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Diamond materials that exhibit a pronounced amount of colour are known as “fancy”
coloured diamonds in the field. Other diamond materials that do not show such
pronounced colour may be graded using the Gemological Institute of America (GIA)
scale. That scale grades diamond materials alphabetically from D to Z. The GIA
20  scale is well known. D represents the highest grade and most colourless diamond
material on the GIA scale, and Z represents the lowest grade on the GIA scale,
diamond material of grade Z appearing light yellow to the naked eye. Higher grade
diamond materials (those on the GIA scale nearer to grade D) are generally
considered more desirable than lower grade diamond materials (those nearer to
25 grade Z), both in the gem trade and for industrial applications. When the colour of
diamond material is more intense that the Z grading it is termed a “fancy” diamond
whatever its colour. However when an attractive colour such as blue is seen in
diamond material it is frequently described as fancy coloured diamond, even though
its saturation may be such as to grade it earlier in the alphabet than Z. When grading
30 according to the GIA scale, diamond graders use a master set of diamond stones
graded D, E, F etc. up to Z, and ranging in colour from colourless (for all grades up to
F) through pale yellows to darker yellows (G to Z). The diamond material to be
graded is compared against the master set, and then positioned against its nearest
stone in the master set according to its colour saturation. That establishes the colour
35 grade letter for the diamond to be graded, e.g. H or K. After that colour grade letter
has been established, for grades from G-Z the colour-grader will also establish a

colour to accompany the colour-grade letter. This colour might be for example,
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vacancies V° in the diamond structure, each isolated vacancy being known as a
20 “GR1 centre’. The strength of the GR1 band is linearly related to the irradiation
dose, indicating that the GR1 centre is a purely lattice defect and not related to any
impurity in the diamond. The blue-green colouration of diamond material caused by

irradiation is exemplified in the Walker publication.

25 EP615954A and EP316856A describe irradiation of synthetic High Pressure/High
Temperature (HPHT) diamond material with an electron beam or a neutron beam to
form lattice defects (interstitials and isolated vacancies) in the crystal. Thereafter the
diamond crystal is annealed in a prescribed temperature range to form colour
centres. These publications describe the production of purple and red/pink diamond

30 materials.

A first aspect of the present invention provides a method of making fancy pale blue or

fancy pale blue/green CVD single crystal diamond material comprising the steps of:

35 i) providing single crystal diamond material that has been grown by a CVD process,
the diamond material having a [Ns®] concentration less than 1 ppm, which provided

CVD diamond material is colourless, or if not colourless is colour-graded either brown
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cut or any other cut, models are available to adjust the colour-grade to that for the
20 standard size and cut. Therefore, the provided diamond material used in the method
according to the first aspect of the invention may have any size or cut, but its colour
grade where specified is adjusted to the colour grade for that diamond material of

standard 0.5 carat size, and standard round brilliant cut .

25  The product of isolated vacancy concentration x path length limits can be expressed

as:
0.36 ppmcm = [V1] x L =20.072 ppm cm
30  Knowing that 1 ppm = 1.76 x 10" cm™ this can alternatively be written as:
2.04x10" cm? 2 [Vr]xL24.09x 10" cm™
The path length for a round brilliant polished gem is assumed to be 2 times the depth
35 of the stone. For example, for a 0.5 ct round brilliant cut diamond material with a

stone depth of 0.3 cm and therefore an average path length of 0.6 cm — the limits

would be:
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It is also known that the presence of the low concentrations of nitrogen in a CVD
growth environment can affect the nature and concentration of other defects that are
incorporated in a CVD synthetic diamond material as the diamond material grows,
20 and that at least some of these other defects provide colour centres contribute to the
colour of CVD diamond material, typically introducing a brown colouration to the

diamond material.

It is also known that these colour centres that contribute to the brown colouration of
25 CVD diamond grown in the presence of low concentrations of nitrogen are unigue to
single crystal CVD diamond, or to pieces cut or produced from layers of single crystal
CVD diamond. It is furthermore known that the colour centres contributing to brown
colouration in CVD diamond are different from those contributing to any brown
colouration observed in natural diamond because the defects in the CVD diamond
30 material cause absorption bands in the absorption spectra of the grown CVD
diamond material that are not found in the absorption spectra of natural diamond.
Evidence for this comes from Raman scattering from non-diamond carbon
observable with an infrared excitation source (e.g. 785 nm or 1064 nm) which is not
observed for brown natural diamond. Further, it is known that these colour centres in
35 natural diamond material anneal at a different temperature to those in CVD diamond

material.
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wavelength. While the N’ is primarily identifiable by its peak at 270 nm, it also
contributes in smaller amounts to the absorption spectrum at higher wavelengths, in
20  particular at wavelengths in the visible part of the spectrum, which is generally

considered to cover the wavelength range 350 nm to 750 nm.

It is the combination of features evident in the visible part of the absorption spectrum
of the CVD diamond material, i.e. (a) the N’ contribution in the visible part of the
25  spectrum, (b) the 350 nm peak, (c) the 510 nm peak and (d) the ramp feature, that
affect the perceived colour of the diamond material and are believed to be
responsible for the brown colour typically seen in nitrogen doped CVD synthetic
diamond material. The peaks at 350 nm and 510 nm, are not seen in the absorption
spectra of natural diamonds, nor in the absorption spectra of other synthetic
30 diamonds, for example synthetic HPHT diamonds of the type described in
EP615954A. For the purposes of this specification, all defects other than the N°
defects that contribute to the absorption spectrum in the visible part of the spectrum,
which we have discussed above as the 350 nm, 510 nm and ramp features, will be
referred to collectively as “X defects”. As noted above, at this time the structural
35 nature of these defects at an atomic level is not understood, merely their effect on the
grown diamond material's absorption spectra. Without binding the invention in any

way, it is thought that the nature of the defects responsible for the brown colouration
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20  yellow or brown) to stones of known saturation under controlled lighting and precise
viewing conditions. D represents the highest grade and most colourless diamond
material on the GIA scale and Z represents the lowest grade on the GIA scale,
diamond material of grade Z typically appearing pale yellow or brown to the naked
eye. Higher grade diamond materials (those on the GIA scale nearer to grade D) are

25 generally considered more desirable than lower grade diamond materials (those
nearer to grade Z), both in the gem trade and for other applications; therefore when
we say graded G or better we mean graded G or a letter earlier in the alphabet than
G. Diamond materials with a yellow or brown hue are graded alphabetically on the
same scale and against the same master set of diamonds for each colour-grade.

30 Therefore a grade of G (brown) means there is some colour and the colour
component is brown. Diamond material graded G (yellow) would have the same
amount of colour as diamond material graded G (brown) but the colour component
would be yellow rather than brown. Typically brown diamond material has a hue
angle <90°, and yellow diamond material has a hue angle between 90° — 130°.

35 Diamond material graded F or better has no visible colour and is graded
alphabetically only, or alphabetically followed by “colourless” in parentheses. |If

diamond material has a colour with a yellow or brown hue that is more intense than
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parent hesﬁl?rogle;] in the CVD growth process which may be advantageous for morphology
reasons, but also for some embodiments allows sufficient nitrogen to be present to
20  provide a yellow hue in the provided diamond, which after irradiation according to the
invention results in a pale blue/green diamond material. We have advantageously
discovered that it is possible to control the nitrogen concentration in the CVD
diamond to within 20% of the target whilst maintaining a low concentration of brown
defects. This advantageously allows the hue angle of the treated (irradiated)

25 diamond material to be controlled in the range of blue to blue-green as desired.

An alternative or additional manner of defining the colour of the provided CVD
diamond material is in terms of its room temperature absorption spectrum. It is
advantageous if the above-mentioned X-defects are minimised, and contribute little
30 to the absorption spectrum of the provided diamond material. Typically, where [N¢’]
concentrations are greater than 0.1 ppm in the provided diamond material, but less
than 1 ppm, it is preferred that the total integrated absorption in the visible range from
350 nm to 750 nm that is attributable to defects other than N’ is less than 90%, i.e.
the brown inducing X-defects are minimised. Where [N’] concentrations are zero or
35 very low, for example less than 0.1 ppm, the total integrated absorption in the visible
range from 350 nm to 750 nm that is attributable to defects other than NS is likely to

be greater than 90% even if the brown-inducing X-defects are very low, simply
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0] nm is less than 0.5 cm™ and the absorption coefficient at 510 nm is less than 0.3 cm™
20 and

(ii) irradiating, the provided CVD diamond material with electrons so as to introduce
isolated vacancies into the diamond material, so that the product of the total vacancy
concentration x path length, [V1] x L in the irradiated diamond material at this stage,
25  or after a further post-irradiation treatment, being at least 0.072 ppm ¢m and at most
0.36 ppm cm, whereby the diamond material becomes fancy pale blue or fancy pale

blue/green in colour.

For all examples used in this specification absorption peak heights and integrated
30 absorption values used to calculate the percentage of the absorption of the provided
CVD diamond attributable to defects other than Ng® quoted in this specification are
measured using a UV/visible absorption spectrum of the synthetic CVD diamond

material taken at room temperature.

35 All room temperature absorption spectra mentioned herein were collected using a
Perkin Elmer Lambda-19 spectrometer. The data recorded in the spectra (“the

measured spectrum”) were processed in the following way to give information on the
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to defects other than Ns is greater than 90% then the absorption
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This scaling allows the concentration of nitrogen to be determined.

20
d. Using the visible region of the spectrum as stretching from 350 nm (i.e.
3.2618 eV) to 750 nm (i.e. 1.6527 eV), the integrated absorption in the visible region
was determined for the measured example spectrum and for the component of it
attributable to N,°, and the percentage of the integrated absorption that is attributable

25  to N.defects calculated.

e. In practice reflection losses are generally greater than the theoretical values
and this makes it difficult without resorting to wavelength specific calorimetry
methods to determine absolute absorption coefficient values. In order to correct for
30 additional losses not directly related to absorption the following routine was used.
Towards lower energies it was generally the case that below a particular energy the
measured absorption no longer showed significant variation with energy. Absorption

coefficient data were shifted so that absorption coefficient was zero at 800 nm

35 According to different embodiments of methods according to the present invention,

the provided CVD diamond may or may not contain N,°. Where it does contain N,°,
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absor pti onopeskisbEbght s and i ntegrated absorption val uegcugpdomoswas cul at e
t he percentage of the absorption of thg provided CVD dianond attri butable
to defects other than Ns quoted in this specification are nmeasured using a

UV/ Vi si bl geabsiehtratn SPRGET Bakeit ihhBesyntteat i v\ dHbmimpndermtgrthal t aken

at roomtenperature. Al roomtenperature absorption spectra nentioned

herei n weP®SeR inwigy ”l?é’lt??gfnﬁa%‘? HHNEFREY OLENBRSX Y s B g ster VY The data

recorded {igiblehébticRemisbdtion ttniqBASIS BRINEPESHCEMRbnyer e processed in the
following way to give information on theproportion of the neasured

absorption in the range 350 nmto 750 nmthat could be attributed to NO

and the pmeAomt i n@ﬁtrélh@ﬁarggaﬁw’eeaorﬁ@rﬂobm i nida8tire@aby @i} tetdchghed to
ot her defects (the X defects reflection | oss spectrumwas created

usi ng t abBRRMAINPEE FesOPpNes fE)er%)x Wé‘ﬂ'ét BRdNSNAAdaME L ) E‘ﬁsarfofrort he

refl ecti oBorhpreterfess itds Bahalarigbd ﬁb@edan%aé@reﬂéms rc@ﬁﬁ@:ﬁéd Vi€ind THEY tHAS
determ ned accordi n% t 0. Pet grégas ?uatl on -368) ]

and subse@UEIR FRP & PRriSHIEf F%Hefﬁgﬁ[ﬂ?gg tﬂ?f’ex%‘ftéﬁlu &1 BQHEW’“ quat i on.
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data and an absorption coefficient spectrumfor the exanple is created from

t he rHSul (4SREERPRESANGITBING Mgl retles: dEble MATRE HfeCEBRPEHEROdPet he
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type I b HPHT synthetic di anond (for which the absorption is attributed

sol el y toow%ye%gm&@@gnﬁﬁgmpiaﬁ PIQYIASEHEY 2t PEPT §P PEMBVEd CONECDTH nm peak

fromthe nﬁaﬁ%@obfsym@:@wdugwmmaum;e@ctsmefq,bmmuom wWHIE ErFCabddia 26| ows the
concentration, of nltr%cﬂen to be determ ned (gﬂg t he visible region of

the spect FsRIdes! ustiadielhimeg iefigindssbiedategiatien Soresn Vel g BedRR . e,
1. 65275 eVihiwish@ah:ﬁlh&%ea&h@@eﬁbﬁ@zﬁr@bh%:dnn T Rinvhisk ek @F1a0500MAsd deker m ned
for the n‘ggusbLijé sencgeeg)égr%) b%sesa iar?gtcérl?lgg:t%?idﬁrga?arEs%@?seof%gtgg%?sgrqtetgf e!s;gecaaiiy in
cases where overlapping EPR specira are present, a spectral filting method (using a
Nelder-Mead simplex algorithm (J. A. Nelder and R. Mead, The Computer Journal, 7
(1965), 308}} is employed o determine the integrated intensity of the EPR cenires
20 present in the example of interest. This entails fitting the experimental specira with
simulated specira of the defects present in the example and determining the
integrated intensity of each from the simulation. Experimentally it is observed that
neither a Lorentzian nor Gaussian line shape provides a good fit o the experimental
EPR speclra, therefore a Tsallis function is used {o produce the simulated spectra
25 (D.F. Howarth, J.A. Well, Z. Zimpel, J. Magn. Res., 161 (2003), 2158). Furthermore,
in the case of low nitrogen concentrations, it is often necessary to use modulation
amplitudes approaching or exceeding the line width of the EPR signals to achieve a
good signal/noise ratlio {enabling accurate concentration determination within a
reasonable time frame). Hence pseudo-modulation is employed, with the Tsallis line
30 shape in order to produce a good fit {o the recorded EPR spectra (J.5. Hyde, M.
Pasenkiewicz-Gigrula, A, Jesmanowicz, W.E. Antholine, Appl. Magn. Reson., 1
{1990), 483). Using this method the conceniration in ppm can be determined with a

reproducibility of betier than £5%.

