %Ia?mc\klhg%lilr? %eBE)iré\Jicilg§ tdiacr:lnjct)né REC)
20 material shows a measurable difference in at least one of its absorption
characteristics in first and second states, the first state being after exposure
to irradiation having an energy of at least 5.5 eV and the second state being
after thermal treatment at 798 K (525°C), and wherein after the irradiation
and annealing steps of the method the change in colour saturation value C*
25 between the diamond material in the said first and second states is reduced
by at least 0.5 compared to the change in colour saturation value C*
between the diamond material in the said first and second states for the

provided diamond material.

30 12. A method according to any preceding claim, wherein after the irradiation
and annealing steps of the method, the change in colour saturation C* of the
diamond material in first and second states is less than 1, the first state



Range Hue angle a 680-900 Saturation C 2-70 Lightness L* >45 18. CVD

di anond material according to any of clains 15-17, wherein the
concent r avoanioof491730l at ed vacancies is < 0.3 ppm 19. Cy¥Drdiracmnsvosnat eri al
according to any of clains 15-18, wherein for an equivalent 0.5 ct round
brilliant cut dianond stone, the absorption in the 250 nmregi on when
nmeasured at roomtenperature is >5 cm 1.30 WO 2010/ 149777PCT/ EP2010/ 059081
31 20. CVvD dianond material according to any of clains 15-19, wherein the

change in sat ugiiPafér eRdodune t@'n@ﬁ@i@ﬁoﬁr%taﬂfrigabn 'e'hngy 8t afhsE B8 RY St es
Is less than 1, the first state being after exposureto irradiation having

an energy of athe secancsBiebeagafitendnerom igadmaneatbétly (225E?). t her mal
treatment 5at 798 K (525C). 21. Jewellery conprising dianond nateri al
according to any of clainms 15-20 and a setting for the dianond material .

1022. A round. biA hletigsd agsérd gt@m& PRIGRICATE clanPwhaidig tite previdedraiznord
according to any of clains 1
5 Material is annealed in the temperature range 1400°C — 2500°C prior to the

irradiation step.

14. A method according to any preceding claim, wherein the annealing step (iii)
of method claim 1 is carried out after irradiation step (ii) of method claim 1 is
10 complete.

15. CVD diamond material when made by a method according to any of claims
1-14.

15 16. CVD diamond material which for an equivalent 0.5 carat Round Brilliant Cut
(RBC) is graded fancy orange.

17. CVD synthetic single crystal diamond material having the following colour
characteristics measured for an equivalent 0.5 ct Round Brilliant Cut (RBC)

20 diamond.
Characteristic Range
Hue angle a 68°-90°
Saturation C* 2-70
Lightness L* >45

18. CVD diamond material according to any of claims 15-17, wherein the
concentration of isolated vacancies is < 0.3 ppm.
25
19. CVD diamond material according to any of claims 15-18, wherein for an
equivalent 0.5 ct round brilliant cut diamond stone, the absorption in the 250

nm region when measured at room temperature is >5 cm™.
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20.

21.

22.

31

CVD diamond material according to any of claims 15-19, wherein the
change in saturation C* of the diamond material in first and second states is
less than 1, the first state being after exposure to irradiation having an
energy of at least 5.5 eV and the second state being after thermal treatment
at 798 K (525°C).

Jewellery comprising diamond material according to any of claims 15-20
and a setting for the diamond material.

A round brilliant cut diamond gemstone comprising diamond material

according to any of claims 15-20.