35 The technique of UV-visible absorption spectroscopy for measuring higher [NJ°]
concentrations is well-known in the art, and involves measurements using the 270

nm peak of the absorption spectrum of the diamond material.



attributable to Ns , and the percentage of the integrated absorption that
is attributable to Ns defects calculated. e. In practice reflection |osses
are generablgiogueEber than the theoretical val ues and t RCI/RPRKIOSH5IOB4
difficult without resorting to wavel epgth specific calorinetry nmethods to
determ ne absol ute absorption coefficient values. In order to correct for
addi tional |osses not directly related to absorpti on the follow ng routine
was used. Towards |ower energies it was generally the case that bel ow a

parti cul aNitegER §9aM% #eo H@ﬁ‘%ﬁ%&l'%@§d¥°ﬁtt'v%ﬁh?féel%ﬁ@éw )s Hswearcgntgiion  ant

vari ati onnwig foupbedyoMeadim@rtRé igeBk (h@%fnf b trRNMeafldd at WBBZ i ihitRe FIRt hat
absorption coefficient was zero at 800 nm Accordl ng to different

enbodi nenfREHHMet FOMS LAWY AHaY MY BHO Be &t 19 APt AETRINRi ded CVD

di anmorgl MByhcRhtrifh RPIthE AnRINY H%terlaWhQﬁ@ cohceh@@Sore @Nivhin the NRtection
concentrati on of [Ns] present in the synthetic CVD dianond nmaterial of the

present i ntion may be neasured using EPR for |evels <5x10 15 cm 3 and
using UV visible optical absorption techniques for higher concent rations.
[Ns] in the neutral char %e state content can be measured usi ngwel ectron

par amagneft O H8< GRANE e CEISIY . ITfF 104 G OnePaHgt F?o&dY@t%@qusﬁﬁbﬂﬁy|q{ Be art,

for conpl giRiHeEYidrhodEmaterBRWhHEd dHRsR grade SEREUBETER Y Scceptbiciordnyisi ng
EPR, the abundance of a particul ar parana netic defect (e.g. the neutral

si ngl 8 supetomt G"tol"@ﬁgld'qm?ﬁ“b@‘é‘???r@éf%'é?)asl Y 8pOYS:iWHAP SFb"‘”t‘HBO'i”HtSé’ér at ed

i ntensi tynigbgah bret;h@s&ﬁ% BRRSIURId §us, éﬁ&ﬂ@ﬁ&clﬂ thé PRYideH dHAGtd mtekiapm t hat
centre. This ﬁermts the concentration of the defect to be deternined by

conpar i ngtheRdnisrg é@‘t‘%'tyétfsPﬁ?@HM'frythﬁd”Y%tCt'%PLSI‘? T Sousded felpiedtsthat

ref er enceinsdant&a PEWN icERUrdRNGoItBe CHEHah@nBIEMEAAI. OAcdoPdih§Ed cér@dint he
effects of m crowave Eower saturatl on. Since contjnuous wave EPR s ectra

are recor BBROHEISAE ¢ e vephAn Y hsR SRl AUt OEBIREPB AT Brerséah'i”rB

det er 16 nectimedigRR3ndnh giesibl ¥pabidl ARNIREds Bee d8frett oGORCEAEF 8 ké¥ult ihoa m m m se
the errors assocjated with double j ntegratl on, base line correction, finite

limts of Pioideg MR damoag material uwhigh pYY Prowd-Lolaurglins; (thoggllrtp HE SlUE O EPR

spectra aﬂ%s@b@@eﬂ‘@éts) |§ a$§©§él rcﬂ'atiéatst mﬂﬂmr&tjh%e(rbl%u&gb@mhﬂdﬂ&rratmag si mpl ex
al gorithm (J. uter Journal, 7 (1965 308))

A an he Co
is enpl oy "F‘@eeért‘ éﬁ‘?ﬁ"’ﬁé f{“ﬁ% [Nm]t%lj‘PﬁFﬂté%}'qnﬁ shg yp dPPh&neprRNY JAHY

colouration resulting from the presence of the N defects themselves will result in
20 levels of N.° that give a colour grade of T (yellow) or better. Practically for reasons of
gas purity or diamond properties, or where it is desirable to achieve a more blue-
green hue rather than a blue hue, it may be advantageous to have [N.]

concentrations towards the upper limit of 1 ppm.

25  Especially where the provided CVD diamond material used in the method according
to the present invention has a [N:’] concentrations towards the upper limit of 1 ppm,
then the absorption spectrum may have a total integrated absorption in the visible
range from 350 nm to 750 nm such that less than 90% of the integrated absorption is
attributable to defects other than N, defects. i.e. the so-called X-defects thought to

30  be responsible for the brown colouration contribute less than 90% of the integrated

absorption in the visible range.

It is also envisaged in this invention to use provided CVD diamond material with no,
or only very small amounts of [Ns’] present. In these cases since there are only very
35 small amounts of [Ns’] present, in general there will consequently be similarly very
low or no X- defects and consequently little or no brown colouration (although under

certain growth conditions this may not be case). This can be quantified by specifying
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255001 3t Sl Bl ERPHCR K0T BP0 ope Rl b Xatietegihnd i i oduce
enbodi nren08/06214/he Thesenprevinysiwimcemsntedl mathodatfor gfovwngrcb\glérdiaamenqbr esent
in the material are believed to result in diamond material with an absorption spectrum with
a total integrated absorption in the visible range from 350 nm to 750 nm such that the
15  contribution of other defects to the visible part of the spectrum would be greater than
90%. Since these other defects are known to lead to the characteristic brown
colouration of CVD diamond containing nitrogen, these known prior art CVD growth
processes are not suitable for directly growing the provided CVD diamond material
used in the method of the present invention.
20
One of the above-mentioned special methods that can be carried out in order to
result in a provided CVD diamond material in which any brown colouration (thought
to be due to the aforementioned X-defects) is avoided is by using a CVD growth
process in which the source gas contains carbon, hydrogen, nitrogen and oxygen,
25 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 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
30 61/289,282 the entire disclosures of which are incorporated herein by reference.

Specifically the method involves providing a substrate; providing a source gas; and
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colouration of the dianond material is likely to be due to any snall

amunis obe érQiM'g 6 B @lact Hrabessopdraetshd Gébdr Wxbmpld @BIRbhisuBstdty, and in
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wel | est a® W@ﬁ%@sgﬁ@%% oBg@nmtegrated absorption in the visible range from 350 nm
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20 general the added oxygen CVD growth process allows a skilled worker to introduce
higher percentages of nitrogen than would be possible with standard CVD processes,
while reducing the number of X defects leading to the brown colouration. Thus, the
present invention also envisages using the added oxygen CVD growth process to
introduce such high concentrations of nitrogen that the number of other defects is

25 also significant and the resultant grown diamond material has greater than 90% of
the integrated absorption in the visible spectrum from 350 nm to 750 nm attributable
to X defects. Such provided diamond material could then be treated by a subsequent
high temperature anneal as described hereinafter to remove some or all of those
defects. Tailoring the added oxygen CVD growth process so as to produce the

30 desired diamond material defect concentration, and consequent absorption

spectrum, will be a matter of simple experimentation for the person skilled in the art.

The CVD diamond material grown by the added oxygen CVD growth process may be
used directly as the provided CVD diamond material in the method according to the
35 invention. This route from CVD growth stage to formation of the provided diamond

material is illustrated as “route A” in Figure 1 of the accompanying drawings.
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nm such that greater than 90% of the integrated absorption would be attributable to
20  the undesirable brown colouring X-defects. We shall refer to this diamond material
as the “traditional-CVD-grown precursor diamond material” in this specification, the
word precursor being used to show it is a grown CVD diamond material that is
different from and precedes the “provided CVD diamond material” defined by the
method of the present invention. The word traditional is used to distinguish the route
25 to the CVD grown precursor material from that described for route B above. We
have found that if the traditional-CVD-grown precursor diamond material is subjected
to the above mentioned high temperature annealing process it can result in diamond
material in which less than 90% of the integrated absorption is attributable to defects
other than N.° defects (the brown-inducing X-defects). This route to the provided

30 diamond material is shown in Figure 1 as “route C".

It is also envisaged in the present invention to use as the provided diamond material
a material containing very low [N,’] concentrations, e.g. less than 0.1 ppm. These
materials may be grown using a process with very low, or zero, nitrogen
35 concentrations in the source gas. The resultant grown CVD diamond materials
consequently contain no or minimal X defects, since these X defects are thought to

result from structural and charge changes in the diamond material as a result of
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20  substrate onto which it is grown is substantially defect free.

W02010/010352 A1, for example, describes a method of making high chemical
purity and high isotropic purity diamond material suitable for use in spintronic
applications. In particular, the method of CVD growth comprises providing a
25 diamond substrate having a surface which a substantially free of crystal defects, and
providing a source gas mixture comprising high purity gases where the concentration
of nitrogen is about 300 ppb or less, and solid carbon source comprising *C in an
amount of at least 99% of the total carbon content of the source and activating and/or
disassociating at least a portion of the source gas and the solid carbon source to
30 form gaseous carbon species and allowing homoepitaxial diamond growth on the

surface of the substrate.

CVD diamond material made by processes described above. e.g. of the type
described in WO/019663A1, WO/019664A1, WO 2010/010352A1, and WO
35 2010/010344A1, which use substantially no nitrogen will be referred to hereinafter as
"high purity CVD diamond material growth processes”. These processes are suitable

for forming the provided CVD diamond material used in methods according to the
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De OO e D Se Sombadimente Blcoraing to the Brasent inventon t the diamond
material does contain uncompensated boron (for example in a concentration of
20 >5x10" cm™), then the irradiation step may be carried out so as to introduce
sufficient isolated vacancies not only to combine with the boron but also to achieve
the specified isolated vacancy concentration [V1]. The level of additional irradiation
needed for boron-compensation can be determined empirically by the person skilled
in the art.
25
By adding more nitrogen to the provided diamond material using methods in which
brown inducing X-defects are not simultaneously introduced (e.g. the aforementioned
oxygen process), or by eliminating those defects (e.g. by a high temperature
annealing step) then more yellow can be introduced into the provided CVD diamond
30  material, and hence a blue/green diamond material results after the irradiation step.
This is thought to be because the presence of the Ns® in the material results in a
charge transfer of V° to V. For example, where there is relatively low [Ng’]
concentrations, most of the vacancies present in the provided diamond material are
neutral vacancies V° which tend to impart a blue colour. When there is relatively
35 higher [N"] concentrations more negative vacancies V" are present in the provided
diamond material, and these tend to impart a blue/green colour. Thus the invention

proved a convenient means of tailoring the irradiated diamond material through all
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desired colour;

20
(b) growing diamond material by a CVD process that includes introducing sufficient
nitrogen in a process gas in the CVD process so as to achieve the said target [N"]
concentration in the grown CVD diamond material, which CVD diamond material has
the properties of the provided diamond material set out in step (i) of method claim 1;
25 then;

(c) carrying out the irradiation step set out in step (ii) of method claim 1 on the grown

CVD diamond material.

30  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 from a single growth sector.
This single growth sector is preferably a {100} or a {110} growth sector. The material

35 of the single growth sector preferably has N’ 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 sector, alternatively greater than about 80%



f orm gaseous carbon species and all ow ng honoepitaxi al dianmond growth on
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di amorgl WBUﬂéde@WlihSdl@er@ﬁ)tr@yéléﬂdg%hQ:f ortelﬂ%tléﬁ@éih|HSlgst€d?1|g%|ﬁerbﬁt|a$0Mtak@f t he
provided dj amond material and t col oyr introduced the irradiation step

i nt roduci ANl r%?rhwr'\ﬂa%fjnélségthe@ P diapand matriaf ﬁ%‘f"pﬂﬂﬂg AIaerdtce

col our i ng&t@d@etw@w@e&]@ RN MRdrer Uﬁdjesm%\blé Porfey With QifRIFBNCEAIBIY, S be
m ni m sed. For exanﬁ%'gpcf unco ensat ed bore ﬂl sol ated boron) may itself

i nt r oduceesuiipg&o SfPt CRCE] ra%ﬁon%t 'Brdifgﬂre”tl%‘?w@éﬁ%o odi nents the
boron concentration [B] in the provided diamond material is less than 5x1
015 cm3. It is known that if there is unconpensated boron in di anond

mat er 1%1  YHiege mgihogs a&%%l@ﬂé%#@dmr%ﬁlomomww BRI an6PioRes Rl VN8 ol at ed

vacanci esthetgr6vidsPCabeafiaMeeR itds8 métRddY prefagadly Edmprize g}?&hiﬂ@ tsddibMdhd nei t her
the boron, nor those conpensati ng | sol at ed vacanci es art any colour to

the di anofisrat lorhaye therplqversited Pereseiagesionped Ff@'ﬁtass'%%@FQWthée?terthe
present invention, if the dianond material does cont ai n unconpensat ed boron

(for exanple in a concentration of >5x1015 cm % hen the irradiation
step may DBOWREF pIANRAR OlbAVIRI PEPVIdsH r oYY Hereend remeﬂﬁedp@&aa{héa Y2F8nci es

not oMy yRWHPRBLBE isMhah it dRfehmt %iﬁo#tﬁ%e%tcﬁ@ théte af4) BY aiiffdientSpemtifiéLd
i sol ated vacancy concentration [Vt The | evel of additional irradiation

needed f ofISEEHHMNSBWRIERRSATd6tECtan be determined enpirically by the person
skilled in the art.

Using CVD synthetic diamond material rather than natural diamond or HPHT
synthetic diamond material to produce pale blue diamond is advantageous for a
20 number of reasons. For example, natural diamond is variable in its properties;
therefore making it more difficult to find matching diamonds to be set together for
ornamental use. An advantage of CVD diamond material over natural diamond
material is that the synthetic CVD process and the post growth treatment can be
tailored to achieve the exact hue and saturation of colour desired rather than having
25 to accept what is available As another example, diamond material produced using
HPHT synthesis techniques exhibits strongly differential uptake of nitrogen impurity
on the surfaces with different crystallographic orientation (which are the surfaces
corresponding to differing growth sectors) that form during synthesis. HPHT does
not normally have a single dominant growth sector, unlike that typically achieved in
30 CVD. The diamond material therefore tends to show zones with different colours,
resulting from the differing nitrogen impurity concentrations in different growth
sectors. In addition, it is hard to control the HPHT diamond material synthesis
process sufficiently to give a uniform and desired nitrogen concentration throughout
even a single growth sector within the synthesized diamond material. Furthermore,
35 in HPHT diamond material synthesis, it is typical to see impurities resulting from the
synthesis process and the catalysts used — examples would be inclusions comprising

cobalt or nickel — features that can result in localised and inhomogeneous strain that



By adding nore nitrogen to the provided dianond material using nmethods in
whi ch brown inducing X-defects are not simnultaneously introduced (e.g. the
af or enentwonet)/@xygen process), or by elim nating thosepPdeffPetis/ ofm®sg. by a
hi gh tenperature annealing step) thenqgore yellow can be introduced into

the provided CVD di anond material, and hence a bl ue/green di anond materi al

resul ts afégtadé e bpticaflbad tHemal @rl@pefﬂé'ss Ihohtraslg Bl O @akRnbesaEES i§ he
presence of the Ns in the material results in a chaB(%e transfer of VO to V

For exafyrck MaspEpiEoryB Calopsthag edpennatyral i s pynibeitcetitran]d DA% ahost  of

t he Vacanéh&ﬁnllﬂ’(&ﬁ%afsédb%vﬂfh%ét@fﬁéurﬁ;l@iﬂh@d material are neutral
vacancies VO which tend to inpart a blue colour. Wien there is relatively

hi gher [Ns] concentrations nore negative vacancies V are present in the

provi ded g wmm.crr@t/@r U%'monanﬁatéﬂﬂﬁenéyﬁﬁd @r(bqluW@aélty alsbrhg!ﬁdrﬁﬂeﬁ&ncé)' our.
Thus the invention proved a convenjent neans of tail ori nghthe i rradi at ed

di amond n&YHEhelq d'?WPBG@Pﬁ"%”?@HH@@é'ZS?' usied il deqnaiqyes SYBhe dISiR@EAN by

si npl e nogirddt@at lwayrmﬁettck@vrb NidoreioBigRBAIGHs JeRerafigl tRBARBEPHiIEdYog @2kt r ol | i ng
the ratio of VIVO starting with different concentrations of nitrogen in

t he provi @é&“%ﬁ'é%%”ﬂ‘ﬁt"@f? wihepilia'orpwi surace il dheathfistatean e pEnated t o

achi eve t bgbst@td isef(009) SubstraRetveaiBlobtithsaitd appRRMatelPANEn&IpAdilgrRat s Of
the invention conprise selecting the [Ns] concentration of the prOV| ded

di anoH nieedf digpchant o Ihr SXngdc adiggiogdt metere! rsypingsizad t wnpridviitied

di anond nedcBhigads, dlsnbo@ﬂ@hé1haﬂn@&eafta@nl%hu§cé@fthé@@é&&@@t@l e suifaté er ence
i nparted by the different VIVO ratio, there be a residual yellow

hue from &R§® PR HltW%WﬂF%@n<”\QﬁldHﬁCW§I Jham? tt"’é?ﬁipeisd’fr”éaéﬁ']'% CPh a

greener bbyalsghashedi BB didkeit 'd%locaﬁért stwmbg'éﬂéervw%r’r@(anﬁﬁ@%bn of the
present ipgvention provi des a system for bej nggql sel ect and nmeke a

desired cOMBYUIOPSEaRN atbie! ﬁ%lf’@r"ld&P afPy it dish %thVDHr% nalyra Re/ r een

col oufs r apgRatuRAMiaitbna does naNgHod theédtiBart fiRallchbigRcdPs270; the system
conprising the steps of: (a) predetermning a target [N O] concentration

for a grown CVD dianond material, that after irradiation of that grown CVD
di anond nEbgel&, oblalding B8y toplo@ratdhg i ah An&iRsk tesk £l @&4irly an alternative,

less onerous method that enables positive distinction would be desirable.

20 A synthetic CVD diamond material may be positively distinguished from a synthetic
diamond material synthesized using HPHT techniques by the presence of metallic
inclusions in the HPHT-synthesized material that are incorporated as a result of the
synthesis process. The inclusions are comprised of the metals used as the solvent
catalyst metal, e.g. Fe, Co, Ni etc. Inclusions can vary in size from less than 1 ym to

25 more than 100 ym. Larger inclusions can be observed using a stereo-microscope
(e.g. a Zeiss DV4); whilst smaller inclusion can be observed using transmitted light in

a metallurgical microscope (e.g. a Zeiss “Axiophot”).

A further method that can be used to provide positive distinction between synthetic
30 diamonds produced by CVD and HPHT methods is photoluminescence spectroscopy
(PL). In the case of HPHT-synthesised material, defects containing atoms from the
catalyst metals (typically transition metals) used in the synthesis process (e.g. Ni, Co,
Fe etc.) are frequently present and the detection of such defects by PL positively
indicates that the material has been synthesised by an HPHT method.
35



(b) growi ng dianond material by a CVD process that includes introducing
sufficient nitrogen in a process gas in the CVD process so as to achi eve

t he sai d wergevi4p™8] concentration in the grown CVD di aromaro@inasdoad , which
CVD di anond material has the propertigg. of the provided di anond nmateri al

set out in step (i) of method claim1l1; then; (c) carrying out the

i rradi ati geestigpef MthdddtadcBrdh @R {hel ihvértioreddnashses airayidtin tHesrodiewn CVD
di anond rrat ep?§ ZI The provi ded§c,\/D di anbnd materi al used@n t he nmet hod

accor di ng 'Lamopﬂév'th.ql%cttroag pels sigp of K@ditian aflf 19 MireAL¢oisOBIedr@FaMiSs Yray have

at | east maote difiondbt alsdaddedeleyeierboast about 80% alternatively at
| east about 90% alternatively at |east about 95% of the volunme of the

synthetic CVD dianond material formed froma single growth sector. This

si ngl es gr mmb\@%@rmhbﬁ.rraa.aﬁﬁg’ melouarﬁor{dlrﬂgﬂen@ww.ﬂ] r{adﬂam&} oBEPIah cfREbRr . The
material of the single growh sector preferably has | evel s within 10% of

t he nean f%jr‘atgqrb%?%"‘r”?W&ﬁ“ﬁ%ﬁtfa%\%"é biHe QfJPﬁ%pBIP P'H@gb‘?e@v\fq{o‘é'@@tor

al ternati ¥y@ongr et partithan wabraile 3% hat R dieaby BthohelitthsopreWldbssgct or ,
alternati veI greater than about 80%f the volunme of the growth sector.

Using a p¥9 o@ﬂe%WP'i‘f@fjl jane8Md: di anond naterial that has been grown from a
single growh sector is advantageous as the CVD dianond material will have
fewer surfaces with different crystallographic orientation (which are the
sur f atds corres%ondi nrg to differing gromh sect ors% Surfaces wth

di f f er ent "t9§3% ic?ggéﬁﬁ?rcthﬁr'fré‘ﬁtaétoi”oq&see%‘? greatet Msngyybar pf dslaed al

upt ake of véﬁdnbi@g%Fbaltémtrhbﬂér(/e%fdhélwﬁa)diﬂtlbﬁbb% &MPakl) 5aER b oiERiOR tledimer@Npr i si ng
nore grow h sectors therefore ten t o _show nore undesirable zones with

di f f er ent ISc¥letiPd spARRf Mrhy Lt Iso% lﬁﬂ%t UPt4 epEnem A ehiPat VERPRS CR-0 i n

di ff er ent TgsieamyHosg 0tPEtShe Wie bSrreBpbh@sio aessdchtratort Rinb8 ¢or 0YjesTto. En—conpri se
a prelim nar% Srocess of growi ng the provided CVD di anond, these nethods

pr ef et bl9 rise growi ng the dianond material to have the above stated
percentages formed froma single growh sector. Another advantage of having

provi ded CVD di anond from predom nantly a si n% e growth sector is that in
di f f er ent gt EMBeMsAS %Or‘?@rrd@gnta;}h%@vﬁﬂtfof”et% ps§BFiEFEanEds SelPEed SBut i ons

and typesaoto heb86deS[V1] x L in the irradiated diamond material of at least 0.072 ppm c¢cm
and at most 0.36 ppm ¢cm. In these cases there is preferably no further post-
20 irradiation treatment applied to the diamond material that could significantly affect the

isolated vacancy concentration in the diamond material.

It is possible for the diamond material to be irradiated so as to introduce more than
the final desired concentration of isolated vacancies. In these cases it is possible to
25 subsequently decrease the concentration of isolated vacancies by a post irradiation
treatment step. We have found that it is possible to decrease the concentration of
isolated vacancies by up to about 50% by such a post irradiation step. The post
irradiation step may comprise annealing the sample, for example at a temperature of
at least 300°C, or at a temperature of at most 600°C. The period of the anneal may
30  be short, for example, simply ramping up the temperature from room temperature to
the anneal temperature, and then allowing the sample to cool down again, or the
sample may be held at the anneal temperature for a period, of a few or several
hours, for example 2 hours. Without limiting the invention in any way, we believe that
annealing at this temperature may cause any interstitials present in the material to
35 become mobile and therefore diffuse and recombine with some of the isolated
vacancies and consequently reduce the concentration of the isolated vacancies.

This over-irradiation (to produce surplus isolated vacancies) followed by an anneal to



Usi ng CVD synthetic dianond material rather than natural dianmond or HPHT
synthetic dianond material to produce pale blue dianond i s advant ageous for
a nunber w0 20ma0T18. For exanpl e, natural dianond is vaPCalEPeo1005908s
properties; therefore nmaking it nore dyfficult to find matching dianonds to
be set together for ornamental use. An advantage of CVD di anond materi al

over nat Urgthovd tROBRNSUrBRsasdIgted Vachhids diBgivantlgastidig ifviNePbAGRES st t he
post growm h treatnment can be tailored to achieve the exact hue and

sat ur at i oRUbK R BRUSGED CEatAALHEY MEIRCeRadP AR PV IGE dBBIrCHHERNiROShvai | abl e

As anot hefreXRAPIsBlated \VAIFBAS) JOALEtHAbn Y WEKIE 8 presdibeliitiiits sa18 WM the
t echni ques exhlblts strong Iy differential uptake of nitrogen inpurity on

the surfaBe®eR the REFFEIVEIIXTyst al | ographic orientation (which are the
surf aces correspondl ng to differing gromh sectors) that form during

synthesi s, HPHT does not nor mal I%/ have a si ngl e domi nant growt h sector,
unl i ke t haberejpreciieneabadigipalts phmelad anserding R Hie RYeRH3O R PBr e t ends

to show z@a@ﬁomltslfewoffmﬁﬂmd.&wnqwa&.,ngrtﬁéukéduétgdfdiamﬁdﬁmafbrﬂ‘af €6 bBgoni trogen
impurity concentrations in djfferent growth sectors, |Ip addition, it is

hard to cBft?E NMrhe Liipihe Widinteridiamonpimatedyal ghisest P42 8B Clenidtently to

gi ve a unmfoRt @B@%ﬁnﬂ&ﬁl TRR pdst-ir@aRfiof G85RTHNt §tfeb0ﬁla31 SureprgRaheg@Nh@ singl e
grow h sector within the synthesized di anpnd nmateri al . Furtherm)re i n HPHT

di amoHl nifadiated d'§9‘ﬁf‘ﬂ€lﬂt%”a' Pt a fMREFpiuEL P %t69§é§0(? r@p@ﬂq 24Best R4t ng from

the synt hgwks eRIRaRMSStEBIcE R dERIrRld)EtbA auﬁ@éi ma\e YR EStheiehseri@tibRcl usi ons
conpri sing cobalt or nickel features that can result in | ocalised and

i nhom)genefo'ﬁ%a?ﬁ’r@P?P‘?%a%‘é‘bPa@e/ +1Ren Bistinitigldogs af elrelrons Max bperlesied. 1n

contrast, sEYPidlineomnd [TRHA indhe inGdtdiERbAA Hitdral B dtinds@bIrpphhén, ei t her
natural or HPHT synthetic dianond nmaterial, and wll not have any issues

with nmetallic inclusions. A synthetic CVD d| anond material may be

unequis/ocahl 3dditiophll PR f@eq}rédam};athgymmemrﬁomh ARl natest itgdicalyntheesi zed
usi ng HPHT techni ques bg\Ht he dislocation structure. In synthetic CVD

di anond, B?'Q'i”cﬁfért“? BrRerigbyliog Torersliatp oW tamapradue |38ﬂe%“ﬁatanfj§xP%%ﬁ?nl y

per pend| cty av Iﬁghttdmpé‘rbblt@mrﬂfémé@ CS\LDfd%ﬁoﬁ)(ﬂ tTihes S1aRIidAlR, effed®.is Wher e
the substrate is a substrate, the dislocations are approximtely

al i gned p4Payyser Wo&%é"qpb@i'})”dw@é? T O3T197- Gy Aph P ArRligAtHG WRIREY i al

synt hesi zgg/208,669 bbfiHiled 26" June 2009, and in GB Application Number 0917219.8 and
20  US Application Number 61/247,735 both filed 1° October 2009, the entire disclosures
of which are incorporated herein by reference. Thus an advantage of the present
invention is that it results in a blue or blue green diamond material which, in the
absence of the irradiation step of the method of the present invention would show a
measurable difference in at least one of its absorption characteristics in first and

25 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 (5625°C),

but which following the method of the present invention results in diamond material

that shows little or no colour change when in the said first and second states, given

that the concentration of interstitials has been minimised. Advantageously, in some

30 embodiments, post irradiation the change in colour saturation value C* between the
first and second states is reduced by at least 0.5 compared with the diamond
material that has not been subjected to irradiation. In some embodiments the change

in C*, post irradiation, of the diamond material in the first and second states is <1. In
some embodiments the irradiated diamond material, or the irradiated diamond

35  material after a further post-irradiation treatment, may have an absorption coefficient
measured at 77 K of at least 0.01 cm™ at a wavelength of 741 nm; or an absorption

coefficient measured at 77 K of at least 0.01 cm™ at a wavelength of 394 nm.



t echni ques, dislocations that nucleate on surface of the seed crystal
(often a surface close to {001}) typically grow in < 110> directions. Thus
the two twpesioof49trat eri al can be di stingui shed by their pdirfifPesien59084

di sl ocation structures observed, for exanple, in an X-ray topograph. This
al so provides a route to distinguish CVD fromnatural type Na, as natural

di anond does not show these clear parallel dislocations. However, obtaining
X-ray topographs is an onerous task and clearly an alternative, |ess

oner ous nbthEAOVAdhakhEREIop6EEhs Frdipian AeterBinsrdlier e tader oiiie. A

synt het i cirfaMatidh amBRColgh abpr@kmmrsn ReeRQsddttionsl MeWioh Ehérgyios Bﬁ@lefcfr@ﬁn a
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i ncor por atewhcas afe B9SHALIe @f 1tHaVSY Hesi5SMBLOGRISWe maelfeghu&hgnﬁ iare
conpri sed of the netals used as the sol vent cat alg/st nmet al Fe, Co, N

etc. | ncI B ‘%i'ﬁ@'ec@ws\?a% -5 Me¥ieleetiongiAur e 1o dagiatorhin @Qf”‘?ff?rté‘et 400 nm

Lar ger Féh@tkélfbﬁ forfydical RheRr digfhoHatNe. A 6t &F 68 dArat arReRd bavihg & Zei ss
DV4) ; st smal]er inclusion can be observed using transni ttzﬁcl ight in a

net al | ur gfrﬁfé‘l”e?ﬁ e oubp & e TyPicallyARe slectray PS?JH&P%CE’ Y RpverR PO heCARd t hat

can be us@itth Bndh QUIrElR ceSHtForearhpt Atied faeiiewReBosyRblet i ¢ di anonds
produced by CVD and HPHT net hods is photol um nescence spectroscopy (PL). In

the cle of HPHT- synt hesi sed material, defects containing atonms fromthe

cat al yst Eﬁetcﬁtb@ |r|(afd}éﬁ’ibﬁi9§ typichllyegsiidd Qun WHBLAbSEIm HSREL inthé BRergy RAMRS0.§ process
(e.g. N are frequently present and the detection of such

def ect s bVeHLtop?sM?Vvé?Rﬁ'qnﬁHN berrsrphihet isiseads Kiat Whiohdatredicss &)1dhesi sed

by an HPHinifRinha@fcsiteRionidf JsokftedRhdidfesas ad Hidd@el Qidnhehd Mﬁ%‘ﬁbl Qhilgonpri ses
irradiating the provided dianond with el ectrons. The ste i rradiation

acts to i W"@Ed?ﬂeth%@'l”&t'éﬁ of 5RHREP d8MIP D VBRI HABRd, F%ééhed?’%ttf“l}g’%ed

her ei ndef assaits \Mpdrvdenéreun duviddsundr thadias imey tdi@v.@téoaréogaodr&;bﬁffpk@husw th
radi ation other than electron radiation does not result in a fancy pale

bl ue or fafeepiaseiVaéd&en col oured dianond. In particular we have found
that irradiation with neutrons produces a yell ow green col oured dianond. In

general the greater the irradiation dose, the (I;;reater t he nupber of
i sol at ed ©Optionally, and particularly for larger samples, rotation of the sample during

irradiation, or repeated rotation followed by irradiation, may be used to assist in
20  achieving uniformity of the created isolated vacancies throughout the volume of the

stone.

Factors such as diamond temperature, beam energy, beam flux, and even the
starting diamond’s properties can affect the [V1] produced for a fixed experimental
25 irradiation set-up and time. Irradiation 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, 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
30 circumstances) to enable high dose rates without compromising temperature control
and thus minimize the irradiation time. This is advantageous for commercial
reasons. Calibration of the dose applied against the isolated vacancies produced for
the particular provided diamond being used in order to satisfy these limits on [V1]
concentration introduced will form part of the skilled person’s responsibilities before
35 carrying out the method of the present invention. Such calibration techniques are

routine for the person skilled in the art.



vacanci es created. The level of the irradiati on dose and any post
irradiation treatnent is selected so that [Vt] x L is at least 0.072 ppmcm
and at no80201B@9pPpM cm Typically for a 0.5 ct rbc thi ecemreaspsnds to a
concentration range for [Vt] of 0.12 530.6 ppm In sone enbodi nents
according to the invention the dose of electrons is selected so as to

i nt rOdUCGNevﬂ'évé(alsolfauﬁ@ﬁmdtrthé%éﬂo@d)f%ﬁdm% AREElsi tAk Rl of easidte. 072 ppm
cmand at nost 0.36 ppmcm |In these cases there is preferably no further

postirr ad}’%%”éﬁst”r‘%eﬂf Wr%ﬂpfjéﬂoﬂféﬁ firmoad mainde! Adehe dolate vacangy d

si gni fi camdoypafdtrRi réteasloﬁﬁbaérﬂclrov@cvﬂ@ﬁe\ht%@aﬂﬁ{%t raiteAAIs Naridhestditiagond
material . It |s possi bl e for the dianond nateri to be irradiated so as to
i nt r oduce!@RASEWIEN the final desired concentration of isolated vacancies.
In these cases it is possible to subsequently decrease the concentration of
i sol at ed vacanC| es post irradiation treatnment step. We have found that
it is posS&itypigat W%ﬁjé%tr‘%rhg%sei Her Goflceht Fa¢ i HAMERd | BNt \é’Ber\‘/aFE%mﬁ"%@eby up to
about 50%dmperarare id ~BOS K, isrradp'atiion1gtepm2The post irradiation step may
conprise anneal ing the sarrpl e, for exanple at a tenperature of at |east 300
C, or at a tenperature of at nost 600 C. The period of the anneal may be

short, fon epaapliRadistidhltivhe” #PENO.5URE trBe digmBRd adtoie fvhen theosark@aper at ur e
to the anneal tenperature, and _then allow ng the sarrpl e to cool down again,

or t h¥ salfFIRer3HlF 563701 iad R mkHies att atQreAragd Pperrpdidier a f ew

or sever ahsuh%t—:lﬁ%strﬁﬂenﬁéﬁ%ﬁlﬂs&h&f&%e& Isoffohhpsit [imting the invention in
any way, we believe that annealing at this tenperature nmay cause any

interstitials present in the nmaterial to becone nobile and therefore

diffuse amﬁiroﬁgﬁ&ﬂblh“@sﬁd‘édlfbe&@ﬁ&o%eéélﬁe' s61 cehadti v N WokgedNAcadisEgquent |y
reduce the concentration of the isol ated vacanci es This over-irradiation

(to produRe@ase 98tanes adt/dd<: \)&H}%ﬂﬁ“é’s?' "PER VST B samRlem siice @b &ty e

those1sur pimiserhteipd i peAkQBE 7SS neH 8AM'BAAtRYSRMISEIN tHAY Gy @fridNagXttba St ep,
but it ma%/ be used in certain circunstances, and provided the resultant

post treal R 3¢ BRIV \FhetvdySARIRE HAFNSGSSRSRESIVEIY-hil i EoRINigieris &at bed

limts fahteSusidiBi thetdaecusaiRBe oPboi demtliesest |Sbl@té@mdc@ﬁ0|e§-hﬁﬂh@fpﬁé§br@t her

enbodi nrents of et hod accordlng to the i nvention conBrlse
specification are those set out by G. Davies in Physica B, 273-274 (1999) 15-23, as

detailed in Table 1 below.

20
Table 1
Defect Calibration
\a Anpt = (4.8 0.2) x 10™°[V]
Vo Acri = (1.2 £0.3) x 10"V

In Table 1, “A” is the integrated absorption (meV cm™) in the zero phonon line of the
25 transition, measured at 77 K, with the absorption coefficient in cm™ and the photon

energy in meV. The concentration is in cm™.

According to methods of our invention [V+] x L after irradiation, or after a further post-
irradiation treatment, is at least 0.072 ppm c¢m, and at most 0.36 ppm cm.

30
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

35 irradiated and turned blue, and/or part only of the larger piece of diamond material



additional step of post-irradiation treating the irradi ated di anond
material so as to achieve [Vt ] x L in the irradiated di anond material of
at | east WoQé/@procm and at nost 0.36 ppm cm Thi s postPcrmradioasiosh
treatment step nmay conprise annealingsfhe irradiated dianond material at a
tenperature of at |east 3000C and at nost 6000C. In these enbodi nents since

a post ir gl RHvieaReaitiRal é&brﬂ%@%@ctbh@tu@@%@%dﬁ& benpphréiabaked
vacancies by up to 50% then the initial dose of electrons may be sel ect ed

so as to P%"tsroﬁcﬁ‘fﬁ'@d[“i}’t”]‘e)'?‘rthP'Hp{E’n'éy?ﬁsr%{H‘i'daﬁﬁéttﬁ'érr?ﬁl'ﬂieiiré’f‘gfqrélaVSf @t nost

0.72 ppm gdgu w&ﬂ‘a@ﬁﬁﬁﬁdrﬂ&ﬂﬂram& tsoQhatithé pebvited e/ BRNfVME Mitarmndedat eri al
is that typl cally the col our of the material will be more stable to | ow

t enper at ufdhaMedaed #eposhg WB%WP@“Q%m@N/fQFF‘g‘Pﬁ”  EchPaF Q8 MRy @8tdd cvD

di anorgl. Ih‘é@eﬁél@@é bf GainoR nefté@at itiis wall kaows Bthtitine §EbtARPbER@EdtRA JNuMber
091 1075.0, and US Application Nunber 61/220,663 both filed 26th June 2009,

and in GBTRPRIRRAIT Sﬁpﬁﬂ%'étro@éﬁe/ﬁ@r@y a0fd oS agipiQnat i SR MurRseie8d/ 247, 735

both fil edmhsaw@atso&errra%@%n drREg\ERL $d160t60 SGEP Tt @Se Rfadilios herBRates
i ncorporated herein reference. Thus an advantage of the present

i nventi on°NY R&H4LOT ”t‘e P@EU] p5ai GV dipmengrmaieii@! grldy ”’tﬁa‘d"ﬁotﬁét eRded al

whi ch, i nvidaciebSeii® bef intrbgudetir aHily & %Wp&ﬁe&nl%télf phii e s hediskdtaveD present
i nventjion would show a neasurable difference in at | east one of its

absor Pt i ofiag1eaf ABpiEFRls BNE shange ks pengiptee PR P sthat @¥D digaond mgteridl at e

bei ng af t @bule AR 'dEarhénd MaRGiaRUsENfIARAYH BY t@ﬂm@ﬂ@a@ytr@fpr@éenk Rashtidr. 5 eV and
the second state being after thermal treatnment at 798 K (525C), but which

following the method of the present invention results in dianond nateri al

that showgyHdré &Heep,@md@a b AdmESAtRmaridn Brovidest dily §@#t@ffa'lér§;br prRee ecONd
states, given that the concentration of Interstitials been m ni m sed.

Advant agee'ﬁ‘gl%?d Mafedgnas dissusisderh e thalsprovidedd; iy d éﬂm‘?rﬁjem@l??éﬁb@of"ﬁ col our

sat ured i Omaydavé the addihvReBud betidal pobediBs d8ssiBRE fol GHriem ébs@EMBRBGIbY at
| east 0.5 conpared with the dianond material that has nqgt been subj ect ed to

i rradiati 8. mv%t'%néh%wm?@ tomer eRBeRfIediIAvecer layp 4lafogdiesFi%hn, of

the di am@@mémbh@hdtéhaﬂ h\%nyaK@taJﬁMibI%@@@fbﬂleSéI@é/ @eh%o%uﬂatlohnvwm
enbodi nents the irradi ated di anond nateri al e irradi ated d| anond

material apY eineaneypaiteius Q8 Pluefgraen Rypisrare substaRiAlly crigpripss BegRlbsor pti on

coef fi ci ebf the larger piece of diamond material is dominated by the pale blue or pale

20  blue/green layer(s).

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.

25
In other embodiments according to the invention of diamond stone may comprise

layers or pockets of diamond material of the same colour.

It is an advantage of the present invention that by starting with a CVD diamond
30  material with a specific nitrogen concentration, that is substantially colourless or pale-
coloured, and irradiating the CVD diamond material with electrons, pale blue or pale
blue/green diamond material can be produced. The precise colour (between blue
and green) can be altered by controlling the nitrogen concentration. Advantageously,
low levels of everything else, e.g. other elements that might introduce other colour
35 are maintained. The irradiation is controlled to introduce a particular concentration of
isolated vacancies in the diamond material, thereby introducing a fancy pale blue or

fancy pale blue/green colour. These coloured diamond materials may find particular



measured at 77 K of at least 0.01 cm1 at a wavelength of 741 nm or an
absorption coefficient neasured at 77 K of at least 0.01 cm1 at a
wavel engtwoah1d@d477am It is known that the energy of thePCTERdI1AIFWR4
determ nes the penetration of the irragiation. As a rough approxi mation
every additional MeV of energy of an electron beamw || penetrate an

add! t i onabpglicAtidha®lgefstmesdor dy Bbl6aledElieEd 608s iaré@tﬂ'igaiobpfbr?ef%afr@%sa are
available at 1.5 we have found that it is preferable

MeV and 4.5 MeV, and ) t . )
to use a ACHPHRPIN@Lke-oH shBUAAS 1ipd fhat hofi LIMENCRIBUIRSET 80e WIHE #6%i r ed
penet r at i 98mbamdsyld &by ridrd@tb IR IPiHESield. 18- ddsfiba the Totdiradf dlhmarad having
a thickness of about 3 nm Typically the electron beam source nmay have a
50% scan WRRMRISAAGIZNIONGSA current for exanple at the facility used at
| sotromn pic. Electron irradiation is typically carried out with a beam

source in_the ener_ggj range 0.8 MeV to 12 MeV. tionally the energé that is
used is thBe PiEFEEhNVeRtios RHikerROMdRS dlmamdiBrig iRl KYEran P by MeBPat ed

vacanci esatdordihg td\thd srgdssbRaPnd imehesd.al , while mnimzing the formation
of cascade damage e.g. vacancy chains. For the optimumresults reported
here it was found that 4.5 MeV provided a good conprom se between these two

factors. MFhh@yNGHId MluedRBaldid/§rebRIOVD digohamgRérias ANRhies the &fiairideas of the
sanple during irradi ation, or repeated rotation foll owed by irradiation,

may bE usBet needelktorial agchﬁ"%\?PW@ I AISPSYeM RSP S6f ThRESTRIEEHTEEN d8Pe ed
vacanci esof t’hb%%@iﬂmﬁeﬁﬁorYEFdﬁﬂ%scﬁ tdndg pateOpiBe, fra@hey parUsiile/deeri @mond

t enperature, beam energy, beam flux, and even the startjng,di anond' s
properti e§y"6%‘ﬁ'cél"f9é%9"y§tﬁled'f"\‘?ﬂ‘d prederiat Baving piteriBled Xl erNmen M- [B]

irradi ati en sat abdthanteidwingeolblirdditdrigticd: S typically carried out with the
sanpl e mounted under anbient conditions -300 Kwth only m ninal
tenperature rise during the irradiation dose (e.g. less than 100 K).

However, factors sucH Gmrh@aistiener gyramyt beam fTux can | ead to sanple
heating. Preferably th&a.up.l_na_i_LhEJ_d_oas_omJ_d_as_p.ass.Lbl e (wth even
cryogeni ¢ cool i ng at |7luaenss fg advaHilagdBus under sone| circunstances) to
enabl e high dose rategs wi thout conpr&dfioahiydfoeeer ature| control and thus

mnimze the irradiat|ion tinme. This|is advantageous for| comerci al
optionally 120°-200°

Saturation - C* At least 2 and at most 10
optionally 2 — 8
optionally 2 - 6

Lightness - L* >65

optionally >70
optionally >72

15
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 CIE
L*a*b* Chromaticity Coordinates in diamond is described in WO 2004/022821, the
entire disclosure of which is incorporated herein by reference. This method is

20  particularly useful for assessing the colour of plates or blocks of diamond material.
The colour of a round brilliant polished diamond can either be assessed by eye by a
trained person or using the CIE L*a*b* Chromaticity Coordinates if a flat is polished
on to the culet so that there are two parallel polished sides to take a measurement
through. a* and b* are plotted as x and y axes of a graph and the hue angle is

25 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.



reasons. Calibration of the dose applied against the isolated vacancies
produced for the particular provided di anond being used in order to satisfy
t hese | i mvO20mi4pA?¥] concentration introduced will formppamp2ai/osdess skil | ed
person's responsibilities before carrygng out the nethod of the present
invention. Such calibration techniques are routine for the person skilled
in the arin e SR¥meabs8edcAbing colat Lt Reheapht8sPind b Fashaédordinabfeass the
nunber of isolated vacancies that are incorporated into the dianond

mat eri al K¥FAHRIGs 0l at ed vacancy incorporation rate is different for
different starti ng materl aI s and starting tenperatures. A typ| cal

irradi ati gn dose f ct rbc di anond stone, when the sa

t enper at u}l’@elgercgg@ |@olqu§ ‘1f &N 19@?“ dgpgndgo o8 @ecﬁﬁﬂsm'ﬂa@%‘?t@&qum?adl ation

time for §p&>tr5rrﬂ@f thb%b@cﬁ%%e&ir@ﬂ@ow&ﬂlﬁﬁnﬁ&i@n&ﬁm mumman@m abute ahg - 350 K,
is 5 - 30 mnutes at 4. MeV, 20 mA and 50% scan wi d usi ng an instrumnent

such as t HgtresRANSE CHEVep gf)t(h,ed)rps%rver s WSOJ@I‘?&HE L ﬁlbs CE'@Q@I“PE%%QF@H“PB measur e

concent r atdrng eforeIleddriRfb s JLBRG RFeinIREEHedn HetivoPirAihaefh\2destribéd USI Ng
liquid nitrogen to cool the _sanples, since at that tenperature sharp peaks

at 741 nnP8R ééﬂ”%%%?@%‘é@i%t"ﬁém'”é?@ SR GUURY PAH Fanda deed rape ARd

negat i vel yluehpdspersé savas @dth\éaé&@n(@ %ysfz%@l@i&ﬁidl WeBySt|I'EBeJ6m€\7\/fIb§2IF%WS t hat
are used for the cal cul ati ons concentrations of isolated vacancies in

the ptesenerkpidpr |Sé’5?‘?3bri‘9§7)eqﬁ1b sePsghrogficipyycasrdigios ©5 aj harglaisided B,
273-274 (pRIOLf dimEA hase BebRIdeaded Frohfht Erahshfttaide sRt@mlusingthdl e 1,

"A" is the integrated absorption ’[(Iﬂmev crrTl) in the zeraq honon line of the
transiti offlatipBgldips Belowt beiwern 359 p %W@OQH%WHF larﬁalt%'ﬁt% 1@&Ment in crrTl

and the photon energy in neV. The concentration is in crrT3. According to

et hods of, oybndmieRdd &wdvienbtn, L after irradiation, or after a further
posti rradi atl on treatnent, is at least 0.072 ppmcm and at nost 0.36 ppm

cm The pL av &ed} ﬁy %dﬁ@dﬂo%?ﬁ%'nﬂ}mlh'&% in the nethod according to the
an SO

present i nventl on, the irradiated CVD dianond material resulting

fromthe )r(rxe_t Pe%dregponse function of the eye

y,. = green response function of the eye

z,. = blue response function of the eye

20 X= 2 [S}L X L}L] /Yo
Y = E}L [S}L 2 L}L] /Yo
Z= 2 [S}L Z;. L}L] / Yo

Where Yo = Z)\ Ya L)\

25  L* =116 (Y/Y)" - 16 = Lightness (for Y/Y, > 0.008856)
a* = 500[(X/Xo)" - (YY) (for X/X, > 0.008856, Y/Y, > 0.008856)
b* = 200[(Y/Yo)" - (2/Z0)"] (for Z/Z, > 0.008856)

C* = (a*? + b*?)"? = saturation
ha, = arctan (b* / a*) = hue angle

30



the present invention may, or may not, formpart of a |arger piece of

di anond material. For exanple part only of the | arger piece of dianond

mat eri al wayotwer4pr9adi ated and turned bl ue, and/ or part pomipp2@i/osdves | ar ger
pi ece of dianond nmaterial may have theoglefi ned absorption characteristics.
As woul d be apparent to the person skilled in the art nultiple |ayers could

al so be i Mo@ﬁ'ibatv@dsicﬂf%déf.(lhe&a&@attibﬁs mvbé%eat@ﬁlw‘ld& ih‘éﬂinﬁiféaéf%ﬂY&rX/%i Cs, soO
that the provided_CVD djanond naterial used in the method according to the

i nvent i on@Rthy/4oor M@ ATQdified ersighe ag gaNtn @ lechaigal 'ePeft PeRaspd &Y Pfece of

di amond nmebeinigdion Interh&ionglel denEYBiIrddeAColdrithettgRidBeyf. penetration of
irradiation is dependent on the energy of the irradiation. So in preferred

enbodi ments an irradiation energy is selected such that the irradiation

penet rat eg iOetbidRaté pRt at Bed depddidiabied o\ y@bR WA BReEpGRding iBitke REANS
that isol ated vacancies would be introduced only in the penetrated part of
t he irradP¥® APIVDCATETORANGEP PPl aXiandPPRitNGeat RAE DelRSRCRIEPRPE of the

CVD di anopgpeaivelyi @l rewinkdd/dnewtddghpoe@enndhdTatier iw(g'étiwassdaﬁ@rofr&dluby t he
met hod of the present invention. Were the provided CvVD di anond materi al
provi des BHTSSPRAY fespectyelvAp gesenAndciue FOraPYRRt The Resitye augdragt eidliesed

above t hayraphaNérfleslcta/Rust RIMGIMG framh Qellcl thrduyheorBRye faned, e satdlvaishageous

optical properties described for certain enbodi nents of the invention. Thus
for elnpl®) gverpydhe dinBrerIEIMIE 19y | ayers of a | arge piece of CVD

di anond material may have a pale blue or pale blue/green colouration. Were
any ot her non-pal e-blue, or blue/green | ayers are substantially colourless

t he col oult HPOSSHAe fpgaict Rpwdre 810" gramBitFsRitdamend Wih aaNERARSEMYY  t he pal e

bl ue or paberidiMpBERRR WilkYRiHge)as the cpBFE FRIfRAGIFERNEIaE.C A Bided td Bot he
invention at | east 50% or at | east 60%or at |east 70% or at | east 80% or

at |east BUoBF sliediPAnesamMupt fifd BhSHRIRAethREN StoAeasupdnarserbance

subst gnt i ghdtrubNe TREEBsEBhAY is then &chied t6rdNewifBEBtdfaremasAlh Mehdito ahdie
i nvention of di anbnd stone nay coggrl se |l ayers or pockets of djanpnd

material BNt relirion issus adped packanadhienibgeadee sRecte saRthehignt i on
that by stgivertad twi 4 hradsfAiandd apetiuiBlEiEh a8 Udet NtoadseCihkl cimiLtaegen
concentration, that js substanti al I%_ col ourl ess or pal ecol oured, .
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
20  the colour of diamond with given absorption properties per 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
25 optical path length is changed for diamond with particular optical absorption
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.

30 The C* (saturation) numbers can be divided into saturation ranges of 10 C* units and

assigned descriptive terms as below.

0-10 weak

10-20 weak-moderate
35 20-30 moderate

30-40 moderate-strong

40-50 strong



and irradiating the CVD dianond material with electrons, pale blue or pale
bl ue/ green di anond material can be produced. The precise col our (between

bl ue and woeeny)i4emm be altered by controlling the nitrogem/Epenoasosat i on
Advant ageously, |ow |levels of everythpgg else, e.g. other elenents that

m ght introduce other colour are maintained. The irradiation is controlled
to introdgggoa partsgsHpergemsgntrati on of isolated vacancies in the

di anond material, thereby 1ntroducing a fancy pale blue or fancy pale

bl ue/ gr eef0¢BI our . YP¥SEORD| our ed di anond naterials may find
particul aygygphki cati garyasnoagmmpones, or as coloured filters or as a cutting
tool for exanple a scalpel and the like. It should be noted that the terns
"col ourless"” and "white" are sonetinmes used synonynously in the field to
descride thala@@kur Rimetrabanse aRided iu@'ir&o&iﬁtﬁtn@%ﬁ@é‘@és follbWs:pr esent

i nvention al so provides dianond materi al enever made by a net hod
according to the first aspect of the invention. A fancy pale blue or pale
bl ue/ greep-16VD di ampér) veBt®Irkal in which the col our does not come solely,
or at all, fromboron is also new per se. Therefore a second aspect of the
present i h¥eéAti on pYYVYidEs a fancy pale blue, or fancy pale bl ue/ green CVD
synt heti cosizggl e cryskal di anond material having either [B] < 1 x 1015 cm 3
or [ - %B] < 1 ppmand the follow ng col our characteristics: The col our
of th&irpPadPated aR§I&AHGKed di anond can be quantified in a well

est abl i shgeglsganner wedngnh "Cl E L*a* b* Chromaticity Coordi nates”. The use of
Cl E L*a*b* Chronaticity Coordinates in dianond is described in WO

2004/ 02289395 the ef@htimedmc| osure of which is incorporated herein by
referencegsypis nethgd is particularly useful for assessing the col our of
pl ates or_bl ocks of dianond material. The colour of a round brilliant
pol i shed @P&Rond caMe¥il@Mer be assessed by eye by a trained person or using
the Cl& Lggdg* Chropalivehtighoordinates if a flat is polished on to the
culet so that there are two parallel polished sides to take a measurenent
through a* and b* are plotted as x and y axes of a graph and the hue angle
I S nmeasur gherelPETAURBaHOSHIbUMBNES défied bly Adfotlswihg BoRBmiatibnscofightayss. Thus a
hue angle of greater than 90 and | ess than 180 lies in the upper |eft

quadr ant B?dﬁﬁéﬁﬁo%* graph.In this scheme for describing colour L* is the

| i ght ness and a fourth coordinate C* is

20  Bright: Light and high saturation, Pale: Light and low saturation,

Deep: High saturation and dark, Dull: Low saturation and dark.

Embodiments of the invention will now be described, by way of example, with
reference to the accompanying drawings and examples, wherein:

25
Figure 1, which has been referred to hereinbefore, is a flow chart which shows routes
for methods according to the invention for obtaining pale blue or pale blue/green

diamond material;

30  Figure 2 are absorption spectra A, B and C measured at room temperature, where A
is the spectrum for the starting diamond material used in examples 2-4 and 9, B is
the spectrum for the starting material used in example 1 and 8, and C is the spectrum

for the starting material used in examples 5-7;

35  Figure 3 are UV Visible absorption spectra A,B and C measured at 77 K, where A, B
and C are respectively the absorption spectra for examples 2, 3 and 4 each shown

after irradiation as specified; and



the saturation. The perceived col our of an object depends on the

transm ttance/ absorbance spectrum of the object, the spectral power

di st ri butworzomf14pt1e i | |l um nati on source and the responsectmre@s/ 084084 he
observer's eyes. The CIE L*a* b* chraopggticity coordinates (and therefore
hue angl es) quoted herein have been derived in the way descri bed bel ow.
Using a standard D65 illum nati on spectrum and standard (red, green and

bl ue) response curves of the ey Wszecki and W S. Stiles, John WI ey,

New Yor k- CIONERA aS?/&HéS’fpt"i@BFﬁCt@/E%daB H*eaéHF%ﬁtththW EVIPRIERZt Y B a
paral | el - ﬁésﬁ@@hvelyaécgt Rfadftitie ADSHOWIRY e afl8 IGREPedNsO Whichsard lirficativé t ance
spectrum usi ng the rel ationshi ps bel ow, between 350 nmand 800 nmw th a
dat a i nt ePVRRNEN “defegis reppectiyglynsi tt ance at wavel ength | LI = spectral
power gli stribution of the illumnation xI = red response function of the
eye yl = green response function of the eye zI = blue response function of
the eye XAP—FSI xI LIT/ YoY=2SI [SI yl LIl / YozZ=2S [SI zI LIT [/
Yo Were MPHT djlaMbn&Jshﬁstratésl@uKaWerb}Js&ﬁthes@ﬁg sn%egbﬁygl%@wj gmbhd @f >

0. 008856) a* = % 1/3 - % Yo (for Xo > 008856, .Y/ Yo >

0. 008856) thex 'm’e!?@ﬁ[ r§oReen sawpy/! tO(wstrzvezo p9"%f‘e(90é%5'@)”"@£e— (a*2
b*2)1' 2 =s@Mubed Id@faacfsaam fkfa@tﬂ@é\ déhé*.ty/ ofadefdcts iBURIGNG £Modi/fined aM@r si ons
of these equations nust be used outside the Limts of Y/ Yo, X/Xo and Zl Zo.

The mifli f PRREraligibslRy 10°dmypn-Jealisherd HPHI Haee 216 MBp6 A Bregiideippop he

Conmi ssi opmltRicRY VA mpfaaé@md@} havirl AblirkEe rb@fﬂn@éé, Rgtaf mls(étagéibf)lesé thah S
standard to plot a* and b* cqordi nates on (g a* corresponding to

the x axi$ "Fh¥erH MEUriEd PHoh RGN Met dskagn '”trPS%?eLdl 'UE’ gL Vihdiamendal ues

cor r espongrowing reactor.

+

15  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 below 80
ppb.
2) An in situ oxygen plasma etch was performed using 50/40/3000 sccm
20 (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 the
O, from the gas flow.
4) This moved into the growth process by the addition of the carbon source (in
25 this case CH,4) and dopant gases. For these examples the CH, flowing at 165
sccm, nitrogen was present in the process gas at different levels for the
different examples, provided from a calibrated source of for example a source
containing 100 ppb N, either as air in Ar or N, in H,, and for some examples

O, was also present in the process gas.

30 5)
Example Nitrogen dopant present | Oxygen (O,) flow present in
in the process gas (ppm) | the process gas (ppm)
1and 8 1.8 0
2—-4and9 0.09 0
5-7 1.0 13700




respectively to red and yell ow conponents to the hue. Negative a* and b*
val ues correspond respectively to green and bl ue conponents. The positive
guadr ant w0 20tvei4gr7aph t hen covers hues rangi ng from yel lPowRPRo100§H80r ange
tored, with saturations (C* ) given By the distance fromthe origin. It is
possible to predict how the a* b* coordinates of dianmond with a given

absorption %)ebhlc@hﬁil‘étloﬁ@@ﬁerg#mvw ddno@hﬂ@@@baﬂ%té Wes AhdveadliropathB | ength is
varied. In order to do this, the reflection | oss nust first be subtracted

from t he neasufea¢oaBas MeR¥R digrerndavRr remevat sy agmeubsiratediyddseical ed t o

allow for a di gg\@iﬁg@hd ﬂ@chaﬂ,,@@%mﬁ@tegm(quéshe reflection | oss is added
back on. The absor bance spectrum can be converted to a transmttance

spect r um whi‘@h This prrdged 8 Q&Y seraried @1 rl‘?q_t’y%'galﬁi‘m%%?rlﬁ TaPEXOMYP the new
thi ckress. In bhd § typidal bma%@p@tnq@{yﬂefoei.gmmam saturation and |ightness

on optical path I ength can nodel l ed to give an understandi ng of how t he
col our of dianond with given absorption properties per unit thickness wll

depend onThiBegrewhi®AD dRathidhd BNGENprdvided difvBohd"gddfingd oy therdmmshsr thei rd
di rension of the CLE L*a* b* colour space. It is inportant to understand

the way i R&RRMEReEHEAONght ness and sat urati on vary as the optical path
| ength i s changed for dianmond with particul ar optical absorption
properties, The nethod described in the preceding paragﬁ?ph can al so be

used 1& pFigdre? arAPIORIIN-SEectEs Br Bidnst esVinre SPERBIT AP TRt QT fleviartiags or ption

coef fi ci effanfPRChaleRaAeRNE Sanidies opt bRdlo, %Hheb@%%t@ duJﬂﬂ@n@kme(téﬁélur ation)
nunbers can be di VI ded into saturation ranges units and assi gned

descri pti O Nigh ity (Y Coorpwy theeess - ﬁbtr\%ﬁﬁxﬁﬁ‘ﬂ@ﬁét‘% PotFeREIRRer at e
30- 40 nodgfeainfegrite@NdbshibtioR ifitthe NG§iBie 66hestru@NEr HRY ¥rovide@n@vBOdidhoMer Y

strong attributable to defects other than Ng° is >90%. In these examples, this is because the
15 absolute [Ns’] concentration is low, as is shown by the fact that there is no distinct
peak at 270 nm. The material does not have a brown colouration as the absorption
at 510 and 350 nm are <0.5 and 0.3 cm™ respectively. These high purity materials
are colourless and are a suitable provided CVD diamond material for irradiation
according to the method of the invention. In Figure 2, spectrum B is that of the
20  starting material used in examples 1 and 8. This starting material is a CVD diamond
material grown by a traditional CVD growth process with no oxygen in the source
gas. Inthese examples the percentage of the integrated absorption in the visible
spectrum of the starting CVD diamond material attributable to defects other than Ng®
is >90%, and furthermore the absorption at 510 nm and 350 nm are >0.5 cm™ and
25 0.3 cm” respectively. The starting diamond materials of examples 1 and 8 are,
therefore not untreated suitable starting materials for the irradiation method of the
present invention and are pale brown prior to irradiation. However if treated, e.g.
HPHT annealed prior to irradiation as shown in example 8 they are suitable precursor
diamond materials for the irradiation method of the present invention. In Figure 2,
30 spectrum C is that of the starting material used in examples 5-7 which are diamond
materials grown by a CVD growth process with added oxygen in the source gas. In
this spectrum, the absorption at 510 nm and 350 nm are >0.5 cm™ and 0.3 cm”
respectively, however the percentage of the integrated absorption in the visible
spectrum of the provided CVD diamond attributable to defects other than Ng° is now
35 <90%. These examples are suitable starting material for irradiation according to the

method of the present invention, and are pale yellow prior to irradiation.



70-80+ very very strong Simlarly the L* nunbers can be divided up into

| i ght ness ranges as follows: 5-15 very very dark 15-25 very dark 25-35 dark
35- 45 nedvormbdersh7745- 55 medi um 55- 65 |i ght/ nmedi um 65- 75 PCTgirR016H5984 very

| ight 85-95 very very light There aregfour basic col our tones defined by
the follow ng conbi nations of |ightness and saturation: Bright: Light and

hi gh sat urpé bRBiroPRiaBiatibh @bl 8aHpIes Was kit du? ith Be£ B MY 8iBcHeH béahi on and
dark, Dull: Low saturation and dark. Enbodi nents of the invention will now

be descri B2a7SFaRAYdGrand,phdea ¢uiransl Brasie sagRigfelofedBRYAIR g

drawi ngs aARUnBEIRNh@EmM S ENMRItEr cddI8WESpPer EKCHD drasehtaRa shRIpRIY 188Ing O
herei nbefore, is a flow chart which shows routes for nmethods according to

t he i nvenP$¥Rd £BYVetCdini ng pal e bl ue or pale bl ue/ green dianond material ;
Figures 2 are absorption spectra A, B and C neasured at room tenperat ure,
where Ais the spectrumfor the starti nglidi anmond material used in exanples

2-4 and 92| % spRws e CMLAAER roress@r faUlg irdbPrandedsEYDi fagRadpl e 1

and 8, anghaferiabat NRIIGIRAL T EiGueOr, WHie ShplidablRy tRBING? tédcen&atbrisn @Al es
5-7; Figure 3 are W Visible absorption s and .C neasured at 77 K

: ectra A B and
where A Beaficentage of bedeld fr\;%?rﬁtqdr?ebsgb@&npitth%& Na defpciefiippes 2, 3
and 4 eachiaflPWinablif sambleddraliiNassbRetHel dbbiption dbesieRtsAht 7@ nAhsor pti on
spectra A_and B neasured at 77 K for exanples 2 and 6 respectively post

i rradi®ti 8% "EheRd RGO PRk hTragiriionriosse Hiestotalisalaied Vacaneyi waeefation

(and breakdown to neutral and negative isolated vacancy concentrations), and the

colour before and after irradiation.

Table 3 includes a number of comparative examples. Considering each of the
15 examples in table 3 in turn, example 1 (which is a comparative example) shows
traditionally grown CVD diamond material in which the percentage of integrated
absorption in the provided diamond attributable to defects other than Ng'is 91.6%,
and its absorption coefficients at 350 nm is 1.19 cm™ and at 510 nm is 0.45 cm™; its
colour pre-irradiation is pale brown, in other words the provided CVD diamond
20 material falls outside the criteria set out in method step (i). After irradiation the
observed colour of the diamond material is dull brownish - blue, not the desired fancy
pale blue or fancy pale blue/green of the present invention. Also the colour
characteristics of example number 1 fall outside those specified by the main article
claim of the present invention. Example 1 could be HPHT annealed as shown in
25 example 8 to make it suitable to make a pale blue/blue-green material, but untreated

is not suitable.

Example 2, 4, 5 and 7 (again comparative examples), uses the provided diamond
falling within the scope of step 1 of the method claim of the present invention, but
30 introduce a product of total isolated vacancy concentration x path length that are
either lower than required minimum of at least 0.072 ppm cm (examples 2 and 5) or
higher than the maximum (examples 4 and 7) 0.36 ppm cm. The colour of these
examples after irradiation are not the desired fancy pale blue and fancy pale
blue/green, and the colour characteristics fall outside those defined by the main

35 article claims.



of V and Vdefects respectively. Exanples HPHT di anond substrates suitable
for synthesising single crystal CVD di anond of the invention were |aser

sawn, | appeadoiont4g77substrates, polished to m ni m se subseci@areoides®wet s such
that the density of defects is below Byx 103 /m®2, and generally is bel ow
102 /mm Polished HPHT plates 3.6 mm x 3.6 mm square by 500 mmthick, with

al | facesr{gh0} shaws MY/ Qisfid §5ectral R BIAMIEEStake @bt VﬁKSpésttﬂr%élfon'vﬂ’fe'iethan 1
nm wer e m)unted on a refractory netal disk, and introduced into a CVD

di anond gFRRGT Adadialiof expmRlen? anaulicatss tydheneidit shiiedCRaReek} 2has

pre-fittedomidd vhQinty cBhcdhiitiBHIthht R oo Ibﬁﬂ‘t&hr'ﬂﬁaﬂﬂhé‘ﬁ@@ﬁré@'f&icy%ﬂé am nant
species in the incom ﬂ gas streamto bel ow 80 ppb. 2) An in situ oxygen

pl asma et BiyelRlie-green qesirad faothegyrs et @é@rﬁﬁ'qrst%méwan Eutsi Patehtinetre
per segongarble GntindiEatdd %oﬁt@ﬁdc@h@y &&fé@ﬁfr@ttddrtﬁat% wﬁﬁhﬂ@ﬂé séﬂpe'Eﬁ“ s moved

wi t hout |nterrupt|on| nto a hydrogen etch with the renoval of the Q2 from

the gas fihggaimy angvgl r%%atherﬁe@'reﬁéaw&ﬁd%bwfe%%gre@y qofeur 4asired R of t he

carbon sotHeGfeddrt ifvehort 28 sgk&)una@ds@w@mbxaﬁ@@a arﬁnhd*baegeneg@émbes t he
CH4 flow ng at 165 seem nitrogen was present in the process gas

di f f er ent VPGAPEY SORERNtiatan atis %hlgeﬁadwpag th%P@%‘f‘?ﬂa@‘”W Bﬁ*eab't‘%/lbll’@r at ed

source of gfean &%@ufﬁi)cﬂ@s@dsf@klErf‘eeprf‘e@,@hfiin%ﬁﬁlorloﬁnlamér NZdigtbF Rerth@ssddtedi N Ar or
N2 in H2, and for sone exanp was al so resent in the process gas.

5)6) Bh cHRNeY CorFepirations @SBWE%’ 36'8? i%hdhese ﬁé‘”@tﬂ?s‘? SREWN \%ga?'ér?’o‘(y@'ﬂhf romthe

reactor apdiubbe c&MHthrﬂi@ﬁﬁ%h@’W af 0¥ Eehtr &Bns B@sﬁ#@&ubf GH i@ d%)h limser
sawi ng and nechani cal polishing techniques. 7) This produced a &\VD sanpl e

whi ch hadd@tﬁ‘rﬂ g heeriguiated by infegrating,the area under the GR1 and ND1 peaks

respectively.

15 Example 9 (again a comparative example) uses neutron irradiation rather than
electronic radiation. This results in a vivid yellow diamond material after irradiation,

the C* and L* values are outside the limits of the claims of this patent.

Comparison of the examples also shows how it is possible to modify the hue angle
20 (and hence the precise perceived colour) within the claimed range by altering the
concentration of Ng¥ in the provided diamond. Examples 3 and 6 both produce pale
blue / pale blue green, but the exact hue angle has been modified by introducing

different concentrations of Ng’.

25  Figure 4 which are absorption spectra taking post irradiation for examples 3 and 6,
shows the different ratio of V° and V" defects formed following the same irradiation for
starting materials containing different concentrations of Ng’. Spectrum A which is
that of example 3 , which contains low [Ns’] concentration shows virtually no ND1
peak at 394 nm (indicating that the sample contains virtually no V° defects). In

30 contrast spectrum B which is that of example 6 which contains higher [Ng’]
concentration shows an increased height of ND1 peak at 394 nm (indicating
increased presence of V' defects). Both spectra A and B show comparable GR1
peaks, and so the ratio of GR1 peak: ND1 peak, indicating the ratio of V°:V" defects is
higher for spectrum A (example 3) than for spectrum B (example 6).

35
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if col our-graded yellow has a hue angle in the range 90-130 for a 0.5 ct
Round Brilliant Cut dianond stone. 3. A nethod according to claim1l or 2,
wher ei n twenei10/9179 further post irradiation treatnent, pamkEreée/osmse of
el ectrons is selected so as to introdgee the product of total isolated
vacancy cgpg@ﬁ\érati on x path length, [Vt] x L in the irradi ated di anond
mat eri al | east 0.072 ppmcm and at nost 0.36 ppmcm 4. A nethod

according,to cl ai r|S|n anadltloa ste of stirradiation
freating the KrieiiPdelinding b eaIetIar ooy Pae dukp Bleen GBIt of
total isol at eglystacaaayndndienbl camdristhgdfe BlesomM 5. A met hod according to
claim4, wherein the post-irradiation treatnent step conprises annealing

the irfadiated dianond material at a tenperature of at |east 3000C and at

nost 6000C. a)/brcsmduﬁ@@ur@cac@rrydiang.atmrﬂl Rbterial theh@esibdeeh oﬂﬁsm/ gfcwbectrons
is selected so as tﬁq atrod cethe ouct[ Ltotal I, SO at cancy
concentrat i onPREEHRL 1'9 ERGIAC "[WF”T' ving; & [pkeonceqtiptiens Sﬁ Bp%terl al

of at nost O. \mucpmﬂb\ﬂmmo\m dbmdnlaen@t@subr iig b@l@hﬂbt@mrtlf@@td&cﬁﬁrlé%tsﬁ@ 7. A
met hod accor di n(?u nglér()f claipms 1- wherein ﬁ)h respect to the provided
di armond mat er $APUr-gradecRroypoa Y eHGHY: @@Patf &alo4Ba3ARE PEN hrg HECIGVSIBPR range

from 850 nm tm@r 456 5rnRJuat Briliadt Out Bidnsddestbte debe@ir@w@)t Hetettehagnd\if0 i s

greater than 90% then the abso ptlo coef fi |ent than05
O and the otttk EUAR TS G HOICA S5260 T 7 9-5 et Rt eignE i

met hod accor diiagoh®s@A¥ obT (gdlIldivier Bet@r; ap@npri si ng gr owi ng precursor d| armnd
material for use directly, or after further treatnent, as the provided

di anond material, the precursor dianmond material having an absorption

spectrum wit h(ua.rtaatiaaingi MePraticst aPodipiodd matetiblewith 2idetrens ajtges fto om 350
nmto 750 nms hat at nmost . 90% o ein rat dasg tion is

attributabl e ' OWéE?IgtegtW?@?”‘i'?FaWtc[ {Qeocilamog rRIPAYCHD claim 8
wherein the GH@t@téomsﬁcy secenlestiodddd Al MY eV ] ML it PedRteddismadhd a

concentrati Onm(a){erlallaotq his sPeE;rg 8; af?e)péq’ﬁﬁher post-irradiation treatment, being at least
0.072 ppm c¢m and at most 0.36 ppm cm, whereby the diamond material

becomes fancy pale blue or fancy pale blue/green in colour.

20

2. A method according to claim 1, wherein the provided diamond material is
colour-graded brown or yellow, and if colour-graded brown has a hue angle in
the range 0° to less than 90° for a 0.5 ct Round Brilliant Cut diamond stone, and
if colour-graded yellow has a hue angle in the range 90°-130° for a 0.5 ct

25 Round Brilliant Cut diamond stone.

3. A method according to claim 1 or 2, wherein there is no further post irradiation
treatment, and the dose of electrons is selected so as to introduce the product
of total isolated vacancy concentration x path length, [V¢] x L in the irradiated

30 diamond material of at least 0.072 ppm ¢m and at most 0.36 ppm cm.

4. A method according to claim 1 or 2, comprising an additional step of post-
irradiation treating the irradiated diamond material so as to achieve the product
of total isolated vacancy and at most 0.36 ppm cm.

35



nol ecul es in the gas phase. 10. A nethod according to claim8 or 9, wherein
the step of growi ng precursor dianond nmaterial conprises providing a

subst r at evendica4smar ce gas; and al |l owi ng honoepi t axi al @camredodyshesi s on
the substrate to wherein the synthesi-ggenvironment conprises nitrogen at an

atom c copcenfratjon of fromabout 0.4 ppmto about 50 ppm  and erein the
sour ce gag' cd%ﬁ'?‘?tbgg?‘cf%r)d'% Oagalrrﬁ’ c4’f"Yrb‘%§lnotﬁ?ed)fosﬂ' W@g@ﬁ fgatments§eBhout 0. 4
to about 0. 75¢onfdiseamnabaiiigCther idatia®d obmoad basterislf at 4 nempeaué .ot 5 to

about 0.3; (c) t om ractjon of oxygen, O, from about 0.13 to about
0.4; wherein 'ﬁ?ggogfgin%aI@oit;é(ﬁh%T ein the ratio of atonmic fraction of

carbon to the atomc fraction of oxygen C{.Qu satisfies the ratio of about
0.45:1 < : <. about 1 .25:1 - wherein the sourc as conpri ses hydrogen
ot onrs BddBa ok TRHOUEITHET leciEte MRS ACH A oAe S SRR BREYL or o

(r)lu Zber gf \Aﬂydtbqgtemhuc@w@@?o@f@dot:@_tab@sblﬁe@wacwc??@ntemﬁatia?&wm |eﬁhg&5f anﬂ

.4; an er e, at.om,c ctions \ an re fractions, of the
Cotal number G hbdt sBera GierbaRmaRa et o af Bt b7 2B8m T RHEr Whur co
gas. 11. A nepdwiiraiiationdieagndmspy of clains 1-7, wherein a target [N O]
concentration is predeterm ned according to the desired final col our of the
irradi ated dianond material, and the actual [N O] concentration in the

provi dEF@/D AlinfsBdtadaak @hd &Jzahﬁomﬂﬂfs?-B,&ﬂhérgi_nVWi'trhlie@pé’&‘Y@ @fe rbrg_eidédli FI _

t ar get concentration. : et ccording, to, recedi claim
conpri si ng gr@@\f‘ﬂ@ L édfrté‘étto@i'ﬁtﬁgﬁgeqésé’ﬂ?tgp,”ggﬁd"ﬁa'ﬂéﬁgw Bg% t he

gL own CXD cfl/iDammnd 7Bgtnﬁf thak iﬁtr%ummr%ﬁw§om& &Ian”@sﬁ&i grba&eﬂdﬁntgnwr oduce

t he sai i anpn rovj. de . step (i), 13. A netho ccording to any
precedi ng cl aﬁg‘ﬁnnﬁﬁ&t&oﬁptﬂ%cp?ﬁ%‘?’gt%é%ﬂ ﬁ%ﬁdeﬁﬁmﬁﬁq I?Cm ?ﬂ%g‘f‘?r adi at ed
di anond mat eraorgiohebefficibhir 4ti5a0 npostiedsrthadd tano. treatment, has (i) an
absorption coefficient neasured at 77 K of at least 0.01 cm1 at a

wavel ehgth of 741 nm or (ii) an absorption coefficient nmeasured at 77 K of
at | east 8. 0lAacemethodtaczovdingltengiyh oblcladfs MBS, comprising growing precursor

diamond material for use directly, or after further treatment, as the provided
diamond material, the precursor diamond material having an absorption
spectrum with a total integrated absorption in the visible range from 350 nm to

20 750 nm such that at most 90% of the integrated absorption is attributable to
defects other than [N,’].

9. A method according to claim 8 wherein the CVD process includes adding
oxygen in a process gas at a concentration of >10000 ppm of oxygen

25 molecules in the gas phase.

10. A method according to claim 8 or 9, wherein the step of growing precursor
diamond material comprises providing a substrate and a source gas; and
allowing homoepitaxial diamond synthesis on the substrate to wherein the

30 synthesis environment comprises nitrogen at an atomic concentration of from
about 0.4 ppm to about 50 ppm; and wherein the source gas comprises: (a) an
atomic fraction of hydrogen H:, from about 0.4 to about 0.75; (b) an atomic
fraction of carbon, Cy, from about 0.15 to about 0.3; (c) an atomic fraction of
oxygen, Oy, from about 0.13 to about 0.4; wherein H¢ + C¢+ Of = 1; wherein the

35 ratio of atomic fraction of carbon to the atomic fraction of oxygen C:Oy, satisfies
the ratio of about 0.45:1 < CrOf < about 1.25:1; wherein the source gas

comprises hydrogen atoms added as hydrogen molecules, H,, at an atomic



14. A nmethod according to any preceding claim wherein the provided CVD

di anond material in step (i) has a boron concentration [B] of |ess than 5x1
015 at omswormnBr/14459 A nmet hod according to any of cl ai ms PCTEP2010/089084 N
unconpensated boron is present in the3grovided diamond material in a

concentration, of >5 015.cm 3, and the irradiatio ntroduces
sufficient isGRAPBE \Jgha“c Ing@t%ehpghxdr}gged],gw ‘éefrf’%'g) (SnSt EEC e excess

product of hl sieetatenl (VGE ang Y0.4,086E Mheasin Quri]e bémbhrdcﬁﬁl@ilﬁtf @a‘égﬂ Ot at ed
vacanci es have bheen ate the boron irradiatiaqn, or
aftor a furchEclgasel el afeN d radrremoopes 4 Faeh A9t Brestt Bm and a
most 0. 36 ppmhesouke.gad Met hod according to any preceding claim wherein at
| east 50 % of the provided CVD di anond has been forned froma single growh

sector” 17. A nethod according to any preceding claim wherein the
irradiation daseethed dcoordify £b7any of chairh 1 ]78\Amefém a térgét [81. ) conoehtrRamig

Brilliant Cut dianond stone. met ho t 0. an) ceding claim
mherel ot he. P B BERNGS arpoiinRee dht MESED R Sohus e raate d5gknd’, o o
:c_east one of bm_btbrlabfsalfdptﬁeoactﬁbla[l‘ﬁeit @drio@hﬂ(;zﬂ&)nl i fher §tovw@d seoomdmha]g es, the
Irst state el . ter sur.e 1 rr 1 atl on ner 0 at
baet o o oy s CoudRE RS A (RSP BRIRL PohcRaliafin: O *Tos K

(52500 and wherein post irradiation the change in col our saturation val ue

C* between_.th terial in the first and second states is reduced
by ot 1ecla! OR gieihey Bedianah S Brering HoBh Ao RsREOP AR O BT 5 of &

post irradi atdigmont heateiangsi théna*nn@élu@medgrammmwﬁaemrw miateribl 854 and

second states is less t e first st I fter )
Fradtati on HEURRE e Taniagy 1 Groraauieahd s i darincBHaE Bt o bei ng
after thernalstgp@pt ment at 798 K (525C). 20. A nethod according to any

preceding claim conprising selecting the [N O] concentration of the
provi ded di anond material so a s to provide a target VWO ratio in the

provi ded dgammmebtiad act@ting2olanyAréddainky almmownaiear ihal imsbieted@deoby a
met hod accor di r]%rlt X aq}qeqrrrggla?el}é]giamond material after a further post-irradiation
treatment, has (i) an absorption coefficient measured at 77 K of at least
0.01 cm™ at a wavelength of 741 nm; or (ii) an absorption coefficient measured

20 at 77 K of at least 0.01 cm™ at a wavelength of 394 nm.

14. A method according to any preceding claim, wherein the provided CVD
diamond material in step (i) has a boron concentration [B] of less than 5x10"°
atoms/cm?.

25

15. A method according to any of claims 1-13, wherein uncompensated boron is
present in the provided diamond material in a concentration of >5x10" c¢m™,
and the irradiation step introduces sufficient isolated vacancies into the
diamond material so that the excess product of isolated vacancy concentration

30 x path length, after isolated vacancies have been used to compensate the
boron, after irradiation, or after a further post-irradiation treatment, is at least

0.072 ppm cm and at most 0.36 ppm cm.

16. A method according to any preceding claim, wherein at least 50 % of the

35 provided CVD diamond has been formed from a single growth sector.



claim 22. A fancy pale blue o r fancy pale blue/green CVD synthetic single
crystal ddiiaamoonndd hhaavvii nngg a bboorroonn ccoonnecentration [B] o f
<5 x 1 owoRomiaswbcm 3 and the foll owi ng col our characPemiEPLII0®59088. A
fancy pal e blue o r fancy pale que/gn@en CVD synthetic single crystal

di anond al ordin o claim roduct of total
S0l at ed Jhoah P Eoh At A Ko oEdng SR e I redfoBeBrE RSt Ko, 072
ppm cm and at1(nfi)st1 >O1(86emwﬁm2)45 ctiR@marBlillsat eni @dmasg stodeng to any of
clainms 21-23, having (i) an absorption coefficient neasured at 77 K of at

| east 0.01 cm 1 at a wavelength of 741 nm and (ii) an absorption

coef fici emg. npaseted fdcordinit®bnpbrdceasiy daidilwhsieln ale grovriedl @agbhd of 394

Di anond | ding t f 21-24, h
et ghe. . 26, MEISEOL ENGVCIDHASHINP ARERTIFA) Matb Y 951 8 UpyPRSETLP

21- 25, as a geimhasssticd h firdt awcs&eeﬁhﬁ@tatégltmﬂ@bbtatd@uﬁ@bﬂa@{e@a@hr@n&;e a
desi red col our reen

r qf .diamond materia bl ue to bl ue/
ol our r ange. TRA RGN HYEN EHGIaY St PR eV aMgRS St R B g m
conpri sing thﬂhe&hﬁpﬁaaﬁf]ent(aaYQ@IKe(@%m)nhm Wge@lrt wsg&tao[uam@h tﬁ@ﬁlﬁaﬂg‘erlﬁti on for
a grown C\/Ddlcgrmnd matt ? bh a* irra Pg }; ﬁ rown  CVD
di amond mat er $EPUNFRIYAYARRYE ¢rP Wse% eod'%lB%” @a‘ eé'é‘ ' e firg ‘3”08?%‘\%"%
di anorg mat er stalesyreduéddbpstaess .9 hat i ncl udes introduci ng sufficient
nitrogen in a process gas in the CVD process so as to achieve the said
target [Ns] concentration in the growm CVD di anond material, which CvD
di anond rmgerAa\hethaa éd&lﬁ)rﬂrn@ﬂerdriye@re@édTnbéblélfrﬂw'héﬁdn@b@ﬂﬁfﬂbl@t&irﬁﬁh@ set

out in step(l alm%; hen. ( n tt |at|on
Step set out PRNOPARC( B hectiamBbd et Akt ShH sekend itk EVesuina
mat eri al . the first state being after exposure to irradiation having an energy of at least 5. 5

15 eV and the second state being after thermal treatment at 798 K (525°C).

20. A method according to any preceding claim, comprising selecting the [N,]
concentration of the provided diamond material so as to provide a target V/V°

ratio in the provided diamond material.

20
21. A CVD diamond material when made by a method according to any preceding
claim.
22. A fancy pale blue or fancy pale blue/green CVD synthetic single crystal
25 diamond having a boron concentration [B] of <5 x 10" atoms/cm® and the
following colour characteristics:
Characteristic Range
Hue angle a 100°-270°
Saturation C* At least 2 and at most 10
Lightness L* >65
23. A fancy pale blue or fancy pale blue/green CVD synthetic single crystal
30 diamond material according to claim 20 or 21, having a product of total isolated

vacancy concentration x path length, [V1] x L of at least 0.072 ppm ¢m and at

most 0.36 ppm cm.
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24.

25.

26.

27.

PCT/EP2010/059084
-41-

Diamond material according to any of claims 21-23, having (i) an absorption
coefficient measured at 77 K of at least 0.01 cm™ at a wavelength of 741 nm;
and (ii) an absorption coefficient measured at 77 K of at least 0.01 cm™ at a

wavelength of 394 nm.

Diamond material according to any of claims 21-24, which is a gemstone.

Use of a CVD diamond material according to any of claims 21-25, as a

gemstone.

A system for being able to select and make a desired colour of diamond
material within the fancy blue to blue/green colour range, having a hue angle

within the range 100°-270°;the system comprising the steps of:

(a) predetermining a target [N’] concentration for a grown CVD diamond
material, that after irradiation of that grown CVD diamond material will result in

the said desired colour;

(b) growing diamond material by a CVD process that includes introducing
sufficient nitrogen in a process gas in the CVD process so as to achieve the
said target [N’] concentration in the grown CVD diamond material, which CVD
diamond material has the properties of the provided diamond material set out in

step (i) of method claim 1; then

(c) carrying out the irradiation step set out in step (ii) of method claim 1 on the

grown CVD diamond material.



